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Although hematopoietic recovery following high-dose chemo-
therapy (HD-CT) and peripheral blood progenitor cell (PBPC)
transplantation is rapid, there is still a 5- to 7-day period of se-
vere neutropenia which, theoretically, might be abrogated by
an additional transplantation of more differentiated myeloid
post-progenitor cells (MPPC). However, both the number of
MPPC required to abrogate neutropenia as well as the opti-
mum scheduling of MPPC infusions are currently unknown.
Therefore, these questions were addressed by applying a com-
puter model of human granulopoiesis. First, model calculations
simulating varying levels of chemotherapy dose intensity were
performed and compared with typical clinical neutrophil re-
covery curves. Using this approach, the data for HD-CT with-
out PBPC transplantation could be reproduced by asseming a
reduction of stem cells, committed granulopoietic progenitors
and proliferating precursors to about 0.001% of normal.
PBPC-supported HD-CT was reproduced by increasing the
starting values to at least 0.1%, which corresponded to about 1
to 2 X 105/kg transplanted CFU-GM. Interestingly, reproduc-
tion of PBPC-supported HD-CT data could be observed for a
wide range of starting values (0.1%-10% of normal), thus con-
firming the clinical observation that hematopoietic recovery
after PBPCT cannot be improved by increasing the dose of
transplanted cells over a certain threshold. Using the same sim-
ulation model, we then studied the effects of an additional
MPPC transplantation. The results showed, that at least 5.7 X
10® MPPC/kg have to be provided in addition to the normal
PBPC graft to avoid neutropenia <100/pL, and that MPPC
are best transplanted on days 0 and 6 after HD-CT. Assuming
a 100- to 120-fold cellular ex-vivo expansion rate and MPPC
representing about 70% of total expanded cells, 5.7 X 10%
MPPC/kg could be generated starting from 1 to 2 leukaphere-
sis preparations with about 7 to 8 X 10° CD34* PBPC/kg. Con-
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sidering furthermore, that only a fraction of ex-vivo generated
cells will seed and effectively produce reutrophils in-vivo, the
required number of MPPC is most likely even higher and,
therefore, might be difficult to be achieved clinically. However,
the validity of the model results remains to be proven in appro-
priate clinical studies. © 1999 International Society for Experi-
mental Hematology. Published by Elsevier Science Inc.
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Introduction

Peripheral blood progenitor cells (PBPC) have widely re-
placed bone marrow for autologous transplantation following
high-dose chemotherapy (HD-CT) [1]. Hematopoietic recov-
ery after PBPC transplantation (PBPCT) is faster when com-
pared to bone marrow transplantation [2-7]. However, al-
though PBPC-mediated granulopoietic recovery after HD-CT
occurs within a period of 10 to 15 days, there is still a 3- to
7-day period of severe neutropenia.

Theoretically, one possible way to abrogate neutropenia
after high-dose therapy might be an additional transplanta-
tion of more differentiated myeloid post-progenitor cells
(MPPC; i.e., myeloblasts, promyelocytes, and myelocytes)
that would lead to production of sufficient numbers of ma-
ture functional cells within this early time period. The feasi-
bility of producing large numbers of MPPC ex-vivo in lig-
uid culture starting from positively-selected bone-marrow
or peripheral blood CD34" cells has been demonstrated by
several investigators [8—11].

The question of how many MPPC are required to amelio-
rate post-transplant neutropenia has been previously addressed
by simplified calculations based on the known kinetic pa-
rameters of human granulopoiesis [8~10]. These conven-
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tional calculations suggested that about 1 X 10! neutrophils
would be required to cover a 5-day period of neutropenia
that could be provided by transplantation of about 6.3 X 10°
promyelocytes with every promyelocyte generating 16 neu-
trophils in-vivo.

Assuming an about 100-fold cellular expansion of ex-vivo
cultured CD34* PBPC and that 70% of ex-vivo generated
cells represent promyelocytes, a total number of 9 X 107
CD34* PBPC would be required to ex-vivo generate 6.3 X
10° promyelocytes for transplantation. In other words, ex-
pansion of about one-third of a standard leukapheresis prep-
aration containing about 2.7 X 10® CD34* PBPC (corre-
sponding to about 4 X 10° CD34%*/kg in a 70-kg patient)
would be sufficient to abrogate HD-CT induced neutropenia.

However, these conventional calculations do not take into
account that granulopoiesis is a highly regulated dynamical
system in which changes in one cell stage inevitably influ-
ence the other compartments. Moreover, there is increasing
evidence that high-dose therapy followed by transplantation
causes severe damage to the hematopoietic system with re-
gard to post-transplant cytokine production and microenvi-
ronmental function [12-17]. Consequently, cells transplanted
after HD-CT may not be able to exhibit their full functional
capacity as they would in an unperturbed system, as well may
be the case with MPPC. This would lead to a considerable
underestimation of the numbers of MPPC that are necessary
to abrogate neutropenia. In addition, questions remain with
regard to the design of an optimum administration schedule
and the individual contribution of different post-progenitor
stages towards neutrophil recovery.

In this report, we demonstrate the application of a physi-
ologically-based mathematical model of human granu-
lopoiesis to elucidate these clinically relevant questions.
The model is based on a model of murine and canine he-
matopoiesis that has proven its validity in accurately simu-
lating various experimental hematopoietic perturbations
[18-28]. It comprises the entire granulopoietic lineage, mul-
tipotent progenitor cells, and granulopoietic regulation.
Thus, it enables dynamical properties and possibly altered
functional capacities of the granulopoietic system as well as
the effects of additionally transpianted MPPC to be simu-
lated after HD-CT and PBPC transplantation.

The results of this study show that, compared with the re-
sults of simplified calculation approaches as outlined above,
a considerably higher number of MPPC cells is likely to be
required for abrogation of neutropenia following PBPC-
supported HD-CT.

Materials and methods

Clinical duta

The clinical data for neutrophil recovery after non-myeloabiative
HD-CT were taken from Brugger et al. [29, 30]. The data are given
as the median of 6 patients with advanced solid tumors or refrac-

tory non-Hodgkin’s lymphoma following high-dose VIP (VP16,
1500 mg/m?; ifosfamide, 12,000 mg/m?; cisplatin, 150 mg/m?)
chemotherapy without PBPC transplantation, and the median of 13
patients with advanced malignancies following high-dose VIC-E
(VP16, 1500 mg/m?; ifosfamide, 12,000 mg/m?; carboplatin, 750
mg/m?; epirubicin, 150 mg/m?) chemotherapy and transplantation
of a median of 2.7 X 10® chemotherapy plus rhG-CSF-mobilized
CD34* PBPC/kg. We have previously shown that PBPC-sup-
ported hematopoietic recovery after non-myeloablative HD-CT
(VIP, VIP-E, or VIC-E) was identical regardless of whether unma-
nipulated, CD34*-selected or ex-vivo expanded progenitors were
used for transplantation [29-31].

Mathematical model of human granulopoiesis

Structure of the model. The structure of the mathematical model of
human granulopoiesis is shown in Fig. I. Each biological cell stage
is represented by a model compartment characterized by its transit
time, number of mitoses and fraction of actively-proliferating cells.
The model parameters (Table 1) [32-39] that provide the physiolog-
ical basis of the model are taken directly from the literature or de-
rived from published experimental data [26, 27]. Compartments are
connected by cell fluxes. Changes in cell counts with time in each
compartment are described mathematically by differential equa-
tions. Granulopoiesis is derived ultimately from multipotent stem
cells (model abbreviation S) by differentiation into committed pro-
genitor cells CFU-GM (CG). These cells give rise to the morpholog-
ically identifiable proliferating (myeloblasts, G1; promyelocytes,
G2; myelocytes, G3) and non-proliferating bone-marrow cells
(metamyelocytes, G4; bands, GS5; and segmented granulocytes, G6).

--Circulating blood neutrophils are denoted by GRA.

Regulation. Regulation of committed granulopoietic bone marrow
cells is controlled by two feedback loops via the model “hormones”
CG-feedback (CG-Fdbk) and G-feedback (G-Fdbk) (Fig. 1). Re-
duced numbers of granulopoietic bone marrow cells induce addi-
tional mitoses in CFU-GM (CG) mainly via CG-Fdbk. The number
of amplifying mitoses at the proliferating granulopoietic precursor
cell stages, myeloblasts—myelocytes (G1-G3) and the transit time of
the postmitotic stages, metamyelocytes-segmented granulocytes
(G4-G6), are regulated by the number of peripheral granulocytes via
the second model hormone G-Fdbk. Reduced numbers of peripheral
granulocytes induce additional divisions of G1-G3 cells and lead to
reduced transit times in G4~G6. The mitotic amplification is deter-
mined by sigmoidal dose-response curves depending on CG-Fdbk
and G-Fdbk. Further details of the model and its biomathematical
realization as well as model parameters are described in detail else-
where {18-20, 26-28). Values for normal bone marrow cell num-
bers and peripheral blood granulocytes were obtained (or derived)
from the literature [40, 41]. Calculations in this article were based
on the following numbers for normal adult hematopoiesis: myelo-
blasts, 0.08 X 10%kg; promyelocytes, 0.63 X 10%kg; myelocytes,
1.48 X 10%kg; peripheral blood neutrophils, 4000/nL [40, 41].

Model simulation of PBPCT

In order to allow for a comparison between model simulations and
clinical data, all cell numbers are shown as percent of their normal
value (normal = 100%). The effects of HD-CT were simulated by
areduction of starting cell numbers of stem, progenitor and precur-
sor cells on Day 0. Neutrophil recovery curves were simulated be-
ginning with the day after HD-CT (Day 0). Modeling of PBPCT
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Figure 1. Mathematical model of human granulopoiesis. Committed granulopoietic precursor cells, CFU-GM (CG) descend from multipotent stem cells (S).
Proliferating granulopoictic bonc marrow cells consist of myeloblasts (G1), promyelocytes (G2), myelocytes (G3); maturing granulopoictic bonc marrow
cells are metamyelocytes (G4), bands (G5), and segmented granulocytes (G6). Circulating blood neutrophils arc denoted by GRA. Granulopoietic regulation
is depicted by feedback loops via the model hormones, CG-Fdbk and G-Fdbk, determining the numbers of mitoses in CG and G1-G3 as well as the post-
mitotic transit time in G4-G6 depending on the number of bone marrow and blood granulocytes, respectively.

was realized by re-increasing stem and progenitor cell starting lev-
els over those used for the simulation of HD-CT without PBPCT.

Model simulation of MPPC transplantation

Modeling of additional MPPC transplantations (G1, G2, and G3
cells) were based on the best simulation scenario for HD-CT plus
PBPCT. For these model calculations, numbers of MPPC were ex-
pressed as a fraction of their normal body content; e.g., an addi-
tional transplantation of 1.6 X 10% promyelocytes/kg (normat body
content: 0.63 X 10%kg) would be expressed as 0.25 X G2. The
number of transplanted MPPC at a given time point was added to
the content of the corresponding model compartment at that time.

Results
Model simulation of HD-CT either with or without PBPCT

First, the model was used to simulate neutrophil recovery data
following either PBPC-supported or non-PBPC-supported

Table 1. Model parameters of human granulopoiesis

Average transit time (hours)

Cell stage (half-life/log2) Mitoses
Bone marrow
CG (CFU-GM)* 112 6
G1 (myeloblasts)* 22 1
G2 (promyelocytes)* 24 1
G3 (myelocytes)* 102 2
G4 (metamyelocytes)** 30 0
G5 (bands)** 50 0
G6 (segmented)** 72 0
Blood
GRA (granulocytes)** 5 0

Refercnces *[32-37]; **[33, 38, 39].

HD-CT. The comparison of model simulations with clinical
neutrophil recovery data is shown in Fig. 2. The changes in
circulating neutrophil levels following non-myeloablative VIP
HD-CT without PBPCT (Fig. 2a, left panel) could be mod-
eled by assuming a severe reduction of stem cells, progeni-
tor cells, and proliferating granulopoietic cells ranging from
0.00001% to 0.001% of normal (Fig. 2a, right panel, curves
1-3) with non-proliferating cells (G4-G6) being damaged
to a lesser degree, resulting in an overall 80% reduction of
bone marrow granulopoiesis on Day 0. When Day 0 values
for stem and progenitor cells were increased in order to sim-
ulate transplantation of PBPC, this resuited in accelerated
neutrophil recovery curves, some quite comparable to the
course of the clinical data for HD-CT with PBPCT (Fig. 2b,
right panel). Here, starting values in the range of 0.1% to 10%
of normal for stem and progenitor cells (curves 5 to 7) repro-
duced the data, with higher Day 0 values (10% of normal,
curve 7) resulting in a shortening of the neutropenic period
as well as an increase of neutrophil nadirs. However, even in
the latter case (Fig. 2b, right panel, curve 7) peripheral blood
neutrophils still decreased below 2.5% of normal, which cor-
responds to an absolute number of < 100 neutrophils/p.L.

Taken together, these results showed that, in fact, the
model is capable of adequately reproducing the clinical data
for HD-CT with or without PBPC support, thus setting the
stage for the simulation of an additional myeloid post-pro-
genitor cell transplantation.

Model simulation of HD-CT and PBPCT

plus additional MPPC transplantation on Day 0

Based on the scenario that best reproduced HD-CT with
PBPCT (Fig. 2b, right panel, curve 5), the effects of an ad-
ditional transplantation of myeloblasts (G1), promyelocytes
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Clinical data
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Figure 2. Neutrophil recovery following non-myeloablative HD-CT with and without PBPC. Clinical data (left pancls) show the recovery of blood neutro-
phils following HD-CT without (a) and with PBPCT (b). The right panels illustrate model simulations assuming different Day 0 starting values for stem and
progenitor cells, ranging from 0.00001% (curve 1), to 10% of normal (curve 7) in increments of | decade from curve 1 to 7. The shaded arca indicates neutro-
phil levels below 2.5% of normal, corresponding to < 100 neutrophils/pL. Clinical data; W Brugger et al. {29}; @ Brugger et al. [30].

(G2), and myelocytes (G3) (MPPC transplantation) after
HD-CT and PBPCT were modeled as shown in Fig. 3. The
additional administration of 0.22 X 10° MPPC/kg to the
PBPCT (curve 1) was not sufficient to totally abrogate neu-
tropenia after HD-CT. This number of MPPC cells is equiv-
alent to about 10% of the total body content of G1+G2+G3
cells. Only when higher numbers of MPPC were used in the
model, could neutrophil levels be maintained over 2.5% of
normal (> 100 neutrophils/pL) (Fig. 3, curves 2-4). Neu-
trophil nadirs after HD-CT and PBPCT plus MPPCT were
<1%, 1.2%, 6%, 12%, and 36% following the addition of
MPPC doses of 0, 0.22, 2.22, 5.5, and 22 X 10° MPPC/kg to
the PBPCT. The minimum number of G1+G2+G3 MPPC
required to ensure a constant neutrophil count of > 100/pL
was 0.57 X 10° MPPC/kg (G1+G2+G3). This number of
MPPC cells is equivalent to about 1/4 of the total body con-
tent of G1+G2+G3 cells.

Model simulation of HD-CT and

PBPCT plus additional MPPC transplantation

Is there an influence of transplantation schedule? In order
to test for the best administration schedule with regard to

MPPCT, model simulations assuming different application
regimens were computed. The model curves illustrated in
Fig. 4 assumed a total additional transplantation of 2.5 X
10° MPPC/kg, which would be predicted to certainly abro-
gate a significant neutropenia. The results of the model sim-
ulations indicated that the majority of MPPC had to be
given at or shortly after PBPC transplantation (curve 2 and
3) to avoid significant neutropenia (< 2.5% of normal).
Any further delay of the MPPC transplantation (e.g., MP-
PCT on Day 4, curve 1) resulted in a steep decrease of neu-
trophils to levels below 100/uL within the first days. The
second nadir that was observed when MPPC were only
transplanted on Day O (Fig. 4, curve 2), could be amelio-
rated by splitting the MPPC transplant such that 3/4 of the
total MPPC transplant was given on Day 0 with the remain-
der given on Day 6 (Fig. 4, curve 3).

Which of the post-progenitor cells are important? In order
to test which of the transplanted MPPC were responsible for
an effective abrogation of neutropenia, model simulations
were computed assuming the transplantation of different
combinations of G1, G2, and G3 cells (Fig. 5). MPPC trans-
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Figure 3. Neutrophil recovery foliowing HD-CT and PBPCT plus MPPC transplantation. Clinical data (® Brugger ct al. [30], left panel) show the recovery of
blood neutrophils following HD-CT with PBPC transplantation only (as in Fig. 2b, left pancl). The right panel illustrates model simulations assuming an additional
transplantation of MPPC on Day 0. Four scenarios with increasing numbcers of MPPC arc shown corresponding to the transplantation of 0.22 (curve 1), 2.22 (curve
2), 5.5 (curve 3), and 22 (curve 4) X 10° MPPC/kg. The shaded area indicates neutrophil levels below 2.5% of normal corresponding to < 100 neutrophils/jL.

plantation of myelocytes (G3) either alone or in combination Discussion

with myeloblasts (G1) and promyelocytes (G2) was essen- Despite the use of peripheral blood progenitor cells, admin-
tial for abrogation of neutropenia, whereas the transplanta- istration of HD-CT is inevitably linked to a period of severe
tion of myeloblasts or promyelocytes either alone or in neutropenia, which is the underlying cause for serious treat-
combination with each other was not sufficient. ment-related infectious complications. Therefore, patients
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Figure 4. Neutrophil rccovery following HD-CT and PBPCT plus MPPC transplantation. Clinical data (@ Brugger et al. [30). Icft panel) show the recovery
of blood ncutrophils following HD-CT with PBPC transplantation. The right panel illustrates model simulations assuming an additional transplantation of a
total of 2.5 X 10° MPPCrkg (G 1 +G2+G3) on different days. Curve 11 1.9 X 10° MPPC/kg on Day 4 and 0.6 X 10° MPPC/kg on Day 6; curve 2: 2.5 X 10°
MPPC/kg on Day 0 ; curve 3: 1.9 X 10° MPPC/kg on Day 0 and 0.6 X 10° MPPC/kg on Day 6. The shaded arca indicatcs neutrophil levels below 2.5% of
normal corresponding to < 100 ncutrophils/plL..
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Figure 5. Neutrophil recovery following HD-CT and PBPCT plus MPPC transplantation. Clinical data (@ Brugger et al. {30], lcft pancl) show the recovery of
blood neutrophils following HD-CT with PBPC transplantation. The right panel illustrates model simulations assuming an additional MPPC transplantation.
The different curves represent transplantation of the 1.1-fold total body content of different combinations of G1, G2, and G3 cells. Curve 1: no MPPC trans-
plantation or transplantation of G1 cells only (curves overlap); curve 2: transplantation of G2 or G1+G2 cells (curves overlap); curve 3: transplantation of G3,
G2+@G3, or G1+G2+G3 cells (curves overlap). Note that the amelioration of neutropenia could only be achieved when G3 MPPC were included in the trans-
plant. The transpiantation of G1 and G2 cells whether alone or in combination resulted in recovery curves comparable to thosc without additional MPPCT.

would greatly benefit if methods could be devised that
would lead to a shortening or even abrogation of neutrope-
nia. Additional transplantation of more differentiated, so-
called MPPC has been suggested to possibly offer a feasible
approach to this problem [8-10, 42]. However, until now,
successful clinical transplantation of MPPC has not been
convincingly reported.

Here, we demonstrate how a mathematical model of hu-
man granulopoiesis can be used to define the conditions that
have to be met for a successful application of post-progeni-
tor transplantations.

In a first step, clinical neutrophil recovery data following
non-myeloablative VIP HD-CT without and with PBPCT
were simulated. Non-PBPCT-supported HD-CT neutrophil
recovery kinetics were reproduced by assuming a severe re-
duction of stem, progenitor, and proliferating precursors
(Fig. 2a). The effects of PBPC transplantation could then be
sufficiently simulated by simply increasing stem and pro-
genitor Day 0 starting values to 0.1% to 10% of normal
(Fig. 2b). Notably, these model results closely matched sev-
eral clinical findings. (A) It is well known that a threshold
dose of about 1 to 2 X 10° CFU-GM/kg exists for PBPC
transplants, defining the minimum number of transplanted
cells that will ensure rapid hematopoietic recovery after
HD-CT. This threshold dose corresponds to about 0.15% to
0.3% of the normal total CFU-GM body content (calculated
as the product of the total bone marrow cellularity [41] and
the frequency of CFU-GM in the marrow [43]). Transplan-
tation of numbers lower than the threshold leads to a pro-

longed neutropenic period. Since not all of the transplanted
CFU-GM would be expected to seed in the bone marrow,
the model simulations reproduced the clinical finding rea-
sonably well, with an increase in Day 0 values over 0.1% of
normal leading to a shortening of the neutropenic period
comparable to the clinical data for HD-CT plus PBPCT. (B)
Furthermore, the clinical data for HD-CT plus PBPCT could
be reproduced over a broad range of starting values for stem
and progenitor cells (0.1%—-10%), thus reflecting the clini-
cal observation that hematopoietic recovery cannot be im-
proved by increasing the dose of transplanted PBPC over
that threshold. Here, the model clearly demonstrated that
even transplantation of a cell dose approximately 100-fold
that of the threshold dose and corresponding to about [ X
107 CFU-GM/kg or 1 X 108 CD34*/kg PBPC was not suffi-
cient to avoid neutropenia below 100/uL (Fig. 2, curve 7).

In accordance with our results, Fliedner et al. [44] re-
ported that blood granulocyte recovery patterns of four pa-
tients with acute myeloid leukemia undergoing HD-CT and
autologous PBPCT could be successfully simulated by a
mathematical model of granulopoiesis assuming that the
PBPC transplantation resulted in the initial filling of the
stem cell pool of 0.6%—3.9% of normal.

Two important issues deserve mention at this point. First,
because clinical raw data were required to provide the basis
for optimum comparison with the model simulations, only
those clinical data published by our group were used. We
are confident that they represent typical neutrophil recovery
curves because: (a) we have observed them in several hun-
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dred patients undergoing autologous PBPCT at our institu-
tion, and (b) they are quite comparable with data published
by numerous other groups. Second, it has to be emphasized
that the mathematical model was generic and not specifi-
cally designed to simulate any particular set of data. When
compared to the standard model of human granulopoiesis
[26, 28] it was only necessary to assume a reduced mitotic
responsiveness of the immature granulopoietic bone mar-
row cells following transplantation (i.e., the maximum am-
plification of proliferating granulopoietic bone marrow cells
was reduced to 1/3 of normal at Day 0 and slowly recovered
to normal thereafter). Without this reduced mitotic respon-
siveness neutrophil recovery curves could be reproduced
only with extremely low Day 0 starting values (model simu-
lations not shown). These low numbers, however, were in
clear contrast to what is known about the numbers of PBPC
usually used for autografting, even when assuming only a
minimum seeding efficiency. The need for the assumption
of a reduced mitotic responsiveness of model granulopoiesis
might be merely due to inherent computational requirements,
however, it might also possibly reflect a HD-CT-induced
defect of the hematopoietic system and the microenviron-
ment, respectively. In fact, there is increasing evidence that
high-dose therapy causes severe damage to the hematopoi-
etic system in terms of post-transplant cytokine production
and microenvironmental function [12-17]. Interestingly,
data reported by Anklesaria et al. [45] showed in a murine
model that co-transplantation of a sufficient number of stro-
mal cells resulted in considerably faster hematopoietic re-
covery when compared to mice transplanted with only bone
marrow. Furthermore, El-Badri et al. [46] recently demon-
strated that co-transplantation of osteoblasts facilitated the
engraftment of purified murine hematopoietic progenitor
cells across the major histocompatibility antigen barrier. In
addition to animal studies, human autologous mesenchymal
(stromal) progenitor cells have been isolated from bone
marrow aspirates, culture-expanded in vitro, and either in-
fused without prior conditioning therapy into patients or suc-
cessfully co-transplanted following HD-CT [47,48]. The
transplantation of ex-vivo expanded mesenchymal progeni-
tor cells was not associated with any toxicity and appeared
to have a positive impact on hematopoietic recovery when
compared to historic control patients [48]. Therefore, co-trans-
plantation of stromal elements might represent an promising
approach to improve post-high-dose therapy microenviron-
mental function, which in turn might result in a faster he-
matopoietic recovery, and, possibly, might also improve the
proliferative responsiveness of additionally transplanted ex-
vivo generated MPPC. Other approaches to improve post-
transplant hematopoietic function include the use of novel
hematopoietic growth factors, such as Flt-3 ligand [49], how-
ever, no sufficient data are currently available that would al-
low for a final conclusion.

In summary, the mathematical model utilized was highly
effective in reproducing typical neutrophil recovery data

PBPC-supported HD-CT, thus setting the stage for the sec-
ond step, i.e., simulation of an additional transplantation of
myeloid post-progenitor cells.

Based on the scenario that best reproduced HD-CT with
PBPCT, the effects of an additional transplantation of my-
eloblasts (G1), promyelocytes (G2), and myelocytes (G3)
(MPPC transplantation) after HD-CT and PBPCT were
modeled (Fig. 3). Model analysis of additional MPPC trans-
plantation showed that at least 5.7 X 10® G1+G2+G3
MPPC/kg were required to ensure a constant neutrophil
count of >2.5% of normal (100/uL). In other words, we
would predict that at least about 1/4 of the normal body con-
tent of G1+G2+G3 cells would have to be transplanted in
addition to the standard PBPC graft to completely abrogate
neutropenia. Assuming (a) an average patient weight of 70
kg, and (b) an ex-vivo expanded MPPC preparation consist-
ing of 70% of G1+G2+G3 cells, a minimum total of about
5.7 X 10'° ex-vivo generated nucleated cells would have to
be additionally transplanted into individual patients. As-
suming that CD34* PBPC ex-vivo expansion leads to a
100- to 120-fold increase of mononuclear cells, such a large
number of MPPC could be produced from a 16- to 19-L cul-
ture (at 3 X 10* cells/mL) starting with 4.75 to 5.7 X 10®
CD34* cells (6.8 to 8.1 X 10° CD34*/kg, corresponding to
about two standard leukapheresis preparations).

The model simulations of additional MPPC administra-
tion were calculated based on the assumption that differenti-
ated myeloid (non-stem and non-progenitor) cells are capa-
ble of seeding and generating functional end cells in-vivo
after transplantation, an assumption that has yet to be
proven for humans. However, early studies by Fliedner et
al. [50] demonstrated that H3-TDR labeled dividing bone
marrow cells transplanted into rats or dogs following total
body irradiation reached the marrow and divided and ma-
tured at normal speed as evidenced by the fact that labeled
metamyelocytes, bands and segmented neutrophils were
found in this sequence at expected time intervals. The ma-
jority of labeled transplanted cells, however, was trapped in
the lungs with only a small fraction of cells reaching the
bone marrow and, therefore, one can conjecture that the
minimum number of MPPC required for abrogation of neu-
tropenia identified by the model is most likely still too low.
Human studies utilizing autologous transplantation of H°-
TDR labeled cells obtained from 300400 mL of bone mar-
row blood mixture furthermore showed, that labeled cells in
the peripheral blood were only found 2 hours after trans-
plantation, but in none of the subsequent cell smears pre-
pared daily thereafter [50]. However, these transplants were
frozen, stored, and thawed for transplantation, a procedure
that was demonstrated to prevent the emergence of labeled
granulocytes after autologous transplantation in a canine
model [50].

Williams et al. [42] recently reported that the additional
transplantation of up to 12 billion ex-vivo generated cells
containing a mean of 70% neutrophil precursors did not re-
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sult in a clear beneficial effect with regard to shortening or
abrogation of post-transplant neutropenia. Our model analy-
sis demonstrated that at least about five times as many cells
are needed. This is a minimum estimate since clearly only a
fraction of the transplanted MPPC seeds to an environment
that supports and promotes the production and maturation
of neutrophils. Additional model simulations furthermore
addressed the issues of (a) identification of the best admin-
istration schedule with regard to MPPCT (Fig. 4) and (b)
determination of the relative contribution of the different
post-progenitor cell stages towards neutrophils recovery
(Fig. 5). Mode! analysis clearly demonstrated that the ma-
jority of MPPC had to be given at or shortly after PBPC
transplantation to avoid significant neutropenia (< 100 neu-
trophils/pL). Furthermore, the results showed that a possi-
ble second nadir following MPPC transplantation could be
avoided by splitting the MPPC transplant such that 3/4 of
the total MPPC transplant was given on Day 0 with the re-
mainder given on Day 6. It is generally believed that myelo-
blasts and promyelocytes are most able among MPPC to ab-
rogate post-transplant neutropenia because (a) they retain
their proliferative activity and (b) require only 6 to 10 days
to mature to bands or segmented neutrophils under steady-
state conditions [32-39]. This latter maturation period is
furthermore known to be considerably shortened under
maximum granulopoietic stimulation [51-53]. However,
damage to hematopoiesis incurred by HD-CT may influ-
ence the relative contribution of MPPC to neutrophil recov-
ery. Interestingly, computer analysis revealed that, in con-
trast to what one might expect, myelocytes (G3) were most
important whereas transplantation of myeloblasts or promy-
elocytes either alone or in combination with each other was
not sufficient (Fig. 5).

The ratios of the different myeloid progenitor cells gen-
erated by current ex-vivo expansion protocols have been
demonstrated to be considerably influenced by culture con-
ditions. The use of fetal calf serum, for example, results in
the generation of more mature granulopoietic precursor
cells whereas ex-vivo cultured cells remain at more imma-
ture stages of differentiation when applying serum-free con-
ditions [10]. Smith et al. [54] reported that repetitive addi-
tion of G-CSF (every 3 days) induced a significant increase
in cell proliferation and a preferred production of CD15
pos./CD11b pos. cells (58.5% * 6.5% in a 12-day culture
stimulated with PIXY321) representing mainly myelocytes
and metamyelocytes. When G-CSF was added only on Days
0 and 6, the percentage of CD15 pos./CD11b pos. was lower
(38.2% = 7.3%), whereas the fraction of CD15 pos/CD11b
neg. cells (promyelocytes) was increased. We have shown
that the addition of FIt3-ligand to CD34" PBPC cultured in
serum-free medium stimulated by SCF, Synthokine, IL-6,
and G-CSF induced a shift to the generation of earlier
MPPC, i.e., CD15 pos./CD11b neg. and CD16 neg./CD11b
low cells, whereas CD16 neg./CD!11b high cells were con-
siderably decreased ([11] and own unpublished resuits).

Taking furthermore into account that with increasing cul-
ture periods ex-vivo generated MPPC progressively mature
to more differentiated cells, current ex-vivo expansion pro-
tocols might be modified such that predominantly myelo-
cytes are being produced, thereby allowing to test our model
hypothesis.

In summary, these results demonstrated that the physio-
logically-based mathematical model applied proved suc-
cessful in reproducing clinical data for HD-CT without and
with PBPC support. Furthermore, and importantly, the model
results were well in line with several important biological
principles in PBPC transplantation biology. Moreover, the
model enabled us to predict the effects of an additional
transplantation of more differentiated myeloid post-progen-
itor cells, calculate the minimum MPPC number required
for abrogation of neutropenia, as well as to identify the opti-
mum administration schedule and define the relative impor-
tance of the various MPPC cell stages.

We believe these model results to possibly provide a useful
tool for clinical researchers to not only better interpret clinical
data but also point to fruitful discretions for future experimen-
tation of clinical protocols. However, we are well aware that
due to the theoretical nature of this work, the results presented
in this article must remain somewhat speculative until they
have been tested directly by appropriate clinical trials, some of
which are currently ongoing in our laboratories.
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