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ABSTRACT

The role of a human stromal-based (hu-ST) serum-free culture system on
the ex-vivo expansion/maintenance of hematopoietic stem/progenitor cells
from adult bone marrow (BM) and umbilical cord blood (CB) was investi-
gated. Significant expansion of BM and CB cells occurred in the hu-ST sys-
tem. In stroma-free cultures, BM cells showed a significant lower expan-
sion, whereas CB cells simply could not be expanded. A simple kinetic
modeling study using two parameters (expansion rate, [, and death rate, k),
allowed to conclude that total cell expansion is similar for hematopoietic
cells from both BM and CB, whereas cell death seemed to be related with
the presence/absence of hu-ST ex-vivo. A predictive model was also devel-
oped accounting for hematopoietic cell expansion, differentiation, and death,
which estimated adequately total cell numbers and relative amounts of the
different phenotypes (e.g. CD34*, CD34*CD38"), allowing the prediction of
expansion/differentiation pathways and identification of key steps in the
hematopoiesis scheme.

Keywords: hematopoietic stem cells, expansion, stroma, kinetic, modeling

| Actas Biog. 2006, 7: 21-31 |

21



C. LOBATO DA SILVA, R. GONCALVES, M.A.N.D.A. LEMOS, F. LEMOS, G. ALMEIDA-PORADA, J.M.S. CABRAL

22

INTRODUCTION

The ex-vivo expansion of human he-
matopoietic cells for clinical applications
has been the focus of considerable re-
search in the last decades, with potential
applications in a variety of clinical set-
tings such as bone marrow (BM) trans-
plantation, immunotherapy, gene thera-
py and production of mature blood cells'*.
Hematopoietic stem cells (HSC) have the
dual potential for self-renewal and dif-
ferentiation into progenitors of all the
mature blood lineages. HSC biology re-
search has been directed towards the
identification of cell populations that
have stem cell characteristics and the
study of mechanisms that regulate stem
cell self-renewal and differentiation®.
Because stem cells are rare, one of the
major focuses in experimental hematolo-
gy is the in-vitro manipulation of HSC
with the ultimate goal of expanding long-
term transplantable HSC, since the dif-
ficulties associated with inadequate num-
bers of HSC collected for transplantation
from autologous or allogeneic sources
such as BM or umbilical cord blood (CB)
would be largely eliminated by the ex-
vivo expansion of those cells®’. Although
substantial advances have been made in
identifying cytokine combinations that
are able to maintain or expand to some
extent HSC**!* or important stromal de-
rived factors'*!5, an ideal system that al-
lows extensive expansion of these cells
while maintaining their engraftment ca-
pability remains to be defined'®!”. Re-
gardless of the source, the HSC content
of the initial hematopoietic product can
be enriched by selecting for cells ex-
pressing the surface antigen CD34,
which is found on many of the primitive
HSC™.

Hematopoiesis depends upon a com-
plex interaction of growth and regulatory
factors within the BM microenvi-
ronment, where specific cellular interac-
tions between primitive hematopoietic
cells and mesenchymal stromal tissue of
non-hematopoietic origin take place®'*".
The evaluation of the expansion kinetics
in hematopoietic cell cultures is compli-
cated by the cell distribution over the
various stages of differentiation ranging
from stem, to progenitors, precursors,
and mature cells, potentially comprising
cells from both myeloid and lymphoid
lineages. Therefore, an observed res-
ponse in the culture system is an inte-
gral response from several cell popula-
tions®. Kinetic modeling, as it has been
applied to many other biochemical sys-
tems, can provide a significant insight
into the “limiting steps” involved in the
hematopoiesis scheme and on how the
various factors (cytokines, stroma, feed-
ing rates...) influence the outcome of the
expansion process*. In this context, seve-
ral kinetic models have been established
predicting specific cell subsets or distri-
buted populations by incorporating data
such as rates of proliferation, death, dif-
ferentiation, cytokine concentration, glu-
cose uptake and lactic acid production
rates, dissolved oxygen, and pH**'%.
The information retrieved by those mod-
els is useful not only for the in vitro ex-
pansion itself, but also for the design and
operation of stem cell bioreactors®. In
the present studies, we evaluated the abil-
ity of a human stromal-based (hu-ST)
serum-free culture system to support the
ex-vivo expansion/maintenance of hu-
man BM and CB HSC and the expan-
sion results obtained were modeled based
on kinetic models: (i) considering
hematopoietic cells as a global; or (ii)
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considering the hematopoietic phenoty-
pic distribution within cell culture. Both
models were found to describe adequate-
ly the expansion results.

Material and Methods
Human donor cell preparation

Heparinized human bone marrow
was obtained from healthy donors after
informed consent. Umbilical cord blood
samples were obtained from the Pediat-
ric Stem Cell Transplant Program, at
Duke University Medical Center, Dur-
ham, NC and from the Servigo de Gine-
cologia e Obstetricia, Hospital D. Este-
fania, Lisboa, Portugal. After obtaining
maternal donor consent, fresh blood was
collected from the umbilical cord vein
using the method previously described.
Low density bone marrow mononuclear
cells (BM MNC) or cord blood mono-
nuclear cells (CB MNC) were separated
by a Ficoll density gradient (1.077g/ml)
(Sigma, St. Louis, MO, USA) and
washed twice in Iscove’s Modified Dul-
becco’s Medium (IMDM), (Gibco Lab-
oratories, Grand Island, NY, USA). BM
MNC and CB MNC from each donor
were enriched for CD34* cells using
magnetic cell sorting (Miltenyi Biotec,
Inc., Auburn, CA, USA).

Human bone marrow stromal
cell cultures

Isolated BM MNC obtained from
healthy donors were magnetically based
on Stro-1 expression and cultured in
gelatin coated T-25 flasks with Mesen-
chymal Stem Cell Growth Medium
(MSCGM) (Poietics™, Cambrex Bio-

science, Baltimore, MD, USA). Strom-
al layers (hu-ST) were obtained after
culture for 10 days and then y-irradiat-
ed (14 Gy) with a ¥’Cs source. The ir-
radiated stromal layers were maintained
at 37° C under 5% CO2 humidified air
and then used within 1-5 days.

Ex-vivo expansion of CD34*
enriched cells

BM and CB CD34*enriched cells (1
to 3x10° for BM and 0.75 to 1.5x10°
for CB) were cultured in T-25 flasks (5
ml) for several days in QBSF-60 serum
free medium (Quality Biological, Inc.,
Gaithersburg, MD, USA) in the pres-
ence or absence of hu-ST with the fol-
lowing cytokines: SCF (100 ng/ml),
bFGF (5 ng/ml), LIF (10 U/ml) and Flt-
3 (100 ng/ml) (Peprotech, Rocky Hill,
NJ, USA)*. Cultures were half-fed eve-
ry 2-4 days with half of the cultures
being harvested and used for analysis,
and the same volume being replaced
with fresh medium.

Proliferative and phenotypic analysis

The ex-vivo expansion of the CD34*
enriched populations was determined at
each time point by counting the con-
tent of hematopoietic cells in each cul-
ture flask using Trypan Blue Stain 0.4%
solution (GibcoBRL, Grand Island, N,
USA) and analyzed for stem cell and
lineage content by flow cytometry
(FACScan equipment, Becton Dickin-
son, San Jose, CA, USA) using mono-
clonal antibodies against CD3, CD7,
CD14, CD15, CD19, CD33, CD34 and
CD38 (Becton Dickinson Immunocy-
tometry Systems, San Jose CA, USA)
as described’.
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Statistical analysis

Results are expressed as mean +
standard error of the mean (SEM).
Comparisons between experimental re-
sults were determined by two-sided
non-paired Student’s f-test analysis. A
p value < 0.05 was considered statisti-
cally significant.

Kinetic modeling

The total hematopoietic cell (HC)
expansion of BM and CB cells was cha-
racterized by means of a Monod-type ki-
netic model involving only two parame-
ters: the specific cell expansion rate, |,
and the death constant, kk. The parame-
ters obtained were used to evaluate the
influence of the presence/absence of a
human feeder layer on the overall HC
expansion as recently published®. In
addition, a predictive kinetic model was
developed for BM cells, based on the
hematopoietic hierarchy which compri-
ses stem, progenitors and fully mature
cells*. This model computes the concen-
tration of each type of cells (e.g. Y) as a
function of time, including: a self-expan-
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sion term (k,"); a term for cell death (k")
and a term accounting for the differentia-
tion, which includes a generation term
involving production of Y cells from its
precursor and a consumption term in-
volving the differentiation of cells Y,
themselves, into Z (the next cells along
the differentiation line), with a rate cons-
tant k ” as previously described”.

Results

Evaluation of ex-vivo expansion

of CD34* enriched cells in serum-free
medium with selected cytokines,

in the presence and absence

of human stroma

The ex-vivo expansion of human
CD34* enriched cells derived from ei-
ther BM or CB in the presence of stro-
ma was evaluated in comparison to stro-
ma-free BM and CB cultures as recently
published’. Figures 1A and 1B show the
fold increase in total number of cells
with the time in culture obtained when
BM and CB CD34*enriched cells were
cultured either with or without stroma.
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Fig. 1 — Total cell expansion of CD34* enriched cells co-cultured in the presence/absence of human
stromal layers. Cell numbers for hu-st system (black line, ®) and in the absence of stromal
layer (dashed line, O0) are expressed as mean fold expansion + SEM. (A) BM cells (1-2.5x10°)
were cultured for 2-3 weeks in the presence (n=4), or absence (n=2) of stroma (B) CB cells
(0.1-1.8x10°) were cultured for 3-4 weeks in the presence (n=4) or absence (n=3), of stroma.
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In BM cultures, the total expansion as
assessed by cell number in both stromal
and stroma-free system was minimal and
similar until day 9 of the culture. Howe-
ver, after this time point, and as can be
seen starting at day 14 of culture, CD34*
enriched cells cultured in the presence of
stroma began to proliferate more effec-
tively when compared with stroma-free
cultures (Figure 1A). As it was expected,
in the absence of stromal layers, CB cul-
tures were unable to expand (Figure 1B),
since the combination of cytokines select-
ed was anticipated to exert their effect
through stromal or accessory cells. In the
presence of stromal layers, CB CD34* en-
riched cells were able to proliferate to the
same extent as their BM CD34* counter-
part grown in the same conditions, al-
though at a later time point®.

Effect of culture conditions
on differentiation potential
of expanded cells.

The results of the differentiative po-
tential of the BM and CB cell popula-
tions expanded in the presence of stro-
ma are presented in Figure 2°.
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The differentiative potential of both
BM and CB cells co-cultured with hu-
ST was primarily shifted towards the
myeloid lineage, with the presence of
CD14, CD15 and CD33 positive cells.
BM CD34*enriched cells cultured in the
absence of stroma also differentiated
towards a myeloid phenotype and no
CD3* or CD19" cell populations were
detected upon day 6-8 in both BM and
CB cultures®. Of importance was a sig-
nificant increase in the percentage of
CD7* cells with time in culture of both
BM and CB cells in the cultures grown
on stromal layers, showing that in our
culture system we were also able to ex-
pand cells with an early lymphocytic
phenotype.

Two-parameter kinetic modeling
of total hematopoietic cell expansion

A simple kinetic modeling study us-
ing two parameters only (the specific
cell expansion rate, [, and specific death
rate, k,) was applied to total cell expan-
sion results of both BM (in the presence
and absence of stroma) and CB cells (in
the presence of stroma only)®.
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Fig. 2 — Differentiative potential of BM and CB expanded cells expanded in the presence of human
stroma. BM (A) and CB (B ) CD34* enriched cells were cultured for 2-4 weeks. Non
adherent cells were harvested periodically and analyzed by flow cytometry. Each bar
represents the mean expression+SEM for each phenotype (n=4 for both BM and CB

experiments).
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Table I shows BM and CB expansion
parameters estimated when culturing dif-
ferent initial cell numbers in the presence
and absence of human stromal layers.

Since CB cells could not be expanded
under stroma-free conditions, only the
expansion parameters for CB CD34* en-
riched cells expanded over human feeder
cells were estimated. Figure 3 illustrates
the model fitting to the experimental val-
ues for representative experiments of BM

Table I — CB and BM expansion parameters.

(A) and CB (B) CD34* enriched cells in
the presence of hu-ST.

It is possible to conclude that there
is a good agreement between experi-
mental values and theoretical values
estimated by the kinetic model for both
BM (Figure 3A) and CB cells (Figure
3B)”. The estimated p and k_parame-
ters are represented in Figure 4.

Interestingly, within the range of start-
ing cell concentration the specific expan-

Starting population

Expansion parameters

hu-ST
# X, (cells) % CD34'CD38 ko (day ™) ki (day™)
cB 1 1.2x10° n.d. + 0.21£0.13 0.013 % 0.003
cB 2 9.0x10" n.d. + 0.24 £0.04 0.035 + 0.011
cB 3 7.5%10° n.d. + 0.19 £0.05 0.031 + 0.006
CB 4 1.27x10° n.d. + 0.15 £0.03 0.011 +0.003
CB 5 8.5x10° 0.23 + 0.14 £0.05 0.004 + 0.001
BM 1 3.25x10° 23 - 0.36 £0.03 0.057 + 0.005
BM 1 3.25x10° 23 + 0.30£0.16 0.020 + 0.003
BM 2 1.76x10° 8.2 - 0..24 +0.03 0.057 + 0.006
BM 2 1.76x10° 8.2 + 0.21 £0.02 0.024 +0.008
BM 3 6.2x10° 74 + 0.13 £0.02 0.009 + 0.003
BM 4 2.5%10° 1.7 + 0.14 £0.02 0.005 + 0.001
BM 5 9.3%10° 0 + 0.17 £0.03 0.008 + 0.001
BM 6 4.3x10° 0.65 + 0.11 £0.03 0.014 % 0.003
BM 7 1.7x10° 0.63 + 0.30 £0.06 0.015 + 0.002

Expansion parameters were estimated when culturing different initial cell numbers in the presence (+)/absence(-)
of human stromal layers (n.d., not determined). The estimated parameters are given together with their 95%

confidence interval.
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Fig. 3 — Example of the two-parameter model fitting (lines) to the experimental time course values
of total (M), viable () and dead (A) cell numbers (X) for the BM#7 experiment (A) and
CB#2 experiment (B) expanded over stromal layers.
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fday ')

Fig. 4 — Total cell expansion and death rates as a function of the initial cell number (X)) for BM and
CB cultures. (@) CB with stromal layer, (M) BM with no stromal layer and (A) BM with
stromal layer. Horizontal line corresponds to the average of all values. Vertical bars corre-
spond to estimated errors in the parameters®.

sion rates of BM CD34* enriched cells
(both in presence and absence of a stromal
layer) are similar to the CB CD34*enriched
cells, and an average ke value of 0.21 day™!
can be estimated for both CB and BM
CD34* enriched cells (Figure 4A). On the
other hand, the values of kk for BM expe-
riments in the presence of human stroma
fall within the same range as those for CB,
and an average of 0.016 day™' was estimat-
ed (Figure 4B). In addition, k, values for
BM experiments in the absence of stroma
seem to be slightly higher than the corres-
ponding experiments using a stromal layer,
but still fall within the same range (Figure
4A). However, cell death rates seem to be
significantly higher (0.057 day") in the
absence of a stromal layer, which explains
why total expansion is lower when no stro-
mal layer is present®*.
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Predictive modeling of the expansion
of hematopoietic stem/progenitor cells

In addition, a predictive model was
developed accounting for hematopoietic
cell expansion, differentiation, and
death*. This type of kinetic modeling
can provide a significant insight into the
“limiting steps” involved in the hemato-
poietic hierarchy and into the influence
of conditions affecting the expansion
process. Total expansion results for a
representative BM experiment are de-
picted in Figure 5, showing a more ef-
ficient expansion in the presence of a
stromal layer (Figure SA), compared to
stroma-free conditions.

Data displayed in Figure 5 show a
good agreement between experimental
and theoretical values predicted by this
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Fig. 5 — Example of the predictive model fitting (lines) to the experimental time course values of total
viable cells. BM total cell numbers in the presence (A) and absence (B) of hu-ST are represented.
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model for BM CD34* enriched cells in
both stroma- and stroma-free conditions.
As previously shown, the differentiative
potential of BM CD34* cells co-cultured
with and without human stroma was pri-
marily shifted towards the myeloid line-
age. From this kinetic model, the relative
amounts of the different phenotypic cells
(e.g. CD34*, CD34+*CD38, CD33") can
also be estimated, with the aim of pre-
dicting the hematopoietic cell pathways
for expansion/differentiation and identi-
fying the key steps in the production of
specific types of cells. Typical fittings of
this model to experimental data are de-
picted in Figures 6 for more primitive
cells, CD34* (A) and CD34*CD38(B)
and for more mature cells, CD33* (Figu-
re 6C). The fitting of the model to the
CD15* cells was similar to the CD33*%.

Discussion

Most potential clinical applications
of hematopoietic/progenitor stem cells
(HSC) involve their ex-vivo expansion
and/or controlled differentiation, to ob-
tain a therapeutically significant amount
of cells. There is a need for predictive
kinetic models to optimize scale-up
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strategies for the ex-vivo maintenance,
expansion and differentiation of stem
cells for cell therapy.

Presented results demonstrate that
HSC from both BM and CB, can be ef-
ficiently expanded in the human-stro-
mal based serum-free culture system
previously established, preserving both
myeloid and early lymphocytic poten-
tial®. In addition, it was found that, con-
trarily to BM cultures, CB expansion
results are strictly dependent on the
presence of an hu-ST system, in the
present culture conditions®. Two kine-
tic modeling approaches were conside-
red to evaluate hematopoietic cell ex-
pansion. First, a simple kinetic mode-
ling study using two parameters only
(the specific cell expansion rate, |1, and
specific death rate, kk) allowed to cha-
racterize BM and CB cell expansion in
terms of total cells. For both CB and
BM cells cultured with hu-ST, pvalues
were similar (around 0.21 day'), despite
the wide range of inoculum. In addition,
it was found that the expansion rates of
the BM cells are not affected by the
presence or absence of a feeder layer,
whereas the specific death rates (k,) for
BM cells were 2 to 3 times higher in
stroma-free conditions, compared to the
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Fig. 6 — Example of the predictive model fitting (lines) to the experimental time course values of specific cell phenotypes. BM CD34+ cells
(A), CD34+CD38- cells (B), both in the presence of hu-ST, and BM CD33* cells in the absence of a feeder layer (C).
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corresponding experiments using hu-
-ST. This simple study provides a glo-
bal measure of the ex-vivo culture sys-
tem performance in terms of total cell
expansion and quantitatively address a
dependency of hematopoietic cell death
on the environment in which cells are
cultured (hu-ST presence/absence);
however, this study is limited by the fact
the cells expand but also differentiate
and, thus, the expansion rate is likely to
change as the cells evolve. Therefore, a
predictive model was developed ac-
counting for hematopoietic cell expan-
sion, differentiation, and death. The
model described adequately the total
cell number and estimated the relative
amounts of the different phenotypic
cells (e.g. CD34*, CD34*CD38",
CD33*). This predictive model also
quantitatively demonstrated the impor-
tant role of hu-ST for the efficient ex-
vivo expansion/maintenance of BM
HSC by: enhancing the expansion of the
majority of the more mature cells; re-
ducing the death rate constant for the
more primitive cell of the hematopoie-
tic hierarchy*; and reducing the diffe-
rentiation for the more mature cells.
This kind of modeling approach poten-
tially allows the prediction of the
hematopoietic cell expansion/differen-
tiation pathways and identification of
the key and limiting steps in the pro-
duction of specific types of cells in high-
ly controlled bioreactor systems.
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