
Experimental Hematology 33 (2005) 828–835
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Objective. We investigated the role of human stromal layers (hu-ST) on the ex vivo expansion/
maintenance of human hematopoietic stem/progenitor cells (HSC) from adult bone marrow
(BM) and umbilical cord blood (CB).

Materials and Methods. BM and CB CD34�-enriched cells were cultured in serum-free medium
supplemented with SCF, bFGF, LIF, and Flt-3, in the presence or absence of stroma, and
analyzed for proliferation, phenotype, and clonogenic potential.

Results. Significant expansion of BM and CB CD34� and CD34�CD38� cells were achieved
in the presence of hu-ST. The differentiative potential of both BM and CB CD34�-enriched cells
cocultured with hu-ST was primarily shifted toward the myeloid lineage, while maintaining/
expanding a CD7� population. Clonogenic analysis of the expanded cells showed increases in
progenitors of the myeloid lineage, including colony-forming unit-granulocyte, macrophage
(CFU-GM) and colony-forming unit-granulocyte, erythroid, macrophage, megakaryocyte
(CFU-Mix) for both BM (stroma and stroma-free conditions) and CB cells in the presence
of stroma.

Conclusions. These results indicate that adult hu-ST in the presence of appropriate cytokines
can be used to efficiently expand/maintain myeloid and lymphoid cell populations from human
BM and CB HSC. � 2005 International Society for Experimental Hematology. Published
by Elsevier Inc.
The ability to successfully expand hematopoietic stem cells
(HSC) ex vivo would not only have a profound impact in
the way that HSC transplantation is thought out, but could
also expand the limits of tumor cell purging and somatic
cell gene therapy [1–3]. The difficulties associated with inad-
equate numbers of HSC collected for transplantation from
autologous or allogeneic sources such as bone marrow (BM)
or umbilical cord blood (CB) would be largely eliminated,
and human CB would constitute a reliable and attractive
alternative to BM as a source of hematopoietic progenitors
[1,4] for patients with malignant and nonmalignant condi-
tions who lack traditional donors [5–7]. A limiting factor
for the use of CB is that it contains a finite number of
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hematopoietic stem and progenitor cells, which may be not
enough for the hematopoietic rescue of larger recipients
undergoing transplantation, as well as patients with diseases
known to be resistant to engraftment, such as Fanconi
anemia, chronic myelogenous leukemia, and severe aplas-
tic anemia.

One strategy to increase the cell dose available from a
single CB unit is ex vivo expansion. The CB contains a high
number of primitive progenitor cells with greater in vitro
expansion ability and in vivo engraftment capability when
compared with other sources [1]. Furthermore, the reduced
alloreactivity of cord blood cells contributes to the lower
risk of graft-vs-host disease (GVHD) in patients transplanted
with CB when compared to those transplanted with alloge-
neic adult BM [2,3,5–7]. Although substantial advances
have been made in identifying cytokine combinations that
are able to maintain or expand to some extent HSC [4,
8–16] or important stromal-derived factors [17,18], an ideal
Experimental Hematology. Published by Elsevier Inc.
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system that allows extensive expansion of these cells while
maintaining their engraftment capability remains to be
defined [1,19]. Some of the most promising results with ex
vivo manipulation of human HSC used culture systems in
which feeder layers of cells, most of murine origin, were
combined with cytokines to achieve long-term ex vivo main-
tenance and expansion of human HSC while preserving the
ability of the manipulated cells to engraft in an in vivo
model [1,14,20]. However, murine models have shown an
engraftment defect of stimulated HSC by revealing that HSC
activation in vitro with various combinations of growth fac-
tors results in a decrease of in vivo repopulating ability
compared to unmanipulated marrow [21–23]. In some stud-
ies, the lack of reconstituting ability of expanded cells was
related to the specific cytokine combinations used [24–26],
while others have shown the importance of HSC cell-cycle
status on the engraftment ability after ex vivo expansion
[27,28]. Several groups showed that ex vivo culture systems
were able to preserve the ability of the manipulated cells to
engraft in an in vivo model [1,5,13,19,29,30]. Concerns have
been raised by regulatory agencies worldwide regarding
the safety of products, used for the treatment of patients that
are produced in culture media containing animal-derived
components, such as serum, due to the potential for contami-
nation of infectious agents. Furthermore, the in vitro incuba-
tion of an HSC graft with a feeder layer with ill-defined
pathogenic potential, such as from a xenogeneic origin and/or
modified by viral transformation [31], also poses a risk and
is unlikely to find clinical application. Thus the advantages
of being able to expand human HSC under serum-free condi-
tions [30] using stromal layers of human origin would have
significant clinical applications.

In the present studies, we evaluated the ability of a human
stromal-based serum-free culture system (hu-ST) to support
the ex vivo expansion/maintenance of human BM and CB
HSC. Adult human BM and CB CD34�-enriched cells were
cultured in serum-free medium for several days in the pres-
ence or absence of allogeneic hu-ST with SCF, bFGF, LIF,
and Flt-3, and the cultures were analyzed for expansion,
phenotype, and clonogenic ability. This new culture system
allowed the successful expansion/maintenance of both my-
eloid and lymphoid cells from both BM and CB HSC.

Material and methods

Human donor cell preparation
Heparinized human bone marrow was obtained from healthy donors
after informed consent. Umbilical cord blood (UCB) samples were
obtained from the Pediatric Stem Cell Transplant Program at
Duke University Medical Center (Durham, NC, USA). After ob-
taining maternal donor consent, fresh blood was collected from the
umbilical cord vein using the method previously described in
the National Heart, Lung and Blood Institute (NHLBI) for Cord
Blood Transplantation. The UCB units that did not meet the criteria
for storage and banking at Duke Medical Center and were going
to be discarded were used in this study. Low-density bone marrow
mononuclear cells (BMMNC) or cord blood mononuclear cells
(CBMNC) were separated by a Ficoll density gradient (1.077 g/mL)
(Sigma, St Louis, MO, USA) and washed twice in Iscove’s Modi-
fied Dulbecco’s Medium (IMDM; Gibco Laboratories, Grand
Island, NY, USA). BMMNC and CBMNC 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 BMMNC obtained from healthy donors were cultured
in gelatin-coated T25 flasks with Mesenchymal Stem Cell Basal
Medium (MSCBM) (Poietics, Cambiex Bioscience, Baltimore, MD,
USA). Stromal layers were obtained after culture for 10 days and
then γ-irradiated (14 Gy) with a 137Cs source. The irradiated stromal
layers were maintained at 37�C under 5% CO2 humidified air and
then used within 1 to 5 days.

Ex vivo expansion of CD34�-enriched cells
BM and CB CD34�-enriched cells (1 to 3 × 106 for BM and 0.75
to 1.5 × 106 for CB) were cultured in T25 flasks (5 mL) for several
days in QBSF-60 serum-free medium (a kind gift of Dr. Ron Brown,
Quality Biological, Gaithersburg, MD, USA) at 37�C under 5%
CO2 humidified air, in the presence or absence of hu-ST with the
following 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 every 2 to 4 days with half of the cultures
being harvested and used for analysis, and the same volume being
replaced with fresh media.

Proliferative and phenotypic analysis
The ex vivo expansion of the CD34�-enriched populations was
determined at each time point by counting the content of hematopoi-
etic cells in each culture flask using trypan blue stain 0.4% solution
(GibcoBRL, Grand Island, NY, USA) and analyzed for stem cell
and lineage content by flow cytometry (FACScan equipment,
Becton-Dickinson, San Jose, CA, USA) using monoclonal antibod-
ies against CD3, CD7, and CD19 to evaluate lymphoid lineage
differentiation; CD14, CD15, and CD33 to evaluate myeloid differ-
entiation; and CD34 and CD38 to assess the percentage of stem
cells remaining in culture (Becton-Dickinson Immunocytometry
Systems [BDIS], San Jose, CA, USA). Flow cytometric analysis
was performed at each time point of culture, by incubating har-
vested cells with different fluorescent conjugated monoclonal anti-
bodies at room temperature for 15 minutes. The cells were then
washed in phosphate-buffered saline (PBS) 1% sodium azide
(Sigma, St. Louis, MO, USA) and fixed with 2% paraformal-
dehyde (Sigma). Isotype controls were used in every experiment.
A minimum of 10,000 events was collected for each sample.

Clonogenic assays
Assays for clonogenic progenitors were performed in triplicate in
MethoCult GF H4434 (Stem Cell Technologies Inc, Vancouver,
BC, Canada) with unexpanded CD34�-enriched cells and expanded
populations. Cultures were incubated in a humidified incubator at
37�C in 5% CO2 in air. After 14 days colonies were counted and
categorized according to standard criteria [30].

Statistical analysis
Results are expressed as mean ± standard error of the mean (SEM).
Comparisons between experimental results were determined by
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two-sided nonpaired Student’s t-test analysis. A p value less than
0.05 was considered statistically significant.

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
Ex vivo expansion of human CD34�-enriched cells derived
from either BM or CB in QBSF-60 serum-free medium
supplemented with SCF, bFGF, LIF, and Flt-3 in the presence
of stroma was evaluated in comparison to stroma-free BM
and CB cultures. Figure 1A and B shows the fold increase
in total number of cells with the time in culture obtained
when BM and CB CD34�cells were cultured either with
or without stroma. In BM cultures the total expansion as
assessed by cell number in both stromal and stroma-free
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Figure 1. Total cell expansion of CD34�-enriched cells cocultured 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, �) are
expressed as mean fold expansion ± SEM. (A): BM cells (1–2.5 × 106)
were cultured for 2–3 weeks in the presence (n � 4) or absence (n � 3)
of stroma. (B): CB cells (0.1–1.8 × 106) were cultured for 3–4 weeks in
the presence (n � 4) or absence (n � 3) of stroma. Cell output from both
CB and BM cultured in the presence of stroma was significantly higher
than that obtained in stroma-free cultures from day 14 until the end of the
culture (p � 0.05). Because CB cultures continued to proliferate after day
18 of culture we have included time points up to day 26, at which time
these cultures reached the maximal output.
system was minimal and similar until day 9 of the cul-
ture. However, 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. The differ-
ence in proliferation rate was more noticeable in the last
days of culture, as can be seen in Figure 1A, in which BM
CD34�-enriched cells cultured in the presence of stroma
reached a fold increase of 260 (range 145-fold to 375-fold)
at day 18 of culture compared with 32-fold in the stroma-
free culture system by the same day.

As was expected, in the absence of stromal layers, CB
cultures were unable to expand (Fig. 1B), since the combina-
tion of cytokines selected was anticipated to exert their
effect through stromal or accessory cells. In the presence of
stromal layers, CB CD34�-enriched cells were able to pro-
liferate to the same extent as their BM CD34� counterpart
grown in the same conditions, although at a later time
point. Also, in similarity with BM CD34�-enriched cells
cocultured with stromal layers, CB CD34� cell expansion
started to be noticeable at day 14, and at day 18 the total
fold increase in CB CD34� expanded cells was 138 ± 28.
The maximal expansion seen with the CB CD34�-enriched
cells cocultured with stroma was observed at day 26 with
a mean 241-fold increase (range 124-fold to 358-fold). The
expansion of both CB and BM CD34�-enriched cultures
was directly correlated to the fraction of CD34� cells in the
initial population.

Evaluation of ex vivo expansion
of CD34� and CD34�CD38� BM and
CB cells in the presence and absence of stroma
As can be seen in Figure 2A (BM CD34� cells) and Figure
2B (BM CD34�CD38� cells), an increase in absolute num-
bers of CD34�cells and CD34�CD38� cells was observed
with the time in culture despite the decrease in percentage
of these same cell populations (Table 1). During the first
four days of culture, the presence/absence of a stromal layer
in the cultures did not have a significant impact on the ability
of the CD34�-enriched cell population from BM to expand
its CD34� cell and CD34�CD38� content. However, at days
10 and 14, a significant difference was found in the expansion
rate of cells with both CD34� and CD34�CD38� phenotypes
when the CD34�-enriched cell population from BM were
cocultured with stromal layers. On day 14, a 7.0-fold ± 1.9-
fold increase in CD34 content and 57.8-fold ± 20.3-fold
increase in the CD34�CD38� compartment was seen
(Fig. 2A and B).

As shown in the previous section, CB CD34�-enriched
cells were only able to proliferate in the presence of stromal
layers. The fold increase in cells with a CD34� phenotype
in CB cultures on day 21 was 13.2 ± 2.2 and at day 26 a
35-fold increase of CD34� cells was observed (Fig. 2C).
The fold increases in CD34�CD38� cells were 15.9 ± 1.0
and 48, by day 21 and 26, respectively (Fig. 2D).
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Figure 2. Fold increase in expansion of BM- and CB-derived CD34� cells in culture. Black line, ● represents fold increase for cells grown in the presence
of stroma; dashed line, � represents the cultures in the absence of stromal layers (data are expressed as mean fold expansion ± SEM). Cultured cells
were harvested periodically, enumerated, and stained with CD34-FITC and CD38-PE. (A): Fold increase in BM-derived CD34� cells when cultured in
presence (n � 4) or absence (n � 3) of stromal layers. (B): Fold increase in BM-derived CD34�CD38� cells when cultured under the same conditions.
(C): Fold increase in CB-derived CD34� cells when cultured in presence (n � 4) or absence (n � 3) of stromal layers. No earlier time points are shown
since in CB cultures only by day 11 were we able to achieve significant CD34� cell expansion; however, CB CD34� cell expansion was maintained until
later time in culture than their BM counterpart. (D): Fold increase in CB CD34�CD38� cells cultured in presence of hu-ST is presented.
Effect of culture conditions on
differentiation potential of expanded cells
One of the great advantages of using mobilized peripheral
blood (PB) in a transplant setting is that the content of mature
cells in the transplantation graft decreases the immunosup-
pression period, reduces the number of transfusions needed,
and leads to earlier patient convalescence. We thus wished to
evaluate the effect of the culture conditions and expansion
Table 1. Differentiative potential of BM expanded cells

% CD34� CD34�CD38� CD15� CD33� CD7� CD14�

Day w/ st w/o st w/ st w/o st w/ st w/o st w/ st w/o st w/ st w/o st w/ st w/o st

0 75.7 8.2 7.6 46.0 9.4 3.5
4 47.0 49.4 36.0 44.6 54.9 50.9 35.0 52.5 42.3 49.3 10.6 22.3
10 11.8 4.6 10.1 4.5 42.0 30.8 30.8 46.9 65.2 27.4 37.2 25.1
14 6.6 11.0 3.0 10.6 57.2 34.7 30.0 71.4 29.6 27.8 19.0 29.3
# cells (×106)
0 1.3 0.1 0.1 0.8 0.2 0.1
4 7.1 5.2 5.4 4.7 8.3 5.4 5.3 5.5 6.4 5.2 1.6 2.4
10 4.9 0.9 4.2 0.9 18.0 5.9 13.0 9.0 28.0 5.3 16.0 4.8
14 12.0 2.6 5.4 2.5 100.0 8.2 54.0 17.0 53.0 5.4 34.0 6.9

BM CD34�-enriched cells were cultured for 2–3 weeks in the presence (w/ st)/absence (w/o st) of hu-ST. Nonadherent cells were harvested periodically
and analyzed by flow cytometry. Shown are the results from one representative experiment. The % of cells is represented on top and the absolute number
of cells is indicated on the bottom.
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on the differentiation potential of the CD34�-enriched cells
from BM and CB. To this end, cultures derived from the
CD34�-enriched cells either from BM or CB were analyzed
for the presence of CD3, CD7, CD14, CD15, CD19, and
CD33 by flow cytometric analysis. The results of the differ-
entiative potential of the expanded BM and CB cell popula-
tions are presented in Table 1 for BM cells cultured with
and without human stroma, and in Table 2 for CB cells
expanded in the presence of stroma.

The differentiative potential of both BM and CB cells
cocultured with hu-ST was primarily shifted towards the
myeloid lineage, with the presence of CD14�, CD15�, and
CD33� cells. BM CD34�-enriched cells cultured in the ab-
sence of stroma also differentiated towards a myeloid pheno-
type, but the percentage of CD15 achieved in the absence
of stroma was considerably lower than that obtained in
the coculture system. No CD3� or CD19� cell populations
were detected upon days 6 to 8 in either culture system (data
not shown).

Of importance was a significant increase in the percentage
of CD7� cells with time in culture of both BM and CB cells
in the cultures grown on stromal layers. In the case of the
BM cells, by day 10 the percentage of CD7� cells was
52.0% ± 14.2%, while with CB cultures, 65.5% ± 3.3% of
the cells were CD7� at day 21, showing that in our culture
system we were also able to expand cells with an early
lymphocytic phenotype (Fig. 3A and B).

Clonogenic potential of the expanded cells
In order to assess the effects of expansion on the clonogenic
potential of CD34�-enriched cells, cells were harvested from
the cultures at different time points and 103 cells (day 0) or

Table 2. Differentiative potential of CB expanded cells
cultured in hu-ST system

%
Day CD34� CD34�CD38� CD15� CD33� CD7� CD14�

11 12.5 9.0 24.5 47.1 51.8 18.2
13 7.2 7.0 24.6 39.3 34.2 13.1
16 7.0 6.7 34.5 27.4 59.7 26.3
21 4.9 4.8 36.5 51.3 62.2 28.0
24 8.7 8.6 29.0 44.3 76.0 49.6
26 0.9 0.9 22.5 57.5 75.4 62.8
# cells (×106)
11 1.0 0.7 2.0 7.3 4.1 1.3
13 0.9 0.9 3.2 5.0 4.4 1.5
16 2.1 2.0 10.0 8.1 18.0 3.7
21 11.0 11.0 82.0 120.0 140.0 60.0
24 19.0 19.0 63.0 96.0 170.0 110.0
26 24.0 24.0 88.0 150.0 210.0 160.0

CB CD34�-enriched cells were cultured for 3–4 weeks in the presence of
hu-ST. Nonadherent cells were harvested periodically and analyzed by flow
cytometry. Shown are the results from one representative experiment. The
% of cells is represented on top and the absolute number of cells is indicated
on the bottom.
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Figure 3. Expansion of CD7� cells cocultured 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, �) are expressed as mean
fold expansion ± SEM. Cultured cells were harvested periodically, enumer-
ated, and stained with CD7-FITC. (A): Fold increase in CD7� cells in BM
cultures in presence/absence of hu-ST. (B): Fold increase in CB CD7� cells
cultured in presence of hu-ST is presented (one representative experiment);
once more, only by day 11 were we able to achieve significant cell numbers
to analyze these c.

105 cells (other days of culture) were plated in methylcellu-
lose as described in the Material and Methods section. The
total fold increase in clonogenic potential was calculated by
dividing the number of CFU-Mix, BFU-E, and CFU-GM
obtained per 103 cultured cells at the different time points
by the number of the different colonies obtained at day 0
and multiplying by the fold increase in total number of cells.
The total fold increase in clonogenic potential (CFU-Mix,
BFU-E, and CFU-GM) at day 14 was 37.9 ± 0.24 for the BM
CD34� cultured in the presence of stroma and 11.4 ± 0.5
for the cultures in the absence of stroma, showing that the
cultures in the presence of stroma were able to maintain
a higher clonogenic potential after 2 weeks of expansion.
Table 3 displays the clonogenic potential with time in culture
of BM cells cultured in the presence and absence of hu-ST.

The total fold increase in clonogenic potential in CB cells
grown over stromal layers at day 24 of culture was 137.46 ±
2.2 times that of the initial culture. Table 4 displays the
clonogenic potential with time in culture of CB cells cultured
in the presence of hu-ST.
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Table 3. Clonogenic potential of BM cells cultured in the
presence and absence of human stroma

CFU-Mix BFU-E CFU-GM

Day w/ st w/o st w/ st w/o st w/ st w/o st

0 3 4 11
4 17 ± 3 18 ± 9 6 ± 3 0 166 ± 23 207 ± 38
7 18 ± 2 NA 0 NA 292 ± 15 NA
10 0 8 ± 2 0 0 296 ± 31 208 ± 3
14 5 ± 1 47 ± 10 6 ± 1 9 ± 7 202 ± 14 392 ± 58

Numbers of colonies obtained per 100,000 cells.
NA: data not available (not enough cells obtained to perform clonogenic
assays).

Discussion
A major focus in experimental hematology is the delineation
of conditions that would allow HSC to be manipulated
in vitro in such a way that they could expand in number yet
maintain all of the characteristics that define an HSC. The
definition of such strategies would impact profoundly on
both clinical HSC transplantation and gene therapy. Thus
far, the majority of studies that have demonstrated expansion
of long-term engrafting HSC have accomplished this by
employing culture systems that combine cytokine stimula-
tion with support of feeder cell layers. Most of the feeder
layers that have thus far been screened for the ability to
support/expand hematopoietic stem cells are either murine
[1,12–14,20,29] or porcine [32–35] in origin. Further-
more, some of these stromal layers require serum for their
maintenance and have also been immortalized in order to
be able to be propagated indefinitely [31]. The advantages
of being able to expand human HSC under serum-free condi-
tions using stromal layers of human origin that could be
harvested either from the patient or from allogeneic sources,
and that have not been subjected to viral transformation,
would have significant clinical applications, since it would
reduce the potential for contamination of infectious agents.

In this study we investigated the ability of human stromal
layers obtained from normal randomly selected marrow
donors, in the presence of SCF, LIF, bFGF, and Flt-3,
to support the ex vivo expansion/maintenance of human

Table 4. Clonogenic potential of CB cells cultured in
the presence of human stroma

Day CFU-Mix BFU-E CFU-GM

1 3 7 8
6 65 ± 6 4 ± 1 296 ± 12
8 20 ± 6 0 463 ± 46
11 15 ± 8 0 218 ± 12
13 8 ± 1 6 ± 2 121 ± 17
16 17 ± 5 0 247 ± 26
21 14 ± 2 0 221 ± 21
24 4 ± 2 0 197 ± 9

Numbers of colonies obtained per 100,000 cells.
BM- and CB-derived HSC. Our cocktail of cytokines was
anticipated to exert its effect through stromal and/or ac-
cessory cells and was chosen to ensure that all stromal layers
would support hematopoiesis, and, furthermore, that the pro-
cess of expansion would not lead to the exhaustion of
the more primitive stem cells. LIF is a pleiotropic cytokine
identified by its growth and differentiation activities on
hematopoietic cells [15]. Shih et al. [12] reported its stromal
cell–derived activity that promoted ex vivo expansion of
human hematopoietic stem cells, showing that LIF action
on HSC is indirect and mediated by stromal cells, leading
to an upregulation of a large number of known cytokines
and a downregulation of many others. Here, bFGF was used
to support growth and maintenance of the stromal feeder
layers in the absence of serum [11]. Flt-3 and SCF were
included since they are known to positively influence self-
renewal, proliferation, and preservation from apoptosis of the
more primitive hematopoietic cells, especially in synergy
with several other cytokines [1,13]. However, studies using
more cytokines to our initial cocktail such as TPO, IL-3,
and GM-CSF, singly or in combination, are being performed
to investigate whether we can successfully further increase
the rates of expansion of CD34� cells without losing the
lymphocytic potential in the expanded cultures.

Our studies used a population of adult BM and CB cells
enriched for the surface marker CD34. It could be argued
that this population of cells is very heterogeneous and does
contain cells that have already committed to various lin-
eages. However, we reasoned that since the majority of
transplants performed today using enriched hematopoietic
progenitor cells are performed using CD34�-enriched cells,
the derivation of methods for expanding the number of
long-term engrafting cells within this population would be
of direct clinical utility. In our studies we were able to
successfully expand BM CD34�-enriched cells up to 260-
fold (range 145-fold to 375-fold) and CB CD34�-enriched
cells up to 241-fold (range 124-fold to 358-fold). Our obser-
vations lead us to conclude that expansion of both CB and
BM CD34�-enriched cells is correlated to the initial fraction
of CD34� cells, in such a way that a higher starting number of
CD34� cells leads to greater total cell expansion. We were
also able to expand the more primitive CD34�CD38� cells
and achieved a 57.8-fold ± 20.3-fold increase in this popula-
tion in BM cultures and a 48-fold increase in CB cultures. We
were also able to maintain/expand the clonogenic potential of
both HSC populations in the stromal culture system de-
scribed. The total fold increase in clonogenic potential at
two weeks was 37.9 ± 0.24 for the BM CD34� cultured in the
presence of stroma and 137.46 ± 2.2 for the CB cultures at
day 24. Other studies by McNiece et al., Berstein et al., and
Haylock et al. [35–37] using different cytokine combinations
reported fold increases in clonogenic potential of BM ex-
panded cells of 7, 10, and 66, respectively. And Briddel
et al. [38] reported in expanded cord blood a 73-fold increase
in the clonogenic potential. The cells produced under the
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conditions mentioned in these studies were shifted towards
the myeloid lineage. In our culture system, although the
differentiative potential of both BM and CB cells cocultured
with hu-ST was primarily shifted towards the myeloid lin-
eage with no CD3� and CD19� cell populations detected
upon days 6 to 8 of culture, both BM and CB cells showed an
increase in the percentage of CD7� cells with time in culture;
by day 10 the percentage of BM CD7� cells was 52.0% ±
14.2% while in CB at day 21, the percentage of CD7� cells
was 65.5% ± 3.3%. Thus, we conclude that our culture
system is also able to expand cells with an early lymphocytic
phenotype. CD7 is the earliest antigen marker expressed in
the T lineage, being found on T cell precursors in fetal liver
and thorax prior to thymic colonization, and in thymus and
BM [39–42]. Additional experiments are being conducted at
this point to address the further differentiative potential of this
population. However, preliminary data show the ability of
the CD7 population obtained in our culture system to differ-
entiate into NK and dendritic cells [40]. Also, in vivo studies
in the fetal sheep model of human hematopoiesis are being
performed to address the question of whether the expansion
system described herein will allow normal engraftment and
differentiation of the expanded cell populations.

In conclusion, our present work indicates that a human
stromal-based, serum-free culture system can effectively
expand HSC from both BM and CB, while preserving and
expanding both myeloid and lymphoid progenitors.
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16. Podestà M, Piaggio G, Pitto A, et al. Modified in vitro conditions for
cord blood–derived long-term culture-initiating cells. Exp Hematol.
2001;29:309–314.

17. Broxmeyer HE, Kohli L, Kim CH, et al. Stromal cell–derived factor-1/
CXCL12 directly enhances survival/antiapoptosis of myeloid progenitor
cells through CXCR4 and G(α)i proteins and enhances engraftment of
competitive, repopulating stem cells. J Leukoc Biol. 2003;73:630–638.

18. Liu LQ, Sposato M, Liu HY, et al. Functional cloning of IGFBP-3
from human microvascular endothelial cells reveals its novel role in
promoting proliferation of primitive CD34�CD38� hematopoietic cells
in vitro. Oncol Res. 2003;13:359–371.

19. McNiece IK, Almeida-Porada G, Shpall EJ, Zanjani E. Ex vivo ex-
panded cord blood cells provide rapid engraftment in fetal sheep but
lack long-term engrafting potential. Exp Hematol. 2002;30:612–616.

20. Ando K, Nakamura Y, Chargui J, et al. Extensive generation of human
cord blood CD34� stem cells from Lin�CD34� cells in a long-term
in vitro system. Exp Hematol. 2000;28:690–699.

21. Szilvassy SJ, Bass MJ, Van Zant G, Grimes B. Organ-selective homing
defines engraftment kinetics of murine hematopoietic stem cells and
is compromised by ex vivo expansion. Blood. 1999;93:1557–1566.

22. Genechea G, Segovia JC, Albella B, et al. Delayed engraftment of
nonobese diabetic/severe combined immunodeficient mice transplanted
with ex vivo–expanded human CD34� cord blood cells. Blood. 1999;
93:1097–1105.

23. Kittler EL, Peter SO, Crittende RB, et al. Cytokine-facilitated transduc-
tion leads to low-level engraftment in nonablated hosts. Blood.
1997;90:865–872.

24. Yonemura Y, Ku H, Lyman SD. In vitro expansion of hematopoietic
progenitors and maintenance of stem cells: comparison between FLT3/
FLK-2 ligand and KIT ligand. Blood. 1997;89:1915–1921.



C. Lobato da Silva et al. /Experimental Hematology 33 (2005) 828–835 835
25. Yonemura Y, Ku H, Hirayama F, Souza LM, Ogawa M. Interleukin 3
or interleukin 1 abrogates the reconstituting ability of hematopoietic
stem cells. Proc Natl Acad Sci U S A. 1996;93:4040–4044.

26. Haylock DN, Horsfall MJ, Dowse TL, et al. Increased recruitment of
hematopoietic progenitor cells underlies the ex-vivo expansion poten-
tial of FLT3 ligand. Blood. 1997;90:2260–2272.

27. Nilsson SK, Dooner MS, Quesenberry PJ. Synchronized cell-cycle
induction of engrafting long-term repopulating stem cells. Blood.
1997;90:4646–4650.

28. Gothot A, van der Loo JC, Clapp DW, Srour EF. Cell cycle–related
changes in repopulating capacity of human mobilized peripheral
blood CD34� cells in non-obese diabetic/severe combined immune-
deficient mice. Blood. 1998;92:2641–2649.

29. Kawada H, Ando K, Tsuji T, et al. Rapid ex vivo expansion of human
umbilical cord hematopoietic progenitors using a novel culture system.
Exp Hematol. 1999;27:904–915.

30. Almeida-Porada G, Brown R, Mackintosh FR, Zanjani ED. Evaluation
of serumfree culture conditions able to support theex vivoexpansion and
engraftment of human hematopoietic stem cells in the human-to-sheep
xenograft model. J Hematother Stem Cell Res. 2000;9:683–693.

31. De Angeli S, Di Liddo R, Buoro S, et al. New immortalized human
stromal cell lines enhancing in vitro expansion of cord blood hematopoi-
etic stem cells. Int J Mol Med. 2004;13:363–371.

32. Rosler E, Brandt J, Chute J, Hoffman R. Cocultivation of umbilical
cord blood cells with endothelial cells leads to extensive amplification
of competent CD34�CD38� cells. Exp Hematol. 2000;28:841–852.

33. Brandt JE, Bartholomew AM, Fortman JD, et al. Ex vivo expansion
of autologous bone marrow CD34� cells with porcine microvascular
endothelial cells results in a graft capable of rescuing lethally irradiated
baboons. Blood. 1999;94:106–113.
34. Brandt JE, Galy AH, Luens KM, et al. Bone marrow repopulation by
human marrow stem cells after long-term expansion culture on a porcine
endothelial cell line. Exp Hematol. 1998;26:950–961.

35. McNiece I, Briddell R. Ex vivo expansion of hematopoietic progenitor
cells and mature cells. Exp Hematol. 2001;29:3–11.

36. Bernstein ID, Andrews RG, Zsebo KM. Recombinant human stem cell
factor enhances the formation of colonies by CD34� and CD34�lin�

cells, and the generation of colony-forming cell progeny from
CD34�lin� cells cultured with interleukin-3, granulocyte colony-stimu-
lating factor, or granulocyte-macrophage colony-stimulating factor.
Blood. 1991;77:2316–2321.

37. Haylock DN, To LB, Dowse TL, Juttner CA, Simmons PJ. Ex vivo
expansion and maturation of peripheral blood CD34� cells into the
myeloid lineage. Blood. 1992;80:1405–1412.

38. Briddell RA, Kern BP, Zilm KL, Stoney GB, McNiece IK. Purification
of CD34� cells is essential for optimal ex vivo expansion of umbilical
cord blood cells. J Hematother. 1997;6:145–150.

39. Hao QL, Zhu J, Price MA, Payne KJ, Barsky LW, Crooks GM. Identifi-
cation of a novel, human multilymphoid progenitor in cord blood.
Blood. 2001;97:3683–3690.

40. Frias A, Porada C, Cabral JMS, Zanjani ED, Almeida-Porada G. Devel-
opment of a novel culture system that allows both lymphoid and my-
eloid development from human umbilical cord blood. Exp Hematol.
2004;32(7):57, 113a.

41. Canque B, Camus S, Dalloul A, et al. Characterization of dendritic
cell differentiation pathways from cord blood CD34�CD7�CD45RA�

hematopoietic progenitor cells. Blood. 2000;96:3748–3756.
42. Storms RW, Goodell MA, Fisher A, Mulligan RC, Smith C. Hoechst

dye efflux reveals a novel CD7�CD34� lymphoid progenitor in human
umbilical cord blood. Blood. 2000;96:2125–2133.


	A human stromal-based serum-free culture system supports the ex vivo expansion/maintenance of bone marrow and cord blood ...
	Material and methods
	Human donor cell preparation
	Human bone marrow stromal cell cultures
	Ex vivo expansion of CD34+-enriched cells
	Proliferative and phenotypic analysis
	Clonogenic assays
	Statistical analysis

	Results
	Evaluation of ex vivo expansion of CD34+-enriched cells in serum-free medium with selected cytokines, in the presence and ...
	Evaluation of ex vivo expansion of CD34+ and CD34+CD38- BM and CB cells in the presence and absence of stroma
	Effect of culture conditions on differentiation potential of expanded cells
	Clonogenic potential of the expanded cells

	Discussion
	Acknowledgments
	References


