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ABSTRACT

Ex vivo expansion of human umbilical cord blood cells (HUCBC) is explored by
several investigators to enhance the repopulating potential of HUCBC. The
proliferation and expansion of human hematopoietic stem cells (HSC) in ex
vivo culture was examined with the goal of generating a suitable clinical protocol for
expanding HSC for patient transplantation. Using primary human mesenchymal
stem cells, we established a serum-free culture system to expand human primitive
progenitors and transplantable stem cells. Non-enriched cord blood CD34" cells
were cultured on a monolayer of human mesenchymal stem cells in the presence of
thrombopoietin (TPO), flt3/flk2 ligand (FL), and/or stem cell factor (SCF),
interleukin 6 (IL-6), interleukin 3 (IL-3) under serum-free conditions. After | or 2
weeks of culture, cells were examined for clonogenic progenitors and percentage of
CD34" CD38- cells. In the presence of TPO, FL, and SCF, fetal MSC cells
supported more than a 35- and 20-fold expansion of CD34" cells and colony-
forming units in culture after | and 2 weeks of incubation, respectively. In addition,
LTC-IC assay were expanded more than 7- and 16-fold after 1 and 2 weeks of
culture, respectively. UCB-HSC can be expanded in culture to numbers theoretically
adequate for safe, rapid engraftment of adult patients. Additional studies are needed
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to establish the functional activity of expanded UCB-HSC. This ex vivo expansion
system should prove valuable in clinical settings in which stromal cells are available

from recipients or stem cell donors.
MJIRI, Vol 18, No.3, 257-263, 2004.
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INTRODUCTION

Umbilical cord blood (UCB) from related and
unrelated donors has emerged as a novel source of stem
cells for patients requiring allogeneic transplantation. '™
Although UCB contains hematopoietic progenitor cells at
a higher frequency and with a higher proliferative capacity
than adult-derived bone marrow, the low number of total
hematopoietic stem cells (HSCs) contained in one UCB
graft limits the potential for rapid hematological recovery
in adult patients. >

In an attempt to shorten the time interval to attain
donor-derived hematopoietic recovery after UCB transp-
lantation and allow transplantation of adult recipients,
phase [ clinical trials have been undertaken to expand
UCB in cytokines in vitro prior to infusion. ™ However,
these clinical trials have failed to demonstrate more rapid
hematopoietic recovery in UCB recipients, suggesting that
cytokine-based expansion may result in differentia-tion of
early self-replicative stem cells. These observa-tions
corroborate recent advances in the cellular and molecular
mechanisms underlying the regulation of stem cell
differentiation, indicating that microenvironment or stem
cell "niche" is crucial for maintenance of self-renewal
capacity of stem cells. '

Mesenchymal stem cells (MSCs) are a nonhemato-
poietic, well-characterized homogeneous population of
adherent skeletal and connective tissue progenitor cells
within the bone marrow stroma. '*! Importantly, MSCs
provide a rich environment of signals, including cytok-
ines, extracellular matrix proteins, adhesion molecules,
and cell-cell interactions, controlling the proliferation,
survival, and differentiation of early lymphohemato-
poletic stem cells. 1819 Studies have shown that MSCs
secrete, at baseline, interleukin-6 (IL-6), IL-7, IL-8, IL-11,
[L-12, IL-14, and IL-15, macrophage-colony-stimulating
factor (M-CSF), flt-3 ligand (FL), and stem cell factor
(SCF), similar to the cytokines and growth factors expressed
by marrow-derived stromal cells. ' Accordingly, MSCs
have been shown, similar to Dexter-type stromal cells, to
support long-term culture initiating cell (LTC-IC) colonies

during prolonged in vitro bone marrow culture.'
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Importantly, however, IL-la-stimulated MSCs, but not
bone marrow-derived stromal cells, secrete leukemia
inhibitory factor (LIF), which has been shown to inhibit
embryonic stem cell differentiation. '® 202!

For these reasons, we hypothesized that the presence
of a feeder layer of human MSCs during short-term UCB
cytokine-based expansion may provide a "niche-like"
milieu for hematopoietic stem cells and may, thus, inhibit
cytokine-driven differentiation of early CD34" hematopoietic
progenitor cells. We, therefore, compared expansion of
UCB mononuclear cells (MNCs) during short-term culture
in a combination of early-acting cytokines alone with

expansion over an MSC feeder layer with added

cytokines.
MATERIAL AND METHODS
Cells
UCB was obtained according to institutional

guidelines from 15 normal full-term deliveries at the
Shariati, Madaran and Hedayat Hospitals.

Cell processing

Buffy coat cells were obtained by centrifugation (400
g for 7 min), and low-density mononuclear cells (MNC,
d<1.077 g/mL) were isolated using Ficoll-Paque Plus
(Pharmacia Biotech, Uppsala, Sweden). Cells were then
resuspended Iscove Modified Dulbecco Medium
(IMDM) supplemented with 2% fetal bovine serum (FBS,
Gibco). Total numbers of nucleated and viable cells were
determined with a hemocytometer using Turck solution

in

and trypan blue stain, respectively.

Establishment of human mesenchymal stem cells

Bone marrow aspirates were obtained from healthy
donors after informed consent. The marrow was mixed
with the same volume of PBS, and mononuclear cells
were separated by density gradient centrifugation. Was-
hed cells were resuspended in stroma medium (RPMI
1640, Dutch Modification, supplemented with 10% fetal
calf serum [FCS], 2 mM L-glutamine, 100 IU/mL
penicillin, 0.1 mg/mL streptomycin, and 1.0 pmol/]
hydrocortisone).

5 x 10° cells were placed in 80 cm’ flasks (Nunc;
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Wiesbaden, Germany) and maintained at 37°C and 5%
CO,. Half the medium was exchanged twice a week. After
two weeks, confluent adherent layers were passaged with
trypsin-EDTA solution 1X (Sigma-Aldrich; Steinh-eim,
Germany). Trypsin was quickly inactivated with FCS-
containing medium and centrifuged at 200 g for 10 min.
The pellet was resuspended in stromal medium, and the
cells of one 80 cm? culture vessel were transferred in six 25
cm® flasks or six six-well plates for further expansion
experiments. Second passage MSCs were seeded at 3 x 10°
cells’em®, grown to confluency in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum (FBS)
(GIBCO Life Technologies; Gaithersburg, MD), and
irradiated (15 Gy, "7Cs irradiation) prior to co-culture with
UCB, to prevent MSC overgrowth (Figure 1).

UCB Expansion Cultures

MNCs (2 x 10° cells/mL) from UCB were plated in
StemSpan serum free medium supplemented with 10%
FBS, L-glutamine, penicillin, and streptomycin. Cells

were either expanded for 12 days in cytokines, ag
previously described™, or in parallel in the same cytokines
over a monolayer of MSCs. Cytokines included: TPO (50
ng/mL), IL-3 (50 ng/mL), IL-6 (50 ng/mL), FIt-3 (50
ng/mL) and SCF (50 ng/mL). Every third day, half-media
changes were performed to replenish cytokines, and the
total volume was adjusted to maintain the cells at 2 x 10°
cells/mL. After 12 days, cultures wefe harvested by
trypsinization to include cobblestone-forming
embedded in the MSC layer.

cells

Cytokines

Recombinant human flt-3 ligand (FL), recombinant
human thrombopoietin (TPO), recombinant human stem
cell factor (SCF, also known as mast cell factor [MGF] or
c-kit ligand [KL]), recombinant human interleukin-6 and
interleukin-3 were used in this study. All these cytokines

were purchased from Stemcell Technology, Vancouver,
BC, Canada.

Fig. 1. (A) Phase microscopy of human mesenchymal stem cells
staining by H&E. (B) Appearance of proliferating cells in the
coculture of human cord blood CD34" cells on a monolayer of
mesenchymal stem cells in the presence of TPO, SCF,IL-3, [L-6
and FL.
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Fig. 2. Total colony-forming units in culture (CFU-C) , mixed
colonies containing erythroid and myeloid cells and
megakaryocytes (CFU-GEMM), CFU-GM and BFU-E consisting
of 50 or more cells were scored on an inverted microscope at 14
days of culture.
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Coculture of cord blood hematopoietic cells and
human mesenchymal stem cell (MSCs)

MSCs cells (2,000 or 6.0 x 105) were plated in 25- or
75 cm’ flasks, respectively, in 5 or 20 mL of DMEM with
10% FBS supplemented antibiotics and left for one week
at 37°C in a humidified atmosphere of 5% C0,/95% air .
On the day of coculture, the MSCs cells were washed with
and recultured in the serum-free Stemspan medium
(Stemcell Company, Canada) and then gamma irradiated
with '*’Cs at a dosage of 1,500 cGy irradiated feeder cell
trypsinated and ten thousand cells transfer to 96-well
microplate (nunc). 2x10* mononuclear cells were cultured
on monolayer preestablished in 96-well microplate using
100uL of Stemspan medium supplemented with combina-
tions of human TPO (50 ng/mL, Stemcell Company,
Canada), human SCF (50 ng/mL), and human FL (50
ng/mL), IL-6 (50 ng/mL) and IL-3 (50 ng/mL) at 37°C in
a humidified atmosphere of 5% CO,/95% air for 2 weeks.
Culture medium was replaced after I week of culture with
fresh medium containing cytokines.

Hematopoietic Colony Assay

Methylcellulose clonal culture was performed in 35-
mm suspension culture dishes. The culture medium
consisted of IMDM, 1.0% 4,000-centipoise methylcell-
ulose (Sigma), 30% FCS, 1% bovine serum albumin
(BSA; Sigma Chemical Corp.), 10 ng/mL human IL-3, 10
ng/mL human SCF, 10 ng/mL G-CSF, and 2 U/mL human
erythropoietin. After 14 days of incubation at 37°C in a
humidified atmosphere of 5% CO, in air, the colonies
were scored with an inverted microscope. Densely packed
colonies that reached >1 mm in size were scored as high-
proliferative potential colonies (HPP-CFC)®. The CFU-
GM and BFU-E colonies are shown in Figure 2.

Functional assays

To determine their content in CFU-GM, BFU-E, and
CFU-GEMM, cells were plated in complete semisolid
medium under standard conditions using the following
inocula: whole cord blood: 10 uL; CB-MNC: 10* MNC.

After 14 days of incubation at 37°C in a humified 5%
CO, atmosphere, colonies were scored using an inverted
microscope applying standard criteria for their identific-
ation. After scoring, colonies were pooled and washed,
and the cells were counted using a cytometer. The total
cell count was divided by the colony number to provide a
median value of the cell number in each colony.

Using standard conditions, LTC-IC assays were
performed by seeding an aliquot of light density cells in

260

dishes over irradiated (1,500 ¢Gy) human bone marrow
stromal cells. LTC-IC were maintained for S weeks at
37°C and fed weekly by replacement of half of the growth
medium ( plus 10 mol/L hydrocortisone) containing half
of the nonadherent cells with fresh growth medium. A fter
5 weeks, adherent cells were trypsinized and combined
with the nonadherent fraction. These harvested cells were
washed and aliquots were assayed for clonogenic precur-
sors in standard methylcellulose culture. The value provi-
des a relative measure of the number of LTC-IC present in
the original sample input.

Flow cytometric analysis

Aliquots of cells were stained with fluorescein
isothiocyanate (FITC)- and phycoerythrin (PE)-conjug-
ated monoclonal antibodies in phosphate-buffered saline
(PBS)/0.1% BSA at 4°C for 30 minutes. Analysis was
performed by using an EPICS XL flow cytometer
(Coulter, Tokyo, Japan). Antibodies used were as follows:
FITC-conjugated CD34 antibody, and PE-conjugated
CD38(DAKO). FITC- and PE-conjugated mouse IgGl
antibodies (Dako) were used as isotype-matched controls.

Statistical Analysis

For most parameters, median and range are provided.
Experiments evaluating different conditions were compa-
red using the Wilcoxon-signed rank test for paired
samples. Statistical significance was assumed when the
two-tailed p value was below 0.05.

RESULTS

Synergistic effects of MSCs and early-acting cytokines
on ex vivo expansion of human CB progenitors

We first examined the hematopoiesis-supporting
effects of MSCs cells. 2x10* MNCs cells from cord blood
were plated on a MSCs cell layer under serum-free
conditions with or without combinations of TPO, SCF, IL-
3, IL-6 and FL. Cells not adhering and adhering weakly to
MSC cells were collected by gentle pipetting after 2
weeks of culture for analysis. Without cytokines, the mean
number of total nucleated cells, CD34" cells, and CD34"
CD38 ~ cells after 2 weeks of culture was 2-5 times the
initial input number. In contrast, in the presence of TPO,
not only total nucleated cells, CD34" cells, and
CD34°CD38" cells, but also CFU-C, CFU-Mix, and HPP-
CFC were significantly expanded. The addition of SCF
and/or FL to TPO further enhanced the expansion of
nucleated cells and progenitors. Representative photomic-
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rographs of MSCs cells and growing hematopoietic cells
in culture supplemented with TPO, SCF, IL-3, IL-6 and
FL are shown in Figure 2. Although there were some
differences among experiments as to the degree of
expansion, the maximum output of progenitors was
consistently observed when stimulated with TPO, SCF,
IL-3, IL-6 and FL. The results of four experiments are
shown in Figure 3.

Expansion of cord blood progenitors
45 - st .
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Fig. 3. Expansion of human cord blood progenitors. 2x10°

human cord blood mononuclear cells were plated on a
monolayer of human MSCs in the presence of combinations of
cytokines (one culture for each group). After 2 weeks of culture,
growing nonadherent hematopoietic cells and cells weakly
attached to MSCs were collected by gentle pipetting and
analyzed by flow cytometry and colony assay. Data represent
mean+SD of the fold increase compared with the initial value in
four experiments performed on 13 separate cord blood donors.

Dependency of progenitor expansion on MSCs cells
We next examined whether MSCs cells are required
for progenitor expansion. Mononuclear cells
cultured with TPO, SCF, IL-3, [L-6 and FL in the
presence or the absence of MSC cells for 2 weeks, and
growing cells were collected by gentle pipetting for
analysis. The cellular proliferation was 2-fold less and the
expansion of CD34" cells was 10-fold less in the absence
of MSC cells than in their presence. Furthermore,
CD34'CD38" cells were only scarcely recovered without
MSC cells, indicating important roles for MSC cells in
progenitor expansion. The results are presented in Figure
4A. To assess whether cell-—cell contact between MSC
cells and progenitors are important, we examined the

were
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Dependency of Stem/Progenitor Cells
Expansion on MSCs
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Fig. 4. Effects of MSCs cells on Stenv/Progenitor expansion. (A)
2x10° human cord blood mononuclear cells were cultured with
TPO, SCF, FL, 1L-3 and IL-6 in the presence or the absence of
MSCs cells (one culture for each group). After 2 weeks of
culture, nonadherent hematopoietic cells and cells weakly
attached to MSCs cells were collected for analysis by gentle
pipetting from the culture with MSCs cells, while all the cells
from the culture without MSCs cells were utilized for analysis.
Data represent mean £ SD of fold increase compared with the
cells at the start in three experiments performed on five separate
cord blood samples. (B) 2x10° human cord blood mononuclear
cells were cultured on a monolayer of MSCs cells with TPO,
SCF, FL, IL-3 and IL-6 for 2 weeks in the presence (noncontact) or
the absence (contact) of a microporous filter (one culture for each
group). After 2 weeks of culture, nonadherent hematopoietic cells
and those weakly attached to MSCs cells were collected for
analysis by gentle pipetting from "contact" culture, while all the
cells from "noncontact” culture were utilized for analysis. A
summary of three experiments performed on five separate cord
blood samples is presented.
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Fig. 5. Flow cytometric profile of expanded cells. Expanded cells, nonadherent hematopoietic cells, and cells attached weakly to
mesenchymal stem cells were collected after 2 weeks of culture with mesenchymal stem cells, TPO, SCF, FL, IL-3 and IL-6 for flow

cytometric analysis.

effects of separation of MSC cells and mononuclear cells
by a 0.45-um microporous filter. As seen in the results
shown in Figure 4B, the filter separation suppressed not
only total cellular proliferation, but also the expansion of
CD347 cells, CD34'CD38 cells, and CFU-C. These results
suggested that diffusible soluble factor(s) generated by MSC
cells were not enough for the maximum expansion of

progenitors.

Flow cytometery

Representative data of flowcytometric analysis of the
cells at the start of culture and after 2 weeks of expansion
culture are shown in Figure §.

DISCUSSION

Recent reports have shown that extrinsic signals, such
as soluble factors and adhesion/matrix proteins provided
by the stem cell microenvironment or stem cell "niche,"
play a crucial role in the asymmetric division of stem cells
and maintenance of the stem cell pool. '*'* # ¥
Accordingly, several groups have reported expansion of
hematopoietic progenitors in the presence of stromal
elements and other types of feeder layers, with varying
outcomes. 8

Human MSCs not only provide a rich environment of
cytokines, extracellular matrix proteins, and adhesion
molecules, but also, unlike stromal cells, produce LIF, a

cytokine that has been shown to maintain embryonic stem
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20,21 .
Moreover, it has been

cells in a self-replicative state.
shown that hematopoietic progenitor cells cultured on
MSCs form cobblestone areas reaching deep into the MSC
layer, suggestive of establishment of close contact and a
niche-like environment. '® For these reasons, we studied
human MSCs as a feeder layer during standard cytokine-
based in vitro UCB expansion conditions, and showed
here a clear benefit of MSCs, with increased CD34*, CFU,
and LTC-IC counts, above unexpanded cells, as well as
greater expression of regulatory proteins critical to HSC
survival and maintenance of self-replicative capacity,
compared with cells expanded in cytokines alone.

These studies, designed to compare in vitro readouts of
UCB cultured for 12 days in the presence of cytokines
with or without MSCs as a feeder layer, support the
hypothesis that MSCs may preserve early CD34" progen-
itor potential by reducing differentiation-induced cell-
cycle progress and apoptosis, and may, thus, contribute to
the preservation/expansion of this early progenitor cell

pool.
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