
Intrinsic Growth Deficiencies of Mesenchymal Stromal Cells
in Myelodysplastic Syndromes

Carmen Mariana Aanei,1,2,* Pascale Flandrin,1,3 Florin Zugun Eloae,2 Eugen Carasevici,2

Denis Guyotat,3,4 Eric Wattel,5 and Lydia Campos1,3

Myelodysplastic syndromes (MDSs) are clonal disorders of hematopoietic stem cells (HSCs) characterized by
ineffective hematopoiesis. MDSs are responsible for 1 or several peripheral cytopenias. The evidence accumu-
lated in recent years demonstrates that in addition to HSC defects, a particular role is also played by stromal
microenvironment dysfunctions, which mediate the direct contact with hematopoietic precursor cells (HPCs).
These interactions help regulate different adhesion-related processes, such as progenitor cell proliferation, ap-
optosis, clonogenic growth, and maintenance in in vitro cultures. As previously reported, these interactions are
responsible for altering the microenvironment in MDS. Herein, we present a novel selection protocol for ob-
taining a standards-compliant mesenchymal stromal cell (MSC) preparation. This method allowed us to com-
paratively analyze 2 subpopulations of bone marrow MSCs (BM-MSCs) in terms of their adhesion profiles and
growth abilities: BM-MSCs selected from MDS settings and their normal counterparts. Functional assays re-
vealed that the MSCs from MDS are intrinsically pathological, thus showing a continuous decline of proliferation
and a reduced clonogenic capacity during 14 days of culture and in the absence of signals from hematopoietic
cells. The MSC growth defects were significantly correlated with decreases in CD44 adhesion molecules and
CD49e (a5-integrin).

Introduction

Myelodysplastic syndrome (MDS) disorders result
from the gradual expansion of abnormal hematopoietic

stem cells (HSCs) associated with the variable suppression of
normal hematopoiesis [1]. There is evidence that hemato-
poietic precursor cells (HPCs) that are isolated from patients
with MDS display defective growth in vitro [1,2]. Although
numerous studies have addressed the quantitative and qual-
itative imbalances in cytokine and chemokine levels within
the MDS microenvironment [3– 6], there is also convincing
evidence that alterations of the direct interaction between
HPCs and stroma contribute to abnormal HPC growth and
maturation [7–10]. Recent evidence has implicated adhesion
protein CD44 in the homing and adhesion of HPCs to mes-
enchymal stromal cells (MSCs) by the CD44v7 isoform and by
the CD44v10 ligand (CD44v10L) that they express [8,11]. In
addition, Gottschling et al. showed that b1-integrins play an
essential role in regulating self-renewing HPC divisions
within the stromal environment and in maintaining stemness
within the first 72 h of homing [10].

In light of these findings, we were interested in evaluating
the putative growth deficiencies of MSCs from diseased in-
dividuals compared with normal individuals, and we wan-
ted to explore their adhesion profile to identify correlations
between these molecules and the MSCs internal capacities for
proliferation and functional maturation.

Therefore, we used an immunomagnetic method to select
different subpopulations of MSCs and use their phenotypic
and functional evaluations.

Numerous attempts have been made to develop more
specific procedures for isolation and characterization as well
as to establish the hierarchy of different MSC subpopula-
tions. The most common isolation methods are based on
MSCs’ ability to adhere to plastic or on the use of MSCs’
surface epitopes, such as specific markers or adhesion mol-
ecules.

Although stromal precursor antigen-1 (STRO-1) is widely
regarded as a marker of early mesenchymal stromal pre-
cursor cells, it is also expressed on the surface of other hu-
man bone marrow (BM) cells that include glycophorin-A +

nucleated red cells and a small subset of CD19 + B-cells;
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however, it is not expressed in HSCs [12]. This has raised
many questions about its use as a specific marker in MSC
sorting protocols [13,14]. Plasma membrane-bound ecto-5¢-
5¢nucleotidase (CD73) has been proposed as the most useful
molecule for developing robust in vitro MSC assays [14].
However, Simmons et al. reported that the STRO-1 + /
glycophorin A - population has a substantial clonogenic ca-
pacity (*100-fold, enriched in colony-forming unit-fibroblast
[CFU-F]), which is capable of generating adherent cell layers
containing multiple cell types, including adipocytes, smooth
muscle cells, and fibroblastic elements; further, this popula-
tion displays a greater ability to maintain the normal de-
velopment of the human myeloid lineage than the stromal
cells that are commonly isolated from unmanipulated BMs
[12]. More recently, Gronthos et al. provided evidence that
osteogenic precursors are present in the STRO-1 + fraction
of human BM cells [15]. Psaltis et al. also found a strong
correlation between the amount of STRO-1 with mRNA ex-
pression of transcription factors related to cellular prolifera-
tion and differentiation, which have been associated with an
immature, stem-like phenotype [16]. CD73 expression has
also been observed in different cells, and its physiological
role is to metabolize adenosine 5¢-monophosphate to aden-
osine [17]. CD73 acts as a signal transducing molecule in the
human immune system (specifically, it acts as a costimula-
tory molecule in T cell activation), and it has been shown to
be involved in controlling lymphocyte-endothelial cells in-
teractions [18]. It has been hypothesized that CD73 expres-
sion in both tumor and host cells protects the tumor from
incoming antitumor T cells and suppresses T cell functions
through the CD39 (ecto-ATPase)-CD73 axis [19]. Much less is
known about CD73 role in MSC biology, but its impact on
cell-matrix interactions in chicken fibroblasts has been de-
scribed [20]. Despite all efforts, there is no common opinion
about the expression of these markers on different MSC
preparations; reviewing the literature, it is not possible to
establish a MSC hierarchy based on STRO-1 and CD73 ex-
pression. In this study, we used double selection based on
the expression of these markers to isolate MSC subsets from
the culture system.

To the best of our knowledge, this is the first study that
evaluates the growth patterns of STRO-1 + and CD73 + MSC
fractions derived from patients with MDS compared with
normal cells and performs correlations between their adhe-
sion profiles and their growth dysfunctions.

Materials and Methods

Patients

BM aspirates were collected from 8 healthy donors (me-
dian age, 63 years) and 20 untreated patients (median age, 73
years), 10 of whom had refractory cytopenia (RC; refractory
cytopenia with unilineage dysplasia, and refractory cytope-
nia with multilineage dysplasia) and 10 of whom had re-
fractory anemia with excess blasts [RAEB; refractory anemia
with excess blasts-1 (RAEB-1), and refractory anemia with
excess blasts-2 (RAEB-2)]. The patients’ assignment to dif-
ferent groups was made according to the 2008 World Health
Organization (WHO) classification [21].

Signed, institutional review board-approved, written, in-
formed consent was obtained from all patients and healthy
donors.

Amplification of BM-MSCs in cultures

BM mononuclear cells were separated from heparinized
BM specimens using density gradient centrifugation. The
cells (2 · 106) were seeded in 25-cm2 culture flasks and ex-
panded to 70%–80% confluence for 4–5 weeks at 37�C with
5% CO2 in MesenCult� complete medium (StemCell Tech-
nologies). The MSCs were allowed to adhere overnight, and
nonadherent cells were washed out by changing the me-
dium. Thereafter, the medium was changed twice weekly
and replaced with half new medium and half supernatant
removed by culture. The MSC layer composition at 80%
confluence was evaluated under an inverted microscope af-
ter Giemsa staining.

Immunofluorescent evaluation of the normal
BM-MSC subpopulations

The cells were thoroughly washed to remove residual me-
dia and were fixed in paraformaldehyde 4% w/v for 10 min at
room temperature. Fixation was stopped by washing the cells
thrice in phosphate-buffered saline (pH 7.2).

Nonspecific background staining was blocked with an
antibody (Ab) buffer containing PBS (1 · )/fetal calf serum
(FCS) (1% w/v)/bovine serum albumin (Sigma-Aldrich;
0.1% w/v) for 1 h. The cells were then permeabilized with
0.1% Triton X-100 (Sigma-Aldrich) in PBS for 20 min before
Ab application. Before application, the antibodies were di-
luted in an Ab buffer of fluorescein isothiocyanate (FITC)-
conjugated mouse Anti-Human STRO-1 monoclonal Ab
(mAb) (final dilution 1:50, clone sc-47733, Santa Cruz Bio-
technology, Inc.) and phycoerythrin (PE)-conjugated mouse
Anti-Human CD73 mAb (1:25, clone AD2; BD Pharmingen�).
Before acquisition, nuclear staining with 4’,6-diamidino-2-
phenylindole (DAPI; 1mg/mL) was performed for 30 min at
4�C. Slides were mounted in Faramount Aqueous Mounting
Medium (Dako Denmark). Double-stained preparations were
visualized under an Axio Observer Z1 microscope (Carl Zeiss,
Inc.) at 100 · magnification with a 0.55 numerical aperture
lens. Signals were recorded simultaneously with 3 photomul-
tiplier tubes (PMT 1–3). The images (TIFF format) were cap-
tured with a PixeLINK PL-A622C/622000227 camera (Aegis
Electronic Group, Inc.) by taking multiple exposures through
bandpass optical filter sets appropriate for FITC, Texas Red,
and DAPI and using a 100 · Plan Apochromat objective.

Immunophenotyping of BM-MSCs
with flow cytometry

The MSCs were cultured for 30–35 days. They were then
harvested using the MesenCult� Dissociation Kit (StemCell
Technologies), collected in glass tubes containing 5 mL Me-
senCult� with 20% FCS (GIBCO� Invitrogen), and filtered
through a 70-mm cell strainer (Falcon, Becton Dickinson). The
cell number and viability were evaluated using trypan blue
solution (0.4% PBS). The cells were then suspended in 50mL of
washing buffer (PBS containing 1% FCS, and 0.05% EDTA)
and stained on ice for 30 min with the following markers:
MSC-specific markers (STRO-1, CD73, previously described),
endothelium-related markers (Alexa Fluor� 488-conjugated
mouse Anti-Human CD31 mAb, clone M89D3, BD Pharmin-
gen; FITC-conjugated mouse Anti-Human CD106 mAb, clone
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51-10C9, and BD Pharmingen), adhesion markers (PE-Cy�5-
conjugated mouse Anti-Human CD29 mAb, clone MAR4, BD
Pharmingen; allophycocyanin (APC)-conjugated mouse
Anti-Human CD54 mAb, clone HA58, BD Pharmingen; PE-
conjugated mouse Anti-Human CD44 mAb, clone 515, BD
Pharmingen; and PE-conjugated mouse Anti-Human CD49e
mAb, clone IIA1, BD Pharmingen), and markers associated
with hematopoietic lineages (PerCP-conjugated mouse Anti-
Human CD45 mAb, clone 2D1, BD Pharmingen; PE-Cy�7-
conjugated mouse Anti-Human CD16 mAb, cloneB73.1, BD
Pharmingen). Cell viability was evaluated by staining with
1mL of propidium iodide (PI, 1 mg/mL; Sigma) before FACS
acquisition. Data were acquired using an FACS Canto I cyt-
ometer and analyzed using DIVA software (Becton Dickinson).

The analysis strategy involved gating for singlet, followed
by the exclusion of dead PI + cells and final gating using
specific marker expression. The level of expression of dif-
ferent markers was normalized using the corresponding
median fluorescence intensity ratio (MFIR) for statistical
analysis. The adhesion markers were tested at 20 days of
culture for 5 different experiments per subpopulation and
per study group.

In this study, we determined negative expression for a
marker when the MFIR was < 2, low- or medium-positive
expression when the MFIR was between 2 and 10, and in-
tensely positive expression when the MFIR was > 10.

EasySep immunomagnetic selection of STRO-1 +

and CD73 + BM-MSCs

To confirm that differences in STRO-1 and CD73 marker
expression is the imprint of distinct cell subpopulations, we
performed immunomagnetic positive sorting using these
markers. The fraction of STRO-1 + cells was immunodepleted
for CD73 by exploiting the differences in epitope density and
the avidity of STRO-1 mAb, the STRO-1 + CD73 - cells bear-
ing a higher number of epitope sites (Fig. 3A).

Thus, MSCs, detached as previously described, were
stained with Anti-Human CD32 (Fcg RII) blocker from an
EasySep� PE Selection Kit (StemCell Technologies), then
with FITC-conjugated mouse Anti-Human STRO-1, 3.0 mg/
mL for 107 cells for 1 h on ice. Labeled cells were processed
by adding EasySep PE Selection Cocktail 100 mg/mL of cells
and EasySep Magnetic Nanoparticles and by using the
EasySep magnet from the EasySep PE Selection Kit (StemCell
Technologies). After the isolation of the STRO-1 positive
fraction, the remaining cells were stained with PE-conjugated
mouse Anti-Human CD73 mAb (BD Pharmingen), 3.0 mg/
mL for 107 cells, kept for 1 h on ice, then passed through all
the remaining steps (previously described) to select the
CD73-positive population. All steps were monitored for
purity and viability using flow cytometry.

The STRO-1 + and CD73 + fractions were enriched to
> 95% (96.34 – 2.26 for STRO-1 + and 97.74 – 0.95 for CD73 +

cells), and percentages were evaluated from the singlet gate
after excluding dead PI + cells. Four rounds of selection were
performed for each population sorted.

Cell yield and growth characteristics

To assess the growth characteristics of the 2 major MSCs
subpopulations, STRO-1 + CD73 - and STRO-1 - CD73 + , pro-

liferation and clonogenicity tests were performed. To do so,
1 · 103 viable MSCs (quantified using the trypan blue ex-
clusion test) were plated in 25-cm2 flasks, and the number of
cells was counted on days 1, 7, and 14. We then calculated
the proliferation index (the difference between the number of
harvested cells and the initial plated number) and the dou-
bling time (the duration of 1 mitosis) estimated by the ratio
of the time necessary for 1 · 103 MSCs to reach 80% conflu-
ence and the number of population doublings. The number
of population doublings was obtained using the following
formula: n = log (x/y)/log2, where ‘‘x’’ is the number of ini-
tial seeded MSCs and ‘‘y’’ is the cell harvest number [22,23].

The clonogenic potential of MSCs was established with
plating efficiency (PE) or CFU efficiency assays. After 14
days of culture, the medium was removed, and the colonies
were fixed in methanol and treated with Giemsa stain. The
colony numbers were then scored. A colony was defined as
consisting of at least 50 cells. PE was the ratio of the number
of colonies formed to the number of cells seeded · 100% [24].

Statistical analysis

Results are expressed as the mean – standard deviation. The
significance level (P £ 0.05) was determined using paired stu-
dent’s t-tests. The SPSS software package (Version 13.0; SPSS,
Inc.; www.spss.com) was used for the statistical analysis.

Results

The experiments were configured to isolate and characterize
different subsets of MSCs on the basis of STRO-1/CD73 ex-
pression, identify the fractions that highlight phenotypic and
functional differences in MDS compared with normal cells.

Morphological and morphometric characterization
of BM-MSCs from primary cultures in normal
and MDS settings

Our study began with the evaluation of MSCs from pri-
mary cultures generated from MDS and normal BM aspirates
to identify possible structural differences between them.

In line with previous reports, 3 major subpopulations (Fig.
1A) were distinguished in both normal and pathological
settings after 30–35 days of culture. The subpopulations were
round in shape, with the appearance of undifferentiated
cells; thin, spindle-shaped cells; and large, flat cells.

The cellular dimensions and the proportion of different
morphological subtypes identified in primary layers of MDS
and normal BM cultures are presented in Table 1. The dif-
ferent distribution of the 3 subpopulations of cells in MDS
stand out compared with normal settings. However, the
slight decrease in the number of large, flat cells in MDS
settings, which is considered the onset of terminal differen-
tiation, in addition to the size differences within this popu-
lation among the different study groups are worth noting.
These characteristics could indicate maturation defects.

Three immunophenotypical subpopulations
were discriminated from primary BM-MSCs cultures
in normal and MDS settings using flow cytometry

In the next step, we decided to further evaluate MSCs
amplified in culture for 30–35 days using cytometry and
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compare the results with the data obtained from the
morphology-morphometry.

In line with the requirements established by the Me-
senchymal and Tissue Stem Cell Committee of the Interna-
tional Society for Cellular Therapy [25], our panel of mAbs
included specific phenotypical markers in addition to the
hematopoietic-related markers CD45 and CD16.

The initial viabilities of the harvested cell fractions, as
evaluated by trypan blue exclusion, were 79.6% – 10.6% for
normal stromal cells, 77.6% – 7.26% for RC stromal cells, and
67.4% – 10.2% for RAEB stromal cells.

Distinctive features of MSCs (ie, their size and the ex-
pression of the specific markers STRO-1 and CD73) allowed
us to identify 3 immunophenotypical subpopulations in
primary cultures.

In terms of size, cells reading less than 50 on the FSC scale
(approximately the size of 4-mm beads) were considered
FSClow, those that were *50 on the FSC scale (the size of 4-
to 6-mm beads) were designated FSCmed, and those with an
FSC greater than 50 (larger 6-mm beads) were designated
FSChi (Fig. 1C). The STRO-1 + CD73 - population is pre-
dominantly FSClow and matched with the smallest popula-
tion identified in the morphometric analysis. The STRO-1
and CD73 double-positive cells were predominantly FSCmed,
but the STRO-1 - CD73 + displayed variable FSC values (Fig.
1C). This observation shows that no clear delimitation of cell
subsets can be made based on size; supplementary staining

with specific markers is required for this purpose. The phe-
notypic expression of the STRO-1 and CD73 markers asso-
ciated with cell morphology was then confirmed using
fluorescent microscopy (Fig. 1B). The proportions of the 3 cell
types at different culture times in normal versus MDS MSC
layers, using flow cytometry, are presented in Table 2.

Immunophenotype analysis of the expression of hemato-
poietic- and endothelium-related markers revealed that in
both normal and MDS cells groups, the STRO-1 + subpopu-
lations STRO-1 + CD73 - and STRO-1 + CD73 + are CD45 + low

(MFIR = 2.55 – 0.78, n = 20, P < 0.001), CD16 - , CD31 + med

(MFIR = 8.06 – 2.87, n = 20, P < 0.001), and CD106 + hi (MFIR =
12.53 – 5.32, n = 20, P < 0.001). The STRO-1 - CD73 + subpop-
ulation was negative for all these markers (Fig. 1D). The
phenotypic evaluation of MSC layer composition highlights
increased percentages of STRO-1 + cells in 20–30 days of
culture that coexpressed CD106 and CD31 in the RAEB and
RC groups (Table 2). Moreover, this issue persisted in the
MDS groups until 60 days, when cell autolysis occurred.

Comparative analysis of adhesion profiles
of BM-MSCs derived from MDS and normal controls

We then studied the adhesion profiles of in vitro ampli-
fied MSCs using a combination of mAbs raised against sur-
face adhesion markers, VLA5 or a-5 b1 integrin (CD49e,
CD29), intercellular adhesion molecule 1 or CD54, and the

Table 1. Mean Dimension and Proportion Among 3 Bone Marrow Stromal Subpopulations

After 30–35 Days of Culture in Normal and Myelodysplastic Syndrome Settings

Stroma Stromal cell subpopulationa Percentagesb DimensionsH/W (lm)c

NBM Round-shaped 4.3% – 1.0%d 17.6 – 5.9/15.0 – 3.3d

Spindle-shaped 21.7% – 7.5%d 135.2 – 49.7/18.8 – 7.5d

Large and flat 73.9% – 8.2%d 83.8 ± 27.5/38.4 – 18.0e

RC Round-shaped 8.5% – 1.2%d 15.4 – 5.6/12.0 – 4.0d

Spindle-shaped 36.6% – 2.3%d 111.3 – 15.7/7.6 – 2.8d

Large and flat 54.8% – 1.0%d 39.2 ± 38.7/20.4 – 10.7e

RAEB Round-shaped 16.7% – 5.4%d 16.1 – 2.1/13.4 – 2.6d

Spindle-shaped 24.8% – 11.6%e 164.7 – 96.5/25.4 – 11.4e

Large and flat 58.4% – 13.2%e 109.1 ± 50.1/56.5 – 27.9e

aAssignment of subtypes was based on morphological characteristics.
bValues represent mean percentages from 3 separate experiments (n = 3) – SD from each group of cases.
cThe mean dimensions were evaluated on nround-shaped = 15, nspindle-shaped = 50, and nlarge flat = 100 cells from each of the studied groups.
The statistical significance is dP < 0.05; eP = 0.05.
NBM, bone marrow-derived stroma from healthy volunteers; RC, stroma derived from refractory cytopenia patients; RAEB, stroma

derived from refractory anemia with excess of blasts patients; SD, standard deviation.
The bold values highlight the main differences, in terms of distribution and size, between the three morphological types of stromal cells, in

pathological settings compared to normal counterparts.

FIG. 1. Characterization of normal BM-MSCs amplified for 30–35 days in primary cultures. Morphological appear-
ance (Giemsa stain; magnification, · 40): a, small, round, undifferentiated cells; b, large, flat cells; and c, spindle-shaped
cells (A) and immunofluorescence labeling (B). Human MSCs were double stained for STRO-1 (green) and CD73 (red). Cell
nuclei are 4’,6-diamidino-2-phenylindole-stained (blue). Flow cytometry evaluation according to size and expression of STRO-
1 and CD73: FSClow STRO-1 + low CD73 - (red), FSCmed STRO-1 + CD73 + (green), and FSCvar STRO-1 - CD73 + (blue) (C). Two
types of reference beads with 4-mm and 6-mm sizes were run parallel to the cells for FSC standardization. Hematopoietic and
endothelium-related marker expression (D). Representative histograms were presented for each subtype of cells, as dis-
criminated by STRO-1 and CD73 expression. Marker expression was compared with autofluorescence in unstained cells
(gray). Summary of morphology, immunophenotype, and growth characteristics of the STRO-1 + CD73 - and STRO-1 -

CD73 + cells (E). PI and DT were evaluated at the time of harvesting (80% confluence; 14 days of culture) for 103 seeded cells.
BM, bone marrow; DT, doubling time; MSC, mesenchymal stromal cells; PI, proliferation index; STRO-1, stromal precursor
antigen-1.

‰
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Table 2. Bone Marrow-Mesenchymal Stromal Cell Subpopulations in Normal and Myelodysplastic

Syndrome Environments Evaluated Using Flow Cytometry Over the Course of 60 Days of Culture

BM-MSC primary
culture

BM-MSC
subpopulation Day 10 Day 20 Day 30 Day 40 Day 60

NBM STRO-1 + CD73 -

% 5.0 – 2.5 22.0 – 9.2 12.9 – 6.9 16.4 – 6.7 21.9 – 3.2
Cell count 1.0 – 0.5 4.4 – 1.8 2.6 – 1.4 3.3 – 1.3 4.4 – 0.6
STRO-1 + CD73 +

% 17.0 – 9.9 25.8 – 6.4 21.7 – 3.3 24.2 – 5.9 0.7 – 0.2
Cell count 3.4 – 2.0 5.2 – 1.3 4.3 – 0.7 4.8 – 1.2 0.1 – 0.01
STRO-1 - CD73 +

% 78.0 – 11.6 52.2 – 9.1 65.4 – 9 59.4 – 11.3 77.4 – 3.4
Cell count 15.6 – 2.3 10.4 – 1.8 13.1 – 1.8 11.9 – 2.3 15.5 – 0.7

RC STRO-1 + CD73 -

% 7.3 – 1.5 13.8 – 5 19.5 – 5.5 10.7 – 2.8 15.3 – 4.1
Cell count 1.5 – 0.3 2.7 – 1.0 3.9 – 1.1 2.1 – 0.6 3.1 – 0.8
STRO-1 + CD73 +

% 20.9 – 2.6 20.4 – 9.8 27.6 – 5.0 43.0 – 10.2 39.5 – 5.1
Cell count 4.2 – 0.5 4.1 – 2.0 5.5 – 1.0 8.6 – 2.0 7.9 – 1.0
STRO-1 - CD73 +

% 71.8 – 7.1 65.8 – 12.7 52.9 – 6.6 46.3 – 7.9 45.2 – 6.9
Cell count 14.3 – 1.4 13.2 – 2.5 10.6 – 1.3 9.3 – 1.6 9.0 – 1.4

RAEB STRO-1 + CD73 -

% 6.1 – 3.3 64.7 – 9.0 45.4 – 9.0 15.0 – 4.1 6.6 – 1.4
Cell count 1.2 – 0.7 12.9 – 1.8 9.1 – 1.8 3.0 – 0.8 1.3 – 0.3
STRO-1 + CD73 +

% 18.1 – 1.5 6.8 – 3.2 14.0 – 5.8 18.0 – 4.1 24.2 – 7.1
Cell count 3.6 – 0.3 1.4 – 0.6 2.8 – 1.2 3.6 – 0.8 4.8 – 1.4
STRO-1 - CD73 +

% 75.8 – 5.7 28.5 – 7.4 40.6 – 9.5 67.0 – 7.0 69.2 – 13.6
cell count 15.2 – 1.1 5.7 – 1.5 8.1 – 1.9 13.4 – 1.4 13.9 – 2.7

The values are the mean percentage and actual cell count – SD from 8 separate experiments.
Cell count = mean of actual cell count · 103.
The significance level is P < 0.05.
MSC, mesenchymal stromal cell; STRO-1, stromal precursor antigen-1.
The bold values highlight the main differences, in terms of distribution of the three BM-MSCs subpopulations discriminated by STRO-1

and CD73 expression, in MDS settings vs. normal controls.

Table 3. Summary of the Adhesion Profile for In Vitro Expanded Mesenchymal Stromal Cells

from Patients with Normal and Myelodysplastic Syndrome

CD29 CD54 CD44 CD49e

% of
CD29 + cells MFIR

% of
CD54 + cells MFIR

% of
CD44 + cells MFIR

% of
CD49e + cells MFIR

NBM STRO-1 + CD73 - 29.4 – 11.0 45.6 – 13.4 27.2 – 9.0 18.3 – 4.1 34.6 – 12.6 3.6 – 1.9 38.0 – 15.7 4.3 – 2.6
STRO-1 + CD73 + 34.3 – 46.7 134.8 – 46.7 30.3 – 32.8 46.2 – 17.7 32.0 – 16.6 55.2 – 21.7 28.6 – 4.0 31.3 – 3.7
STRO-1 - CD73 + 66.3 – 14.8 102.4 – 25.9 64.8 – 12.7 30.8 – 12.4 72.4 – 16.9 69.6 – 22.9 70.9 – 11.0 31.2 – 16.9

RC STRO-1 + CD73 - 9.9 – 3.5 44.2 – 20.2 7.9 – 3.6 12.1 – 3.5 18.6 – 8.8 4.8 – 2.7 14.0 – 5.2 6.0 – 1.6
STRO-1 + CD73 + 12.6 – 5.2 54.6 – 18.1 10.9 – 4.9 21.7 – 5.3 8.9 – 1.9 9.2 – 3.9 13.9 – 8.8 19.6 – 5.9
STRO-1 - CD73 + 82.7 – 7.6 28.6 – 9.0 79.8 – 9.8 12.4 – 5.6 81.5 – 17.6 6.4 – 2.6 69.7 – 7.3 15.8 – 4.7

RAEB STRO-1 + CD73 - 59.2 – 7.7 18.2 – 4.1 56.2 – 4.5 22.1 – 5.2 73.7 – 15.6 2.5 – 0.8 71.2 – 13.7 3.8 – 1.3
STRO-1 + CD73 + 6.6 – 2.4 43.2 – 14.6 7.1 – 2.9 28.7 – 10.2 5.6 – 3.2 12.5 – 1.7 4.9 – 0.3 15.4 – 2.5
STRO-1 - CD73 + 40.3 – 10.3 54.5 – 18.9 37.6 – 11.1 23.0 – 5.0 20.7 – 3.0 19.1 – 5.5 36.6 – 12.6 9.6 – 5.3

Values represent the median MFIR of adhesion markers – SD from 5 different experiments, evaluated for each subpopulation and group of
cases after 20 days of culture.

The statistical significance level was P < 0.001.
MFIR, median fluorescence intensity ratio.
The bold values reflect the main differences, in terms of intensity of expression, for the adhesion markers evaluated on BM-MSCs from

MDS settings compared to normal counterparts.
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extracellular matrix protein CD44. We noticed a homoge-
neous expression of adhesion markers, regardless of the
subpopulation analyzed or the case group (Table 3).

In the CD73 + subsets of cells, which did or did not co-
express STRO-1, we noticed a significant reduction in CD54
and CD29 expression (*2- and 3.5-fold in dysplastic cells
versus normal cells) when compared with the same sub-
populations of cells, but these modifications did not reach
statistical significance.

Significant differences were noticed for CD44 and CD49e
markers. The CD44 drop was substantial in the STRO-1-

CD73+ (11-fold) and STRO-1+ CD73+ (6-fold) subpopulations
from the RC group and lower in the same groups of cells from
the RAEB group (3.5-fold and 4-fold, respectively). Statistical
significance was achieved for the differences in CD44 expres-
sion in STRO-1+ CD73+ subpopulations (P = 0.001 for STRO-
1+CD73+

RC and P < 0.001 for STRO-1 +CD73+
RAEB) compared

with normal counterparts. A downward trend for CD49e was
also noticed in MDS MSCs in both subpopulations of CD73+ ,
registering 2-fold reductions (Fig. 2). Statistical significance was
reached for both subpopulations of cells (STRO-1+CD73+ and
STRO-1-CD73+ ) regarding CD49e expression in RAEB-

derived cells compared with normal counterparts (P = 0.002 for
STRO-1+ CD73+

RAEB and P < 0.001 for STRO-1- CD73+
RAEB).

Functional properties of the STRO-1 + CD73 -

and STRO-1 - CD73 + MSC subclasses
selected from MDS and healthy volunteers

The next steps of the study addressed subpopulations that
were determined according to their specific expression of
STRO-1 and CD73 markers (Fig. 3A). This selection was
performed to allow the functional characterization of differ-
ent cell fractions and to reduce the errors that result from
comparing the different biological systems, regardless of
whether the structural differences between the MDS and
normal MSC primary layers are taken into account.

In the normal settings, the proliferation tests for STRO-
1 + CD73- and STRO-1- CD73 + fractions revealed a plateau
phase in the first 7 days of culture and logarithmic growth in the
next 7 days. The STRO-1 + CD73- fractions proliferated more
efficiently than the STRO-1 - CD73 + fraction. The average pro-
liferation index for STRO-1 + CD73 - cells was 200.0 – 32.45
versus. 77.99 – 19.85 for STRO-1- CD73 + cells at the harvesting

FIG. 2. Pattern of adhesion marker expression on BM-MSCs isolated from patients with MDS compared with that of healthy
volunteers. Representative examples of adhesion marker expression on STRO-1 + CD73 + cells (green) and STRO-1 - CD73 +

cells (blue) compared with isotype-matched controls (gray). MDS, myelodysplastic syndrome.

1610 AANEI ET AL.



time (Fig. 3D, E), and the plating efficiency of STRO-1 + CD73 -

cells was 7.5% – 1.28%, compared with 4.83% – 1.48% in the
STRO-1 - CD73+ fraction, for 103 seeded cells (Fig. 3B, C).

MSC production in STRO-1 + and CD73 + cell cultures
from MDS marrows was deficient (Fig. 3D–F).

The average proliferation indexes of the STRO-1 + frac-
tions from RC and RAEB patients were 17 times and 6.5
times lower than that of the normal controls, respectively
(Fig. 3D–F). Moreover, for CD73 + fractions, a 2.5-fold drop

was recorded in patients with RC and RAEB compared with
normal MSC output (Fig. 3D–F).

In addition, the clonogenic ability of the fractions selected
from MDS settings was strongly diminished, and the dif-
ferences were more obvious for the STRO-1 + CD73 - cells
(Table 4).

Thus, the MSCs selected from the RC group showed a
clonogenic capacity that was 3.5 times lower for STRO-
1 + CD73 - , and *2 times lower for STRO-1 - CD73 +

FIG. 3. Experimental strategy of STRO-1/CD73 Immunomagnetic Selection (A). Growth kinetics of STRO-1 + CD73 - and
STRO-1 - CD73 + MSC sorted cells from normal and MDS BM (B–F). Plating efficiency of STRO-1 + MSCs (B) and CD73 +

MSCs (C). Proliferation index (D, E; NBM = left column, RC = middle column, and RAEB = right column) and cell-doubling
time (F) of STRO-1 + and CD73 + cell fractions from patients with MDS compared with normal cells. All values reflect the
mean – SD. The results obtained for different groups of cases and for the 2 fractions investigated were significantly different
(P < 0.05). Comparisons between fractions sorted from patients with MDS versus normal counterparts for 8 experimental
groups (xDTRC STRO-1

+ vs. DTNBM STRO-1
+ ; xxDTRAEB STRO-1

+ vs. DTNBM STRO-1
+ ; *DTRC CD73

+ vs. DTNBM CD73
+

; **DTRAEB

CD73
+ vs. DTNBM CD73

+ ) are presented: *P = 0.034; **P = 0.242; xP = 0.008; xxP = 0.002, respectively. Similar viabilities (CV < 5%)
were observed for the STRO-1 - and CD73 - selected fractions from the 3 groups (for STRO-1 + fractions: NBM STRO-1 +

viability = 96.4 – 2.0, RC STRO-1 + viability = 95.5 – 3.4, and RAEB STRO-1 + viability = 95.3 – 3.6; and for CD73 + fractions: NBM CD73 +

viability = 97.1 – 1.7, RC CD73 + viability = 95.3 – 3.2, RAEB CD73 + viability = 96.2 – 3.0). The values represent the mean percent-
ages – SD of viable cells as evaluated by trypan blue exclusion. RAEB, refractory anemia with excess blasts; RC, refractory
cytopenia; SD, standard deviation. Color images available online at www.liebertonline.com/scd
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compared with normal counterparts. The same decline was
noticed for RAEB selected cells compared with normal cells
(*4 times lower for STRO-1 + CD73 - fractions and 1.65 times
lower for STRO-1 - CD73 + cells) (Fig. 3B, C).

In conclusion, the relative proliferation of MDS cultures is
the result of a division process that is continuous, but occurs
at a low rate and without the ability to generate the normal
functional progenitors required to form colonies.

Decreased adhesion marker expression negatively
correlates with MSC growth in MDS

To evaluate the adhesion abnormalities’ significance to the
functional integrity of the MSC layers in MDS, the statistical
correlations of their functional parameters were determined.

A first observation resulting from this analysis was that
despite a decrease in CD54 and CD29 expression in dys-
plastic MSCs, the comparative statistical analysis did not
produce significant correlations.

However, significant correlations were obtained for the
other 2 markers, CD44 and CD49e.

As indicated in Fig. 4A, a positive relationship was ob-
served between the reduced intensity of CD44 expression in
STRO-1 + CD73 + cells in the RC and RAEB groups and the
CFU efficiency obtained for CD73 + subsets of cells.

Moreover, the increased level of CD49e expression noticed
in STRO-1 + CD73 + and STRO-1 - CD73 + cells was inversely
correlated with the doubling times calculated for STRO-1 +

and CD73 + fractions sorted from the same samples from
RAEB cases (Fig. 4B).

This evidence supports the theory that MSC expansion is
an adhesion-dependent process and that CD44 and CD49e
molecules are involved in this process.

Discussion

MSCs are found in many locations, but their main reser-
voirs are the BM and periosteum [26]. Despite numerous
attempts to characterize and understand the biology of these
cells, the data remain scarce and controversial. As in previ-
ous reports [6,27], we found that isolation methods have a
huge impact on the composition of MSC preparations and
cause tremendous differences in different groups’ results.

Further, the phenotypic pitfalls are related to the cells’ de-
tachment from the culture [28,29]. In this study, we noticed a
reduction in the percentages of positive cells and a decrease
in MFIR for the following markers: CD29, CD49e, CD44,
CD31, and CD106 by trypsinization (data not shown).

The current study has extended the characterization of
MSCs prepared with immunoselection using 2 specific
markers, STRO-1 and CD73, by documenting their
morphology-morphometry, phenotype, and growth ki-
netics. Immunomagnetic selection allowed us to isolate 2
major subpopulations. The first subpopulation, STRO-1 +

CD73 - cells, is less abundant in normal BM controls and
displays a round or spindle shape, and, in terms of size,
the cells in this population range from 5 to 26 mm. Pheno-
typically, they express low levels of CD45, adhesion
molecules, and the endothelial-related markers CD31(PE-
CAM-1) and CD106 (VCAM-1). In terms of growth abili-
ties, these cells show a higher proliferation index, and they
have clonogenic potential 1.5 times greater than their
STRO-1 - CD73 + counterparts. By contrast, the STRO-
1 - CD73 + fraction includes mostly larger (50 to 110 mm, on
average) and more granular cells that are negative for
endothelial- and hematopoietic-related markers, but they
express increased levels of the adhesion markers CD44,
CD54, CD29, and CD49e, which correlates with their lower
rate of proliferation (77.99 – 19.85/103 CD73 + seeded cells
vs. 200.0 – 32.45/103 STRO-1 + seeded cells) (Fig. 1E). This
difference in the expression of adhesion markers may re-
flect the different roles of these cells within their own in
vitro niche. Prockop DJ noticed in MSC cultures a popu-
lation of cells that express surface proteins with an inhib-
itory influence on cell adhesion [such as a6-integrin and
podocalyxin-like protein (PODXL)]. These cells are highly
motile, secrete DKK-1 (an inhibitor of the canonical Wnt
signaling pathway), and serve as nurse cells for other
subpopulations; thus, they are key elements of the rapid
growth phase [30]. Technically, the 2 fractions could be
exploited differently, STRO-1 + cells being more robust for
carrying out in vitro MSC growth assays, whereas CD73 +

cells have proved their utility in the evaluation of adhesion
profiles. Moreover, Simmons and Torok-Storb have
claimed that a STRO-1 + stroma layer represents a good

Table 4. Relative Colony-Forming Unit-Fibroblast Numbers Obtained for STRO-1 +
and CD73 +

Fractions Selected from Myelodysplastic Syndrome Compared with Normal Settings

STRO-1 + CD73 - MSCs CD73 + STRO-1 - MSCs

NBM (n = 8) % viable cellsa 96.4 – 2.0 97.1 – 1.7
% purityb 98.5 – 1.2 99.2 – 0.7
CFU-F No./103 plated cells 74.6 – 3.4 49.5 – 10.2

RC (n = 8) % viable cellsa 95.5 – 3.4 95.3 – 3.2
% purityb 98.0 – 0.9 98.9 – 0.6
CFU-F No./103 plated cells 22.2 – 3.8 23.9 – 11.6

RAEB (n = 8) % viable cellsa 95.3 – 3.6 96.2 – 3.0
% purityb 98.2 – 1.3 98.7 – 1.0
CFU-F No./103 plated cells 19.3 – 5.9 29.7 – 9.4

The results are expressed as the mean – SD from the indicated number of independent experiments.
The significance level is P < 0.05.
aThe percentage of viable cells was evaluated by trypan blue exclusion assay.
bThe purity of selected fractions was evaluated by flow cytometry, and the values presented are the mean percentage of CD73 + STRO-1 -

PI - /STRO-1 + CD73 - PI - cells with singlet gating.
CFU-F, colony-forming unit-fibroblast; PI, propidium iodide.
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alternative for an in vivo stroma for performing assays to
evaluate HPC-MSC contacts. The STRO-1 molecule does
not by itself affect the proliferative abilities of HPCs, and it
has low affinity for complement. Thus, the STRO-1 layer
appears to only provide signals when induced by the en-
gagement of other adhesion molecules [12].

The CD106 expression was previously reported in um-
bilical cord blood and BM-derived MSCs [27,31], seems to be
the imprint of a particular location (the nearby outer surfaces

of blood vessels), and may share an identity with the vas-
cular pericytes [32,33]. This hypothesis is supported by the
coexpression of a smooth muscle actin or 3G5 antigen, which
is recognized as a specific marker for pericytes [34]. Further
evidence is the fact that a minor subpopulation of STRO + hi

VCAM-1 + cells isolated from freshly BM, described as
lacking the Ki-67 antigen, appears to be a noncycling pop-
ulation in vivo, exhibits telomerase activity, and shows an
undifferentiated phenotype and substantial proliferation in

FIG. 4. CD44 and CD49e significance for MSC growth in MDS settings. The plating efficiency of CD73 + cells selected from
MDS settings versus the intensity of CD44 expression reflect that their clonogenical potential is directly correlated with CD44
expression. The CFU efficiency of CD73 + cells was calculated for 1 · 103 seeded MSCs (A). CD49e expression in pathological
MSCs and its impact on the proliferative potential of STRO-1 + and CD73 + cells (B). CFU, colony-forming unit.
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vitro [34]. Their unlimited potential for division and prolif-
eration is also supported by observations that the small
number of STRO-1 + cells seen in cultures at later points were
able to produce adherent cell layers with the same cellular
composition and phenotype as those generated by STRO +

cells freshly isolated from BM [12].
Under the MDS condition, we noticed a higher number of

STRO-1 + cells that coexpressed CD106 and CD31 between 20
and 30 days of culture and which persisted until 60 days.

Two hypotheses can be evoked from the expression of
these markers in relation to MDS physiopathology: the first
is related to CD106 upregulation induced by TNFa stimu-
lation [31], and the second is related to CD106 function as a
major ligand for selective CD29-mediated HPC-to-MSC ad-
hesions, and, thus, its influence on the HPC mitotic rate and
division kinetics [10].

Higher TNFa levels are common in MDS [34], and the
MSCs themselves could be responsible for its synthesis in
the absence of HPC stimulation. The role of this cytokine in
the MDS microenvironment is probably related to its
capacity to induce internal proliferative signals in MSCs, as
previously noted by Kohase et al. [35].

The increased expression of CD31 + could be an imprint of
the neoformation of blood vessels in MDS settings, as we
showed in a previous study [36].

Further, the functional tests revealed MSC growth ab-
normalities in the absence of any contact with or stimulation
by soluble molecules from HPCs and proved the pathologi-
cal nature of stromal precursors in MDS settings (Fig. 3). To
summarize the biological characteristics of MSCs selected
from patients with MDS, 2 different patterns were observed
in relation to the type of MDS. For the RC group, similarly
reduced clonogenic capacity was observed for both selected
fractions, STRO-1 + and CD73 + , and a dramatic decrease in
proliferation was largely attributable to the STRO-1 + cells.
This issue could be explained by an extension of their dou-
bling time to 3-fold that of normal cells (and even 1.3-fold that
of RAEB cells) despite their persistence during 60 days of
culturing. Similarly, the CD73+ fraction was unable to pro-
liferate and produce colonies, and this reduced CFU-F number
directly correlates with the loss of CD44 on their surface (Fig.
4A). By contrast, in RAEB, the proliferation rate is moderately
improved due to the reduced doubling time of STRO-1 cells.
However, at the end point, this was not accompanied by
complete functional maturity as reflected in the CFU-F num-
ber. Overall, the doubling time of MSCs was found to in-
versely correlate with their CD49e expression (Fig. 4B).

In conclusion, in MDS settings, an increased number of
STRO-1 + precursors persist with the capacity for continuous
division. Since they do so at a low rate and lack the ability to
complete asymmetric divisions and produce mature func-
tional progenitors, this phenomenon might reflect the ex-
pansion of an abnormal MSC clone over time with
concomitant suppression of residual normal stem cells.

Further cytogenetic studies and transcriptome decryption
of MDS MSCs are required to evaluate the molecular sub-
strate of these deficiencies.
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