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Mesenchymal stem cells (MSCs) of human and nonhuman mammalian species are often studied for various
applications in regenerative medicine research. These MSCs can be derived from human bone marrow (BM) and
identified by their ability to form fibroblast-like colony forming units that develop into stromal like cells when
expanded in culture. These cells are characterized by their spindle-shaped morphology, their characteristic
phenotype (CD73+, CD90+, CD105+, CD45�, and CD34�), and their ability to differentiate into cells of the
osteogenic, adipogenic, and chondrogenic lineages. However, the identification and purification of MSCs from
nonhuman mammalian species is hampered by the lack of suitable monoclonal antibodies (mAb). In this report,
primary BM and cultured BM-derived MSCs of human and monkey, goat, sheep, dog, and pig were screened for
cross-reactivity using a panel of 43 mAb, of which 22 react with either human BM mononuclear cells or cultured
human MSCs. We found 7 mAb with specificity for CD271, MSCA-1 (W8B2 antigen), W4A5, CD56, W3C4
(CD349), W5C4, and 58B1, which showed interspecies cross-reactivity. These mAb proved to be useful for
prospective sorting of MSCs from the BM of the 6 mammalian species studied as well as for the characterization
of their cultured offspring. Flow sorting with the cross-reacting mAb resulted in up to 2400-fold enrichment of
the clonogenic cell fraction (fibroblast-like colony forming units). This study provides an important contribution
for the comparative prospective isolation of primary BM-MSCs and the characterization of cultured MSCs from
multiple mammalian species for preclinical research.

Introduction

Mesenchymal stem=stromal cells (MSCs) are non-
hematopoietic cells that can be isolated from the ad-

herent cell fraction from the bone marrow (BM). They have an
extensive proliferation capacity and can produce offspring
that can differentiate into osteoblasts, adipocytes, tenocytes,
neurons, myoblasts, and stromal fibroblasts [1–3]. These
characteristics position the MSCs as a central player in tissue
repair and hold promise for the development of new thera-
peutics for application in regenerative medicine [4]. Cultures
of isolated cells give rise to clonal outgrowth of initially
plastic-adherent cells with a spindle-shaped morphology,
defined as colony forming unit–fibroblast (CFU-F), that
are multipotent in their differentiation capacity and are
considered as a measure for clonogenic MSCs. The typical
immunophenotype of human cultured MSCs includes ex-

pression of CD73 (ecto-50-nucleotidase, SH3, SH4), CD90
(Thy-1), and CD105 (endoglin, SH2) and the lack of hemato-
poietic markers [5].

Preclinical animal models are increasingly used to develop
new strategies for treatment of human diseases into clinical
practice and for testing of therapeutics based on MSCs or
MSC-derived products. In orthopedic research, MSCs from
goat [6–11], dog [12–15], sheep [16–19], and pig [20,21] are
studied with the aim to correct defects of cartilage and bone.
In cardiac research MSCs from dog [22–24], pig [25,26], and
sheep [27,28] are studied for heart valve reconstruction and
for cellular therapy to treat myocardial infarctions. MSCs
from rhesus monkey are investigated to treat neurological
disorders [29–32]. The characterization of animal MSCs is
inevitably restricted to morphology and in vitro differentia-
tion capacity. Although the panel of monoclonal antibodies
(mAb) for immunophenotyping or isolation of human
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culture-expanded MSCs from BM or other sources is rapidly
expanding, such mAb are currently not available for a vari-
ety of animal species that are increasingly used in regener-
ative medicine research.

Several mAb have been described that bind to a small
subfraction of human BM cells or to culture expanded MSCs.
These include Stro-1 [33], CD271 (low-affinity nerve growth
factor receptor) [34], SSEA-4 [35], CD146 [36], CD49a [37],
CD105 [38,39], GD2 [40], and CD140b [41] and can be used to
enrich for the CFU-F cell fraction. The CFU-F is considered to
be the precursor or stem cell that resides in the BM (primary
MSCs) from which culture-expanded MSCs originate. CD271
is particularly interesting because all CFU-F in human BM
reside in the CD271þ cell fraction [34], although only a mi-
nority of these cells have colony-forming ability. This indi-
cates that additional specific mAb are required to obtain a
pure clonogenic cell fraction from BM with a 100% plating
efficiency. Recently, we described a panel of mAb that re-
acted with a subfraction of the CD271þ cells in fresh human
BM and=or BM-derived cultured MSCs [42,43].

We considered that this panel of mAb interesting to test for
cross-reactivity with MSCs from other mammalian species
that are frequently used in regenerative medicine research.
Here we report on 7 mAb that showed cross-reactivity with
primary MSCs in BM and with cultured MSCs from human
as well as the other species that we investigated. Using flow
sorting, we could define specific mAb combinations for pro-
spective isolation of primary MSCs from BM. The experi-
ments yielded high enrichment factors for the CFU-F fraction
in the BM of all species. These results may have impact on
regenerative-medicine-oriented preclinical animal model re-
search or for the development of MSC-based therapeutic
applications in the veterinary practice.

Materials and Methods

Collection of BM

Human BM was harvested by aspiration from the iliac
crest from normal individuals during standard hip replace-
ment surgery after written informed consent. Animal BM
was harvested from the iliac crest (monkey, goat, and dog) or
from the sternum (pig and sheep). The animals were housed
in the Central Animal Facility of the University of Utrecht or
in the Veterinary Faculty (dog, pig, goat, and sheep), the
Universities of Amsterdam and Nijmegen (goat), or the
University of Rotterdam (rhesus macaque). All animal han-
dling was conducted according to Institutional Guidelines
after acquiring permission from the local Ethics Committee
for Animal Experiments and in accordance with current
Dutch laws on animal experiments.

Cell isolation and culturing of MSCs

Mononuclear cells (MNCs) were isolated from human BM
and animal BM aspirates by density gradient centrifugation
(Ficoll 1.077 g=cm3) and plated in noncoated 25 cm2, 75 cm2 or
175 cm2 polystyrene culture flasks (Falcon–Becton Dickinson
Biosciences) at a density of 160,000–250,000 MNCs=cm2. Hu-
man MNCs were seeded on a-minimum essential medium
(Life Technologies) supplemented with 5% (v=v) human
platelet lysate (Bloodbank Sanquin), 100 U=mL penicillin
(Life Technologies), 100mg=mL streptomycin (Life Technol-

ogies), and 10 units=mL heparin (LEO Pharma) as previously
described [44]. Cells from goat, sheep, pig, and dog were
cultured in
a-minimum essential medium, penicillin, and streptomycin,
and supplemented with 15% heat-inactivated fetal bovine
serum (FBS; Cambrex); monkey cell cultures were supple-
mented with 10% FBS (Cambrex). Cultures were maintained
at 378C at 5% CO2 in a humid atmosphere. The medium was
changed twice a week and the cells were harvested and pas-
saged at near confluence (90%). The MSCs of all species were
harvested by trypsinization. MSCs were washed twice with
phosphate-buffered saline (UMC Pharmacy) containing 2 mM
ethylenediaminetetraacetic acid and then incubated with
trypsin–ethylenediaminetetraacetic acid (Lonza). The MSCs
were collected by inactivating the trypsin with a medium
containing10% FBS. After centrifugation (6 min,1100 rpm) the
cells were counted and used for passaging the cells, cryo-
preservation, or performing assays.

CFU-F assay

To determine the CFU-F frequency in BM or fluorescence-
activated cell sorter (FACS)–enriched MNCs, graded num-
bers of cells were seeded in triplo in Falcon 6-well plates or
Falcon T-25 flasks with vented caps. The culture medium for
each species was used as described. After 10 days the ad-
herent cells were washed twice with phosphate-buffered
saline and subsequently fixed with ice-cold methanol for
15 min at 48C. To observe the colonies, the cells were stained
with Giemsa (Sigma-Aldrich) diluted 1:8 with H2O for
15 min at room temperature and washed twice with H2O.
CFU-F colonies containing at least 50 cells were scored using
a Stereomicroscope (Zeiss).

Antibodies, flow cytometric analysis, and sorting

For the initial screening of cultured MSCs from the non-
human species, we used a panel of 43 mAb that contained
the following commercially available mAb against human
CD3, 13, 14, 19, 29, 31, 34, 44, 45, 49, 55, 71, 73, 90, 117, 146,
HLA-ABC, HLA-DR, Sca-1 [45] (Becton Dickinson), CD105
(Ancell Corp.), CD235a (Dako), CD271 (Clone 20.4 against
low-affinity nerve growth factor receptor-allophycocyanin;
Miltenyi Biotec), ALP (clone B4-78-c; Hybridoma Bank), KDR
(R&D Systems), SSEA-4 (clone MC-813-70; Hybridoma
Bank), W8B2 against human MSCs antigen-1 (MSCA-1=
W8B2-phycoerythrin (PE); Biolegend), W4A5 against MSCs,
and neural progenitor cells (W4A5-PE; Biolegend). Ad-
ditionally, we used a series of mAb that showed reactivity
with the CD271þ subpopulation in human BM with putative
MSCs specificity [46]. These mAb consisted of the clones
W3C4 (CD349; frizzled-9), W5C4, and 39D5 (CD56 epitope
expressed on MSCs but not on NK cells) or MY31 (anti-CD56
on MSCs and NK cells), W1C3, W6B3H10 (CD133), 24D2
(CD340), W5C5, 58B1, CH3A4A7A (CD344), 67D2 (CD164),
W7C5 (CD109), 67A4 (CD324), 28D4 (CD140b), HEK-3D6,
W3D5, and CUB1 (CD318) [41–43]. Binding of nonconjugated
mAb was analyzed by staining with isotype-specific (IgG,
IgG1, IgM, or IgG3) PE-conjugated goat anti-mouse antisera
(Southern Biotechnology Associates, Inc.). Flow cytometric
analysis was performed on a FACS Calibur, and cell sorting
was performed on a FACSAria cytometer (Becton Dickinson
Biosciences). About 1�106 primary BM cells or 1�104 cultured
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MSCs were acquired within the ‘‘live gate’’ based on light
scatter properties.

Experimental design

In the initial screening we analyzed cultured MSCs at
passage 2 or 3 for cross-reactivity using a panel of 43 mAb.
Only 7 from 43 mAb that reacted with more than 1% of the

MSCs of each of the species were considered interesting for
further analysis of the binding characteristics of fresh BM
and used for the flow sorting CFU-F enrichment experi-
ments. We used 1 or 2�106 BM cells for single labeling and
2 or 4�106 cells for double labeling and sorting experiments
(depending on the yield after the Ficoll separation). At least
3 different individual BM samples from each species were
processed. Sort regions were based on isotype controls or

FIG. 1. Colony forming unit–fibroblast (CFU-F). Shown is a representative picture of one formed CFU-F colony for all the
species tested: human (A), monkey (B), goat (C), dog (D), pig (E), and sheep (F). After 10 days of in vitro culture, colonies
were fixed, and stained with Giemsa.
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binding of secondary antibody, and all cells obtained in the
negative and positive (single or double) cell fractions were
tested for the presence of clonogenic MSCs (CFU-F) by
seeding one-third of the total sorted fraction per well in a
6-well plate in triplicate. CFU-F assays were performed as
described. The enrichment of CFU-F after sorting was cal-
culated by the following formula: CFU-F frequency in the
mAb-based sorted fraction=CFU-F frequency in the total
sorted MNCs fraction. The total sorted MNC fraction is de-
fined as the cells appearing within the ‘‘live gate’’ based on
light scatter properties and serves as a measure for CFU-F
loss as a result of the sorting procedure.

Results

Outgrowth of MSCs from BM

The MNC fractions from BM aspirates of all species were
analyzed for in vitro colony formation and for the produc-
tion of BM-derived cultured MSCs. MNCs from all species
contained adherent cells that developed into CFU-F that ul-
timately formed a confluent stromal cell layer. A colony is
the result of the outgrowth of a single multipotent cell (de-
fined as CFU-F), and the CFU-F frequency in BM is consid-
ered as a measure for the number of primary MSCs that are
present. Figure 1 shows images taken from representative
colonies for each of the species that we studied. The colonies
consisted of cells with spindle-shape morphology, typical for
cultured MSCs. The colony diameter was approximately
5 mm for most of the species, except for the dog (Fig. 1D) and

the pig (Fig. 1E), of which the colonies contain fewer cells
and the colonies are therefore somewhat smaller in size. We
found a CFU-F frequency of 1 per 40,000� 20,000 MNCs for
the species analyzed.

Immunophenotyping of cultured MSCs
from different species

Cultured MSCs from all species were labeled with our
standard panel of 43 mAb for characterization of human
MSCs and analyzed by flow cytometry to identify the mAb
that show cross-reactivity between species. mAb recognizing
CD73, CD90, CD105, CD146, and SSEA-4 showed cross-
reactivity between human and monkey MSCs but not with
(all) the other species tested (Table 1). CD271, which is
considered as one of the specific markers for human MSCs
[34], showed binding to a subpopulation of cultured MSCs
for all species studied (Fig. 2; Table 1) although the per-
centage of positive cells as well as the level of CD271 ex-
pression varied. Figure 2 and Table 1 show the characteristics
of the other cross-reacting mAb. Whereas the mAb 58B1 and
W5C4 showed binding to 100% of the cultured MSCs of all
species, the mAb W8B2, W4A5, W3C4, and CD56 showed
binding to MSC subpopulations ranging from 1 to> 50%.

Immunophenotyping and prospective sorting
of clonogenic MSCs (CFU-F) from BM-MNCs

The 7 identified mAb that cross-reacted to the cultured
MSCs from all species were used to label BM-MNCs of all

Table 1. Reactivity of Monoclonal Antibodies with Cultured Mesenchymal Stem Cells

of Multiple Mammalian Species

mAb Human Monkey Goat Dog Pig Sheep

CD73 þþ þþ � � � �
CD90 þþ þþ � � þþ �
CD105 þþ þþ � � � �
CD146 þþ þþ � þ þþ þþ
CD271 � þ � � � �
SSEA-4 þþ þþ þ � � �
W8B2 (MSCA-1) þ þ þþ þ þ �
W4A5 þ þ þ þ þ þ
W3C4 (CD349) þþ þþ � � þ þ
WIC3 � � � � � �
W6B3H10 (CD133) � � � � � �
24D2 (CD340) þþ � � � � �
W5C5 þ � � � þ �
58B1 þþ þþ þþ þþ þþ þþ
39D5 (CD56) � þþ � þþ � �
CH3A4A7 (CD344) � � � � � �
67D2 (CD164) þþ � � � � �
W7C5 (CD109) þþ � � � � �
67A4 (CD324) � � � � � �
W5C4 þþ þþ þþ þþ þþ þþ
28D4 (CD140b) þþ � � � � �
HEK-3D6 þþ � � � � �
W3D5 þ � � � � �
CUBI (CD318) þþ � � � � �

þþ: >50% of cells positive; þ: between 50-5% positive; �: >5 <1% positive; �: below detection level.
Other mAb from our panel that were tested but did not show cross-reactivity between species include anti-human CD3, 13*, 14, 19, 29*, 31,

34, 44*, 45, 49*, 55*, 71*, 117, 235a, anti HLA-ABC*, HLA-DR, Sca-1, ALP* and KDR.
*mAb positive on human MSC.
mAb, monoclonal antibodies.
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species and analyzed by FACS. For all species a positive
subfraction of the MNCs was present (Fig. 3; Table 2).

In the initial analysis, primary BM-MNCs were labeled
with a single mAb and flow sorting was used to obtain the
positive and the negative cell fraction for subsequent plating
in a CFU-F assay and used to calculate the enrichment of the
CFU-F. Single-antibody labeling and sorting revealed that
the clonogenic MSCs from BM of human, monkey, goat, dog,
sheep, and pig were enriched in the positive fraction al-
though not to the same extent for each of the mAbs used
(Table 3). Also, mAb that gave a high enrichment for one of
the species did not always give high enrichment for other
species. CFU-F grown from flow-sorted cells were identical
in size and morphology as those from nonsorted cells, and
when all recovered CFU-F are in the positive fraction, no cell
growth or small colonies were observed in the negative
fraction (data not shown). From all recovered CFU-F >90%
was restricted to the positive cell fraction for human and
monkey for all mAb tested. For the other species, the mAb
showed less specificity for the BM CFU-F compared with
human, but was in general above 50% with a few exceptions
(Table 4), although revealing enrichment (Table 3). The

lowest recovery was achieved with W8B2 and CD56 for dog
BM CFU-F of 16% and 14%, but with a 8- and 2-fold en-
richment, respectively. Although only 13% of the BM CFU-F
for pig resides in the W8B2 positive fraction (Table 4), there
was still a 25-fold enrichment for the BM CFU-F compared
with the total MNC fraction (Table 3).

To further enrich for the clonogenic MSCs fraction the
mAb W8B2, W4A5 and anti-CD56 were combined with
CD271 in a double labeling setup for flow sorting. Double-
positive cells were found in the BM of all species (Fig. 4).
Although the frequency was relatively low, most of the CFU-
F (>90%) were recovered in the double-positive fraction for
human and monkey for all mAb combinations (Table 4).
Goat BM-MNCs showed a subpopulation in the CD271þ

W4A5� fraction (33%). The labeling of pig and dog MNCs
with W8B2 showed 2 subpopulations, CD271þW8B2þ and
CD271þW8B2� cells. For dog and pig 10% of CFU-F resided
in the CD271þW8B2þ population, whereas 90% resided in
the CD271þW8B2� population. Labeling with anti-CD56 re-
vealed a CD271þCD56þ and CD271þCD56� cell fraction in
dog MNCs. The CFU-F resided for 22% in the CD271þCD56þ

population and 78% in CD271þCD56� population. In pig

FIG. 2. Monoclonal antibodies (mAb) binding on cultured mesenchymal stem cells (MSCs). Fluorescence-activated cell
sorter (FACS) dot plots showing cross-reactivity of the mAb CD271, W8B2, W4A5, CD56 (39D5), W3C4, 58B1, and W5C4 for
culture-expanded human MSCs and MSCs of monkey, goat, dog, pig, and sheep. On the Y-axis the fluorescent intensity of
allophycocyanin (APC) (CD271) or phycoerythrin (PE)-conjugated mAb is shown, and on the X-axis the forward scatter
(FSC). The X-Y-axis quadrant setting (created by the crossing vertical and horizontal lines) was set based on isotype or
secondary antibody controls.
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Table 2. Binding of Selected Monoclonal Antibodies to Bone Marrow Mononuclear Cell Fraction

mAb Human Monkey Goat Dog Pig Sheep

Single mAb labeling
CD271 0.5� 0.3 10.4� 6.5 1.0� 0.7 1.0� 1.5 0.3� 0.6 2.5� 0.8
W8B2 0.9� 0.4 9.4� 4.9 2.2� 1.2 5.5� 4.2 3.9� 6.8 19.2� 15.4
W4A5 5.5� 3.4 13.2� 5.7 8.5� 3.5 9.7� 3.8 7.8� 6.8 12.2� 2.0
CD56 (MY31) 2.0� 2.3 31.4� 17.2 0.9� 0.6 0.6� 0.2 1.3� 0.7 0.8� 0.1
CD349 (W3C4) 9.0� 5.9 4.6� 2.7 4.1� 2.2 3.9� 1.3 2.7� 1.6 5.8� 3.0
58B1 5.0� 0.7 5.7� 2.5 4.5� 3.9 10.6� 7.6 31.5� 25.3 10.9� 2.5
W5C4 6.4� 2.5 4.3� 1.4 5.5� 3.3 6.3� 6.6 3.7� 1.6 7.3� 1.2

Double mAb labeling
CD271=W8B2 0.10� 0.08 3.80� 3.56 0.11� 0.16 2.21� 0.31 0.05� 0.04 0.60� 0.87
CD271=W4A5 0.14� 0.18 1.83� 1.37 0.21� 0.01 0.48� 0.62 0.04� 0.03 1.45� 1.91
CD271=CD56 (MY31) 0.11� 0.17 9.07� 5.30 0.10� 0.01 0.18� 0.26 0.03� 0.02 0.10� 0.00

The numbers are the mean percentage� standard deviation of positive cells stained with the indicated mAb in at least 3 different bone
marrow mononuclear fractions.

FIG. 3. Single mAb binding and FACS sorting of bone marrow (BM) mononuclear cells (MNCs) of multiple mammalian
species. Flow cytometry dot plots after labeling of BM aspirate MNCs from the various species studied, that is, human,
monkey, goat, dog, pig, and sheep, with the mAb CD271, W8B2, W4A5, CD56 (MY31), W3C4, 58B1, and W5C4 that showed
cross-reactivity for culture-expanded MSCs of these species. On the Y-axis the fluorescent intensity of APC (CD271) or PE-
conjugated mAb is shown, and on the X-axis the FL1 channel. The square boxes indicate the sort regions based on isotype
controls or binding of secondary antibody. Both positive (upper region) and negative (lower region) cell fractions were tested
for the presence of clonogenic MSCs (CFU-F).
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BM-MNCs a subfraction of primary MSCs is located in the
CD271þW4A5� population (47%). In Table 3 the average
enrichment factors are shown. Although there was a broad
range of enrichment factors, the frequency of clonogenic
MSCs (CFU-F) was always increased.

Discussion

Here we report that from an initial panel of 43 mAb with
known specificity (positive or negative binding to human
MSCs), 7 mAb, CD271, W3C4, CD56, W8B2, W4A5, 58B1,
and W5C4, react with the MSCs fraction in primary BM
(CFU-F) and with cultured MSCs from human as well as
from various mammalian species. These include the rhesus
monkey, goat, sheep, pig, and dog. Some mAb have been
described to bind to subpopulations of human BM contain-
ing the MSCs (CD146 [36], SSEA4 [35], and CD271 [34]. The
markers that are the commonly used markers for defining
human MSCs [5], CD73 (ecto-50-nucleotidase, SH3, SH4),
CD90 (Thy-1), and CD105 (endoglin, SH2), showed very
limited cross-reactivity with MSCs from the other species.
CD73 and CD105 showed cross-reactivity with monkey

MSCs and CD90 with monkey and pig MSCs, but were
negative in all other species (Table 1).

The mAb CD271 (low-affinity nerve growth factor recep-
tor) proved to be a most prominent marker in this study
although its function on MSCs is unknown [34]. CD271 was
expressed on MSCs of all species, and flow sorting of the
positive fraction resulted in a significant enrichment of the
CFU-F population in the BM. In a previous study we re-
ported a strategy to identify new mAb that specifically react
with the CFU-F fraction in human BM by searching for re-
activity with the CD271bright fraction [42]. We observed that
besides CD271, also W3C4, CD56, W8B2, W4A5, 58B1, and
W5C4 cross-react with a population containing CFU-F in the
BM of all species studied (Table 4). This suggests that the
structures recognized by these antibodies are relatively
conserved. A few targets are identified. W3C4 binds to
CD349 also known as frizzled-9, which is a transmembrane
receptor activated by Wnt ligands [47]. It was shown that
this Ab could be used for selective MSCs isolation from
human placenta [41]. Recently, we showed that MSCA-1 is
identical to tissue-nonspecific alkaline phosphatase, an ecto-
enzyme known to be expressed at high levels in liver, bone,

Table 4. Recovery of Mesenchymal Stem Cell Progenitors (Colony Forming Unit–Fibroblast)

in the Different Bone Marrow Mononuclear Subfractions, Flow Sorted with Either One

or a Combination of Monoclonal Antibodies

mAb Human Monkey Goat Dog Pig Sheep

Single mAb labeling
CD271 100� 0 94� 5 100� 0 99� 1 98� 5 90� 18
W8B2 100� 0 100� 0 98� 2 16� 21 13� 7 84� 14
W4A5 93� 7 98� 3 67� 16 58� 50 74� 27 99� 1
CD56 (MY31) 99� 2 97� 4 99� 1 14� 16 100� 0 98� 2
CD349 (W3C4) 97� 4 99� 2 53� 49 92� 10 99� 2 99� 1
58B1 100� 0 100� 0 100� 0 99� 1 100� 0 100� 0
W5C4 99� 1 100� 0 100� 0 100� 0 100� 0 100� 0

Double mAb labeling
CD271=W8B2 100� 0 94� 5 98� 2 10� 17 10� 9 84� 14
CD271=W4A5 93� 7 93� 6 67� 16 87� 9 53� 18 75� 33
CD271=CD56 (MY31) 99� 2 93� 4 99� 1 22� 13 99� 1 96� 0

The numbers are the mean percentage� standard deviation of at least 3 separate experiments.

Table 3. Enrichment Factors for Colony Forming Unit–Fibroblast from the Bone Marrow Mononuclear

Cell Fraction After Single or Double Monoclonal Antibody Labeling and Flow Sorting

mAb Human Monkey Goat Dog Pig Sheep

Single mAb labeling
CD271 129� 97 13� 8 107� 75 88� 95 829� 570 49� 29
W8B2 86� 91 22� 24 43� 55 8� 8 25� 19 6� 3
W4A5 10� 5 9� 2 7� 4 14� 2 5� 2 9� 4
CD56 (MY31) 33� 30 5� 3 113� 133 2� 2 52� 19 68� 56
CD349 (W3C4) 18� 6 18� 9 6� 9 5� 1 14� 1 15� 8
58B1 47� 23 20� 12 54� 10 5� 4 2� 1 19� 13
W5C4 36� 23 19� 2 45� 21 41� 20 25� 17 23� 15

Double mAb labeling
CD271=W8B2 617� 353 47� 22 2392� 1630 53� 59 310� 277 314� 281
CD271=W4A5 431� 214 51� 29 512� 402 120� 106 880� 476 267� 361
CD271=CD56 (MY31) 881� 717 23� 17 1504� 1772 17� 19 2374� 1091 512� 326

The numbers represent the mean enrichment factors� standard deviation of at least 3 separate experiments. To calculate the enrichment
factors for the CFU-F after single or double mAb labeling we divided the frequency of CFU-F in the mAb-based sorted fraction by the
frequency of CFU-F in the total sorted MNC fraction.
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and kidney as well as in embryonic stem (ES) cells [48]. CD56
can be used to distinguish a subpopulation of adipogenic
progenitors [43]. Primary MSCs already committed into a
specific differentiation lineage can directly be isolated from
the MNCs fraction using MSCA-1 (W8B2) and CD56 to
demonstrate that only cells of the MSCA-1þCD56þ frac-
tion gave rise to effective induction of chondrocyte and
pancreatic-like islet differentiation, and that adipocytes
emerged only from MSCA-1þCD56� cells [43]. We observed
no CFU-F in the CD271þCD56� cells; however, this might be
related to the fact that we used an alternative Ab clone to
detect CD56. In the double labeling of CD271 in combination

with W8B2, we observed nearly 100% of the CFU-F of
human, monkey, and goat in the CD271þW8B2þ fraction,
indicating that both these mAb recognize MSCs and will not
reveal subpopulations. Double labeling of, for example,
CD271 together with W4A5 in BM of goat and pig distin-
guished CD271þW4A5þ and CD271þ W4A5� with colony-
forming capacity. It will be interesting to select the different
cell fractions and investigate their differentiative potential
toward adipocytes, osteoblasts, and chondrocyte-like cells
compared with plastic adherent cells, as Quirici et al. de-
scribed a higher differentiative potential for the immuno-
selected populations [49].

We showed that flow sorting for all 7 markers could be
used to enrich for MSCs, for both single and double labeling,
although the purification factors that we obtained varied
considerably (Tables 3 and 4). However, it was not our pri-
mary goal to get the highest purity, and therefore settings of
the sorting gates were not further optimized. When MSCs
are flow sorted from human BM after labeling with the mAb
on which we report here, for example, W8B2, W5C4, W3C4,
39D5, or CD271, followed by in vitro expansion, they can be
differentiated as effectively as MSCs cultured from non-
sorted BM [41–43]. Others have shown this for Stro-1 [33]
and for CD146 [50].

Our experiments, however, do show that the cross-react-
ing mAb that we identified are excellent markers for the
clonogenic MSCs in primary BM of the various species that
we studied, and we anticipate that they can be used to purify
the CFU-F population from the BM from each of the species
to a high degree and to study their differentiation potential.
The optimal conditions to differentiate MSCs from each of
these species are as yet not defined and require additional
research.

In addition to using the cross-reacting mAb for sorting of
the clonogenic MSCs from BM, they can also be used to
characterize cultured MSCs. We showed that the CFU-F
fraction in the BM was mostly restricted to the positive cell
fraction after labeling with CD271, W8B2, W4A5, CD56, and
W3C4, indicating that these markers are expressed by early
progenitors. For these mAb we observed that upon further
in vitro expansion the percentage of positive cells decreased.
This observation is in agreement with the fact that MSCs lose
their stem cell characteristics like self-renewal and differen-
tiation capacity upon prolonged culturing [51–53]. In con-
trast, most of the MSCs remained positive for 58B1 and
W5C4 during expansion culturing.

Culture expansion of MSCs aims to produce large num-
bers of cells either for functional testing in preclinical models
or to use for cellular therapy in human regenerative medicine
applications. The frequency of the clonogenic MSCs (CFU-F)
in the initial BM is low, in the order of 1 per 104–105 BM cells
(0.01%–0.001%). To produce large numbers of MSCs there are
several options: (1) start with a relatively large amount of BM
and consequently a very large number of culture flasks; (2)
start with a limited number of BM cells and expand the
MSCs during serial passaging until sufficient numbers of
cells are obtained; (3) expand the culture after prospective
isolation of the MSCs from the BM. Our study shows that the
last option can be done not only for human BM but also for
any of the species that we studied using the mAb against
CD271 in combination with W8B2, W4A5, or CD56. The first
option requires a large amount of physical space in the cul-

FIG. 4. Double mAb binding and FACS sorting of BM-
MNCs of multiple mammalian species. FACS dot plots after
double labeling of BM aspirate MNCs from the various
species studied, that is, human, monkey, goat, dog, pig, and
sheep, with the mAb CD271 in combination with W8B2,
W4A5, or CD56 (MY31), respectively. On the X-axis the
fluorescent intensity of CD271-APC-conjugated mAb is
shown, and on the Y-axis the indicated PE-conjugated mAb
is shown. The square boxes indicate the sort regions that are
based on isotype controls or binding of secondary Ab. All
4 sorted fractions (�=�, þ=�, �=þ, and þ=þ) were tested for
the presence of clonogenic MSCs (CFU-F).
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turing facility, and is less attractive from an economic point
of view. The second option implies that the culture-initiating
clonogenic MSCs (CFU-F) from the starting culture will un-
dergo a large number of population doublings (PD) before
the required large number of MSCs are obtained. Since MSCs
go into senescence after on average 40 PD [51], option 2 will
seriously affect their in vitro differentiation capacity [52] and
obviously a reduced in vivo proliferation and differentiation
capacity [53]. The third is the most attractive because it fa-
cilitates the processing of larger BM samples. It not only al-
lows to scale down the voluminous MSCs cultures but also
leads to a substantial increase in the absolute number of
culture-initiating clonogenic MSCs (CFU-F) in the starting
culture.

The relevance of this should not be underestimated. First,
the MSC population in the initial passage will consist of a
much larger spectrum of different clones that each has made
less PD than the MSCs that are produced using option 2 and
as a consequence may have retained a more immature MSC
phenotype. The combination of the different markers that we
identified will facilitate further purification of the clonogenic
MSC population from BM or other sources for the different
species. Further, a less immature cell population might be
interesting to use when the dose is the limiting factor for
therapy. For example, in the treatment of ischemic heart
failure, the use of MSCs has clinical potential [54,55]. Cul-
turing cells for a prolonged period might turn them less
immature than primitive MSCs directly isolated from the
source, and also harbors the risk that cells become tumori-
genic or get infected.

Conclusion

This study provides an important first step in the identi-
fication of mAb that can be used for isolation and enrichment
of MSCs from the BM or as key markers for the character-
ization of cultured MSCs from multiple mammalian species
used in preclinical regenerative medicine research.
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