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Abstract
Substantial inconsistencies in mesenchymal stem (stromal) cell (MSC) therapy reported in early translational and clinical
studies may indicate need for selection of the proper cell population for any particular therapeutic purpose. In the present
study we have examined stromal stem cells derived either from umbilical cord Wharton’s Jelly (WJ-MSC) or bone marrow
(BM-MSC) of adult, healthy donors.The cells characterized in accordance with the International Society for CellularTherapy
(ISCT) indications as well as other phenotypic and functional parameters have been compared under strictly controlled
culture conditions. WJ-MSC, in comparison with BM-MSC, exhibited a higher proliferation rate, a greater expansion ca-
pability being additionally stimulated under low-oxygen atmosphere, enhanced neurotrophic factors gene expression and
spontaneous tendency toward a neural lineage differentiation commitment confirmed by protein and gene marker induc-
tion. Our data suggest that WJ-MSC may represent an example of immature-type “pre-MSC,” where a substantial cellular
component is embryonic-like, pluripotent derivatives with the default neural-like differentiation. These cells may contrib-
ute in different extents to nearly all classical MSC populations adversely correlated with the age of cell donors. Our data
suggest that neuro-epithelial markers, like nestin, stage specific embryonic antigens-4 or α-smooth muscle actin expres-
sions, may serve as useful indicators of MSC culture neuro-regeneration–associated potency.
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Introduction

The substantial progress in stem cell research and its
clinical translation is based on the biotechnical ex-
ploitation of at least two categories of human putative
regenerating cells: Embryonic Stem or Pluripotency-
induced Cells (ESC/iPS) and mesenchymal stem
(stromal) cells (MSC).

The cell populations referred to as MSCs are in
fact only in vitro products of still poorly understood
and loosely controlled tissue derivation procedures.
The term “mesenchymal” defines an adhesive pro-
genitor cell with fusiform shape able to actively move
but it is still difficult to ensure their precise lineage.
The growing body of experimental and preclinical/
clinical data suggests that only non-manipulated MSCs
isolated under strictly controlled procedures may be

considered a safe source of stem cells for transplan-
tation purpose. This is because of persistent cellular
heterogeneity resulting from the lack of standard-
ized methods for prospective MSC isolation, similar
to those used in selection of hematopoietic stem
cells (HSCs). A unique surface marker identifying
MSCs has not yet been characterized, necessitating
the application of a panel of antigens for their
characterization.

The accumulating data currently suggests that at
least two separate classes of MSCs differ substantial-
ly in terms of their ontogenetic origin and essential
biological features [1]. The first one being a domi-
nating component of varied fetus-associated stem cell
niches in perinatal tissues (umbilical cord, amnion, pla-
centa, umbilical cord blood, etc), whereas the second,
isolated from nearly all adult tissues, constitutes a classic
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type of adult MSC. The origin and properties of the
first class is connected with the early stages of em-
bryogenesis and comprised cells with broader,
embryonic-like spectrum of differentiation able to cross
the germ layers [2]. In addition, the recent data in-
dicate that these primitive cells may exert exceptionally
low immunogenicity but with high resting
immunomodulatory, immunosuppressive and
neuroprotective potential [3].The ontogenic origin of
these cells has been elucidated in mice by the inspir-
ing work of Takashima et al [4], where the use of Cre-
recombinase mediated lineage tracing analysis has
shown that the primitive class of immature somatic
progenitors with pluripotent potency and prefer-
ences to neural differentiation may originate from an
embryonic neuro-epithelium of neural crest (NC).
These cells after passing the first developmental ep-
ithelial mesenchymal transition (EMT) form a cohort
of the primitive mesenchymal cells (pre-MSCs) that
transiently populate all fetal tissue niches and then are
gradually replaced by the mesoderm-recruited, post-
gastrulation, adult MSCs. These primitive MSCs
originating from NC (and probably also from addi-
tional extra-embryonic tissues) temporary are
dominating over typical adult MSCs [5,6].

Until recently research activity of our group has
been focused on the fetal stem cells isolated from the
adherent mononuclear fraction of the human umbil-
ical cord blood [7]. The developmental immature
position of the cord blood [8] may explain the pres-
ence of primitive cells with flexible phenotype and
ability of neural differentiation. In 2002–2006 the first
descriptions of such cord blood–derived preMSC prop-
erties able to differentiate toward functional neurons
and macroglia, were published by our group [9–11].
These cells transiently express ABCG2 transporter and
have the ability to efflux Hoechst dye as a typical prop-
erty of undifferentiated and highly proliferative
progenitors called “side population” [12].These cells
expressed also pluripotency-specific markers and under
the “crowd stress” or serum-free conditions lose their
adherence and stayed as embryonic-like floating pop-
ulation [11] or formed neurosphere-like structures [13].
Later on, this type of cord blood–derived neural stem/
progenitor was used for the first reported intra-
ventricular therapeutic cell transplantation to a critically
injured child with magnetic resonance imaging (MRI)
monitoring of relative long cell survival and subse-
quent 5 years of patient clinical observation [14,15].

In recent experiments we have found that
Wharton’s Jelly (WJ)-derived MSCs display distinct
pro-neural properties and immunologic characteris-
tic similar to those previously observed in cord blood–
derived mononuclear cells (MNCs) and suggesting
their usefulness for neuro-transplantation [16]. In ad-
dition, this type of cell, when cultured under lowered

to 5% oxygen atmosphere, switched back toward un-
differentiated, embryonic-like phenotype and expressed
a full panel of pluripotency-connected genes [17]. Later
on we have found that adult BM-MSC culture is com-
pletely resistant to such neurogenic type of
differentiation and did not express any pluripotency-
specific genes and proteins either in 21% or in lowered
to 5% oxygen culture. Herein we try to explain these
and other phenotypic differences betweenWJ- and BM-
derived MSC by their distinct developmental history
connected either with the NC neuro-ectoderm or the
post-gastrulation’s mesoderm origin. Phenotypic and
functional specificity of each type of MSC cultures ob-
served after identical derivation conditions may ensure
their specification toward defined but different ther-
apeutic challenges.

Materials and methods

All experiments carried out were approved by the
Ethics Committee of the Medical University ofWarsaw.
Informed consent was obtained from six females with
full-term pregnancy or patients prepared for bone
marrow (BM) aspiration.Three BM samples derived
from generally healthy orthopedic patients aged 25,
40, and 50 were processed in two separate BM-
MSC cultures for further experimental purpose.

Cells isolation and culture conditions

WJ-MSC
Samples of human umbilical cords were collected from
six deliveries and were processed for MSC isolation
using mechanical fragmentation techniques. Umbil-
ical cords (~15 cm long) were briefly immersed in
sterile phosphate-buffered saline (PBS; Gibco) supple-
mented with penicillin-streptomycin (1:100; Gibco)
and then immediately transferred to the laboratory.
The umbilical cords were cut with a sharp, sterile blade
into the 2- to 3-mm pieces. Using a biopsy punch
(Miltex, GmbH), small cylindrical fragments (2-mm
diameter) were removed from the mucous connec-
tive tissue (WJ matrix), avoiding blood vessels and
amniotic epithelium and transferred to culture dishes.
WJ fragments were incubated in human MSC growth
medium (MSCGM BulletKit, Lonza) at 37°C in a hu-
midified incubator under 21% O2 and 5% CO2

atmosphere. After 7–10 days of culture, the first colo-
nies of WJ-MSC were observed. Then the cells were
pursued until subconfluence, nonadherent cells were
removed and stromal cells after detachment (0.05%
Trypsin-ethylenediaminetetraacetic acid [EDTA],
Gibco) were transferred to 25-cm2 flasks at initial
density of 5 × 103/cm2 and cultured up to 70–80% con-
fluence before collection for subsequent passages.
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BM-MSC
Samples of BM-MSCs were obtained by needle punc-
ture aspiration of the iliac crest BM cavity in the
presence of heparin mixed with PBS. Samples were
transferred on Ficoll mixtures (1.077 g/mL; GE
Healthcare) and MNCs were isolated by gradient cen-
trifugation at 250g for 25 minutes. The pellet was
collected, washed with PBS and centrifuged again.
Then, the cells were suspended in MSC Lonza
medium and kept in a humidified incubator satu-
rated by 21% O2 and 5% carbon dioxide at 37°C. After
24–48 hours, the floating cells were removed careful-
ly and fresh medium was added.The culture medium
was partially replaced every 3 to 4 days.When primary
cultures become almost confluent, the culture were
treated with 0.05% Trypsin-EDTA and spread into
25-cm2 flasks in the density of 5 × 103/cm2 for sub-
sequent experiments. A purified population of MSCs
can be obtained after 3 weeks from initiation of culture.

To avoid influence of methodological differ-
ences, the further processing and characteristic of WJ
and BM-derived MSC cultures, they were performed
under identical and parallel experimental conditions.

Proliferation analysis

Population doubling time
To compare the proliferation rate of BM- and WJ-
MSC, the population doubling time (PDT) was
determined as described previously [17]. Briefly, when
cell density reached sub-confluence, cells were re-
seeded at an initial density of 2000 cells/cm2. PDT
was calculated based on the total cell number at each
passage using the formula (t − t0) × log 2/(log N—log
N0), where t − t0 is culture time (days), N is the number
of harvested cells and N0 is the initial number of cells.

Ki67 expression
In addition, the influence of the 5% oxygen atmo-
sphere on proliferation of both cultures was directly
compared here by Ki67 immunofluorescence stain-
ing. Cells were labelled with a monoclonal antibody
against Ki67, a human nuclear protein whose expres-
sion is strictly associated with cell cycle activity. Cells
were seeded in 24-well culture plates at 4 × 103 den-
sities and fixed with 4% paraformaldehyde (PFA;
Sigma-Aldrich) after 2–3 days. A minimum of 100 cells
was counted in 5 random fields to determine the per-
centage of Ki67-positive cells scored as the percentage
of all stained nuclei.

Colony-forming unit fibroblasts frequency
Furthermore, the cells at passage 3 were seeded in du-
plicate in 6-well tissue culture plates at a density of
50 cells/cm2 cell. Cell culture was maintained in 21%
of oxygen and 5% oxygen level, 37°C, 90% humidi-

ty. After 14 days, cells were washed with PBS, fixed
in 4% PFA for 15 min and stained with toluidine blue
(1%) for 30 min, then washed/rinsed with distilled
water.The colonies of minimum 5-mm diameter, which
have appeared exclusively in WJ-MSC, were then
counted and expressed as the percent of seeded cells.

Immunocytochemistry

For immunofluorescence staining, the cells were trans-
ferred to 24-well plates and cultured for 1–2 days.
Using 4% PFA, cells were fixed for 15 min and ex-
tensively washed with PBS. Non-specific reactions were
blocked by adding 10% Normal Goat Serum (Sigma-
Aldrich) in PBS or 5% Bovine Serum Albumin (Sigma-
Aldrich) in PBS and left to react for 1 h.To examine
the expression of neural and mesenchymal markers
the following primary antibodies (Table I) were added,
with primary antibody replaced by PBS in the neg-
ative control group. Brachyury expression (mesodermal
marker) was detected using Human Pluripotent Stem
Cell Functional Identification Kit (R&D Systems).
After overnight incubation, a secondary antibody (Alexa
Fluor 488/546, 1:750, Invitrogen) was added for 1 h
at room temperature. After washing in PBS, cell nuclei
were counterstained with Hoechst 33258 (1:150,
Sigma-Aldrich). Labelled cells were observed under
a confocal laser scanning (Zeiss LSM 510) micro-
scope and images were acquired. Regarding
morphometry, a minimum of 100 cells was counted

Table I. Primary antibodies used for immunocytochemistry.

Primary antibodies
Isotype,
dilutions Company

Monoclonal anti-CD73
(mouse)

IgG3
1:200

Santa Cruz

Monoclonal anti-CD90
(mouse)

IgG1
1:200

Santa Cruz

Monoclonal anti-Ki67
(mouse)

IgG1
1:400

Novocastra

Monoclonal anti-Nestin
(mouse)

IgG1
1:200

Millipore

Monoclonal anti-NF-200
(mouse)

IgG1
1:400

Sigma

Monoclonal anti-NuMa
(mouse)

IgM
1:50

Santa Cruz

Monoclonal anti-SSEA-4
(mouse)

IgG3
1:200

Millipore

Monoclonal anti-Vimentin
(mouse)

IgG1
1:100

Dako

Monoclonal anti-αSMA
(mouse)

IgG2a
1:200

Sigma

Polyclonal anti-GFAP
(rabbit)

IgG (H + L)
1:500

Dako

Monoclonal anti-βTubulin III
(mouse)

IgG2b
1:1000

Sigma

Monoclonal
anti-βTubulin III (TUJ-1) (mouse)

IgG2a
1:750

Covance
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in 5 random fields to determine the percentage of
Ki67-positive cells scored as the percentage of all
stained nuclei.

Cell surface markers detection

WJ-MSC and BM-MSC were characterized by flow
cytometry using anti-human fluorochrome-conjugated
antibodies against fluorescein isothiocyanate CD90,
peridinin chlorophyll protein complex (PerCP)-Cy.5
CD105, allophycocyanin antibody (APC) CD73 and
negative MSC cocktail (PE CD45, PE CD34, PE
CD11b, PE CD19, PE human leukocyte antigen
[HLA]-DR) (Human MSC Analysis Kit, Becton Dick-
inson).The third passage was digested with Accutase
Cell Detachment Solution (Becton Dickinson), washed
in PBS, a single-cell suspension in cold BD
Pharmingen Stain Buffer and 1 × 106 cells/mL were
made. Also, 100 μL of the cell suspension were added
to each Eppendorf tube. One tube was a negative
control and each of the following antibodies were added
according to the manufacturer’s protocol and incu-
bated for 30 min in the dark at room temperature.The
suspended MSCs were washed twice in Stain Buffer
and then analyzed with a FACSCalibur II fluorescence-
activated cell sorter (Becton Dickinson). For each
sample, 10000 events were acquired and analyzed with
FACSDiva software. Results were expressed as the per-
centage of positive cells by comparison with the isotype-
matched negative control antibodies on histogram plots.

MultilineageWJ-MSC and BM-MSC differentiation

Osteogenic lineage
BM-MSC andWJ-MSC were seeded in 24-well plates
at an initial density of 5 × 103 and culture in stan-
dard expansion medium for human MSCs (Lonza).
After 24–48 hours, when the cells reach more than
70% confluence, the medium was replaced with Os-
teogenic Differentiation Medium (Gibco) and cultures
were incubated for the next 21 days.The medium was
replaced 3 times a week. After that time the positive
reaction was tested with Alizarin Red S (Sigma-
Aldrich) staining. Briefly, cultured human MSC
(hMSCs) were fixed with 4% PFA for 30 min, washed
with deionized water and stained with 2% Alizarin Red
S solution for 2–3 min. Stained cells were exten-
sively washed and positive red staining indicated the
deposition of a calcified matrix on the differentiated
hMSCs.

Adipogenic lineage
At the third passage, BM-MSC and WJ-MSC were
divided into 24-well plates, seeded at an initial density
of 1 × 104 and cultured for 24–48 hours in standard
for MSC expansion medium (Lonza). The medium

was replaced with Adipogenic Differentiation Medium
(Gibco) where the cells grew for 14 days. As a neg-
ative control, cells were cultured in a proliferative
medium deprived of the differentiation factors.

Adipogenic differentiations effect was verified by
Oil Red O (Sigma-Aldrich) staining.The MSCs were
fixed with 4% PFA for 30 min and washed with de-
ionized water and 60% isopropanol for 5 min. After
that the cells were stained with Oil Red O solution
for 5 min and washed with tap water.

Chondrogenic lineage
Micromass culture system was used to induce the car-
tilage differentiation of both WJ-MSCs and BM-
MSCs. Cells at passage 3 were cultured with
Chondrogenic Differentiation Medium (Gibco) for 14
days. The production of sulfated glycosaminogly-
cans was tested using Alcian Blue staining. Fixed
cultures were washed with PBS and then stained at
room temperature with 1% Alcian Blue (Sigma-
Aldrich) solution in 0.1 N HCl. After 30 min
incubation, the solution was discarded and the samples
were rinsed three times with 0.1 N HCl and once with
deionized water to neutralize the acidity.

Reverse transcription-polymerase chain reaction analysis

In our studies messenger RNA (mRNA) level was cal-
culated from MSC samples derived from three
independent donors and performed in three repli-
cates each.

Total mRNA was isolated from 1 × 105 WJ-MSC
and BM-MSC using TRIzol Reagent (Invitrogen).
Before reverse transcription (RT), the samples of iso-
lated RNA were treated with 1 U/mL DNase (Ambion)
per 1 mg RNA according to the manufacturer’s pro-
tocol.The RNA purity was then evaluated by reading
absorbance in a NanoDrop ND-1000 spectropho-
tometer and the ratio from 260/280 and 260/230 was
determined. For non-contaminating samples, we
assumed a 260/230 ratio >1.8. Also, 1 μg RNA was
used for complementary DNA (cDNA) prepara-
tions using the High-Capacity RNA-to-cDNA Kit
(Applied Biosystems). RT-polymerase chain reaction
(PCR) was performed according to theTaq PCR Core
Kit (Qiagen) using the primers listed in Table II.

For quantitative RT-PCR, an ABI PRISM 7300
Sequence Detection System or 7500 Real Time PCR
System (Applied Biosystems) was used.The final re-
action contained template cDNA, SYBR Green PCR
Master Mix (Life Technologies) and gene-specific
primers (Table III). Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), tubulin alpha-1B chain
(TUBA1B) and β-actin were used as an internal
control. The cycle threshold values of reference and
other specific genes were acquired after PCR.The nor-
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malized fold expression was obtained using the 2-ΔΔCt

algorithm.The results were expressed as the normal-
ized fold expression for each gene.

Statistics

Statistical analysis of the raw data was conducted using
one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test.The values were
considered to be significant when P < 0.05. Data were
presented as mean ± SD.

Results

Phenotypic MSC characteristic of WJ- and BM-derived
cell cultures

The cellular composition of WJ- and BM-derived
MSCs in primary cultures was highly heterogeneous
at the time of their isolation (passage 0). However, the
majority of cells derived from umbilical cord punc-
tured mini-slices, due to their high migratory ability,
outgrowth as selected, fibroblast-like, spindle-shaped
cell population (Figure 1a). The WJ primary culture
reached a 90% confluence at 7–10 days, whereas those
isolated from the BM aspirate stay heterogeneous much
longer, achieve the confluence not earlier than at 15–
20 days and then are gradually selected as an adhesive,
fibroblast-like culture during subsequent passaging in
the appropriate media (Lonza).

To define whether and to what extend BM-MSC
share the stem cell properties withWJ-MSCs, we have
compared expression of their surface markers, like
CD73 and CD90, together with the cytoskeletal marker
vimentin expression in the initial cultures (Figure 1d–f).
Flow cytometer (FACS) and molecular PCR analy-
ses confirmed that both cell populations are positive
for expression of a panel of antigens typical for

MSCs: CD73 (Ecto-5-nucleotidase), CD90 (Thy-
1) and CD105 (Endoglin) (Figure 1j and k), but
negative for CD14, CD19, CD34, CD45, CD79a, or
HLA-DR (not shown here), which is in agreement with
the International Society for CellularTherapy (ISCT)
established minimal criteria for MSC culture char-
acteristics [18].

The very important feature of MSCs is their
ability to expand their colony to large-scale propor-
tions. Comparing the cellular morphology at the
early stages of culture, we have found that the
majority of cells, independent of their origin (BM or
WJ), revealed similar spindle-shaped, fibroblast-like
features. The main difference between them was the
frequency of the observed proliferation centers like
“colony-forming unit fibroblasts” (CFU-F), which
in the BM-MSC monolayer stood out only sporadi-
cally and looked like “clusters” of dispersed cells
with a comparably slow grow rate, low spreading
ability and visible aging of the flattened, less con-
tacted and slowly replicating cells. It was in contrast
to a monolayer of WJ- where CFU-Fs appeared in
the much higher frequency, contained the densely
packed, small, round cells laying one on the top of
another in the center and producing fast proliferat-
ing offspring on their rims (Figure 1b).

As shown on the right-side of the diagrams, fre-
quency of the typical CFU-F colony inWJ-MSCs was
stimulated in low oxygen cultures from 2% to 5% of
the whole cell population (Figure 1l). In BM culture,
similar dense centers of proliferation were hard to iden-
tify by the employed method (see Materials and
Methods). Proliferation rate monitored by the rela-
tive density of Ki67-positive cell nuclei in both types
of cell cultures increased significantly in lowered oxygen
but again was more abundant in the case of WJ-
MSCs than BM-MSCs (Figure 1c and l).

Table II. The primers used for RT-PCR.

Gene/protein
Product
size (bp) Primer sequence (5′→3′)

CD 73 241 Forward: CGCAACAATGGCACAATTAC
Reverse: CTCGACACTTGGTGCAAAGA

CD 90 236 Forward: CTAGTGGACCAGAGCCTTCG
Reverse:TGGAGTGCACACGTGTAGGT

CD 105 165 Forward: CACTAGCCAGGTCTCGAAGG
Reverse: CTGAGGACCAGAAGCACCTC

βTubulin III 160 Forward: CTCAGGGGCCTTTGGACATC
Reverse: CAGGCAGTCGCAGTTTTCAC

NF-200 829 Forward: GAGGAACACCAAGTGCGAGA
Reverse: CTTTGCTTCCTCCTTCGTTG

GFAP 266 Forward: GCAGAGATGATGGAGCTCAATGACC
Reverse: GTTTCATCCTGGAGCTTCTGCCTCA

β-actin 122 Forward:TTCTACAATGAGCTGCGTGTG
Reverse: GGGGTGTTGAAGGTCTCAAA
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The average PDT estimated for the BM-MSC
culture displayed significantly higher values. Calcu-
lated for 6 passages it was about 5 days in 5% O2

culture and 10 days in 21% O2 atmosphere.The same
parameters estimated forWJ-MSC culture were 2 and
6 days, respectively.

Both categories of MSC cultures derived either from
WJ or BM tissues revealed typical tri-lineage (carti-
lage, bone and adipose) differentiation capabilities
(Figure 1g–i) but each of them displayed somewhat dif-
ferent preferences to the particular lineages.WJ-MSCs
exhibited lower ability of adipogenic differentiation and
relatively higher commitment toward osteogenesis.The
potential toward chondrogenesis seemed to be on the
similarly mild level in both types of cultures.

Spontaneous commitment to differentiation toward
neural lineage of WJ-MSCs and lack of this tendency in
the BM-MSC cultures

In our previous experiments [16], we showed thatWJ-
MSCs are spontaneously induced to express typical
markers of neural differentiation in vitro: Nestin,
βTubulin III and glial fibrillary acidic protein (GFAP).
Herein we have extended monitoring of the sponta-
neous neural phenotype appearance also in BM-
MSC culture in comparison with WJ-MSC, starting
our observation from the very beginning stage of the
cells outgrowth from their first isolates (passages 0)
up to logarithmically growing third passages (Figure 2,
upper diagram).

Table III. The primers used for quantitative RT-PCR.

Gene/protein
Product
size (bp) Primer sequence (5′→3′)

VEGFA 136 Forward: GAGCCGCGAGAAGTGCTA
Reverse: GCCTCACCCGTCCATGAG

NGF 147 Forward: GCAAGCGGTCATCATCCCAT
Reverse:TGTTGTTAATGTTCACCTCTCCC

GDNF 112 Forward:TGGCAGTGCTTCCTAGAAGAG
Reverse: AAGACACAACCCCGGTTTTTG

BDNF 168 Forward: GATGCTCAGTAGTCAAGTGCC
Reverse: GCCGTTACCCACTCACTAATAC

HGF 151 Forward: GCCCTATTTCTCGTTGTGAAGGT
Reverse: CTGTATCTCAAACTAACCATCCATCCTATG

EGF 85 Forward: GCAGAGGGATACGCCCTAAGT
Reverse: CAAGAGTACAGCCATGATTCCAAA

NT4 100 Forward: GCGAGGTGGAGGTGTTGG
Reverse: CCTTCCTCAGCGTTATCAGC

NT3 141 Forward: GGTACGCGGAGCATAAGAGTC
Reverse: GAGAGTTGCCCGTTTTGATCT

p75NTR 109 Forward: CCTACGGCTACTACCAGGATG
Reverse: CACACGGTGTTCTGCTTGTC

GFRA1 137 Forward: GTACAGGTCGGCGTACATCAC
Reverse: AGCAGAAGAGCATTCCGTAGC

GFRA2 195 Forward: AGCGCCAAGAGCAACCATT
Reverse: CATGCGGTAGGTGTACTCGA

TRKA 96 Forward: GTCAGCCACGGTGATGAAATC
Reverse: CAGCACGTCACGTTCTTCCT

TRKB 131 Forward: CTGGTGCATTCCATTCACTG
Reverse: CGTGGTACTCCGTGTGATTG

TRKC 138 Forward:TGGCTGGACTATGTGGGCT
Reverse: CCCATTGCTGTTCCCTGAATC

IGF 68 Forward:TGCTTCCGGAGCTGTGATCTA
Reverse: GCTGACTTGGCAGGCTTGAG

CNTF 69 Forward:TGTGCGTGCTTGCATGTG
Reverse: ACCCTGAAGTGGAAGGACGTT

GAPDH 73 Forward: CCACATCGCTCAGACACCAT
Reverse:TGACCAGGCGCCCAATA

TUBA1B 101 Forward: GCCTCCTAATCCCTAGCCAC
Reverse:TCCAGGCAGTAGAGCTCCC

Nestin 168 Forward:TGGCTCAGAGGAAGAGTCTG
Reverse: CCCCCATTCACATGCTGTGA

β-actin 122 Forward:TTCTACAATGAGCTGCGTGTG
Reverse: GGGGTGTTGAAGGTCTCAAA
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Figure 1. Phenotypic characteristic of hMSC cultures derived from WJ (top panel A) and BM (bottom panel B). Phase contrast imaging
in both primary adherent cultures of cells with typical, fibroblast-like morphology (a). Classic CFU-F in WJ-MSCs and dispersed cell clus-
ters in BM-MSCs (b). Immunocytochemical detection of Ki67 (c), mesenchymal surface antigens CD73 (d) and CD90 (e) and cytoskeletal
component vimentin (f). Multilineage differentiation: representative photos of MSC differentiated into bone, adipose and cartilage lin-
eages after Alizarin Red S (g), Oil Red O (h) and Alcian Blue (i) staining, respectively. FACS analyses of positive surface mesenchymal
markers: CD73, CD90 and CD105 (j). Expression of representative RT-PCR for these antigens (k). Percentage of Ki67-positive cells at
the logarithmic phase of growing cultures showed an increased number of dividing cells in 5% oxygen conditions (l). CFU-F frequency
has been estimated only in WJ-MSCs and also increased in 5% O2 (l- lower diagram). The bars represent means of the raw data obtained
from three independent isolations estimated twice in parallel cultures ± SD.
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Figure 2. At the top there are diagrams illustrating the timing of the experiment and comparison of percentage of SSEA-4 and nestin (a)
and nestin, GFAP and NF200 (b) positive cells at different times in both classes of MSC cultures. The diagrams show the means from
three isolations estimated in two parallel growing cultures ± SD. Immunocytochemical visualization of time-dependent differentiation of
WJ-MSC (upper panel) and BM-MSC (bottom panel) cultures. Only WJ-MSCs at passage 0–1 express mesodermal marker Brachyury
(c) and embryonic marker SSEA-4 (g). Later on, the majority of WJ-MSCs transiently express neural progenitor marker nestin (d, e) and
α-SMA (h), which is in opposition to very low immunoreaction in BM-MSCs (l, m, p). Similarly, only WJ-MSCs express neuronal marker
NF-200 (j) and glial marker GFAP (i), which never were observed in BM-MSCs (q). Cell nuclei were counterstained with Hoechst 33258
(blue) or NuMa (red). Scale bars are 50 μm. Included are gel images of RT-PCR for neural differentiation gene marker expression in WJ-
MSCs (f) and BM-MSCs (n).
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These experiments comprise the regions of the mi-
grating fibroblast-like cells outgrowing directly from
WJ tissue explants and the primary culture of adher-
ent cells derived directly from BM aspirates.We have
found that in this initial phase a high percentage of
WJ-MSC can express positive immunoreaction to the
neuro-ectodermal specific markers Nestin (68.07%)
(Figure 2a) together with accidental immunoreaction
to mesoderm-specific antigen Brachyury (Figure 2c
and d). In addition, the cells outgrowing from the WJ
fragments immune-reacted with Stage Specific Em-
bryonic Antigen (SSEA-4) in 80.79% (Figure 2a and
g).The few SSEA-4–positive cells were also found, al-
though with significantly lowered frequency (18.45%)
in the first passages of BM-MSC cultures (Figure 2o).
Interestingly, SSEA-4, an antigen believed to be one
of the most typical stemness markers of undifferen-
tiated pluripotent cells was also proposed as a surface
marker for prospective isolation of the purified, self-
renewing subpopulation of MSC itself [19].

In later passages, theWJ-derived cells gradually lose
abundant Nestin expression but instead acquired re-
activity with βTubulin III antibody (Figure 2e and h),
the early neuronal marker commonly used for lineage
identification. Interestingly, at this intermediary stage
of the WJ-MSC culture, a lot of cells reacted, includ-
ing βTubulin III and α-Smooth Muscle Actin (α-
SMA) antibody (Figure 2h). This antigen, initially
thought to be specific to vascular smooth muscle cells,
was verified too as a marker for NC-derived cells in
mouse [20] and human [21] neural-crest stem cells
(NCSC) lines in vitro and in the migratory pericyte
progenitors in the brain infarct penumbra [22,23]. Sim-
ilarly to SSEA-4, the α-SMA was expressed only
incidentally in the earliest phases of BM-MSC culture
but at a significantly lower level than in WJ-MSCs
(Figure 2p). A low level of Nestin-positive cells was
found also on the most early stage of BM-MSC culture
(7.84%) but was never followed by appearance of the
other (NF-200 and GFAP) neuronal or glial/Schwann
cell markers (except of βTubulin III, which is dis-
cussed later) (Figure 2k–q). The WJ-derived culture,
opposite BM-MSC, at higher passages expressed, in
addition to βTubulin III, also the other, more matured
neuronal antigens, a heavy neurofilament NF-200
(17.55%) together with extended GFAP
immunostaining (51.83%) (Figure 2e and i).

All of these results are consistent with each other
and with the related gene transcripts expression
(Figure 2f and n). This includes the gel images
representing RT- PCR data for NF-200 and GFAP
(Figure 2f and n) obtained from early and late
passages of WJ but never of BM cell cultures. The
only exception was the strong immunoreactivity
toward βTubulin III observed in all passages of
BM-MSC cultures (Figure 2k and p). This positive

reaction was noticed independently of the different
screened βTubulin III antibodies (TUJ-1, Covance;
βTubulin III, Sigma) derived from recommended
commercial sources or even in the Lonza-supplied
MSC culture itself (MSCGM BulletKit; Lonza).
This unexpected finding was positively verified on a
transcriptional level by RT-PCR gene expression
where βTubulin III (Figure 2n) was the only neural
lineage-connected marker genes strongly expressed
in BM-MSC at the level similar to that in WJ-MSC
cultures.

Different gene expression of neurotrophins and nestin in
neonatal (WJ) versus adult (BM) MSC cultures

The unique paracrine and adjuvant effects of MSCs
in repair processes of various damaged tissues are linked
either with the ability of these cells to differentiate
and replace the function of damaged cells or more
probably with the secretion of the numerous
immunomodulatory and trophic factors supporting cell
survival, growth, migration and many other lineage-
specific functions.To address the nature of this “rescue
from a distance” phenomena as well as the observed
differences between WJ and BM-derived MSC be-
havior in vitro, we have estimated the intrinsic
expression of mRNA in the panel of selected
neurotrophins (NTs), growth and angiogenic factors
(GFs) as well as their receptors playing a crucial role
in neural tissue regeneration.

The results have shown that WJ-MSC revealed
higher mRNA expression of: vascular endothelial
growth factor A (VEGFA), glial cell-derived neuro-
trophic factor (GDNF), hepatocyte growth factor
(HGF) and brain-derived neurotrophic factor (BDNF)
(Figure 3A), NT3, NT4 and unspecific p75
neurotrophin receptor (p75NTR) receptor (Figure 3B)
compared with BM-MSC.The other factors, insulin-
like growth factor (IGF), epidermal growth factor
(EGF) and ciliary neurotrophic factor (CNTF), did
not differ substantially, generally being expressed on
an evidently lowered level than the previous group of
growth factors in BM-MSCs andWJ-MSCs. Decreas-
ing trends in the expression of TRK (A, B, C), NGF
and GFRA1 transcripts were observed in WJ-MSCs
compared with BM- and MSC samples. No signifi-
cant differences were observed in GFRA2 receptor
expression (Figure 3B). However, the lack of signif-
icance on the mRNA level encoding these receptors
was probably caused by the overall low abundance of
respective transcription, which prevented reliable quan-
titative mRNA determination.

As mentioned above, our analyses of the
regeneration-associated grow factors and their recep-
tors were limited here to differences in mRNA
expression. Certainly in further work the resulting
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changes in secretion of the related proteins and mecha-
nisms of their protective functions must be addressed
and evaluated separately.

In Figure 3C we have shown quantitative com-
parison of the nestin expression level in WJ-MSC
versus BM-MSC cultures. The expression of this
neuroectoderm-specific gene was found definitely much
higher in the immature WJ-MSCs in accordance with
the uneven protein levels determined using immuno-
cytochemistry (Figure 2a and b).

Discussion

The results obtained in the present study support a
growing body of evidence that MSCs derived fromWJ
or BM tissues represent a distinguished set of pro-
genitors. In line with current data, the cultures may
contain a varied proportion of cells originating from
disparate ontogeneic sources. The characteristic fea-
tures presented here by the WJ-MSCs seem to be
typical for the whole cohort of immature “preMSC”
[2].They consist of neuro-ectodermal cells that, instead
of that of mesoderm-originating adult MSCs, derive
from NC (NCSC), an early embryonic structure–
generating dominant component of fetal MSCs.This
feature may be representative for a whole class of other
primitive somatic progenitor populations existing in
different perinatal tissues like umbilical cord blood,
amnion, placenta, etc.

The early stem/progenitor cells isolated from cord
blood are still one of the best explored categories of
cells widely used in the hematologic clinic. This has
been possible because of early implementation of the
highly specific cytometry techniques for prospective
selection of homogeneous hematopoietic cell popu-
lations [24]. In contrast, MSCs/progenitor cells do not
possess any similarly highly specific surface markers
or their combinations as well as any other attributes

with comparable usefulness for cell selection in vitro.
The only recently proposed MSC markers are the
stage-specific embryonic antigen SSEA-4 [19], platelet-
derived growth factor receptors (PDGFR) β [25] or
the ganglioside GD2 [26], however, their properties
have till now not fully been confirmed. Interestingly,
we observed a significant difference in the expres-
sion of SSEA-4 antigen similar to nestin in the primary
passages between our two types of culture (Figure 2a,
g, and o). Our hypothesis on the existence of at least
two main categories of fetal/perinatal and adult tissue-
specific MSCs in humans is based on differential
expression of the panel of specific antigens and growth
factor genes or eventually on distinguished cell growth
characteristics with different reaction to atmospher-
ic oxygen changes. We and others [17,27–29] have
previously found that reducing the oxygen content in
the initial atmospheric concentration to values more
in-line with the neural stem cell niches [30] can ac-
celerate growth and longevity of MSCs or neural stem
cells in culture. However, only WJ-MSC populations
could sense a reduction of the oxygen by increasing
hypoxia inducible factor (HIF) 1α and 2α transcrip-
tion with concomitant “rejuvenation” of the cell
phenotypes and induction of stemness-related gene
transcripts (Oct4, Sox2, Nanog, Rex1) [17].This re-
sponse was blocked by Trichostatin A (TSA) in
concentrations activating histone acetylation and coun-
teracting HIF induction, with concomitant release of
the cell differentiation blockade. On the other hand,
BM-MSC cultures have never reacted in a similar
manner to lowered culture oxygenation.

It seems that low-oxygen tension in the ranges spe-
cific for stem cell niches in vivo, which vary from <1%–
10% O2, only in case ofWJ-preMSC culture, stabilize
or even promote undifferentiated cell phenotypes with
reversion of already acquired stage of cell differenti-
ation. Interestingly, we can not exclude that also in
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vivo, for example, under local ischemia, the differen-
tiation of this remnant cells component, derived
primary from preMSC lineage, would be suppressed
by local hypo-oxygenation, which facilitates their pro-
liferation, dedifferentiation and migration toward site
of injury [22,31].

The WJ-MSCs may demonstrate a strong neuro-
regenerative paracrine potential, presumably due to
the high level of diffusible growth and neurotrophic
factors being released by transplanted cells in the prox-
imity of compromised tissues [32]. It is not a new
observation, however, our data again confirms tran-
scriptional activity of these regeneration-associated
neurotrophic factors being expressed significantly higher
in WJ-MSC than in BM-MSC cultures. The en-
hanced transcription was noticed for factors like
BDNF, GDNF, HGF,VEGF, NT3 and NT4, all being
confirmed as a source of the strong pro-survival signals
for nervous tissue [31–35]. Convincing is also our
finding that from various neurotrophic receptors, ex-
clusively p75NTR, previously reported as highly specific
for NC stem cells [36], was significantly elevated in
WJ-derived MSC culture. Actual observation con-
firms thatWJ-MSC cultures in comparison with BM-
MSC secrete preferentially a panel of factors being
correlated with neuroprotection, neurogenesis and an-
giogenesis [32] This notion might be supported also
by other data showing exceptionally high production
of diffusible neurotrophic factors in vivo achieved after
transplantation of WJ-MSCs into vitreous for rescue
of eye photoreceptors in a rodent model of retina
disease [37].This unique pattern and high paracrine
neurotrophic potential ofWJ-derived MSCs was found
to be similar to the recently explored purified popu-
lations of the umbilical cord blood neural/progenitor
cells [38].These results once again support a common
developmental origin and regenerative properties of
different cell populations isolated from perinatal tissues.
However, incomparable easiness in isolation and ex-
pansion ofWJ stem cell derivatives should be stressed.

It is worth it to note that, similar to the other pub-
lished data, our results concerning BM-MSC have
shown rather high variability.This could be linked either
with different age of the donors as well as with addi-
tional uncontrolled events that may occur at time of
processing of a particular sample. To minimize these
types of variabilities we have duplicated each donor-
derived culture and, as in the case of quantitative RT-
PCR, also repeated twice each performed sampling
procedure. As a result, most of the related neuro-
trophic factor transcriptional activities, despite
substantial variations, were confirmed to be signifi-
cantly higher for WJ-MSC samples than for BM-
MSC cultures.

In addition to the observed differences in the pos-
sible neurotrophic support between the two examined

(WJ and BM) MSC categories, their uneven poten-
tial to neural differentiation may contribute to higher
restorative function of cells derived from immature
sources [12,39–43].The result presented in Figure 2
supports well the notion about the primary neuro-
ectodermal or pluripotent character of umbilical cord
MSC derivatives. The exceptionally high SSEA-4,
α-SMA or Nestin expression in WJ-MSCs correlates
well with a later appearance of the stage-related neural
markers, NF-200 and GFAP.

As we already mentioned in the results, and not
consistent with the above conclusion is the high ex-
pression of βTubulin III (Figure 2k and n) observed,
unlike the other neural markers, not only in WJ-
MSC cultures but also in all examined BM-MSC
passages. Recent publications have discussed the un-
expected hyper-reactivity of this neurofilament protein
in various types of adult MSC cultures [44–46].The
weak correlation of βTubulin III expression with other
neural differentiation–specific antigens may call into
question the nature and function of this protein in adult
stem cell biology. Meaningfully, unspecific βTubulin
III expression was never observed for the duration of
our previous work with human umbilical cord blood
neural stem/progenitors as well as in recently inves-
tigatedWJ-MSC cultures [16,17].The discussed above
unique pro-neural activities of immature type MSCs
have been additionally proven by the expression (not
shown here) of other neural marker genes like Pax6
and Sox10 and NG2, never found in the case of BM-
MSC probes. In addition, in previous work, we have
demonstrated a panel of functional and epigenetic data
confirming genuine neural properties being achieved
by the similar type of immature preMSCs derived from
umbilical cord blood [11,16,47–49].

In summary, our data strongly suggests that WJ-
derived cells, like the whole group of other preMSCs,
should be recommended for cell therapy of neuro-
logical diseases. This is due to their distinguished
spontaneous commitment toward neurogenic differ-
entiation as well as the restorative impact of the whole
spectrum of highly expressed neurotrophic and
regeneration-associated genes. Therefore, WJ-MSCs
should be more than BM-MSCs considered to the
treatment of degenerative brain [31,35], retinal [37]
or neuro-immunological type of central nervous system
diseases [3,50,51]. Finally, as we have shown in our
recent data [52], the human WJ-MSC can be easily
induced to endothelial differentiation, confirmed in vivo
in the rodent brain ischemic model [51]. The trans-
plantation of exceptionally low immunogenic WJ-
MSCs would be much safer than adult BM-MSCs for
allotransplant application [53].The above properties
might be shared with the whole class of perinatal
tissue–originating preMSCs, due to their unique de-
velopmental history leading to enrichment of the

Neuro-therapeutic potential ofWJ-MSC vs BMSC 507



immature, embryonic-like component, displaying strong
potency to default neural differentiation.The contri-
bution of this unique cell population to any particular
MSC culture can be primary quantified by the level
of neuro-ectodermal markers of expression, like SSEA-
4, α-SMA or nestin.This type of assay could be easily
included in the standard isolation procedures of cells
with the enhanced neuro-therapeutic characteristic.
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