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ABSTRACT

Mesenchymal stem cells (MSCs) of placental origin have become increasingly translational owing to
their abundance and accessibility. MSCs of different origin share several features but also present bi-
ological differences that might point to distinct clinical properties. Hence, mixing fetal and maternal
cells from the same placenta can lead to contradicting results. We analyzed the biological character-
istics of haploidentical MSCs isolated from fetal sources, including the umbilical cord (UC-MSCs) and
chorion (Ch-MSCs), compared with maternal decidua MSCs (Dc-MSCs). All MSCs were analyzed for
general stem cell properties. In addition, immunosuppressive capacity was assessed by the inhibition
of T-cell proliferation, andangiogenic potentialwasevaluated inaMatrigel transplantationassay. The
comparison between haploidentical MSCs displayed several distinct features, including (a) marked
differences in the expression of CD56, (b) a higher proliferative capacity for Dc-MSCs and UC-MSCs
than for Ch-MSCs, (c) a diversity of mesodermal differentiation potential in favor of fetal MSCs,
(d) a higher capacity for Ch-MSCs to inhibit T-cell proliferation, and (e) superior angiogenic potential
of Ch-MSCs evidenced by a higher capability to form tubular vessel-like structures and an enhanced
release of hepatocyte growth factor and vascular endothelial growth factor under hypoxic conditions.
Our results suggest that assessing the prevalence of fetomaternal contamination within placental
MSCs is necessary to increase robustness and limit side effects in their clinical use. Finally, our work
presents evidencepositioning fetoplacental cells andnotablyCh-MSCs in the forefrontof thequest for
cell types that are superior for applications in regenerative medicine. STEM CELLS TRANSLATIONAL

MEDICINE 2015;4:1109–1121

SIGNIFICANCE

This study analyzed the biological characteristics of mesenchymal stem cells (MSCs) isolated from
fetal andmaternal placental origins. The findings can be summarized as follows: (a) important differ-
enceswere found in the expression of CD56, (b) a differentmesodermal differentiation potential was
found in favor of fetal MSCs, (c) a higher immunosuppressive capacity for chorion MSCs was noted,
and (d) superior angiogenic potential of Ch-MSCs was observed. These results suggest that assessing
the prevalence of fetomaternal contaminationwithin placentalMSCs is necessary to increase robust-
ness and limit side effects in their clinical use. The evidence should allow clinicians to view fetopla-
cental cells, notably Ch-MSCs, favorably as candidates for use in regenerative medicine.

INTRODUCTION

Mesenchymal stemcells (MSCs) are locatedwithin
the stroma of the bone marrow and other organs,
including the placenta. Efforts to track the identity
of tissue-resident MSCs have suggested they are
related to a perivascular niche, especially evident
in highly vascularized tissues such as the placenta
[1, 2]. Although the bonemarrow (BM) represents
themain source ofMSCs, access to this requires an

invasive procedure. Also, the frequency of progen-
itors, capacity of proliferation, and differentiation
potential of such cells decrease greatly with donor
age [3, 4]. Therefore, other stromal cells frompost-
natal tissues have gained interest for their poten-
tial application in cellular therapy and tissue
engineering [5]. The placenta plays an essential
role for the support of fetal development and,
hence, offers an important reservoir for progeni-
tor and stem cells [6]. From a practical viewpoint,
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placental tissues presentwith several advantages for clinical usage
compared with other MSC sources. These include their uncompli-
cated harvest protocol, avoiding any procedure on the donors,
a young cellular age of the donors, and, finally, the absence of eth-
ical concerns [7, 8].

Placental MSCs (P-MSCs) have been obtained from multiple
areas, includingbothmaternal and fetal origins andumbilical cord
blood (UCB) [9, 10], amniotic fluids [11, 12], the amniotic mem-
brane [13], Wharton’s jelly [14], the chorionic membrane [15,
16], chorionic villi [17, 18], and the decidua [19, 20]. The most
commonplacental source forMSCsused in clinical trials is theum-
bilical cord, more precisely, the UCB [5]. Clinical reports have
shown thatUCB-MSC transplantation inpatientswith decompen-
sated liver cirrhosis is safe and improves the patient’s quality of
life [21]. However, it has also been shown that MSCs are present
in the UCB at rather low frequencies, a limitation for their use in
largescale applications [22]. In contrast, other fractions of the
placenta, such as the chorion and decidua, have shown a higher
abundance ofMSCs, possibly withmajor therapeutic potential [4,
23].Moreover, several preclinical models have evidenced the po-
tential of fetoplacental or maternal MSCs in neuronal regenera-
tion [24, 25], differentiation to glucagon-secreting cells [26],
and angiogenic [27, 28] and cardiomyogenic differentiation
[29]. Furthermore, several clinical reports have presented evi-
dence regarding the clinical safety and efficacy of fetoplacental
or maternal MSCs in conditions such as Crohn’s disease [30], id-
iopathic pulmonary fibrosis [31], and critical limb ischemia [27,
32]. Amniotic membrane-derived cells have also been used in dif-
ferent experimental models, such as spinal cord injury [33]; how-
ever, they have a limitation considering their low abundance and
low proliferation rate after a certain number of passages [15].

The stemcell nicheof origin represents an important factor to
be considered when evaluating the biological differences be-
tween stem cell sources. Typical MSC properties such as their im-
munomodulatory, differentiation, and paracrine activities can be
highly influenced by microenvironmental changes [34–36]. How-
ever, a detailed comparison addressing the properties of MSCs
from different placental niches and origins is still missing. This
comparison could contribute to the orientation of cell-based tri-
als by matching the most potent source and its properties with
a specific clinical indication. However, despite efforts directed
at assessing the performance of stem cells derived from different
sources, discrepancies persist. One possible reason for the con-
flicting results in the current data is donor-associated variability.
Donor variation in relation to MSC growth, differentiation, and
clinical benefit has been a bottleneck in the standardization of
therapeutic protocols. Some of these differences can be reduced
by working with demographically matched cohorts [37]. How-
ever, one study concluded that, irrespective of age, gender,
and source of isolation, the cells from all donors showed similar
osteogenic potential [38]. Also, in a previously published study,
we showed that demographically matched donors presented
with different MSC performance that did not cluster according
to age range [39].

Although the ideal situation would be to study haploidenti-
cal MSCs, this has been difficult to achieve in many cases owing
to the difficulty in obtaining a matched pair of samples from the
same human donor. However, placental tissue offers the rare
opportunity for comparing the biological characteristics of hap-
loidentical MSCs isolated from the same fetal and maternal pla-
cental tissue.

A systematic review of the data in this area revealed that only
18%of publishedworks had investigated the fetal ormaternal or-
igin of the cells used in their experiments [40]. Maternal cell con-
tamination was still present in 30% of the studies using chorion
MSCs (Ch-MSCs). Thus, future studies should focus on the com-
parative biology of fetal vs. maternal MSCs to conclusively deter-
mine their relative functional features. Therefore, we aimed to
compare the biological characteristics of haploidenticalMSCs iso-
lated from the fetal and maternal parts of placental tissues. Be-
cause of the close physical proximity of the chorion with the
maternal decidua, it is necessary to define sensitive methods
and isolation standards that limitor excludebidirectional contam-
ination [6]. This complication is not relevant for the isolation of
UC-MSCs owing to the absence of such intimate physical contact.

Considering these factors, we performed a comparative
analysis of MSCs of fetal origin, including umbilical cord MSCs
(UC-MSCs) and Ch-MSCs, and cells from maternal origin, such as
decidua MSCs (Dc-MSCs). All cells were analyzed and compared
in terms of proliferation, ability to form fibroblast colony-forming
units, mesodermal differentiation, surface marker expression, im-
munosuppression capacity, and, finally, their angiogenic potential,
both in vitro and in vivo, using aMatrigel plug assay (BDBiosciences,
San Jose, CA, http://www.bdbiosciences.com). Additionally, the
cells were isolated from amniotic membranes; however, because
of their poor proliferation rates [15], the ex vivo expansion did
not yield sufficient cell numbers to be included in the present study
(data not shown).

Using haploidentical P-MSCs, our experimental design facili-
tated a robust comparison among the different sources. How-
ever, the maternal and fetal cells were from two different
genetic backgrounds and cellular ages. This denotes a limitation
of the present study compared with other studies performed us-
ing different cells from a single donor [41].

MATERIALS AND METHODS

Isolation and In Vitro Expansion of Human Cells

Cell Isolation and Culture

TheP-MSCswere isolated fromfull-termhumanplacentasofmale
newborns collected from cesarean deliveries after informed con-
sent from the maternal donors, and ethical revision and approval
from theethics committeesof both theCĺınicaDávilaHospital and
the “Servicio de Salud Metropolitano Oriente” in Chile. Different
parts of the placenta, such as the umbilical cord, chorion villi, and
decidua, were separated and dissected into small fragments. De-
cidual tissues were obtained from the basal plate, and chorionic
tissues were dissected from the chorionic plates (details are de-
scribed in the supplemental onlinedata). UC-MSCswereobtained
by explant method and Ch- and Dc-MSCs by enzymatic digestion.
BM-MSCs were isolated from three donors by Ficoll density gra-
dient centrifugation and cultured in the same conditions as for
P-MSCs. Human umbilical vein endothelial cells (HUVECs) were
cultured in endothelial growth medium (EGM-2; Lonza, Walkers-
ville, MD, http://www.lonza.com). All protocols can be found in
the supplemental online data.

Characterization of MSCs

P-MSCs and BM-MSCs were characterized by their plastic adher-
ence, fibroblast-likemorphology, andproliferationpotentialusing
the WST-1 assay. Their immunophenotypic profile was analyzed
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by flow cytometry. They were also characterized by fibroblast
colony-forming unit frequency (CFU-F) and the capacity to differ-
entiate into adipocytes, chondrocytes, andosteoblasts. All experi-
ments were performedwhen the cells were in passage (P) 4–6. All
detailed protocols can be found in the supplemental online data.

Determination of Fetal Cell Proportion in Culture

To evaluate the purity and contamination between the fetal and
maternal fractions in P-MSCs frommale newborns, absolute quan-
tification of the chromosome Y marker (DYS14) sequence located
within the testis-specific protein Y (TSPY) gene located on the hu-
man Y chromosome was performed. DNA extraction was per-
formed using the QIAamp DNA mini kit (Qiagen, Valencia, CA,
http://www.qiagen.com) and expression of DYS14 marker by
real-time quantitative reverse transcription-polymerase chain re-
action using the 23 Brilliant III Master Mix (Agilent Technologies,
Palo Alto, CA, http://www.agilent.com), the probe 59-6FAM/
TGAGAAATC-ZEN-CCCTACCC-39 andprimer sets (59-GCCTCAGAAT-
CATACACCCTCT-39; 59-GAAAGCGACGAGCAACAGGGA-39).

T-Cell Proliferation Assays

To evaluate the capacity of P-MSCs and BM-MSCs to suppress the
proliferation of T cell in vitro, human peripheral blood mononu-
clear cells (PBMCs) ofhealthydonorswere isolated (n=4)by Ficoll
density-gradient centrifugation at 400g for 30 minutes. PBMCs
were stained with carboxyfluorescein succinimidyl ester (CFSE;
Life Technologies, Carlsbad, CA, http://www.lifetechnologies.
com), according to the manufacturer’s protocol, and cocultured
withMSCs in 96-well plates at a 10:1 ratio in Roswell ParkMemo-
rial Institutemediumsupplementedwith10% fetal bovine serum,
1% L-glutamine, 1% nonessential amino acids (minimal essential
medium), 100 mM sodium pyruvate, 25 mM b-mercaptoethanol
(Gibco, Grand Island, NY, http://www.lifetechnologies.com), and
15mg/mlphytohemagglutinin (PHA). After 72hours, PBMCswere
harvested and stained with anti-human CD45 and anti-CD3 anti-
bodies in cytometer buffer for 20 minutes at 4°C in the dark. The
cells were analyzed on a FACS Canto II Flow cytometer (BD Biosci-
ences), and proliferation was calculated by the decrease in CFSE
fluorescence.

In Vitro Tube Formation Assay

The capacity ofMSCs to form tube-like structures in vitro was eval-
uated by plating the cells in EGM in 24-well plates (63 104 cells per
well), coated with 250 ml of Standard Matrigel matrix (catalog no.
354234; BD Biosciences), according to the manufacturer’s instruc-
tions. To determine the angiogenic potential of MSC-conditioned
media (CM), the cells were seeded in 6-well plates and incubated
under hypoxic or normoxic conditions for 48 hours. Subsequently,
HUVECs were plated with the MSC-CM, EGM (positive control), or
Dulbecco’s modified Eagle’s medium (DMEM; negative control) on
24-well plates (3 3 104 per well), coated with 250 ml per well
of Matrigel matrix growth factor reduced (GFR) (catalog no.
354235;BDBiosciences). Inbothassays, theevaluation timeof tube
structure formation was 5 hours after initiation of the culture, and
thetubestructurewasexaminedwithaphase-contrastmicroscope.
Quantification of angiogenesis potential was evaluated in five
images per condition using WimTube software (Wimasis GmbH,
Munich, Germany, http://www.wimasis.com).

Measurements of Angiogenic Factors

To compare the secretion levels of angiogenic factors among the
different MSC sources, 5 3 104 cells were plated in serum-free
medium in 6-well plates. After 48 hours of incubation, the condi-
tionedmediumwas collected, and the secreted levels of vascular
endothelial growth factor (VEGF), basic fibroblast growth factor
(FGF), and hepatocyte growth factor (HGF) were measured using
the DuoSet ELISA Development System (R&D Systems, Minneap-
olis, MN, http://www.rndsystems.com).

Matrigel Plug Assay

To compare the angiogenic potential of placenta-derived stem
cells and BM-MSCs, the Matrigel plug assay was performed
in 8-week-old NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice
(Jackson Laboratories, Bar Harbor, ME, http://www.jax.org).
The Universidad de los Andes institutional ethical committee
for animal experimentation reviewed and approved all animal
procedures. The mice were randomly divided into six groups:
DMEM, HUVEC, UC-MSCs, Ch-MSCs, Dc-MSCs, and BM-MSCs.
DMEM (with 50 ng/ml VEGF) or 33 106 cells (DMEM, 50 ng/ml
VEGF) were mixed with GFR Matrigel (BD Biosciences) and
implanted subcutaneously into both flanks. After 14 days, the
Matrigel plugs were harvested, and the hemoglobin content
was determined using Drabkin’s reagent, as described previously
[42]. The number of blood vessels was counted using ImageJ soft-
ware (NIH, Bethesda, MD, http://www.imagej.nih.gov/ij).

Statistical Analysis

All experiments were performed in biological and experimental
triplicate, and the data are expressed as the mean 6 SEM. The
parameters were compared using one-way analysis of variance
followed by Bonferroni’s post-test. Student’s unpaired t test
was used to compare differences between 2 groups. A probability
value (p) of , .05 was considered statistically significant.

RESULTS

Fetal andMaternal P-MSCs ShowedSimilarMorphology
and Migration Capacity but Different Clonogenic and
Proliferation Potential In Vitro

UC-MSCs, Ch-MSCs, and Dc-MSCs were obtained from four differ-
ent placentas. All cell types presented similar fibroblast-like mor-
phology and plastic adherence in culture (supplemental online
Fig. 1), as previously reported [23, 43]. MSCs were characterized
both phenotypically and functionally, and the purity with regard
to maternal or fetal contamination was quantified using the
DYS14 marker sequence. BM-MSCs of a male donor were used to
establish the calibration curve. The high proportion of cells from fe-
tal origin in UC-MSCs and Ch-MSCs was corroborated by their high
levels ofDYS14 (97.2%62.1%and91.7%66,2%, respectively). Dc-
MSCs exhibited a low percentage of fetal cells, withDYS14 levels of
only 2%6 1% (Fig. 1D). Scratch wound assays were performed to
compare themigration ability of P-MSCs in vitro. The images taken
at 24 hours showed completewound closure, with similar numbers
of migrating cells counted in all P-MSC and BM-MSC experiments
(supplemental online Fig. 3). To evaluate the CFU-F potential of
P-MSCs and BM-MSCs, the cells were serially diluted. At a dilution
starting from100cells andgreater,Dc-MSCs showedahigherCFU-F
compared with UC- and Ch-MSCs. However, all P-MSCs showed
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a significantly greater CFU-F compared with BM-MSCs starting at
150cells of dilution (Fig. 1B). Also, theprogenitor frequencywas cal-
culated for each sample as the value of 1/(CFU-F) from the limiting
dilution analysis. The highest progenitor frequency calculated was
obtained for Dc-MSCs and ranged from 1/1,082 with a 95% confi-
dence interval of 1/902–1/1,298 (supplemental online Fig. 2A,
2B). UC- and Ch-MSCs had an approximately similar CFU-F of
1/1,516 and 1/1,532. However, the only significant difference was
obtained among all the different P-MSCs and BM-MSCs, scoring
a frequency of 1/2,470 (supplemental online Fig. 2C). Finally, the
proliferation assay showed a significant threefold increase of
P-MSCs compared with the BM-MSCs (Fig. 1C; p , .0001 at days
6and9).Moreover,atday6,Dc-MSCsandUC-MSCsshowedathree-
fold greater proliferation compared with Ch-MSCs (p, .0001).

Fetal and Maternal P-MSCs Expressed Common MSC
Markers but Exhibited Differences in Expression of CD56
and Mesodermal Differentiation Potential

As shown in Figure 2A, P-MSCs expressed high levels of all the
common MSC markers (CD73, CD105, CD90, CD49a, and human

leukocyte antigen [HLA]-ABC) and were negative for CD45,
CD34, CD14, epithelial cell adhesion molecule, CD31, and
HLA-DR. Additionally, other markers were evaluated, such as
CD56 and CD146. Among all of these, CD56was the sole surface
marker thatwas differentially expressed between the fetal and
maternal MSCs. UC- and Ch-MSCs displayed higher percen-
tages of CD56+ cells (68.02%6 19% and 52.4%6 13%, respec-
tively), and a significantly lower percentage of CD56+ cells
were detected in Dc-MSCs and BM-MSCs (40.56% 6 15% and
21.2%6 0.9%, respectively; Fig. 2B). Moreover, CD146 was found
to be differentially expressed between UC-MSCs and Ch-MSCs
(p, .05; Fig. 2C).

P-MSC differentiation to mesodermal tissues was induced
using defined culture conditions. Our results showed that all MSC
sources were able to differentiate into adipogenic, osteogenic,
and chondrogenic lineages, with variable efficiencies (Fig. 3).
The quantification of fatty acid binding protein 4 (FABP4) mRNA
expression levels, andOil RedO staining revealed that BM-MSCs
exhibited significantly higher adipogenic differentiation poten-
tial (threefold more than P-MSCs; p , .001). Dc-MSCs had the
lowest expression and staining levels. The UC- and Ch-MSCs

Figure 1. Fetal andmaternal P-MSCs showeddifferent clonogenic proliferation potentials. Representative images of the CFU stainedwith crystal
violet after 20 days in culture (34) (A) andquantified from6 different dilutions (B). p, p, .05; pp, p, .01; ppp, p, .001 for Dc-MSCs vs. Ch-MSCs,
UC-MSCs, and BM-MSCs, respectively. ++, p , .05; +++, p , .001. (C): Cell proliferation was quantified for 9 days using WST-1 assay, and the
obtained absorbance at 450 nm is presented at the different time points. ppp, p, .001, Dc-MSCs and UC-MSCs vs. Ch-MSCs and BM-MSCs at
6 days and Dc-MSCs vs. BM-MSCs at 9 days; +++, p, .001, Ch-MSCs vs. BM-MSCs at 6 and 9 days; #, p, .05, Dc-MSCs vs. Ch-MSCs at 9 days.
(D): The absolute quantification ofDYS14 by real-time reverse transcription quantitative polymerase chain reaction (specific marker of Y chromo-
some) was used to identify fetal andmaternal P-MSC fractions and the level of purity of eachMSC source. ppp, p, .001. All data are presented as
themean6 SEM(n=3)of aminimumof4donors. Abbreviations: BM,bonemarrow;CFU, colony-formingunit frequency;Ch, chorion;Dc, decidua;
DYS14, TSPY1 (testis-specific protein Y-linked 1); MSCs, mesenchymal stem cells; P-MSCs, placental MSCs; UC, umbilical cord.
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Figure 2. Fetal andmaternal P-MSCs expressed all the commonMSCmarkers but presented differences in the expression of CD56 and CD146. (A):
MSCswere stainedwith labeledmonoclonal antibodies against knownMSC surfacemarkers (blue) and their respective isotypes (red); the cells were
analyzedby flow cytometry. AllMSCswere positive for CD73, CD90, CD105, CD49a, andHLA-ABC andnegative for CD14, CD34, CD31, CD45, andHLA-
DR. (B):Majorphonotypical differenceswereobservedwithCD56,withUC- andCh-MSCs showingahighpercentageof expressioncomparedwith the
intermediate and low expression for Dc-MSCs and BM-MSCs, respectively (p, p, .05; pp, p, .01). (C): The expression of CD146 was significantly
different only between theUC- and Ch-MSCs (p,p, .05). All data are presented as themean6 SEM (n = 3) of aminimumof 4 donors. Abbreviations:
BM, bone marrow; Ch, chorion; Dc, decidua; EPCAM, epithelial cell adhesion molecule; MSCs, mesenchymal stem cells; UC, umbilical cord.
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had threefold higher adipogenic differentiation than that of Dc-
MSCs (p, .0001; Fig. 3A, 3B).With respect to the chondrogenic
potential, UC-MSCs presented with the highest relative expres-
sion of aggrecan (ACAN) among all tested cells with threefold
higher relative expression compared with Dc-MSCs and twofold
higher compared with Ch- and BM-MSCs (p, .01; Fig. 3C). The
osteogenic capacity was evaluated bymeasuring the expression

of three genes: RUNX2, OC, and ALPL. According to the relative
expression of runt-related transcription factor 2 (RUNX2) and
osteocalcin (OC), UC-MSCs showed a threefold higher expres-
sion than Ch- and Dc-MSCs (p , .001; Fig. 3D, 3E). In contrast,
the relative expression of alkaline phosphatase (ALPL) showed
a significant difference only in Ch-MSCs compared with the
other MSCs (p , .001; Fig. 3F).

Figure 3. Fetal and maternal P-MSCs displayed different mesodermal differentiation potential. Fetal MSCs showed significantly higher tridif-
ferentiation potential compared with that of maternal MSCs. (A): Representative images of MSC differentiation after specific inductions and
staining: adipocytes (Oil Red O), osteocytes (alizarin red), and chondrocytes (safranin O). Scale bars = 200 mm. (B–F): The relative expression
levels of several genes involved in mesoderm differentiation were measured by real-time quantitative reverse transcription-polymerase chain
reaction: FABP4 (adipogenesis; ppp, p, .001 (B); ACAN (chondrogenesis; ppp, p, .001; pp, p, .05); and RUNX2 (D), OC (E), and ALPL (osteo-
genesis) (F) (pp, p, .01; ppp, p, .001). All data are presented asmean6 SEM (n = 3) of aminimumof 4 donors. Abbreviations:ACAN, aggrecan;
ALPL, alkaline phosphatase; FABP4, fatty acid binding protein 4; GADPH, glyceraldehyde-3-phosphate dehydrogenase; MSCs, mesenchymal
stem cells; OC, osteocalcin; P-MSCs, placental MSCs; RUNX2, runt-related transcription factor 2.
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Fetal MSCs Presented Higher Immunosuppressive
Properties Evaluated by Inhibition of T-Cell Proliferation
In Vitro

The immunomodulatory properties of P-MSCs were assessed by
evaluating their effect on the proliferative response of PBMCs to
PHA in vitro. T-cell proliferation was calculated as the percentage
of loss of CFSE staining (Fig. 4A). The analysis showed separate
results obtained fromfourdifferentdonorsof full-termplacentas.
All four UC- andCh-MSCs exhibited important suppressionof T-cell
proliferation in vitro. The percentage of inhibition was 22.26%6
12.52% and 34.26%6 13.37% for UC- and Ch-MSCs with respect
toPHA-inducedproliferation in the absenceofMSCs. These effects
were comparable to those observed with BM-MSCs. In contrast,
Dc-MSCs failed to display suppressive properties, with no differ-
ence seen compared with the baseline proliferative response to
PHA. Moreover, a significant difference was obtained when com-
paring each of the UC- or Ch-MSCs with their matching Dc-MSCs
from the same donor (Fig. 4B).

Ch-MSCs and Their ConditionedMedia Showed aHigher
Potential to Form Tube-Like Structures in Matrigel
Through Enhanced Release of HGF and VEGF Under
Hypoxic Conditions

The capacity of maternal and fetal MSCs to participate directly in
the formation of tubular structures, in contrast to those (indirect)
effects mediated by the secretion of angiogenic factors within
the placental tissue, has not been properly assessed. The ability
of P-MSCs to form tubular networks in semisolid medium was first
tested in an in vitro angiogenesis assay. P-MSCs andBM-MSCswere
resuspended in EGM and seeded on a Matrigel culture system. As
shown in Figure 5A, imageanalysis of the tube formation, evaluated
after 5 hours of seeding, demonstrated a more extensive network
of capillary-like structures in Ch-MSC conditions compared with
UC-, Dc-, and BM-MSC conditions. Quantitative analysis of the
total tube length (Fig. 5B), total loops (Fig. 5C), and total branch-
ing points (Fig. 5D) in the Matrigel assay showed that Ch-MSCs
exert a significant angiogenic effect compared with UC-MSCs
(threefold; p, .001). In addition, Ch-MSCs showed a significant
increase in total tube length (p, .01) and total loops (p, .001)
compared with BM-MSCs.

In a similar assay, we separately tested the angiogenic factors
present in CM harvested from P-MSCs and BM-MSCs. In order to
mimic an ischemic condition in vitro, the effect of CM collected
under hypoxic conditions was also evaluated on the tube-like
formation of HUVECs. The tubular structure formation analyzed
at 5 hours showed significantly higher angiogenic capacity for
the Ch-MSC CM than for the CM of P-MSCs or BM-MSCs in nor-
moxia (Fig. 6A) andalso higher loopnumbers (43.366.6) than in
Dc-MSC CM (27.76 9.1; Fig. 6D). A longer tube length (27,1126
2,530.3 pixels [px]) developed with Ch-MSC CM than that in Dc-
MSC CM (16,157 6 3,821 [px]; Fig. 6C). Also, the total branching
points were increased (130.26 22) with Ch-MSC CM compared
with that in CM fromDc-MSCs (516 15.4; Fig. 6D). This capacity
was markedly enhanced when CM harvested under hypoxic con-
ditions was tested, showing higher loop numbers (53.1%6 9.3%)
for Ch-MSC CM compared with those in Dc-MSC CM (28.3% 6
7.9%) or BM-MSC CM (33%6 8.4%).

To further understand theseangiogenic properties ofMSC-CM,
wequantified thesecreted levelsofHGF,VEGF,andFGF (Fig.6F–6H)
in each case. Under hypoxic conditions, a major increase in VEGF

secretion was noted in the different cell types (Fig. 6G). Although
all tested cells increased secreted factors under hypoxia, Ch-MSC
CM showed significant increments of VEGF in CM (twofold in hyp-
oxic conditions vs. normoxic conditions). These levels were higher
compared with maternal or BM-MSCs (one- and twofold increase,
respectively; Fig. 6G). In contrast, Ch-MSC CM showed significant
increases inHGF levels under lowoxygen conditions comparedwith
UC-MSCs, DC-MSCs, and BM-MSCs (threefold; Fig. 6F). FGF secre-
tion remained unchanged under low and high oxygen conditions,
andnodifferencewasnotedamongthedifferentcell types (Fig.6H).

Angiogenic Potential of Ch-MSCs In Vivo Outmatched All
Other Placental and BM Sources

To comparatively evaluate the angiogenic potential of P-MSCs and
BM-MSCs, a Matrigel plug assay was implanted in NSG mice. After
14 days, the plugs were collected and photographs taken. As shown
in Figure 7A, all plugs generated vessels around and inside the
implants. However, image analysis reflected a significant difference
in the number of vessels converging toward the implants for the
Ch-MSCgroupcomparedwith thecontrol (p, .05;Fig.7B).Addition-
ally, the implants were extracted and analyzed for their hemoglobin
content (Fig. 7C). Similar to the results observed in vitro, the plugs
containingCh-MSCsshowedthehighesthemoglobin (Hb)concentra-
tion (139.46 43.7mg/ml) compared UC-MSCs (86.26 30.4mg/ml;
p , .05), Dc-MSCs (83.5 6 29.5 mg/ml; p , .05), and BM-MSCs
(14.5 6 11.1 mg/ml), indicating a higher level of vascularization.
All plugs containing cells showed higher Hb content, with the excep-
tionof theBM-MSCs.Altogether;ourdatademonstrate thatCh-MSCs
havemoreangiogenicpotential thantheotherP-MSCsandBM-MSCs.

DISCUSSION

Human placental tissues have been postulated as a promising
source for cell therapy because of their abundance and accessibility.
However, comparative studies have shown that different cell sour-
ces can display different characteristics, such as colony frequency,
proliferative capability, anddifferentiation potential [44–47]. There-
fore, extrapolation of properties from a well-characterized source
and niche to otherMSCs types has been considered out of context.

In the present report, an absolute quantification of theDYS14
marker, studying tissues only from male newborns, was used to
determine the maternal and/or fetal contamination or over-
growth of cultures. Additionally,Wulf et al. [48] reported amixed
population of fetal and maternal MSCs up to P2, followed by an
overgrowth ofmaternal cells after P3. To avoid this source of var-
iability, all contamination testing was performed at P5 and later.
This quantificationmethod showed a 2%61%proportion of fetal
cellswithin thedecidua-derivedMSCsandmore than94%63.5%
in chorion. Parolini et al. proposed that maternal contamination
in chorionic cells must not exceed 1% [6]; however, no threshold
has yet been determined in published studies for the contamina-
tion of decidual cells. This low level of contamination varies
largely with themethod of isolation. It alsomight result fromma-
ternal blood contamination during the isolation process and the
bidirectional cellular exchange between the mother and fetus
[49–51]. It has only been assumed that the fetal origin has a bio-
logical and, therefore, a translational advantage over the adult
maternal cells. These assumptions remain to be proved in head-
to-head comparative studies. However, in the absence of evidence
comparing diverse P-MSCs, Dc-MSCs have been preferred in
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certain allogenic applications (clinicaltrials.gov identifiers
NCT00919958 and NCT01679990; http://www.clinicaltrials.gov).
In the case of personal cryobanking for future autologous ap-
plication, it is still confusingwhether itwould bepreferable to preserve
the maternal or fetal cells. Consistent with the supposition that cells
from different sources can have different attributes, mixing fetal and
maternal cells from the same tissues can lead to confusing results.

In the present report, the comparison between haploidentical
MSCs obtained from the umbilical cord, chorion, and decidua dis-
played several distinct features. First, although all cells shared a
similar immunophenotypic profile, important differences in the
percentageof aCD56+populationwereobserved. Second,ahigher
proliferationcapacitywasobtainedforDc-MSCsandUC-MSCs than
for Ch-MSCs. Third, the P-MSC populations displayed different
mesodermal differentiation potential in vitro. Fourth, fetal MSCs
showed a higher capacity to inhibit T-cell proliferation compared

withmaternal cells. Finally, Ch-MSCs exhibited superior angiogenic
potential.

It has been shown that CD56+ MSCs exhibit increased clono-
genic and differentiation potentials comparedwith cells from the
same sample that do not express CD56 [52]. We have shown for
first time that Ch-MSCs andDc-MSCs have a significantly different
proportion of a CD56+ subpopulation compared with UC-MSCs.
Previous reportshavedemonstrated theexpressionofCD56+sub-
population in amniotic membrane and chorionMSCs [53]. CD146
has been involved in the osteogenic differentiation capacity of
MSCs, in which high expression levels of CD146 defines a popula-
tion enriched in osteogenic potential [54].Our results have shown
that the osteogenic potential of BM-MSCs did not surpass that of
P-MSCs, and CD146 expression was similar between BM-MSCs
and P-MSCs. However, we found that UC-MSCs presented with
a higher CD146 expression profile that correlated with higher

Figure 4. Fetal MSCs presented with higher immunosuppressive capacity to inhibit T-cell proliferation in vitro. (A): Allogenic PHA-activated
PBMCs labeledwithCFSEwere cocultured in thepresenceor absenceofMSCs. Representative flowcytometry panels of stained T cellswithCFSE
and coculturewithMSCs at a 1:10 ratio (MSCs/T cells) are shown. T-cell proliferationwas evaluatedby the reduction inCFSE intensity at 72hours
after culture. (B): The proliferation percentage of CD45+CD3+ cells demonstrated a higher immunosuppressive capacity for UC- and Ch-MSCs
than for Dc-MSCs and the control condition (withoutMSCs) (p, p, .05; ppp, p, .001 for UC-MSCs and Ch-MSCs comparedwith Dc-MSCs in the
same donor; +++, p, .001). All data are presented asmean6 SEM (n = 3) of aminimum of 4 donors. Abbreviations: APC, allophycocyanin; BM,
bone marrow; CFSE, carboxyfluorescein diacetate succinimidyl ester; Ch, chorion; Dc, decidua; MSCs, mesenchymal stem cells; NS, not signif-
icant; P-MSCs, placental MSCs; PBMCs, peripheral blood mononuclear cells; PHA, phytohemagglutinin; UC, umbilical cord.
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relative expression of somegenes involved in osteogenic differen-
tiation compared with the other placental cells. The osteogenic
and adipogenic potential evaluated in our work are in agreement
with previous reports demonstrating that BM-MSCs have higher
capacity for adipogenic lineageand lessosteogenic differentiation
potential than UC-MSCs [55]. Another study also showed a lower
adipogenic differentiation capacity of P-MSCs obtained froma tis-
sue mixture containing cells isolated from amnion, chorion, and
decidua basalis [56]. Chang et al. [55] showed that leptin, which
is synthesized and secreted by the placenta, blocked the accumu-
lationof lipid in adipocytes andhadpositive effects onosteoblasts
differentiationandbonemineralization [57]. In summary,wehave
shown that the different fetal MSCs populations showed a higher
adipogenic, osteogenic, and chondrogenic potential than did the
maternal MSCs.

Several investigations have described the immunosuppres-
sive properties of BM- and P-MSCs, an important feature in the
context of inflammatory-mediated disorders [58–62]. Further-
more, the placenta is involved in maintaining fetal tolerance
and contains cells that display immunomodulatory properties
[6]. However, it is still unclear whether both fetal and maternal
MSCs share similar levels of immunosuppressive capacities com-
pared with each other. The study of the immunomodulatory
properties of the different P-MSCs has pointed to the important
suppression of T-cell proliferation in vitro exhibited by UC- and
Ch- MSCs. The percentage of inhibition was 22.26% 6 12.52%
and 34.26%6 13.37% for UC- and Ch-MSCs, respectively. These
percentages were comparable to those observed with BM-MSCs.
In contrast, Dc-MSCs isolated from four different donors failed to
display any immunosuppressive properties. Other studies have
addressed the immunomodulatory difference of fetoplacental
MSCs compared with BM-MSCs or adipose MSCs. Although one

group demonstrated the superiority of P-MSCs over the other
MSC sources, including BM [63], another study showed that BM-
MSCs have higher immunomodulatory capacity than Ch-MSCs
[64]. In both cases, amix of cells frombothmaternal and fetal origins
wasused insteadof a single pureMSCorigin. Thepresent study is the
first time in which such an important difference has been exposed
betweenhaploidenticalMSCs fromfetal andmaternalorigins. Incon-
trast with our results, other reports [65, 66] have shown thatmater-
nal MSCs constitutively express indoleamine 2,3-dioxygenase
(IDO), display low immunogenicity, and exhibit immunosup-
pressive effects. Another report [67] also showed that MSCs
from placenta decidua basalis can inhibit the secretion of interferon-
g by PBMCs. Similar to other comparative studies, some studies did
not properly address the composition and purity of their sources.
The in vitro inhibition of T-cell proliferation is also dose depen-
dent on the MSC/PBMC ratio and time and conditions of cocul-
ture. Furthermore, no relative comparison of the inhibition
levels was present in relation to other sources ofMSCs. Finally,
donor variability can also account for the discrepancies in
the results. However, a recent published study showed that
Ch-MSCs expressed significantly more CD200 (negative regulator
of immune cells) than did Dc-MSCs. Hence, they proposed that
fetalMSCs exhibitmore immunosuppressive qualities by showing
an increase in the tolerance of transplanted skin in an allograft
animal model implanted with Ch-MSCs. Also, they showed a re-
version of the regulatory capacity when the cells were pretreated
with anti-CD200 [68]. In conformity with these lines of evidence,
the direct comparison of Dc-MSCs with its haploidentical UC- or
Ch-MSCs resulted in a significant difference in favor of the fetal
cells in all four tested donors included in our report.

Furthermore, we have demonstrated that Ch-MSCs have
more capacity than Dc-MSCs and UC-MSCs to contribute to

Figure 5. Ch-MSCs showahigher potential to form tube-like structures inMatrigel coating cultures.MSCs (63104 cells perwell)were cultured
in aMatrigel supplementedwith angiogenic factors, and tube-like formationwas assessed at 5hours after culture. (A):Representative images of
MSCs cultured over theMatrigel and analyzed usingWimTube software. Scale bars = 200mm. The quantitative analysis compared the different
cell sources with the following parameters: total branching points (B), total loops (C), and total tube length (D). pp, p , .01; ppp, p , .001;
##, p , .01; ###, p , .001. All data are presented as mean 6 SEM (n = 3) of a minimum of 4 donors. Abbreviations: BM, bone marrow; Ch,
chorion; Dc, decidua; HUVEC, human umbilical vein endothelial cell; MSCs, mesenchymal stem cells; px, pixels; UC, umbilical cord.
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angiogenesis inboth adirect andan indirectmanner. Thiswas evi-
denced by the higher potential to form tube-like structures and
secrete HGF and VEGF. In the early stage of placental develop-
ment, MSCs can also differentiate into perivascular cells, which
are considered predecessors of capillary endothelial cells. How-
ever, placentalmicrovascular endothelial cells exhibit remarkable
changes in their angiogenic status throughout pregnancy, passing
from a high angiogenic activity status—associated with rapid

placental expansion during early pregnancy—to an angiostatic
condition associatedwith placental growth arrest when the preg-
nancy approaches term [69]. All the MSCs used in the present
study were isolated from full-term placentas; thus, the negative
regulation of angiogenesis in the maternal surface parallels the
special requirements to end the pregnancy. This might explain
the difference in the angiogenic potential observed in Dc-MSCs
compared with Ch-MSCs.

Figure 6. Ch-MSC CM showed superior potential to induce tube-like structures through enhanced release of HGF and VEGF under hypoxic con-
ditions. (A): The negative and positive controls are represented by DMEM (basal media) and EGM, respectively. (B): The CM was obtained after
incubation ofMSCs under normoxic or hypoxic conditions for 48 hours. Subsequently, HUVECs (33 104 perwell) were incubatedwith the CMand
cultured in a growth factor-reducedMatrigel. The formationof tubular structureswas analyzed at 5 hours.Quantitative analysis was performedof
the angiogenic potential usingWimTube software considering the following parameters: total tube length (C), total loops (D), and total branching
points (E).pp,p, .01;ppp,p, .001 forCMCh-MSCs comparedwithCMofotherMSC sourcesunderhypoxic andnormoxic conditions. ++,p, .01;
###,p, .001; ##,p, .01; #p, .05. ELISA assaywasused todetermineHGF (ppp,p, .001) (F), VEGF (p,p, .05;pp,p, .01;ppp,p, .001), and FGF
(H) protein levels. All data are presented asmean6 SEM (n = 3) of aminimum of 4 donors. Abbreviations: Ch, chorion; CM, conditionedmedia;
DMEM, Dulbecco’smodified Eagle’smedium; EGM, endothelial growthmedium; FGF, fibroblast growth factor; HGF, hepatocyte growth factor;
HUVEC, human umbilical vein endothelial cells; MSCs, mesenchymal stem cells; px, pixels; VEGF, vascular endothelial growth factor.
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Moreover, although recent studies have demonstrated that
fetalandmaternalMSCshavedifferentHGFexpression [68], acom-
parison of the angiogenic potency of UC-MSCs, Ch-MSCs, and Dc-
MSCs is still missing. Another study showed that a CD349-negative
fractionofCh-MSCshasasignificanteffectonnewvessel formation
in ischemic tissue after vascular occlusion in mice [70].

CONCLUSION

The present report has described several significant differences
between MSCs derived from different placental compartments.
We found that UC-MSCs and Ch-MSCs have a greater capacity
to suppress activated T-cell proliferation in vitro than do MSCs
from a maternal source. Additionally, Ch-MSCs present with
a more robust angiogenic potential both in vitro and in vivo com-
pared with other sources and, therefore, present an advantage
for angiogenic therapies. The evidencewehave presented should

encourage efforts directed toward separating fetal and maternal
cellswhen isolating haploidentical P-MSCs. The assessment of the
prevalence of maternal contamination in the case of a specific
clinical application seems necessary. Finally, our work presents
evidence that underscores some of the advantages of using feto-
placental cells in regenerative medicine, tissue engineering, and
gene therapy.
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