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ABSTRACT

Human placenta is rich in mesenchymal stem/stromal cells (MSC), with their origin widely pre-
sumed fetal. Cultured placental MSCs are confounded by a high frequency of maternal cell contam-
ination. Our recent systematic review concluded that only a small minority of placental MSC
publications report fetal/maternal origin, and failed to discern a specific methodology for isolation
of fetal MSC from term villi. We determined isolation conditions to yield fetal and separately
maternal MSC during ex vivo expansion from human term placenta. MSCs were isolated via a
range of methods in combination; selection from various chorionic regions, different commercial
media, mononuclear cell digest and/or explant culture. Fetal and maternal cell identities were
quantitated in gender-discordant pregnancies by XY chromosome fluorescence in situ hybridiza-
tion. We first demonstrated reproducible maternal cell contamination in MSC cultures from all cho-
rionic anatomical locations tested. Cultures in standard media rapidly became composed entirely
of maternal cells despite isolation from fetal villi. To isolate pure fetal cells, we validated a novel
isolation procedure comprising focal dissection from the cotyledonary core, collagenase/dispase
digestion and explant culture in endothelial growth media that selected, and provided a prolifera-
tive environment, for fetal MSC. Comparison of MSC populations within the same placenta con-
firmed fetal to be smaller, more osteogenic and proliferative than maternal MSC. We conclude
that in standard media, fetal chorionic villi-derived MSC (CV-MSC) do not grow readily, whereas
maternal MSC proliferate to result in maternal overgrowth during culture. Instead, fetal CV-MSCs
require isolation under specific conditions, which has implications for clinical trials using placental
MSC. STEM CELLS TRANSLATIONAL MEDICINE 2017;6:1070-1084

SIGNIFICANCE STATEMENT

This is the first study to detail the requirements to isolate reproducibly fetal mesenchymal
stem/stromal cells (MSC) from human term placental chorionic villi (CV). We confirmed the high
frequency of maternal cell contamination as a genuine problem in placental MSC cultures and
quantified how maternal MSC overgrowth increases rapidly with time in culture. The placental
dissection method, culture media and explant culture method are critical determinants for suc-
cessful fetal CV-MSC propagation and elimination of maternal MSC contamination. Culture
medium to specifically promote rapid proliferation of pure fetal CV-MSC cultures was defined
and is critical step for future large-scale clinical production of fetal CV-MSC for regenerative
medicine applications.

importance [8-10]. The placenta is essentially a
fetally derived organ, and thus many published
studies assume that ex vivo cultured placenta-
derived MSC (pMSC) are fetal and so fail to con-
firm the origin of the cells obtained (reviewed in
[11]). However, the delivered term placenta also
contains small amounts of invaginating decidual
tissue of maternal origin. Recently it has emerged

INTRODUCTION

Mesenchymal stem/stromal cells (MSC) have
broad potential as clinical therapies, due to their
tissue regeneration, immunosuppressive, anti-
inflammatory, and ex vivo proliferation capacities
[1-3]. Fetal tissue-derived MSCs are particularly
advantageous, with enhanced proliferation and
differentiation potential compared to adult MSC

[4-7]. However, due to ethical and technical chal-
lenges using fetal cells from abortal material, MSC
derived from term placenta are gaining clinical

that pMSC cultures derived from the human cho-
rion are not uniformly fetal, but often comprise
maternal or mixed fetal and maternal populations

© 2017 The Authors
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[8]. Notwithstanding this, the International Placental Stem Cell
Society (IPLASS) consensus report explicitly excludes maternal
MSC derived from placenta [8]. It is thus of biological and clinical
importance to know the origin of pMSC and understand why vari-
ous isolation methods produce maternal or fetal pMSC.

A recent systematic review from our group examined the ori-
gin of MSC isolated from chorionic villi [11]. Inclusion criteria were
human chorionic MSC that satisfied the International Society for
Cellular Therapy (ISCT) definition for MSC [12]. Of 147 published
studies on pMSC, only 15 examined the origin of the MSC, with
eight reporting MSC of maternal origin [13—19]. This phenomenon
of maternal cell contamination (MCC) confounds isolation of MSC
from placenta, and their mixed origin confuses the stem cell com-
munity. Fetal and maternal pMSC have been compared to MSC
isolated from amniotic membrane (fetal) and decidua (maternal).
But these anatomical locations have markedly different niches
and functions in vivo, whereas none compare fetal and maternal
MSC both isolated from the same niche, that is, the chorionic villi.
Comparison of their cell properties can only be resolved by study-
ing both fetal and maternal cells isolated from the same source
(chorionic villi). The mechanism by which maternal cell contamina-
tion overgrows ex vivo cultured term chorionic villi-derived pMSC
has yet to be delineated.

As our literature review failed to identify any common dissec-
tion, cell isolation or culture method that preferentially leads to
fetal over maternal MSC [11], we set out experimentally to define
the critical parameters necessary to isolate fetal MSC from the
chorionic villi niche of the human term placenta. We compared
fetal:maternal cell ratios obtained with both previously published
and novel isolation methods using XY chromosome fluorescence
in situ hybridization (XY FISH) up to six passages into the ex vivo
culture period. We then used this information to develop a robust
method for isolating fetal chorionic villi (fCV)-MSC without mater-
nal decidual (D)-MSC contamination from the human term pla-
centa. This method has the potential to be scaled up for clinical
production of fetal CV-MSC for clinical trials.

MATERIALS AND METHODS

Sample Collection

The Human Research Ethics Committee of the Royal Brisbane and
Women's Hospital and the University of Queensland approved
research and collection of human placenta. Patients gave written
informed consent for the use of tissue for research purposes in
compliance with national guidelines. Third trimester placentas
were obtained from healthy mothers during routine caesarean
births after uncomplicated pregnancies. Only pregnancies with a
male fetus were used.

Standard Fetoplacental MSC Culture

Third trimester placental MSCs were isolated as described previ-
ously [13, 20]. A video of the dissection and isolation process, as
well as a detailed written protocol, is provided in the following ref-
erence [20]. A flow diagram of the procedures outlined below and
summary of results obtained for each condition is provided in Sup-
porting Information Figure 1. Placentas were used as soon as prac-
tically possible after delivery, commonly within 1-3 hours. Briefly,
the umbilical cord and external membranes (amniotic sac) were
positioned to expose the fetal surface of the placenta. Amniotic
membrane was mechanically peeled from around the cord

www.StemCellsTM.com

exposing the chorionic plate. The upper 0.5 cm of proximal tissue
(the chorionic plate) was dissected off the chorionic villous tissue.
Approximately 1 cm® pieces of the chorionic villi remaining under
the plate were collected (~10 g total tissue, to the 10-15 ml mark
of two 50 ml tubes), being careful to avoid ~0.5 cm depth of the
distal maternal/decidual surface underneath. Pieces with obvious
residual decidual surface were discarded (a lighter red color indi-
cates the maternal surface, see [20]). Tissue portions were washed
with 2-3 changes of PBS in the 50 ml tubes, and finely minced in
a petri dish, then returned to a 50 ml tube and incubated with
digest media. Digest media was comprised of 100 U/ml Collage-
nase type | (Invitrogen/ThermosFisher, https://www.thermofisher.
com/au/en/home.html), 5 pg/ml, DNase | (Sigma-Aldrich, http://
www.sigmaaldrich.com/australia.html), and 2.4 U/ml dispase
(Invitrogen) in serum free DMEM-HG (4.5 g/ glucose, Invitrogen)
for 1.5-2 hours, at 37°C with gentle rocking. Freshly prepared
digest media was incubated in at least a 1:1 ratio with tissue (e.g.,
tissue filled up to the 10-ml mark of a 50-ml tube plus a further
10 ml digest medium).

Standard MSC medium was added to inactivate/wash out the
enzymes and samples were pulse centrifuged (i.e., the centrifuge
was allowed to reach 340 g, spun for 5 seconds and then the cen-
trifuge was stopped). Centrifugation forced the large debris to col-
lect together at the bottom of the tube, but left the cells
suspended in the supernatant. The supernatant was collected,
and 20 ml of fresh MSC media was added to the tissue debris to
recover more cells, and the tubes were shaken vigorously for 10
seconds by hand. The samples were briefly pulse centrifuged and
this step repeated a third time. All supernatants were pooled, cen-
trifuged for 5 minutes at 340 g, and carefully decanted, leaving
some solution over the fragile cell pellet. Cell pellets were resus-
pended in 35 ml of MSC media and filtered through 100 pm
mesh. The entire filtered cell suspension (35 ml) was transferred
to one T175 flask and cultured at 37°C in a humidified atmosphere
with 5% CO,. Flasks were washed with PBS and media changed 48
hours after isolation.

Modifications Evaluated

To isolate fetal cells from term placenta, we tested three different
methods. Unless otherwise stated, identical digestion was used
for all methods and culture media consisted of DMEM-HG (high
glucose, 4.5 g/l) supplemented with nonheat inactivated MSC
batch tested FCS, antibiotic/antimycotic solution and nystatin
(AAN, all from Invitrogen) as above. This media was used in both
isolation culture and maintenance and is referred to as standard
MSC medium (DMEM+10). Alternatively, alpha MEM was used as
the base medium in some experiments, with additives as per
standard MSC medium (AMEM+10). EGM2 medium (Lonza,
http://www.lonza.com) supplemented with 10% nonheat inacti-
vated MSC batch-tested FCS (referred to as EGM2 + 10) was used
for comparison to standard MSC medium [21, 22].

Anatomical Dissection Approach

MSC were isolated as described but with modifications to select
placental tissue based on anatomical regions of the villous tissue,
specifically the chorionic plate (CP), chorionic villi (CV), or decidua
(D) [20].

Chorionic Plate-Derived (CP)-MSC. Upon removal of the amni-
otic membrane from the fetal surface of the placenta, the chori-
onic plate from the region closest to the umbilical cord was
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dissected, (~1 cm wide by 0.5 cm deep into the villi). Tissue pieces
were washed in HBSS x2, finely minced with scissors and meas-
ured to fill up to the 10-ml mark of a 50-ml tube (~10 g). An equal
volume of digest media was added (~10 ml), and the tube placed
in a gently rocking incubator at 37°C for 1.5-2 hours with vigorous
shaking for 10 seconds every 30 minutes by hand. Digested cells
were filtered and plated in tissue culture flasks as per the standard
method above.

Chorionic Villi-Derived (CV)-MSC. Approximately 3 cm? X
0.5 cm deep into placental tissue was dissected from CV from the
region closest to the cord, and >1 cm away from the maternal
side of the placenta (decidua). Ten grams of tissue was washed,
minced, digested, filtered, and plated on 1x T175 tissue culture
flask as per the standard method above.

Decidua-Derived (D)-MSC. The remaining CV tissue of approxi-
mately 0.5 cm thickness was dissected from the maternal side of
the placenta (decidua). Ten grams was washed, minced, digested,
filtered, and plated on 1x T175 tissue culture flask as per the
standard method above.

Explant Methods

The placenta was placed with the maternal surface facing upward
(see Supporting Information Fig. 2). Care was taken to choose and
isolate a single, large, round cotyledon. The decidua/basal plate
was cut off the entire outer surface of the cotyledon (~0.5-1 cm
deep) and discarded [23-26]. The degree of internal extension of
decidua from the basal plate is approximate as visual distinction
by gross anatomy is imprecise, although a slight difference in
fibrous texture and/or a white or lighter red color can be
observed.

A 1 cm? piece of CV tissue was removed from the cotyledo-
nary center, similar to that described by Fukuchi et al., Igura et al.,
and Abumaree et al. [23-26]. The central tissue was transferred to
a clean dish with clean tools and washed with HBSS until the
blood was removed. After finely mincing tissue, either 40 mg or
3x more (120 mg) was transferred to a 1.5 ml tube with 1 ml of
enzymatic digest solution (incubation for 45-60 minutes at 37°C
with gentle rocking). The sample was centrifuged at 400 g for 5
minutes, the supernatant discarded and the pellet transferred to
culture vessel by pipetting. Samples were not filtered, but small
pieces of tissues were cultured along with mononuclear cells.
Alternatively, for some experiments minced tissue was transferred
to dishes without enzymatic digestion, this is indicated in the text.

Small-Scale Explant Method. The digested tissue pieces were
evenly spread in 1 well of a 6-well plate (40 mg for the first experi-
ment and 120 mg in subsequent experiments) were allowed to
dry onto the dish by leaving it uncovered in the tissue culture
hood for 20-30 minutes. Two-milliliter media (EGM2 + 10,
Amniomax-Il or DMEM+10) was added to relevant wells and
incubated under standard tissue culture conditions. Media was
refreshed 48 hours and 7 days after isolation. After 14 days, the
large pieces of tissue were removed by gently dislodging with a
pipette tip and the media replaced. At approximately 20 days post
isolation, the outgrowing mononuclear cells and remaining tissue
clumps were passaged and expanded. The media was changed in
all cultures approximately every 7 days if not passaged.

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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Large-Scale Explant Method. Approximately 1 g or the whole
1 cm® portion from the center of a cotyledon was used for large-
scale culture (outlined in Supporting Information Fig. 2). Samples
were incubated in digest media for 1 hour in 5 ml of digestion
solution in a 15-ml tube with gentle rocking at 37°C. Samples
were centrifuged at 400 g/5 minutes, supernatant removed and
resuspended in 10 ml of EGM2 + 10 and plated into a T75 flask.
The large-scale culture did not require drying of tissue to the flask
before adding media.

Media Selection

To determine which media were necessary for optimal fetal CV-
MSC culture, samples were prepared as above and cultured into
DMEM++10, AMEM+10, or EGM2 + 10 medium for a direct com-
parison (N = 3 donors).

Statistics

Data are shown as mean +/— SEM. Long-term growth kinetics
were calculated as described previously [27]; N = 4 donors, fetal,
and maternal MSC from the same placentas, first trimester fetal
bone marrow-derived MSC (fomMSC) were from different donors.
Data were analyzed using unpaired t test. Flow cytometry data
were analyzed with Galios flow cytometer and Kaluza software
(Beckman Coulter, https://www.beckmancoulter.com/wsrportal/
wsr/index.htm), using two-way ANOVA and Bonferoni’s multiple
comparison test (N = 4 donors, fetal, and maternal cells from the
same placentas, PL-EPC or fomMSC from different donors).

Other Procedures

Methodologies are detailed in the supplementary text for isola-
tion protocols, XY FISH, PCR mesodermal differentiation, flow
cytometery, and so forth. [27-31]. Antibodies for flow cytometry
are detailed in the Supporting Information Table 1 [21, 27, 28].
Control fetal bone marrow MSC samples were isolated as previ-
ously described [27, 31, 32] and characterized in the Supporting
Information Figure 3. PL-EPC (N = 4 donors), and CD34+ sorted
placental-MSC were isolated, cultured in EGM2 + 10 medium and
characterized as previously reported [21, 22].

RESULTS

Anatomical Chorion Dissection Approaches Yield
Maternal MSC in Culture

We first incorporated careful macroscopic dissection of the cho-
rion into layers we hypothesized would produce purely fetal MSC.
Tissues were dissected separately from the fetal surface, from
chorionic plate (CP-MSC) and the villi themselves (CV-MSC), taking
care to avoid collecting tissue with obvious maternal surface
attached. The remaining portion of the placental tissue closest to
the maternal surface and containing the decidual tissue was
termed Decidua-derived MSC (D-MSC), which we expected to pro-
duce either pure maternal MSC or mixed fetal/maternal popula-
tions (chorionic villi with decidual surface).

Upon plating the mononuclear cells obtained from the three
layers into MSC medium, cells attached to the culture dish within
24-48 hours. MSCs were isolated from all three layers of the cho-
rion (n = 3-5 independent donors per layer). The D-MSC cultures,
were generally the first to become confluent, grew as slim long
cells in whirlpool-shaped populations when confluent (Fig. 1A).
The CV- and CP-MSC initially proliferated somewhat slower with
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Figure 1.

Chorionic Villi

Decidua

PO P2 P4

Comparison of placenta-derived mesenchymal stem/stromal cell (pMSC) isolated from fetal and maternal components of pla-

centa. (A): Morphology of MSC isolated by anatomical selection from the chorionic plate, chorionic villi and decidua. Upper panel—represen-
tative images from passage 1 (P1), lower panel—passages 4—6. The total magnification of images is X40. (B): Representative long-term
growth kinetics of cells listed above, from one donor, compared to fetal bone marrow-derived MSC. This experiment was not permitted to
continue to senescence. (C): Quantitative determination of fetal (male) and maternal (female) cells during ex vivo expansion of pMSC using
XY FISH. Passage numbers are indicated on the X-axis and percentage of the population that was XY male (blue) or XX female (red) on the Y-
axis. (N = 3-5 donors, each data point from 2-5 donors). Abbreviations: CP-MSC, chorionic plate-MSC; CV-MSC, chorionic villi-derived MSC;

D-MSC, Decidua-derived MSC; fomMSC, fetal bone marrow-derived MSC.

less defined whirlpool shaped populations than the D-MSC (PO—
P1). However, by P2 CP- and CV-MSC appeared indistinguishable
from D-MSC (Fig. 1A). Non-MSCs were evident in most cultures at
early passage (P0—P1), but did not proliferate under MSC culture
conditions. These cells were likely red blood cells, hematopoietic
mononuclear cells, endothelial cells, and/or trophoblasts as they
are the predominant cell types in the placenta [33]. The in vitro
expansion capacity of these MSC populations was assessed to P6
(D-MSC for 70 days) or P8 (CV-MSC and CP-MSC for 97 days) (Fig.
1B). The population doubling times (DT) for representative donor

www.StemCellsTM.com

isolated CP-, CV-, and D-MSC were 122 = 16 hours, 143 £ 25
hours, and 158 = 42 hours, respectively, in contrast to the positive
control first trimester fomMSC, which proliferated more rapidly in
long-term culture (fomMSC, Fig. 1B, 50 = 20 hours).

To quantitate changes in the percentage of fetal and maternal
cells in culture, XY chromosome FISH was performed on cells iso-
lated from the CP, CV, and D tissue (N = 3-5 independent donors
per layer). The CP-MSC cultures were 87% fetal in origin at PO, but
100% maternal at P2 and P4 (Fig. 1C). Similarly, the CV-MSC cul-
tures were 93% fetal at PO, but 100% maternal at P2 and P4 (Fig.

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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1C). The D-MSC cultures contained 98% maternal cells and only
2% fetal cells at PO with 100% maternal cells at P2 and P4 (Fig.
1C). Again, the fetal cells observed in the PO or P1 cultures are not
likely to be MSC, but rather other, nonproliferating cell types
described above.

The Source of Maternal MSC Contamination—Decidual
Cells Lining the Septal Space

To investigate where maternal cell contamination was originating,
we next examined whole placental morphology. Figure 2A shows
the maternal surface of the placenta, with septal folds reaching to
within 10 mm of the chorionic plate or fetal surface in a placenta
in situ (Fig. 2A ii). We characterized the origin of cells present in
the septum by sectioning the placental tissue so as to keep the
septal space intact (Fig. 2A iii) and then determined maternal cell
presence by three methods (Fig. 2B). First, using serial formalin
fixed paraffin embedded (FFPE) sections, hematoxylin and eosin
(H&E) staining showed the classic dark pink stained fetal origin
intermediate trophoblasts and light pink stained maternal decid-
ual cells within fibrinoid matrix [33]. Second, XY FISH on paraffin
sections confirmed both female (XX) and male (XY) cells in the
region of the septum. Third, vimentin positive maternal decidual
cells appeared along the length of the septa and were distinct
from the vimentin negative fetal basal plate intermediate tropho-
blasts located in the same region [33]. In this particular case,
decidual cells have differentiated from the maternal endometrial
stromal cells and retain expression of the mesodermal marker
vimentin [33]. Whereas the fetal intermediate trophoblast cells
have originated from the trophectoderm layer contiguous with
the embryonic ectoderm and are known to be vimentin negative
[33]. Fetal perivascular cells surrounding the villi, a likely source of
the fetal CV-MSC, are also vimentin positive, but are in a distinctly
different location to the maternal decidual cells (not shown).

IMETHODOLOGICAL FACTORS FAVORING EX VIVO EXPANSION OF
PURE FETAL CV-MSC

Cotyledonary Core Dissection, Enzymatic Digestion,
Explant Culture of Unfiltered Tissue, and EGM2 + 10
Medium Combine to Allow for Pure Fetal CV-MSC
Expansion

Methods in the literature were typically insufficiently detailed to
determine precisely where and how placental tissue was isolated,
but some commonalities in isolating fetal MSC were the use of
small pieces of CV tissue (e.g., 40 mg of the ~500 g placenta) and
explant culture with or without enzymatic digestion. Therefore,
we combined dissection methods reported in detail by Fukuchi
et al., lgura et al., and Abumaree et al. [23, 25, 26] (eponymously
termed the cotyledonary core approach). We tested explant cul-
ture of CV tissue, enzymatic digestion protocols, and different cul-
ture media to promote the ex vivo expansion and maximize the
purity of cultured fetal CV-MSC (Supporting Information Fig. 1).
Three culture media were tested for ability to support growth
of fetal CV-MSC from explant cultures: (i) DMEM+10% FCS
(DMEM+10), standard for culturing fetal bmMSC [27, 34], (ii)
Amniomax-Il complete medium as used in clinical cytogenetic lab-
oratories to enhance the growth of fetal cells rather the maternal
cells in prenatal diagnostic specimens [35], and (iii) EGM2 + 10%
FCS (EGM2 + 10), as reported by us to culture placenta-derived
endothelial progenitor cells (PL-EPC) [21]. Fetal cell outgrowth

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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with or without collagenase/dispase or trypsin digestion was
assessed in each medium.

The only medium/digest combination that supported the
growth of any cells from the small-scale explant method to pas-
sage 1 was EGM2 + 10 with enzyme digest (Fig. 3A, N =3 inde-
pendent donors). Small pieces of tissue, similar to cell colonies or
those named “mushroom-like” colonies by Nazarov et al. [36],
remained in the culture and were passaged with the cells, persist-
ing over several passages. However, it took ~27 days from isola-
tion for each 35-mm dish to become confluent and required scale
up culture into a T75 flask. Generally, no cells proliferated in
DMEM++ 10 and Amniomax-Il media past initial plating (passage 0)
(Fig. 3A) or from undigested tissue in any media. Trypsin digest
was not as successful as the collagenase/dispase cocktail in allow-
ing cell outgrowth in EGM2 + 10 medium (data not shown).

XY FISH on cells isolated by the method above and cultured in
EGM2 + 10 medium from 27-day explant culture were 100% fetal
in origin (passage O—passage 4, N = 3, Fig. 3B). As these MSC cul-
tures were determined to be purely fetal in origin, they were
named fetal CV-MSC (fCV-MSC). D-MSC isolated from the same
placentas as per the anatomical dissection method and cultured
in DMEM+ 10 were ~100% maternal from P2 (data not shown).

All Four Steps Are Critical to Pure Fetal CV-MSC Culture

To further confirm the necessity of all four steps in combination
when whole, nonspecific regions of the placental villous tissue
were enzymatically digested and treated as per the standard isola-
tion method, including filtering to obtain mononuclear cells.
When plated into EGM2 + 10, a mixed population of colonies pro-
liferated, including placental endothelial progenitor cell (PL-EPC,
small cobblestone-like cells) colonies, fetal MSC colonies (small
fibroblastic cells), and maternal MSC colonies (large fibroblastic
cells) were observed (Supporting Information Fig. 4). However,
after passaging, only the maternal MSC remained in culture (Sup-
porting Information Fig. 4).

Increased Starting Material Leads to More Rapid
Expansion of Fetal CV-MSC

Initially, the amount of starting CV tissue for the explant method
was 40-120 mg per 35 mm culture dish. However, when increased
to ~1 cm? (~1 g) of starting tissue plated directly into a T75 flask,
cells grew out of the explants as early as day 3—4 after isolation,
with the flasks becoming confluent by 7-14 days. These popula-
tions were purely fetal when analyzed from P1 to P4 (Fig. 3C), and
accordingly this large-scale explant procedure was used for subse-
guent optimization (Supporting Information Fig. 1).

EGM2 + 10 Medium is Critical for Fetal CV-MSC
Isolation and Propagation

When DMEM+10 was substituted for EGM2 + 10 in already
adherent cells, fCV-MSC remained alive for approximately the first
7 days. However, regardless of whether fCV-MSC were passaged
after DMEM+10 preconditioning or were passaged directly into
DMEM+10, they senesced (Fig. 4A). However, transferring D-MSC
into EGM2 + 10 after initial isolation in DMEM+10 made cells
qualitatively smaller but retained their whirlpool-like morphology
at high confluence (Fig. 4B, 4C), but did not change surface marker
expression (Fig. 4D).

Using the large-scale explant procedure, digested CV tissue
was plated directly into T75 flasks and different media conditions
(EGM2 + 10, DMEM+10, or AMEM+10). In all media, tissue

STEM CELLS TRANSLATIONAL MEDICINE



Sardesai, Shafiee, Fisk et al. 1075

A Maternal surface

TR

Maternal surface
di

Figure 2. The septal source of maternal cell contamination in isolating fetal cells from the chorionic villi. (A): A representative image of term
placenta from maternal surface. The demarcation created between the cotyledons and the extents to which the septa can reach near to the
fetal membrane are shown (a ii), in cross section). The blue lines show the location of decidual invagination in the septal space. The specimen
shown in (a iii) is an example of one used for subsequent histology and XY FISH studies. Images are captured by a standard photographic cam-
era and not magnified. (B) Sagittal section of septum from the tissue specimen with septa shown in (a iii), stained with hematoxylin and eosin
(X1 total mag.). The boxed regions ¢ and d refer to the following more detailed pictures. Scale bar equals 3 mm. (c i) One hundred times
maghnification of the boxed region ¢ showing characteristic H&E staining where the maternal decidual cells have light pink cytoplasmic stain-
ing (black arrow) and the fetal intermediate trophoblasts with dark pink staining in cytoplasm (white arrows). (d i) XY FISH on a consecutive
paraffin embedded slide sectioned serially to the slide, image (d i) show maternal XX cells (two red signals) and image (d ii, <1000 total
mag.) shows a male fetal cell with one red and one green signal. Image (d iii) is an adjacent slide to that shown in B, of the region indicated
by the boxed region in B labeled (d), stained with vimentin characteristic for maternal decidual cells. Image (d iv, X400 total mag.) is inset of
(d iii, X200 total mag.).

explants attached, survived and cells proliferated to some degree, Cells in EGM2 + 10 survived and proliferated rapidly, requiring fur-
with EGM2 + 10 being the most conducive medium (Fig. 5A). All ther passage at approximately weekly intervals D21, D30, and so
cultures were passaged simultaneously at 14 days post isolation forth. However, with cultures isolated and passaged into
and continued to be cultured in the same medium as for isolation. DMEM+10 and AMEM+10, very few cells continued to grow
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Figure 3. Isolation of pure fetal populations of mesenchymal stem/stromal cell from chorionic villous tissue using an explant method. (A):

Representative images of light microscopic images of cells isolated from explant cultures using various media at different passages. (B): Quan-
titation of fetal:maternal cells isolated from the small scale explant cultures. (C): Quantitation of fetal:maternal cells isolated from the large
scale explant cultures (fetal cells shown as blue in graph, maternal cells are shown as red in graph, N = 3-5). The total magnification of

images is X40.

after passage 1; a few small colonies survived to D30 in
DMEM++10 but not further. With AMEM+ 10, cultures prolifer-
ated slowly to confluence at D30 (Fig. 5A). However, cells in
AMEM+10 had the morphology analogous to maternal cell cul-
tures and XY FISH confirmed they were 100% maternal while cells
in EGM2 + 10 retained a fetal CV-MSC-like morphology and were
100% fetal (Fig. 5B, 5C). The use of attachment factor (0.1%
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gelatin) coating on the flasks or trypsin pretreatment had little
effect on the outgrowth of cells in any media (not shown). Finally,
although AMEM basal medium has almost twice the number of
components of DMEM (mainly vitamins, amino acids, and nucleic
acids, see www.invitrogen.com), this did not facilitate fetal CV-
MSC expansion ex vivo. Therefore, the EGM2 basal media or,
more likely, its proprietary concentrations of growth factors (EGF,
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Figure 4. Determining the effect of transferring pure fCV-mesenchymal stem/stromal cell (MSC) or Decidua-derived MSC (D-MSC) cultures
into different culture media. (A): Morphology at low and high confluence of fetal CV-MSC in EGM2 + 10 culture medium and (B) maternal D-
MSC in DMEM++ 10 medium. (C): Morphology of D-MSC subsequently cultured in maternal EGM2 + 10 or DMEM+10. (D): The MSC cell sur-
face markers were assessed by flow cytometry for D-MSC cultured in DMEM++10 or EGM2 + 10 were (red bars are maternal D-MSC in
EGM2 + 10, orange bars are maternal D-MSC in DMEM+10, N = 3). The total magnification of images is X40. Statistical analysis was carried
out on the mean +/— SD of N = 3 independent donors, using two-way ANOVA and Bonferoni’s multiple comparison test and comparing D-
MSC in EGM2 + 10 versus D-MSC in DMEM+10 for each cell surface marker. p = not significantly different. Abbreviation: D-MSC, Decidua-
derived MSC.

IGF-1, bFGF, and VEGF) contributed directly and appeared critical
for fetal CV-MSC proliferation.

fCV-MSC Are Not Placental Endothelial Progenitor Cells
Despite Their Requirement for Endothelial Growth
Medium

We directly compared the characteristics of the fetal CV-MSC to
placenta-derived endothelial progenitor cells (PL-EPC) isolated
previously by our group [21]. A number of similarities exist

www.StemCellsTM.com

between the methods to isolate the fetal MSC and the fetal EPC
from villous tissue, namely the tissues used, the enzymatic diges-
tion process, and the requirement for culture in EGM2 + 10
medium. Differences in the methods were namely the require-
ment to use CD45 negative magnetic cell sorting depletion step
and a CD34+CD31+ fluorescence activated cell sorting step, and
culture on collagen coated dishes. It was of critical importance to
exclude the chance that the cells we obtained were PL-EPC and
also to clarify which cells surface markers or functional
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Figure 5. Determining the role of media in the isolation of fetal CV-mesenchymal stem/stromal cell after large scale explant culture. (A):
Representative light microscopic images of cells isolated from explant cultures using various media (N =4 donors). Cells proliferated or
migrated out from explant tissue in all medium at passage O (upper images). However, only some conditions allowed cells to reattach and
proliferate to the flask after passage and continue to proliferate. These are AMEM+10 in some cases and EGM2 + 10 in all cases, as illus-
trated by the lower panel of images. The morphology of cells proliferating in the AMEM+ 10 medium had a distinctly different morphology
than those present in the EGM2 + 10 medium. (B and C): Quantitation of fetal and maternal cells by XY FISH in the resulting cell populations
from the EGM2 + 10 or AMEM+10. Cells did not proliferate in DMEM+10. The total magnification of images is X40.

characteristics were different between the fetal MSC and EPC [37] The PL-EPC did not undergo osteogenic or adipogenic differentia-
as this was not clear from the literature. tion in vitro, whereas the fCV-MSC did (Fig. 6C vs. Fig. 7D, 7E).
There was a clear difference in morphology of the cells, with The endothelial markers CD31 and CD144 were not expressed
PL-EPC displaying a classic round, cobblestone appearance, and by fCV-MSC (<2%, Fig. 6D), but were expressed by >95% of PL-
fCV-MSC a more square, fibroblastic appearance (Fig. 6B vs. A). EPC (p <.0001 for each). CD146 was expressed by a moderate

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by STEM CELLS TRANSLATIONAL MEDICINE
Wiley Periodicals, Inc. on behalf of AlphaMed Press



Sardesai, Shafiee, Fisk et al.

1079

A

Osteogenic
Differentiation

Adipogenic
differentiation

o

dkk Ak kK

Il fCV-MSC in EGM2+10
(3 PL-EPCin EGM2+10

- =

population (% +ve)

P SIS R SR S SRS L s
& c.°‘Po° S M M P L e Y &
&

o

Figure 6. Direct comparison of fetal CV mesenchymal stem/stro-
mal cell (MSC) and placental villi-derived endothelial progenitor
cells (PL-EPC). (A): Morphology of fCV-MSC and PL-EPC (B). (C): PL-
EPC do not undergo mesodermal differentiation to osteocytes or
adipocytes. (D): Cell surface markers as assessed by flow cytometry
fCV-MSC and PL-EPC. The total magnification of images is X 100. Sta-
tistical analysis was carried out on the mean +/— SD of N = 3 inde-
pendent donors, using two-way ANOVA and Bonferoni’s multiple
comparison test and comparing fCV-MSC in EGM2 + 10 versus PL-
EPC in EGM2 + 10 for each cell surface marker. ***, p > .001. Other
values were not significantly different.

number of fCV-MSC (36% +/— 16, Fig. 6D) but a high number of
PL-EPC (98% +/— 0.17, p <.0001). Markers expressed in com-
mon between the two cell types, and known MSC markers,
included CD29, CD44, and CD105, with CD73 being expressed at
>80% in both populations. The expression of CD34, CD90, and
CD200 trended toward differential expression between the two
cell types, but these values did not reach statistical significance.
Both cell types were negative for hematopoietic markers (HLA-DR,
CD45, CD11b, CD14, and CD19, Fig. 6D).

Comparison Between Fetal and Maternal MSC Isolated
from Term Chorionic Villi

The morphology of fCV-MSC in EGM2 + 10 differed markedly
from maternal D-MSC from the same placenta (Fig. 7A). fCV-MSC
were small, with a short fibroblastic appearance, and cells grew as
clusters at low confluence, whereas the maternal D-MSC
appeared longer and formed the classic whirlpool pattern at high
confluence. To an experienced user, the microscopic morphology
of a flask of cells at confluence could easily distinguish fetal CV-
MSC cultures from those of D-MSC. The fCV-MSC in EGM2 + 10
proliferated more rapidly than D-MSC in EGM2 + 10 in short-term
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proliferation assays (Fig. 7B, mean +/— SEM of 33 hours +/—
1.1 vs. 41 hours +/— 2.8 population doubling time, respectively,
N = 4 donors).

Cell surface markers and mesodermal differentiation were
also different between fetal and maternal MSC. The cell surface
marker CD90 was low in fetal CV-MSC (mean +/— SEM of 19%
+/— 12 vs. 51% +/— 1.6, p < .0001, Fig. 7C). Furthermore, fCV-
MSC had more cells positive for CD200 compared to D-MSC (35%
+/— 11 vs. 1% +/— 0.06, p <.0001) and similarly for CD146
(36% +/— 16 vs. 12% +/— 5, p < .006) (Fig. 7C). However, nei-
ther CD90, CD146 nor CD200 expression were mutually exclusive
in these cell populations and therefore were not suitable as
markers for prospective isolation of fetal or maternal pMSC. MSC
markers CD73, CD105, CD29, and CD44 were expressed by >98%
of cells of both cell types, with both negative for hematopoietic
(CD11b, CD14, CD19, CD34, CD45, and HLA-DR) and endothelial
markers (CD144, CD31). fCV-MSC showed enhanced in vitro osteo-
genic differentiation capacity compared to D-MSC which had very
little differentiation evident by 21 days (Fig. 7D, 7E).

DISCUSSION

After showing here how standard MSC isolation and culture meth-
ods predispose to maternal cell contamination and overgrowth,
we report a method whereby pure fetal cells can be isolated and
cultured from term placenta, free of maternal contamination. The
three chief findings are (i) standard MSC media (DMEM+10) is
selective for the ex vivo proliferation of maternal over fetal
placental-MSC (ii) dissection and culture methods are critical to
exclude maternal cells, and (iii) serum plus the added growth sup-
plements contained in EGM2 + 10 media are necessary for ex
vivo proliferation of fetal CV-MSC. Such a rational approach to the
large-scale isolation and culture of fetal CV-MSC ex vivo has not
previously been reported in the literature, nor a method that we
speculate may be reproducible globally due to the commercially
availability of EGM2 medium. Further, novelty lies in that we have
extensively quantified of fetal and maternal MSC proliferation
kinetics, from various populations isolated via different techni-
ques. We have defined optimal approaches for culturing pure pop-
ulations of either fetal or maternal pMSC. Being able to selectively
culture fetal or maternal pMSC has important implications for the
regenerative medicine potential of these cells, which are currently
undergoing numerous clinical trials worldwide without determin-
ing the best cell type for their application [38—40].

Decidual Septa Contribute to Maternal Cell
Contamination and Overgrowth

Cells isolated from anatomical locations of the villous placenta to
favor selection of fetal or decidual cells were each 100% maternal
in origin from P2 to P6 on XY FISH, and not surprisingly thus dis-
played the same morphology, growth kinetics, and differentiation
propensities. Interestingly, cells derived from the chorion at PO
cells were initially mixed in origin but later maternal cells overtook
in culture with no fetal cells detected beyond P2. Fetal cells were
derived in all initial (PO-1) cultures of CP, CV, and D with little
between donor variations. Studies in the literature support our
finding of maternal cell overgrowth, although few if any quanti-
tated the rate of change over passage as here.

As simple regional selection failed, we next applied an explant
method that led to fetal CV-MSC cultures without maternal
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Figure 7. Comparison of pure fetal and maternal placenta-derived mesenchymal stem/stromal cell (MSC) (A) Morphology of fetal CV-MSC
and maternal Decidua-derived MSC (D-MSC) in EGM2 + 10 medium. (B): Growth kinetics of fCV-MSC versus D-MSC in short-term population
doubling assay (pop. doubling time in hours, N = 4 donors). (C): Immunological surface markers that define human MSC were assessed by
flow cytometry (blue bars are fetal, red bars are maternal, N = 3). (D and E): Mesodermal differentiation capacity of fCV-MSC and D-MSC.
fetal CV-MSC (left side) and control cells D-MSC (right side) cultured under osteogenic differentiation (D) or adipogenic differentiation condi-
tions (E). The total magnification of images is X40 (A), X100 (D), and X200 (E). Statistical analysis was carried out on the mean +/— SD of
N = 3—4 independent donors, using two-way ANOVA and Bonferoni’s multiple comparison test and comparing fCV-MSC in EGM2 + 10 vs. D-

MSC in EGM2 + 10. *, p > .05, ** p > .05, *** p > .001. Abbreviation: D-MSC, Decidua-derived MSC.

contamination. The explant culture method also required removal
of all or at least the majority of maternal cells by culturing tissue
explants that were dissected from a central cotyledonary core.
This specific dissection method excluded not only the decidua
basalis but also the septal region as well. Septa are visible indenta-
tions evident on the maternal surface of the placenta after birth
and consist of anchoring columns between the cotyledons formed
by the folds in the decidua as a result of traction during the villous
development [33]. We confirmed using XY FISH that maternal cells
exist in the septa of the placenta, but do not appear elsewhere in
great numbers. Anatomically these can extend right up to the cho-
rionic plate, so it is not surprising that the locoregional approaches
failed [33]. Thus, if tissue samples are taken from the fetal side

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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dissecting between cotyledons, some decidual stromal cells can
be collected which then overgrow the fetal cultures. Our findings
accord with one previous study where cells isolated from the cen-
ter of a cotyledon [24] that outgrew from explants were con-
firmed to be fetal over several passages (P0—P4) without maternal
cell contamination.

Interestingly, studies that have derived fetal MSC have done
so more often by dissecting the tissue from the maternal side to
clearly identify the cotyledon [23, 24, 26]. The cotyledonary or lob-
ular structure is only evident from the maternal surface and not
from the chorionic plate or fetal side of the placenta. This may
explain why maternal cells were easily isolated with both the
standard and anatomical dissection methods, where tissue was
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collected from the fetal surface, and must have unintentionally
also collected some decidual tissue that ran close to the fetal
membranes.

Core Explant Approach in EGM2 + 10 Medium Critical
for Isolation of Pure Fetal CV-MSC

After determining the relative contributions of media and tissue
preparation to the specific isolation of fetal CV-MSC, we present
an optimized isolation procedure with several key steps. First
there was the cotyledonary core dissection, with enzymatic diges-
tion and then an explant culture method. Next, a methodological
modification was made that utilized a greater amount of starting
tissue (1 cm®) and facilitated a larger scale expansion of fetal CV-
MSC. Finally, fetal CV-MSC only grew out of digested tissue
explants when cultured in EGM2 + 10 medium. Excluding any one
of these steps resulted in no cell growth or maternal cell contami-
nation and overgrowth.

Did Digest Time or Filtering Influence Fetal Versus
Maternal MSC Isolation?

Although there are subtle differences in enzymatic digestion
between the anatomical and explant approaches (<1 hour and
greater than 1.5 hours), these were not likely to be the reason
fetal or maternal cell populations were obtained during each pro-
cedure. However, the enzymatic digestion step itself is critical, as
we observed no cell proliferation from undigested explants. We
decreased enzymatic digestion time as necessary for the amount
of tissue used for each procedure (1 g vs. 10 g) so that the appear-
ance of the digested tissue looked the same for each (see [20] for
a visual example of the digested placental tissue). The anatomical
approach is demonstrated visually in our maternal MSC protocol
video [20]. We also discovered during the initial experiments with
the small-scale culture that over digestion (1.5 hours) resulted in
poor tissue attachment to the flask and limited cell outgrowth.

Filtering the digested mononuclear cells from the remaining
tissue is another critical difference in the fetal MSC isolation pro-
cess. The partially digested tissue that remains in the filter and is
discarded in the anatomical approach is, in fact, the tissue pieces
that attach to the flask and from which the fetal MSC proliferate
out from in the explant procedure. However, the EGM2 + 10
medium contains a critical growth factors for fetal MSC prolifera-
tion that are missing from DMEM+10 medium while the specific
dissection process removes the majority of decidual tissue con-
taining the maternal cells. In conclusion, the critical points of the
process are (i) specific cotyledonary dissection to remove mater-
nal tissue, (ii) mincing and enzymatic digestion to loosen/release
the cells from placental villi structures, (iii) not filtering the
digested tissue, but plating tissue pieces in explant culture, and
(iv) the use of EGM2 + 10 culture medium containing critical
growth factors for fetal CV-MSC proliferation.

We found that the choice of media supplemented to the
explants was critical to deriving fetal CV-MSC cultures. Fetal CV-
MSC survived and proliferated only in EGM2 + 10 media, whereas
some cells grew out of the tissue but did not proliferate in DMEM
(likely hematopoietic or trophoblastic cells), and did not appear at
all in Amniomax-II. Cells transferred from EGM2 + 10 media to
AMEM or DMEM do not survive beyond one passage. The same
holds true for cells isolated in AMEM or DMEM. Fetal cells argu-
ably exist in a highly proliferative intrauterine environment and
therefore need more/specific growth factors. EGM2 has been
used to derive pericytes from a number of sources, with MSC and
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pericytes considered analogous by some [41]. However, it is
important to note that DMEM+10 can facilitate maternal D-MSC
and fetal early trimester tissue-derived (e.g., bone marrow, liver,
blood), reported in this study and others [6, 27, 28, 34] but not
term fetal placenta CV-MSC in this study. It is a critical next step to
determine exactly what additives in the EGM2 + 10 medium are
critical for fCV-MSC proliferation. Understanding the growth fac-
tors required for the ex vivo proliferation of fCV-MSC would also
facilitate the move to serum-free growth conditions. We antici-
pate that the commercially available EGM2 media will facilitate
the reproduction of our method of fCV-MSC culture in different lab-
oratories around the world and also in the production of fCV-MSC
for clinical trials. However, we appreciate that the ideal culture
medium composition requires further refinement and for FCS to be
completely excluded for the optimal clinical production of fCV-MSC.

Is EGM2 + 10 Medium Able to Select for Fetal Cells
Over Maternal Cells?

Both fetal and maternal MSC proliferate in EGM2 as shown in Fig-
ure 7A-7C and previously described by us [21, 22]. It is not that
EGM2 necessarily favors fetal MSC over maternal MSC, but that
DMEM+FCS is not conducive to the expansion of fetal MSC. Then
the fetal MSC proliferate in the EGM2 more rapidly than the
maternal MSC (Fig. 7B) and the maternal MSC get progressively
reduced in number over time (as may have occurred in some cul-
tures shown in Fig. 5B).

The selection of the precise area of tissue at the center of a
cotyledon removes the source of the maternal cells, that is, the
decidual tissue lining the entire cotyledonary surface. As seem-
ingly unexpected by most stem cell researchers, maternal decidual
cells can be found merely 5-10 mm from the fetal surface (Fig.
2A, 2B). However, we have shown that careful dissection will limit
the number of maternal MSC from the beginning of culture. These
maternal (decidual) cells can also proliferate in EGM2 + 10
medium, whether isolated in DMEM+10 or EGM2 + 10, as
shown in Figure 4B-4D and Figure 7A-7C.

Recent Publications Detailing Methods for Isolating
Fetal CV-MSC

Our group has previously eluded to the fact that the digest of the
whole placenta (i.e., via our standard method) that is plated into
EGM2 + 10 gave mixed mesenchymal and endothelial cell colo-
nies [21] (complete data are shown in Supporting Information Fig.
4). These large MSC/fibroblastic colonies were found to be mater-
nal MSC and later isolated specifically using a flow cytometric sort-
ing method [22]. Maternal pMSC were found to be the
CD34—CD31—CD45— population and could be cultured in both
EGM2 + 10 and DMEM+10% FCS [22]. The cells that were sorted
for CD34+CD31—CD45— could grow in EGM2 + 10 but not
DMEM+10. These CD34+ MSC were found to be fetal MSC. The
CD34+CD31+CD45— population comprised the placental endo-
thelial colony forming cells (PL-EPC). Thus, the isolation of placen-
tal EPC in EGM2 + 10 [21] led serendipitously to the method
previously reported by our group for isolating fetal and maternal
MSC from human term placental villi [22]. This CD34+ method
was being carried out concurrently but independently to the
experiments described in the current manuscript.

However, this CD34+ sorting method is laborious, time-
consuming (~8 hours procedure), expensive (requires MACS and
FACS of samples), and not easily amenable to the large-scale clini-
cal production of fetal MSC (uses fluorescence activated cell
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sorting). Furthermore, the Patel et al. short report does not
address the mechanism of where the maternal MSC are located
or why they took over the fetal MSC or EPC during ex vivo culture.
Therefore, for this current study we hypothesized that maternal
MSC contamination and overgrowth could be specifically avoided
using a physical/dissection procedure.

The Systematic Review—An Oversimplification of
Published Methods?

As mentioned above, it was puzzling as to why the term placenta,
a largely fetal tissue, was reported in the literature to produce
MSC cultures purely of maternal origin, even in our own hands
[13, 20, 38]. Therefore, a systematic review was carried out in
order to (i) clarify published results on the origin of MSC obtained
from the human chorion, (ii) determine if common methodologies
resulted in MSC of a particular origin, and (iiij) summarize the tech-
niques used determine the origin of MSC obtained. Surprisingly,
the main outcome was that only 18% of studies reported MSC ori-
gin (N = 26 studies of 147) and only 10% (N = 15) reported both
MSC origin and satisfied MSC minimal criteria. Next, the system-
atic review reported that seven studies reported pure fetal MSC
cultures, seven reported maternal pure MSC cultures, one
reported mixed fetal and maternal cultures, and one reported the
separate isolation of pure fetal or pure maternal MSC [42]. How-
ever, two studies included in the first trimester placental samples
were from the same laboratory so would obviously use the same
techniques [43, 44].

lgura et al. [26] was the only paper in the systematic review
[11] to isolate fetal pMSC using an explant method, whereas the
five other papers on term placenta used enzymatic digestion of
tissue pieces or perfusion to isolate fetal pMSC. Culture media
and incubation conditions were otherwise similar in all papers
(DMEM, AMEM, +10%—-15% FCS, no additional growth factors).
However, although we found that growth media was one of the
four critical methodological points for successful culture fCV-MSC,
culture medium components were not specifically assessed in the
systematic review [11].

Wang et al. was the only study that claimed to isolate fetal
and maternal pMSC from the same placenta [42]. Interestingly
they used human umbilical cord blood serum as a substitute for
FCS in the culture medium. Also, the authors report that they iso-
lated fetal MSC from the amniotic side (i.e., fetal side) of the pla-
centa (“lcm thick” was described, but not other dimensions or
tissue weight) and maternal MSC from the maternal side of the
placenta (“0.5 cm thick” tissue). Clearly, this paper lacked suffi-
cient description of the placental dissection method to repeat the
procedure accurately. Further, their claim of fetal-origin MSC was
not backed up by quantitative origin testing techniques, such as
XY FISH, or late passage fetal origin testing, so one could question
the validity of their claims of obtaining both fetal and maternal
chorionic villi-derived MSC.

Caveats From This Study

We did not use placentas from female babies in this study due to
the difficulties in quantitating fetal:maternal cell populations in a
mixture of two genetically related female donors cells. Although,
similar results would be expected, and could be easily assessed by
microscopic observations of cell morphology differences that we
observed between fetal and maternal pMSC. Gene expression
studies that are currently underway may yield cell surface markers
specific to fetal or maternal pMSC and could allow rapid and
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precise quantitation of the fetal:maternal cell ratio in a population
of pMSC via flow cytometry, independent of fetal gender. We also
determined that fetal CV-MSC proliferate more rapidly and are
superior at osteogenic differentiation than D-MSC, so fetal CV-
MSC might be preferred for some applications including for skele-
tal regeneration in the fetus, infant, or child [45].

Several components included in EGM2 medium have been
determined to enhance human MSC proliferation, including the
well-known bFGF [46, 47], and also EGF, IGF-1, and ascorbic acid
[48-53]. It would be of interest to determine in future which fac-
tors are critical for fetal CV-MSC proliferation. We surmise that the
discrepancy between our results and other papers in isolating fCV-
MSC could be due to the FCS sourced in these studies containing
factors necessary for fetal CV-MSC proliferation, and that the FCS
we used did not contain the same concentrations or bioavailability
of such growth factors [54]. In this study, we used two different
lots of Australian sourced fetal calf serum purchased from the
same company and produced the same finding. These are likely to
more similar than two lots of FCS from vastly different herds, col-
lected by different companies and/or in different countries. FCS is
an animal derived product of complex and unknown composition
and contains serum of numerous donors pooled together. Numer-
ous studies have proven that multiple factors (e.g., genetics, time
of day, age, diet, and environment) can affect in the composition
of cows milk of (e.g., concentration and type of lipids, nutrients,
proteins, and antibodies) [55—63]. Like cow milk, FCS would likely
have minor differences in growth factor composition/degradation
depending on the specific herd of animals, season, food source,
gestation of the fetuses, and as well as differences in serum collec-
tion, storage, and preparation methods. Few, if any, of these varia-
bles standardized by FCS producers to limit lot-to-lot variation.
The numerous components known to be present in fetal calf
serum as well as the requirements for bone marrow MSC is
reviewed by June et al. [54]. In Australia, strict government quar-
antine regulations do not allow the importation of FCS produced
in certain countries due to risk of disease contamination. Alterna-
tively, methodologies for isolation were incompletely described in
the original articles, differences in reagents used (e.g., enzymes,
antibodies) or cells not thoroughly assessed for fetal:maternal cell
ratio, are potential reasons for our findings contrasting with those
of other groups. We have previously reported discrepancies in
gene expression in fomMSC isolated by similar methods to collab-
orators in different countries, possibly due to such uncontrollable
factors [64]. We acknowledge that the future of commercial large-
scale manufacture of clinical grade MSC will be challenging, if not
impossible, with fetal bovine serum-supplemented media.
Animal-free, fully defined cell culture medium is seen as a critical
future development for the MSC field [54], but remains to be vali-
dated by the MSC-research community.

CONCLUSION

This is the first study to detail the requirements to isolate reprodu-
cibly fetal cells from human term placental chorionic villi. We con-
firmed the high frequency of MCC as a genuine problem in
placental MSC cultures and quantified how maternal MSC over-
growth increases rapidly with time in culture. The dissection
method, culture media, and explant method are critical determi-
nants for successful fCV-MSC propagation and elimination of
maternal MSC contamination over serial passages. An anatomical
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approach required the dissection of the cotyledonary core clear of
decidual septa, and culture required the avoidance of standard
media promoting maternal MSC growth in favor of endothelial
growth media, which contained factors essential for fetal cell pro-
liferation. Our four-step method comprising of (i) villous tissue dis-
section using the cotyledonary core approach, (ii) enzymatic
digestion, (iii) the use of an explant culture technique to allow
fCV-MSC to outgrow from the villous tissue pieces, and (iv) the
culture in EGM2 + 10 medium to specifically promote prolifera-
tion of fCV-MSC and suppression of maternal cell contamination.
In conclusion, the methods we have detailed here allow for the
culture and expansion of pure fetal CV-MSC and may be suitable
for the future large-scale clinical production of fetal CV-MSC.
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