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The fetus is a source of nonembryonic stem cells (SC), with

potential applications in perinatal medicine. Cells derived from

the placenta, membranes, amniotic fluid or fetal tissues are

higher in number, expansion potential and differentiation

abilities compared with SC from adult tissues. Although some

obstacles keep SC biology at distance from clinical application,

the feasibility of using (homologous) SC for tissue engineering

for the fetus with a congenital birth defect has been

demonstrated. Also, other pathologies may benefit from SC

technology.

Keywords Fetal adnexae, stem cell, tissue engineering.

Please cite this paper as: Gucciardo L, Lories R, Ochsenbein-Kölble N, Done’ E, Zwijsen A, Deprest J. Fetal mesenchymal stem cells: isolation, properties and

potential use in perinatology and regenerative medicine. BJOG 2009;116:166–172.

Introduction

Stem cells (SC) have been defined in many different ways.

Common denominators are self-renewal, or the ability to

generate at least one daughter cell with characteristics similar

to the initial cell; potential for multilineage differentiation

from a single cell and ability for in vivo functional reconsti-

tution of a given tissue.1 The best known SC is the zygote with

its ability to give rise to an entire living organism and there-

fore is considered totipotent. Successive cell divisions make

the fertilised egg lose progressively some of its totipotency. At

the blastocyst stage, embryonic stem cells (ESCs) isolated

from the inner cell mass lose the totipotency of the zygote

but are still able to differentiate into the three germ layers.

These SCs are considered pluripotent.2

An increasing number of SC types have been described in

the literature, derived from embryonic, fetal or adult origin.

Based on the self-renewal and differentiation abilities,

embryo-derived SCs are hierarchically higher than other cell

types that have more restricted properties.

To characterise post-ESC further, the concept of plasticity

was introduced, because adult stem cells (ASC) apparently

have a greater self-renewal and differentiation potential than

previously thought.3,4 There is no consensus yet on the exact

definition of plasticity, but minimal criteria are the ability for

self-renewal and the ability for both morphologic and func-

tional differentiation into at least one cell type different from

the tissue of origin. These abilities might be explained either

by fusion of the ASC with other cells allowing transfer of the

genetic material between cells and/or nuclear reprogram-

ming.3 These hypotheses are very much debated among SC

specialists, and for many scientists there is no definitive proof

that true pluripotent SCs exist in vivo during postnatal life.

Nonembryonic but plastic SCs open new perspectives for

developmental biology and regenerative medicine and their

applications may in the near future have a serious impact on

medicine.

Antenatal origins of SCs

The use of fetal or ESC often raises ethical controversies. The

controversy started when mouse blastocysts were used to

obtain ESC in 1981.5,6 Ethical objections were later boosted

when ESC were obtained from nonhuman primates,7 finally
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resulting in a ban on the use of human ESCs from antenatal

origin in many countries. These objections and restrictions

are a major obstacle for SC research.

An alternative source of SCs is the isolation of SCs from

available fetal tissue samples or postnatally retrieved fetal

membranes or placenta.8–18 Cells from amniotic fluid and

chorionic villi are still key for antenatal diagnosis.19–22 The

principal SC type isolated from these sources is mesenchymal

as they show cell surface markers and morphology that are

common with mesenchymal cells from other sources.8,14,16–18

They have an expansion potential that is superior than that for

adult tissue-derived SCs and are less immunogenic as they do

not express human leucocyte antigen (HLA) type 2 surface

antigens. The differentiation properties of fetal mesenchymal

stem cells (fMSCs) have been verywell documented. They have

adipogenic, osteogenic and chondrogenic abilities, but dif-

ferentiation into myocyte,18,23–25 neural-like cell16–18,24,26 and

endothelial tissue have been also described.16,17,27

Antenatal sources of SCs

Invasive fetal sampling is at present the only way to obtain this

kind of material during the prenatal period in continuing

pregnancies. This is at the expense of (limited) adverse effects.

Fetal blood and fetal haematopoietic SC
These cells represent 5% of the CD45+ cells in fetal blood in

the first trimester, gradually decreasing with gestational age.9

All fetal haematopoietic stem cells (fHSCs) are positive for

CD34 haematopoietic surface antigen. They are probably

originating from hemangioblasts, the precursor of haemato-

poietic and endothelial progenitors, initially located at the

aorta–gonad–mesonephros region. They have the ability to

produce all haematopoietic lineages. Compared with adult

bone-marrow-derived HSCs, fHSCs have a higher cloning

efficiency.

Fetal mesenchymal tissues and fMSCs
MSCs are less frequent than fHSCs. They represent only 0.4%

of first trimester nucleated fetal blood cells and decrease

sharply with advancing gestation. No blood-derived fMSCs

have been described later than 14 weeks.

MSCs belong to a family of plastic spindle-shaped cells

(Figure 1A) with the capacity to differentiate into different

mesenchymal tissues.4,28–31 They are present in several fetal

tissues such as blood, bone marrow, liver, kidney, lungs and

umbilical cord.9–13 They do not express haematopoietic or

endothelial markers (e.g. CD31 and von Willebrand’s factor).

However, they display intracellular markers, like fibronectin,

laminin, vimentin and mesenchymal markers, like CD105,

CD733, CD45, CD34, CD14 and their differentiation poten-

tial depends on their site of origin.

fMSCs share with adult MSCs their spindle-shaped fibro-

blast appearance, the ability to adhere to plastic and to expand

ex vivo, which are essential properties for isolation. However,

fMSCs expand quicker in vitro than adult MSCs do. Dif-

ferentiation into adipose, cartilage and osseous tissues as

well as transformation into myelosupportive stroma, skeletal,

Figure 1. (A) Spindle-shaped human amniotic-fluid-derived MSC after 12–15 cell doublings on gelatine. (B) AF-MSCs cultured with another medium

resulting in a different cell morphology. (C) Alizarin Red S staining for in vitro osteogenesis. (D) Oil red staining for adipogenesis.



cardiac muscle, neural cells and oligodendrocytes have all

been documented.9–13,15

Different SCs present in the fetal adnexae
Amniotic fluid contains a great variety of cells from embry-

onic and extra-embryonic origin. Viable cells present in amni-

otic fluid may be classified into three groups: (1) epithelioid

or ‘type E’ cells, which originate from skin and urine;

(2) amniotic fluid type, originating from the membranes

and throphoblast; (3) the ‘F-type’ originating from fibrous

connective tissues and dermal fibroblast.32,33 The last type

shares markers and properties with MSCs from other sources

(Table 1). For that reason, these cells have been called amni-

otic-fluid-derived MSCs (AF-MSCs) .14 AF-MSCs express the

Oct-4 gene sequence, which is a marker of ESC, and prevents

these cells from differentiating. Oct-4 is expressed in 0.1–0.5%

of amniotic-fluid-derived cells.18 Several mesenchymal cell

lines have been derived from AF-MSCs, such as adipocytes,

osteocytes and neuron-like cells such as neurons, astrocytes

and oligodendrocytes.14,16,18 There is no widely accepted

methodology for isolation of SCs from the amniotic fluid.

The variability of the media and/or culture conditions used

to select SCs from amniocytes contributes to the variability of

the self-renewal and differentiation abilities of AF-MSCs

documented in the literature (Figure 1B).

Placenta-derived structures (amnion and chorion) con-

stitute a valuable source of MSCs.8,17 The ability to expand

SCs from these cells is related to gestational age as SCs tend

to be fewer towards the end of pregnancy. But even late in

pregnancy, their number and expansion potential remain

significantly higher when compared with adult MSCs. Ges-

tational age however does not affect their differentiation

potential.

The isolation of cells with SC features from amniotic mem-

branes and fluid opens many new venues for regeneration of

tissues, and ultimately even organs. These cells are easily and

nearly unrestrictedly available. This is in huge contrast to the

small numbers of human adult stem cells and ESCs that can

be isolated, and their labour-intensive isolation procedure.

The use of these cells is also likely to raise fewer ethical and

religious concerns related to the use of the hierarchically

higher ESCs. At the time of birth, the fetal membranes remain

without function and are normally discarded. In the prenatal

period, amniotic fluid becomes available at the time of

amniocentesis. During the interval to delivery, these cells

could be expanded, to be used after birth, in case the index

fetus would require them for reconstruction of a congenital

birth defect (i.e. homologous grafting) soon after birth. Fur-

thermore, they can be induced to express organ-specific

proteins when transplanted into different targets34 and they

can function as transgene carriers. It is for this reason that

a research consortium has been set up and receives European

Commission support through the sixth framework pro-

gramme (www.euroSTEC.org). As this field has a particular

interest to perinatologists, we will expand below on the puz-

zling question of their origin, the specifics of this SC type and

their envisaged applications.

MSCs derived from the fetal adnexea

Isolation and culture
In absence of a true consensus, two different approaches

stand. One approach is to use cultures, followed by cell sort-

ing. The other uses direct cell sorting, first to obtain a specific

population at the onset of culture. In the latter scenario, the

heterogeneous ‘donor’ cell population is processed in a cell-

sorting device. Following that, sorted cells are easily seeded in

culture, even in a single cell protocol.34

Several protocols have been described for cell culture. In

principle, cells are seeded in a rinsing medium, combined with

an antimicrobial solution, growth factors and human- or ani-

mal-derived serum. Its composition varies from one group to

another. We use a combination of Dulbecco’s Modified

Eagle’s Medium-H/Ham’s F12 1:1 (Sigma-Aldrich, Bornem,

Belgium), fetal bovine serum (StemCell Technologies Inc.,

Grenoble, France), penicillin/streptomycin, epidermal growth

factor, transferrin, T3 and insulin (Sigma-Aldrich). In our

protocol, the cell phenotype is identified by flow cytometry.

Fluorescein isothiocyanate- or phycoerythrin-conjugated

antibodies against several surface antigens (CD166, CD45,

CD105, CD14, CD29, CD34, CD73, CD44 and CD90) are

used to mark fMSCs and positive cells are identified by com-

paring them with isotypic controls (Figure 2). Genetic testing

is usually added. Demonstrating certain gene sequences, such

Table 1. Markers and properties of amniotic fluid cell populations

Epithelioid (E-type) AF specific 1 (AF-type) Fibroblastic (F-type)

At the beginning of culture At the beginning of culture Late in culture (5AF-MSCs)

Quickly significantly

decreasing

Persist Persist

Oestrogen, progesterone, human chorionic

gonadotrophin HLA-11, HAL-22

CD166, CD105, CD73, CD29, CD44,

Oct-4, HLA-11, HAL-22, Oct-4



as Oct-4 as a marker can be very useful for MSCs

identification.

Differentiation abilities
MSCs can differentiate into osteocytes,8,14,34 adipocytes

(Figure 1C, D),8,14,34 chondrocytes,17 myocytes,17,18,34 neu-

ron-like cells,16–18,34 and endothelial cells17,34 that can be de-

monstrated by morphologic as well functional assessment

(Table 2). There are some slight behavioural differences

between amnion- and chorion-derived MSCs, for instance,

amnion-derived cells differentiate more easily into adipo-

cytes, while chorion-derived SCs differentiate more easily

into cartilage, bone, muscle and neural cells.

The presence of proteins typical for certain cell types can

be demonstrated by immunohistochemistry and/or Reverse

Transcriptase-Polymerase Chain Reaction. Functional differ-

entiation is demonstrated experimentally with ‘bioreactors’.

Transgenic mice with known inborn deficiencies35,36 or with

locally induced trauma37 are grafted with the candidate SC

population with the purpose of demonstrating functional

abilities of the latter cells.

Figure 2. Phenotype analysis of amniotic-fluid-derived MSC. Cells were cultured during three passages and subsequently analysed by Fluorescence-

activated cell sorting (FACS). Cells were labelled with antibodies against CD166, CD105, CD73, CD44, CD29, HLA-ABC, HLA-DR and CD14, CD45, CD34

(dark grey histograms). Isotype control antibodies were used to define background levels (light grey histograms).



Actual and potential applications for
cell-derived therapy in perinatal and
regenerative medicine

MSCs and haematological disorders
HSCs from bone marrow or umbilical cord blood have long

been used to re-establish the haematopoietic system following

radiation and/or chemotherapy.38,39 MSCs produce cytokines,

which are important for haematopoiesis and enhancement of

engraftment after HSC transplantation. Graft versus host dis-

ease is a clinically relevant problem but MSC have immuno-

suppressive properties that could prevent this rejection

process.40–42 Transfusion of HSCs with co-transplantation of

MSCs has already been shown to be safe within the framework

of myeloablative therapies.43

Cardiovascular degenerative diseases
The use of autologous MSC grafts following cardiac infarction

has been described with promising results.44 Patients suffering

from acute myocardial infarction show a significant increase

in heart function compared with controls when treated with

intracoronary autologous MSCs transfusion. MSC therapy

could also decrease the restenosis rate. Furthermore, the

potential effect of bone-marrow-derived SCs on the vessel

injury repair process is at present the subject of different

experimental therapies.45,46

Applications in genetic and neurological
disorders
Genetic deficiencies are logical candidate disorders. In osteo-

genesis imperfecta, genetic mutations are responsible for

a specific type 1 collagen deficiency, causing multiple osteo-

articular complications, such as painful fractures and bone

deformations. Amelioration in bone brittleness has been

reported by several groups using donor bone marrow trans-

plants or MSC from first trimester fetal blood.47,48 Addition-

ally, MSCs can differentiate into neurons and astrocytes,

which could be used for symptomatic treatment of amyotro-

phic lateral sclerosis (ALS).49 Patients with ALS have a pro-

gressive decline in muscular function because of the loss of

motor neurons. Intraspinal injection of autologous bone-

marrow-derived MSCs has significantly slowed down the

loss of muscular strength.49 Lysosomal storage diseases are

characterised by accumulation of endogenic toxic substances

which is often lethal. Patients with Hurler syndrome (muco-

polysaccharidosis) and metachromatic leucodystrophy de-

velop significant skeletal and neurological defects. The

natural course of degradation has been shown to slow down

by peripheric injection of allogeneic MSCs.50

SCs and tissue engineering

When repairing congenital or acquired structural defects,

often the use of prosthetic material is required. Prosthetic

materials carry the risk of potential complications, such as

microbial colonisation and subsequent infection, failure of

tissue in-growth or structural integrity, absence of functional

properties, induction of adhesions and in growing children,

the prosthesis may not meet the increasing size requirements

of adulthood, prompting re-intervention at a later stage.

Acellular collagen matrices and cellular grafts may theoreti-

cally overcome some of these problems.51 Mature cells are not

an appropriate choice because of their short lifespan and their

inability for self-renewal. SCs with their remarkable prolifera-

tion and differentiation properties are theoretically better can-

didates.52 For prenatally diagnosed structural defects, there is

the opportunity of obtaining homologous cells at the time of

invasive sampling, like chorionic villi biopsy, amniocentesis or

cordocentesis. Redundant or purposely obtained fetal cells

could be harvested, cultured and manipulated in vitro, during

the remainder of pregnancy and later used for tissue engineering

of graft material that will be used for postnatal reconstruction.

Proof of principle has already been demonstrated for experi-

mental neonatal reconstruction of a congenital diaphragmatic

defect.53,54 Although conceptually simple, the process is very

complex. The composition of such a ‘functional’ graft requires

a few essential components. First, there is the cellular compo-

nent with viable, responsive and phenotypically stable as well as

nonimmunogenic cells. Next, there is a matrix required for

maximal cell adherence as well as to offer sufficient tensile

Table 2. Examples of frequently used methods to demonstrate

differentiation abilities of stem cells (non-limitative list)

Morphological assessment

Ostecocytes: (IHC)

Alkaline phosphatase

Ca deposition

Adipocytes: (IHC)

0.3% Oil red O staining

Myocytes: (IHC, RT-PCR)

Myogenin

MyoD1

Desmin

Myf-5

Functional assessment

Fumarylacetoacetate hydrolase-deficient mouse (model for

hereditary tyrosinaemia type I)

Progressive liver failure and renal tubular lesions

Salvaged by peripheric infusion of HSC

Mdx mouse, lacking dystrophin (model for Duchenne muscular

dystrophy)

Progressive skeletal muscle degeneration

Salvaged by intramuscular injection of human synovial

membrane-derived MSCs

Nude mice with tibialis anterior muscle injury

Locally grafted with human MSCs

Expression of human myosin

IHC, immunohistochemistry.



strength and appropriate viscoelasticity. The nature of the

matrix, the mechanical forces and present electromagnetic fields

are important variables for ultimate cell growth and behav-

iour.55 So far, the design of an ideal reconstructive mesh has

been shown to be problematic in itself, already in the absence of

cells seeded on it. Conceptually, an ideal construction as well as

the addition of bioactive substances such as growth factors or

gene vectors may be tools enhancing structural and functional

regeneration. We have shown that a heterologous, amnion-

derived cell-free scaffold could enhance the wound healing pro-

cess of fetoscopy-induced membrane trauma.56

Feasibility of the use of homologous MSC for tissue engi-

neering has also been demonstrated. Fauza and colleagues

obtained fMSCs from amniotic fluid and myoblasts from fetal

skeletal muscle biopsy and used these to engineer a biopros-

thesis, which after birth was used to correct an earlier induced

diaphragmatic defect.54 Along the same lines, experimental

bladder augmentation was performed in a lamb model for

bladder extrophy.57 Homologous cells from fetal bladder

biopsy were expanded and used after birth, to correct the

bladder defect. fMSCs have also been used as an adjuvant in

peripheral nerve injury in adult rats.58 In these experiments,

typically amniotic fluid was used as a source of cells. Clinically,

this is very realistic as inmost congenital birth defects, invasive

sampling for karyotyping is often required and redundant

cells could be used for tissue engineering. Theoretically, fetal

skin and skeletal muscle biopsies can also serve as an autolo-

gous source of material for tissue engineering applications.

Challenges for the future

SC applications may become important in reconstructive sur-

gery in the perinatal period but a considerable number of

obstacles remain. These include fundamental questions about

SC physiology, the relation between SCs and their direct envi-

ronment, the expression of SCs markers, the mechanisms

controlling differentiation, the functional abilities of SCs

derived from different sources, the susceptibility of SC to

ageing or apoptosis and the mechanisms guiding or improv-

ing migration of SC to the injury site. There are, however,

more basic and logistic questions, such as efficient protocols

for the generation of huge numbers of the desired cell types in

a pure form, or even more basic, regulatory issues relating to

the media used, which today are typically from bovine origin.

These issues keep SC biology to some distance from clinical

application, but do not compromise their huge potential.
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