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Stem Cells in Amniotic Fluid — What are
the Next Steps to Do?

M. Hengstschlager

It is the hope of patients and investigators that in future the characterisation and isolation of human stem cells will allow the establishment of new
therapeutic concepts for a wide variety of diseases. Recently, we found a new source for stem cells. Human amniotic fluid contains cells, which
express Oct-4, a marker for pluripotent stem cells. In addition, we described amniotic fluid cells expressing markers for neuronal stem cells. The
latter harbour the potential to differentiate into neurogenic cells. This opened a new field in stem cell research. In this review | want to summarise
the current knowledge about amniotic fluid cells focusing on the open questions, which need to be investigated in future. J Reproduktionsmed

Endokrinol 2005; 2 (4): 233-8.
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t is easy to imagine that undifferentiated and differen-

tiated cells of varying lineages are present in human
amniotic fluid. Although for the mixture of these cells a
wide variety of different origins has been suggested, for
many subsets of amniotic fluid cells the embryonic/fetal
origins remain unclear. Even in pregnancies with normal
fetal development, the cells in the amniotic fluid are het-
erogeneous. Evidence has been provided that ectoder-
mal, mesodermal as well as endodermal cells can be found
in amniotic fluid depending e. g. on the gestational age
or on fetal pathologies. Cells belonging to e. g. the am-
nion, skin, the urogenital, respiratory, and digestive sys-
tems have been reported to be detectable. It has been
found that in cases of certain fetal abnormalities, includ-
ing an open lesion, such as a neural tube defect, or an ab-
dominal wall abnormality, such as gastroschisis, the mor-
phology and growth properties of the cells in the amni-
otic fluid are different [1, 2].

Amniotic fluid cells are used for prenatal diagnosis of a
wide range of fetal abnormalities caused by genetic mu-
tations. In the course of cultivation of human amniotic
fluid cells for routine prenatal genetic diagnosis, adher-
ing and dividing colony-forming cells are selected. Ac-
cordingly, in the past scientific interest was focused on
the characterisation of these cells. Still, despite the wide
and well established usage of human amniotic fluid cells
in routine prenatal diagnosis, the current knowledge
about origin and properties of these cells is limited. Early
classifications of these cells were mainly based on mor-
phological criteria, and are thus inadequate. Only very
limited biochemical data on these cells are available. A
mixture of morphological aspects, limited biochemical
criteria, and growth characteristics led to the classifica-
tion of amniotic fluid cells, which attach and form colo-
nies under routine culture conditions, into epitheloid
cells, amniotic fluid specific cells, and fibroblastic cells.
Amniotic fluid specific cells and epitheloid cells appear
at the beginning of cultivation, but only the amniotic
fluid specific cells persist during extended cultivation
process. Fibroblastic cells cannot be cultivated from every
amniocentesis sample. Although it is believed that there
are as yet unknown additional origins for all three cell
types, epitheloid cells have been thought to derive from
fetal skin and urine. Amniotic fluid specific cells have
been considered to derive from fetal membranes and

trophoblasts, and fibroblastic cells from fibrous connec-
tive tissue and dermal fibroblasts. The hypothesis that
amniotic fluid specific cells originate from placental tro-
phoblast tissue has been supported by the finding that
they produce estrogen, human chorionic gonadotropin
and progesterone. Also due to the lack of hormone pro-
duction, fibroblastic cells are considered to originate
from mesenchymal tissue, while both types express HLA
Class | (HLA-ABC) surface antigens, but not HLA Class Il
(HLA-DR) [1-6].

Unfortunately, until recently almost nothing was known
about those cells within native amniotic fluid, which are
incapable of attachment and proliferation under the cell
culture conditions used in routine prenatal laboratory di-
agnosis. Here it is very important to note, that only a very
small amount of all the cells present in human amniotic
fluid form colonies under routinely used cell culture con-
ditions. In addition, it is possible that specific cells in the
amniotic fluid have the capacity to attach, but do not
proliferate or form colonies because of cell cycle arrest,
differentiation status, or senescence. Many of these cells
are viable, as can be concluded from trypan blue exclu-
sion assays [1, 2, 4].

Our first approach to get more information on the spectrum
of proteins/cells present in human amniotic fluid made use
of the proteomic technology. Human amniotic fluid cells
obtained from amniocentesis for routine prenatal genetic
diagnosis were subjected to proteomic analysis. This project
has been reviewed and accepted by the ethics commission
of the Medical University of Vienna, Austria. To identify
metabolic enzymes, two-dimensional gel electrophoresis
with in-gel digestion followed by matrix-assisted laser
desorption/ionisation-time of flight analysis was per-
formed. The 99 unambiguously identified proteins were
grouped into different categories, such as carbohydrate
handling enzymes, amino acid handling enzymes, pro-
teins of purine metabolism, enzymes of intermediary
metabolism and miscellaneous. Since numerous meta-
bolic derangements are known to be associated with
Down Syndrome, human amniotic fluid cells with tri-
somy 21 have also been included into this study. In tri-
somic amniotic fluid cells ribose-phosphate pyrophos-
phokinase |, phosphorserine aminotransferase, lactate
dehydrogenase, pyruvate kinase M1 isoenzyme, and
glyceraldehyde 3-phosphate dehydrogenase were signi-
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ficantly increased. Downregulation in cells with an addi-
tional chromosome 21 was observed for glutamate dehy-
drogenase, UDP-glucose 6 dehydrogenase, ATP synthase
o chain, phosphoribosylformylglycinamidine synthase,
and ATP synthases o and B chain [7]. This characterisa-
tion not only provides new insights into the spectrum of
proteins included in human amniotic fluid cell samples,
it also provides an important basis for further investiga-
tions with the aim to characterise and isolate specific
subsets of human amniotic fluid cells. Such an approach,
with the advantage of the concomitant determination of
many enzyme proteins, may also form the basis for future
metabolic screens when amniocentesis is carried out.
Down Syndrome is the most frequent genetic cause of
mental retardation and a demonstration of deregulated
metabolic enzymes could also provide the basis for fur-
ther investigations of the molecular development of this
disease.

First Evidence for Stem Cells in Amniotic Fluid

One cell type that is also believed to be part of the cellu-
lar content of amniotic fluid is the human amniotic epi-
thelial cell. These cells are formed from amnioblasts,
separated from the epiblast at about the 8" day after ferti-
lisation and constitute the inner layer of the amnion [1-
6]. Why these cells can be detected in human amniotic
fluid remains elusive. Human amniotic epithelial cells
have been speculated to have stem cell potential because
they can differentiate into a wide variety of different or-
gans, including heart, liver and brain [8]. Amniotic epi-
thelial cells have been demonstrated to express neuronal
stem cell markers and synthesise and release acetylcho-
line and catecholamines [9-11]. The two latter have also
been detected in amniotic fluid and in amniotic fluid
cells [12]. In addition, neurotrophic factors, such as
nerve growth factor, brain derived neurotrophic factor,
and neurotrophin-3, have been detected in both, human
amniotic epithelial cells and human amniotic fluid [13,
14]. Is this overlap in biochemical characteristics due to
amniotic epithelial cells in amniotic fluid or caused by
two different cell types? Do cells in human amniotic fluid
also express neuronal stem cell markers? Especially the
latter question initiated further investigations in our labo-
ratory (see below). This is of special interest, because hu-
man amniotic epithelial cells have already been shown
to be able to survive and function in the brain of a rat
model of Parkinson’s disease [15, 16].

Telomerase is an enzyme that helps maintaining telo-
meres, which protect the ends of chromosomes. Telo-
merase activity is an important marker for human pluri-
potent stem cells and is — together with long telomeres —
characteristic of proliferating cells in embryonic tissues
and of germ cells. Human non-transformed somatic cells,
however, do not show telomerase activity and their telo-
meres are considerable shorter [17-19]. Another impor-
tant evidence that human amniotic fluid could contain
stem cells was provided by the detection of telomerase
activity in both uncultured and cultured human amniotic
fluid cells from 14 weeks’ gestation [20]. To confirm and
more detailly investigate this issue, we performed RT-
PCR analyses with human amniotic fluid cell samples
and cells from human placental biopsies from pregnan-
cies from 13" up to the 34" week of gestational age. We
demonstrated that these samples contain cells expressing
human telomerase reverse transcriptase, bone morpho-
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genetic protein receptor Il (known to be important for the
differentiation of committed mesenchymal cell types
from mesenchymal stem and progenitor cells) and the
leukaemia inhibitory factor (a growth factor necessary for
maintaining embryonic stem cells in a proliferative, un-
differentiated state). Deregulation of specific differentia-
tion processes is a major cause for the neuropathological
cell features typical for Down Syndrome, the most fre-
quent genetic cause of mental retardation. The molecular
mechanisms leading to Down Syndrome are likely to be
operative from the very earliest time of embryonic/fetal
development. However, we could not detect any signifi-
cant differences in the expression of the stem cell mark-
ers described above between normal and trisomy 21 cell
samples. These data suggest that early deregulation of the
expression of these genes in the here analysed cell sour-
ces does not contribute to the molecular development of
Down Syndrome [21].

A very interesting study demonstrated that amniotic fluid
is able to serve as a source for cells for fetal tissue engi-
neering. Amniotic fluid cells from pregnant ewes were
grown in culture, and a specific subpopulation of mor-
phologically distinct cells was mechanically isolated and
selectively expanded under specific culture conditions.
Here it is important to note, that this procedure leads to
the enrichment of a very specific subpopulation of cells
out of the wide spectrum of cells, which can be found in
amniotic fluid. The determined immunocytochemical
profile of the cells enriched in this way was consistent
with a mesenchymal, fibroblast/myofibroblast cell line-
age. These cells stained positive for vimentin, smooth
muscle actin, cytokeratin 8 and 18, and fibroblast surface
protein, and negatively for desmin and cluster differentia-
tion 31. They exhibited significantly faster proliferation
than comparable fetal and adult cells. After expansion,
these cells were seeded onto a polyglycolic acid poly-
mer/poly-4-hydroxybutyrate scaffold. Scanning electron
microscopy revealed dense, confluent layers of cells sur-
rounding the polymer matrices and firm cell adhesion of
both scaffolds [22]. Such a biological construct could
have applications in a variety of congenital anomalies. In
case of prenatal ultrasound diagnosis of e. g. congenital
diaphragmatic hernia or body wall defects, amniotic fluid
could serve as a source to create an engineered construct
— material containing cells from the fetus, to function as a
graft — for implantation immediately after birth [23].

Cells within the Human Amniotic Fluid
Express Oct-4

The Oct-4 POU transcription factor is a marker for pluri-
potent human stem cells. Embryonal carcinoma cells,
embryonic germ cells and embryonic stem cells are known
to express Oct-4. Oct-4 expression rapidly disappears
when stem cells start to differentiate [24, 25]. In a re-
cently published study of our group [26] we described
that in human amniotic fluid in the background of Oct-4
negative cells a distinct population of cells can be found,
which express Oct-4. We detected Oct-4 mRNA expres-
sion in amniotic fluid cell samples via RT-PCR. Western
blot analyses demonstrated Oct-4 protein expression in
samples with positive RT-PCR results. Immunocyto-
chemical analyses of positive samples revealed that the
Oct-4 signals were localised to the nucleus, what is in
agreement with the known localisation of this POU tran-
scription factor [25] (Fig. 1). Double staining experiments



further demonstrated that the found Oct-4 positive amni-
otic fluid cells actively divide. We showed that the Oct-4
positive cells also express cyclin A, a marker for cell cy-
cle proliferation [27]. Using RT-PCR analyses we further
demonstrated that in amniotic fluid cell samples contain-
ing Oct-4 positive cells, the mRNAs of the following
three genes can be detected [26]: stem cell factor known
to be expressed in embryonic stem cells, embryonic car-
cinoma cells, haematopoetic stem cells and mesenchy-
mal stem cells [28], vimentin known to be expressed in
ectodermal, neural and pancreatic progenitor cells [29]
and alkaline phosphatase known to be expressed in
embryonic stem cells and in embryonic carcinoma cells
[171].

Our finding that human amniotic fluid contains Oct-4
positive cells has been confirmed by a study of another
research group [30]. The authors established a two-stage
culture protocol to isolate human multipotent mesenchy-
mal stem cells from second-trimester amniotic fluid.
Mesenchymal stem cells are multipotent stem cells, able
to differentiate into multiple mesenchymal lineages.
Oct-4 mRNA expression was detected in all 20 analysed
independent cases. Immunocytochemical analyses fur-
ther demonstrated Oct-4 protein expression in these cells.

These results suggest that human amniotic fluid may rep-
resent a new source for the isolation of human Oct-4
positive stem cells without raising the ethical concerns
associated with human embryonic research. Considering
the great potential of cellular therapy using fetal stem
cells and the feasibility of intrauterine fetal tissue engi-
neering, amniotic fluid may provide an excellent alterna-
tive source for investigation of human stem cells. How-
ever, several open questions still must be investigated.
Final proof for a putative pluripotential of such Oct-4
positive amniotic fluid cells would include experiments
to isolate them and to differentiate them into distinct lin-
eages (see below). Although probably associated with a
lot of experimental difficulties, approaches should also
aim to identify the biological origin of such cells in the
human amniotic fluid.

Mesenchymal Stem Cells in Human
Amniotic Fluid

As described above, multipotent mesenchymal stem cells
were successfully isolated, cultured and enriched from
human amniotic fluid. Flow cytometry analyses showed
that they were positive for SH2, SH3, SH4, CD29, CD44,
HLA-ABC (MHC class 1), CD90 and CD105. These cells
could be induced to differentiate into adipocytes, osteo-
cytes and neuronal cells [30].

Additional evidence for mesenchymal stem cells in hu-
man amniotic fluid was provided by another recent
study. It was shown that a quantity of 2 ml of second-tri-
mester human amniotic fluid was sufficient to culture
mesenchymal stem cells. This expansion potential even
exceeded that of bone marrow-derived mesenchymal
stem cells. Phenotypical characterisation by flow cyto-
metry revealed that these amniotic fluid-derived stem
cells are very similar to mesenchymal stem cells derived
from second-trimester fetal tissues and adult bone mar-
row. Further cultivation in different specific cell culture
media demonstrated multilineage differentiation poten-
tial of amniotic fluid-derived mesenchymal stem cells

into fibroblasts, adipocytes and osteocytes [31]. The fre-
quency of mesenchymal stem cells in umbilical cord
blood is particularly low, and most investigators have
been unable to grow mesenchymal stem cells from um-
bilical cord blood. Fetal lung-derived mesenchymal stem
cells can enhance the engraftment of human umbilical
cord blood-derived CD34+*-haematopoietic cells in sever
combined immunodeficiency mice [32]. Accordingly,
cotransplantation of umbilical cord blood and mesen-
chymal stem cells derived from parental bone marrow is
proposed as a strategy to reduce the delay in engraftment
that is associated with umbilical cord blood transplanta-
tion. The demonstration of mesenchymal stem cells in
second-trimester amniotic fluid could enable cotrans-
plantation of haematopoietic stem cells from umbilical
cord blood and mesenchymal stem cells from amniotic
fluid from the same donor.

Amniotic Fluid as a New Source for
Neural Stem Cells

We recently performed a study to determine whether hu-
man amniotic fluid contains cells that harbor the poten-
tial to differentiate into neurogenic cells. Amniotic fluid
cells, uncultivated or cultivated either in medium stand-
ard for routine diagnosis or in neurogenic differentiation
medium, were analysed for morphologic neurogenic dif-
ferentiation and for the expression of specific markers.
Whereas the appearance of neurogenic cells was not
detected in uncultivated cells, it strongly increased after
incubation with neurogenic medium. RT-PCR and West-
ern blot analyses of the expression of CD133 (a marker
for neuronal stem cells), nestin (characteristic for neuro-
nal progenitor cells), neurofilament (found in differenti-
ated neurons), CNPase (characteristic for oligodendro-
cytes), and the p75 common neurotrophin receptor, the
brain-derived neurotrophic factor and neurotrophin-3,
which are known to be important for the differentiation
and survival of neurons, revealed induction of these
markers upon treatment with neurogenic differentiation
medium. Accordingly, the marker gene expression was
connected with the appearance of the characteristic mor-
phologic changes [33]. For the first time, our study dem-
onstrated that human amniotic fluid contains cells that
express markers for neuronal stem and progenitor cells,
which harbour the potential to differentiate into neuro-
genic cells.

The Next Questions to Answer

Much of the recent excitement surrounding human stem
cells is connected with the hope of investigators and pa-
tients alike that they have the potential to treat or cure a
myriad of diseases. The fact that the probably most potent
human stem cells can be derived from the inner cell mass
during embryonic development, raises a lot of ethical is-
sues. Accordingly, investigations have been initiated to
search for different human sources for cells harbouring
the potency to differentiate into specific lineages [34,
35]. One such alternative source could be human amni-
otic fluid. The observations described above suggest that
human amniotic fluid may represent a new source for the
isolation of cells with the potency to differentiate into dis-
tinct cells. Such cells could be used as primary (not trans-
formed, not immortalised) cell systems for basic research
and they could probably provide a new source for stem
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cell research and for the development of new approaches
in tissue engineering.

For the future it is of great importance to obtain more
insights into the spectrum of cells contained in human
amniotic fluid. Using RT-PCR the expression of a wide
variety of genes, known as markers for stem cells, pro-
genitor cells and differentiated cell types, should be ana-
lysed. In this respect a general issue of relevance is that
fetal anomalies, such as e. g. open lesions including neu-
ral tube defects or the abdominal wall abnormality gas-
troschisis, very likely have significant impact on the spec-
trum of cells in the fluid. This aspect should be investi-
gated by including amniotic fluid cell samples of such
anomalies into a RT-PCR screen. Human amniotic fluid
cells can be obtained from amniocentesis all performed
at different time points after the 14" week of pregnancy
for routine prenatal diagnosis. Using such an approach it
has already been published that human amniotic fluid
cell samples can be positive for the expression of Oct-4,
alkaline phosphatase, stem cell factor, vimentin, CD133,
telomerase reverse transcriptase, bone morphogenetic
protein receptor I, the leukaemia inhibitory factor,
nestin, neurofilament, CNPase, and the p75 common
neurotrophin receptor, the brain-derived neurotrophic
factor and neurotrophin-3 [21, 26, 33]. It is important
that different research groups start to perform a wide
screen to determine which markers are expressed in hu-
man amniotic fluid cells. In Table 1 | suggest a list of
markers, which should be included in such studies.

Furthermore, it is important to investigate whether the
level of the expression of the above mentioned markers
changes during pregnancy (comparison of earlier and
later amniocentesis material) or is affected by specific fe-
tal abnormalities (such as e. g. neural tube defects or gas-
troschisis). An optimal approach to answer these questions
would be quantitative RT-PCR [37]. A next step would be
to clarify whether observed differences are due to different
gene expression levels or to different concentrations of
marker-positive cells in the amniotic fluid. This issue must
be investigated by immunohistochemistry [26].

Table 1. List of markers (compare e. g. [17, 26, 29, 36])

Pluripotent stem cells:

Oct-4, alkaline phosphatase, stem cell factor, vimentin, telomerase,
Rex-1

Neural stem cells/haematopoietic stem cells:
CD133

Neuronal progenitor cells:

Nestin

Neurons:

Neurofilament

Oligodendrocytes:

Cyclic nucleotide phospho-diesterase (CNPase)
Astrocytes:

Glial fibrillary acidic protein (GFAP)

Vascular:

CD34

Osteogenesis:

Osteocalcin, osteonectin, core-binding-protein a1
Chondrogenesis:

Collagen type2, aggrecan, decorin, biglycan
Muscle cells:

Myogenin, MyoD, myosin heavy chain
Adipocytes:

Peroxisome-proliferating activated receptor Y1 and y2, lipoprotein
lipase, leptin
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The entire experiments described above should be per-
formed on mRNA extracts of cells of the native amniotic
fluid sample and of cells of the (same) sample after culti-
vation for routine prenatal genetic testing. This analysis
should provide new detailed insights into which cells
could be part of the spectrum found in human amniotic
fluid. This detailed screen should provide a basis for fur-
ther research on characterisation and isolation of specific
subsets of cells expressing specific markers.

Screening techniques such as microarray approaches to
determine mRNA expression differences or proteomics to
detect regulation in protein levels and modifications
should also be performed with different samples of amni-
otic fluid cells (normal versus pathological, earlier versus
later pregnancy etc.) [7, 37].

Figure 1. Detection of Oct-4 in the nucleus of a human amniotic fluid
cell. Aphase contrast picture of an amniotic fluid cell population grown
under culture conditions used for routine prenatal diagnosis of genetic
mutations is presented. For immunocytochemical analysis of cellular
Oct-4 expression, cells were fixed and incubated with anti-Oct-4
antibody. Thereafter, cells were washed, incubated with a biotinylated
secondary antibody, washed again, and incubated with ExtrAvidin-Cy3
conjugate. One amniotic fluid cell with the red Oct-4-specific signal in
the nucleus is shown.



Our data, whereupon human amniotic fluid contains
Oct-4 positive cells, have already been confirmed by
others [26, 30]. A major issue for the future is to detailly
investigate the differentiation potential of the found
Oct-4 positive amniotic fluid cells. Therefore, it is essen-
tial to think about strategies to isolate/enrich Oct-4 posi-
tive cells out of amniotic fluid. One could think about
transfecting amniotic fluid cell samples with a plasmid
harbouring a neomycin resistance gene under the control
of the Oct-4 promoter. Cultivation in a medium contain-
ing neomycin enables selection for Oct-4 positive cells.
The successful approach to use this construct to isolate
Oct-4 positive stem cells out of a background of Oct-4
negative cells is e. g. described in [38]. Further cultiva-
tion of amniotic Oct-4 positive cells is possible because
these cells divide as shown by co-staining with cyclin A
[26]. Transfection of a plasmid harbouring GFP under the
control of the Oct-4 promoter could enable the sorting of
GFP positive (Oct-4 positive) cells via flow activated cell
sorting. The successful usage of this approach to isolate
Oct-4 positive stem cells out of a majority of Oct-4 nega-
tive cells has already been described earlier [39]. The
Rex-1 gene is a transcriptional target of the transcription
factor Oct-4 and is expressed in human embryonic stem
cells [40-42]. Accordingly, in the past a construct har-
bouring GFP under the control of the Rex-1 gene pro-
moter has successfully been used to isolate human
multipotent stem cells [43]. This construct could also be
tested in human amniotic fluid cell samples.

As a logical consequence it will be very important to de-
fine the differentiation potential of these (so isolated) cells.
Cells, selected for Oct-4 expression or sorted according
to Oct-4 or Rex-1 expression, must then be transferred in
distinct differentiation media, such as those described in
Table 2. RT-PCR analyses of the markers described in Ta-
ble 1 will allow to investigate whether these cells harbour
the potential for neurogenic, osteogenic, chondrogenic,
myogenic and/or adipogenic differentiation.

In addition, starting from one cell (obtained via cell sort-
ing or minimal dilution after sorting) different cell culti-
vations in the specific differentiation media (Tab. 2)
should be performed after cell culture splitting. Again,
marker gene expression can be performed to confirm cel-
lular differentiation. If started from one cell, a cell culture
can differentiate in two or more different lineages this
would be a proof for the existence of stem/progenitor
cells with multi-lineage capacity in human amniotic
fluid. Recently, comparable experiments demonstrated
that human adipose tissue is a source of multipotent stem
cells [36]. These data showed that fat tissue extracted
during liposuction is a rich source of what has been char-

Table 2. Media for induction of lineage-specific differentiation (compare
e.g. [33, 36, 44, 45])

Neurogenic differentiation:

— medium with low serum containing dimethylsulfoxid

Osteogenic differentiation:

- medium containing 1,25-dihydroxyvitamin D3, ascorbate-2-
phosphate, -glycerophosphate

Chondrogenic differentiation:

— medium with low serum containing insulin, TGFb1, ascorbate-2-
phosphate

Myogenic differentiation:

— medium containing hydrocortisone

Adipogenic differentiation:

— medium containing isobutyl-methylxanthine, dexamethasone,
insulin, indomethacin

acterised as adipose-derived stem cells. Experiments, as
those described above, demonstrated that these cells can
differentiate into several lineages. Since then a handful of
laboratories and biotechnology companies are working
to exploit the potential of these stem cells [46]. Very com-
parable to adipose-derived stem cells, amniotic fluid-de-
rived stem cells still need a lot of science and medicine to
generate more data on so far unresolved issues.
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