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Course 8 - Pre-congress course organised by the  
Special Interest Group Stem Cells 

 
“Update in stem cell derivation and cell therapy” 

 
PROGRAM 

 
Course co-ordinators: A. Veiga (E) and L. Gianaroli (I) 
 
Course description: The aim of the course is to provide the attendants with updated 
information in stem cell research.Recent improvements in human embryonic stem cell 
derivation and culture will be described together with therapeutic approaches 
involving the use of both embryonic and adult stem cells. Banking, registry 
organisation as well as legislation will also be treated. Leaders in research in the field 
of stem cells have been selected as speakers. 
 
09.00 - 09.30 Feeder free hESC derivation and culture - O. Hovatta (FIN) 
09.30 - 09.45  Discussion 
 
09.45 - 10.15 Use of PGD embryos for stem cell derivation - S.Minger (UK) 
10.15 - 10.30  Discussion 
 
10.30 - 11.00  Coffee break 
 
11.00 - 11.30 Trophoblastic stem cell lines: implantation model - H. Moore (UK) 
11.30 - 11.45 Discussion 
 
11.45 - 12.15 hESC for neural repair - B. Reubinoff (IL) 
12.15 - 12.30  Discussion 
 
12.30 - 13.30 Lunch 
 
13.30 - 14.00 Stem cells for cardiac repair - A. Bayes-Genis (E) 
14.00 - 14.15  Discussion 
 
14.15 - 14.45 Stem cell banks and registries: the UK Stem Cell Bank –  
 G. Stacey (UK) 
14.45 - 15.00  Discussion 
 
15.00 - 15.30  Coffee break 
 
15.30 - 16.00 The future of stem cell research - A. Trounson (AUS) 
16.00 - 16.15  Discussion 
 
16.15 - 16.45: EU legislation, guidelines and funding for hESC research –  
 G. Joliff-Botrel (EU) 
16.45 - 17.00:  Discussion 
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Trophoblast stem cell lines: implantation model 
 

Harry Moore   
Centre for Stem Cell Biology 

 University of Sheffield, S10 2TN 
UK 

E-mail: h.d.moore@shef.ac.uk 
 
Learning objectives 
 

1. List requirements for trophoblast cell lines for studying human implantation 
2. Describe mechanisms of early differentiation of human embryonic stem cells 
3. Outline methods for haracterisation of human trophoblast and differentiation 

strategies 
4. Describe in vitro  implantation models 

 
Summary 
Background: An effective embryonic−maternal interaction is crucial for successful 
human pregnancy. Failure of this process is a major cause of infertility and can lead to 
placental dysfunction resulting in recurrent miscarriage, foetal retardation and pre-
eclampsia. Current research is severely constrained by ethical and practical 
considerations. It is now possible to generate cytotrophoblast stem (CTBS) cell lines 
from human embryonic stem cells (HESCs) as tools to investigate early placentation. 
Method: Human chorionic gonadotrophin (hCG) is used as a marker of trophoblast. In 
defined culture, embryoid bodies are generated from HESCs and selected for 
trophoblast enrichment by rounds of cellular aggregation and disaggregation. Distinct 
cytotrophoblast stem cell (CTBS) lines can be isolated and characterised. Spheroid 
CTBS aggregates are formed and their interaction with luteal–phase endometrial stroma 
analysed by real-time image analysis. 
Findings: CTBS lines were derived which could be maintained in the absence of 
residual HESCs, fibroblast feeder cells or extra-cellular matrix. CTBS cells displayed 
typical cyto- and syncytio-trophoblast characteristics and exhibited further 
differentiation to the invasive endovascular phenotype involved in uterine blood vessel 
remodelling.  Spheroid CTBS cells mimicked closely the early invasive stages of 
implantation when incubated with human endometrial stroma in vitro.  
Interpretation: These human CTBS cell lines are a significant new model for 
investigating human placentation and have considerable potential in cell therapy 
applications. 
 
Introduction 
During human implantation the continuous proliferation of cytotrophoblast stem cells 
(CTB) enables the embryo to rapidly invade the endometrial stroma and establish a 
haemochorial placenta. The early differentiation of cytotrophoblast to an invasive 
endovascular phenotype is critical for promoting feto-maternal immune tolerance and 
for remodelling uterine blood vessels for continuation of pregnancy. Aberrant 
development of trophoblast is associated with serious complications, including recurrent 
miscarriage, pre-eclampsia (maternal high blood pressure) and restricted fetal growth 
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(1,2).  The process of trophoblast differentiation is poorly understood in women as 
investigations are severely constrained by ethical and practical considerations.  
 
In the mouse, trophoblast stem cells isolated from the pre- and post-implantation 
embryo can be maintained indefinitely in culture and have the capacity to differentiate 
along the trophoblast lineage (3). However, until recently, the derivation of human 
trophoblast stem cells from pre-implantation blastocysts has been achieved, highlighting 
the differences in early embryo and placental development between these species 
(figure 1). Therefore we used human embryonic stem cells (HESCs ,4) as a route to 
obtaining a trophoblast stem cell population (5).  While HESCs differentiate 
spontaneously to trophoblast-like cells in cultures when supplemented with bone 
morphogenetic protein 4 or when Oct 4 is down regulated, these cells are terminally 
differentiated and display a limited proliferative capacity (6). Trophoblast 
differentiation can develop further when HESCs are aggregated to form embryoid 
bodies (EBs) but residual HESCs and other cell types in the culture resulting from 
spontaneous differentiation confound the findings from these preparations (7). We 
surmised that the proportion of trophoblast cells that developed in human EBs in vitro 
would vary and sought to identify viable EBs containing trophoblast cells undergoing 
syncytium by measuring secretion of the β subunit of hCG (hCGβ); a hormone essential 
for maintaining early pregnancy. Such EBs might potentially contain a trophoblast stem 
cell population for enrichment and purification. 
 
Methods and Results 
Details of the method have been reported (5). First, we generated trophoblast - 
containing EBs, using HESCs (H7 and H14) of normal karyotype, which were 
maintained and passaged by standard protocols using serum-replacement medium. EBs 
were prepared by aggregation of single HESCs (dissociated with 1 mg/ml collagenase 
IV) in ES medium without basic fibroblast growth factor in Petri dishes in 5% CO2 in 
air. On day 5, EBs were then transferred singly to wells of a 96-well culture plate and 
cultured for a further three days before aliquots of medium were subjected to ELISA 
assay. HCGβ was detected in most wells (4 x 96 well plates) but only 3.8% of wells had 
concentration of hormone greater than 500 m I.U./ ml (figure 2A). The EBs in these 
wells were of equivalent size and morphology, indicating that any increase in hCGβ was 
likely to be due mainly to the proportion of trophoblast cells rather than a greater overall 
number of cells.  
 
To select for CTBS cells, EBs exhibiting high hCGβ secretion were subjected to several 
rounds of selective enrichment by growth in ‘TS’ medium comprising conditioned 
medium from fibroblast feeders supplemented with fibroblast growth factor 4 (FGF4) 
and heparin. TS medium promotes differentiation of murine trophoblast stem cells from 
extra-embryonic ectoderm. Those EBs maintaining a high secretion of hCGβ were 
pooled, disaggregated and allowed to form new EBs and this enrichment protocol 
repeated consecutively for three rounds until all EBs displayed consistently high hCGβ 
secretion.  EBs were disaggregated (0.25% trypsin-EDTA) and then single cells allowed 
to proliferate in adherent culture in TS medium without feeders. Control cultures of EBs 
in HES medium without bFGF exhibited only basal hCGβ levels indicating poor 
trophoblast differentiation.  Initially, four cell lines were generated with variable 
proliferation, two of which have maintained persistent proliferative capacity for more 

 
20



 

than 30 passages (CTBS1 from H7 HESC and CTBS2 from H14 HESC) and form 
epithelial-like cell colonies with single and multinucleated cells (figure 2B). An 
additional CTBS cell line (CTBS-GFP1) was generated by the same methods but from 
H7 HESCs with constitutive expression of enhanced green fluorescent protein, eGFP 

(figure 2H and 2I).   Continuous proliferation of each cell line was related to the 
persistence of a mononuclear cytotrophoblast population (relative to syncytium 
formation) as determined by immunostaining for cytokeratin and hCGβ (figure 2D-G). 
Cell proliferation was maintained by regular cell passage every 5 days as this inhibited 
terminal differentiation. When CTBS cells were aggregated and returned to mouse 
embryonic fibroblast feeders with HES medium they failed to revert to or generate 
either HESC colonies or EBs with pluripotent developmental capacity other than 
trophoblast.  This indicated the absence of residual HESCs in the cell lines and the 
likely restricted developmental capacity of CTBS cells as has been shown for the 
mouse.  
 
The trophoblast phenotype of the cell lines was confirmed by immunolocalisation of the 
pan trophoblast marker cytokeratin 7, Stage-Specific Embryonic Antigen 1 (SSEA1, 8), 
and human placental lactogen (hPL). Additionally, reverse transcription and the 
polymerase chain reaction (RT-PCR) were performed with primer sequences for marker 
genes of HESCs and trophoblast. Compared with HESCs, mRNA expression for Oct 4, 
Sox2, FGF4, Nanog in the derived cell lines was absent while trophoblast- related 
mRNAs for Cdx2 (caudal-related homeobox), Ck7, HLA- G, and Cd9 and were up 
regulated or maintained (figure 3A). The latter two are known markers for extravillous 
cytotrophoblast, which invades the uterine stroma (deciduas) during placentation (9). 
Surprisingly, eomesodermin (eomes), a marker of mouse early postimplantation 
trophoblast, was expressed strongly in HESCs but was weak or absent in the CTBS cell 
lines (figure 3A). Several reports have highlighted differences between mouse and 
human ESCs including eomesodermin expression in HESCs but not mouse ES cells 
(10). Furthermore, the expression of some trophoblast markers in stock cultures of 
HESCs may relate to spontaneous differentiation to trophoblast lineage. We had 
previously shown that expression of trophectodermal markers in such cultures occurred 
predominantly in the SSEA (-) and SSEA1(+) subsets of cells, consistent with their 
expression in the differentiated derivatives of the HESCs rather than in the HESCs 
themselves.  
 
To further assess the subtype of trophoblast cells, the comparative cell surface 
expression of histocompatibility HLA class I (pan HLA antibody W6/32) and HLA-G 
(antibody G233) antigens was determined by fluorescent activated cell sorting (FACS) 
and immunolocalisation. The majority of cells (~90%) expressed HLA- class I 
histocompatibility antigens consistent with extravillous trophoblast (figure 3B).  The 
expression of HLA-G (11), the non-classical HLA-class I antigen also specifically 
expressed in anchoring extravillous cytotrophoblast of first trimester placentae was 
relatively weak in most cells, but a small proportion (~10%) of cells displayed strong 
immunoreactivity (figure 3B and C). Some cells expressed vimentin, possibly indicating 
interstitial CTB. Following extended culture for one week or more in T25 flasks, the 
proportion of HLA-G+ cells increased considerably (>90%). These cells exhibited 
distinct endothelial cell morphology similar to cultures of differentiating 
cytotrophoblast from first trimester human placental tissue and resembled endothelial 
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morphological differentiation from embryonic stem cells (12). Significantly, however, 
the cells coexpressed HLA-G and the platelet endothelial cell adhesion molecule-1 
(PECAM-1), both markers of invasive endovascular (endothelial-like) CTB (figure 4). 
VE –cadherin and E-cadherin immunolocalisation was weak or absent on endovascular 
cells but strong on a relatively small proportion (<5%) of multinucleated cells also 
present at this stage and most likely equivalent to the syncytial giant cells found in 
stroma of the developing placenta. As determined by RT-PCR, adherent endovascular 
trophoblast  in culture exhibited PECAM –1 mRNA expression  but neither vascular 
endothelial growth factor receptor 1 (flt -1) or VE-cadherin in comparison with EBs  
again distinguishing these cells from a true endothelial phenotype (Figure 4i). 
 
To determine the functional capacity of CTB cells, we first investigated the formation of 
non-proliferative, syncytiotrophoblast by cell-cell fusion of villous cytotrophoblast (1). 
The spontaneous generation of syncytium in adherent cell cultures of CTBS1 was 
monitoring cells under an inverted microscope for up to 3 days in a chamber at 37 oC in 
5% CO2 in air by continuous time-lapse recording. Adherent cells displayed progressive 
migration across the culture dish promoted by pseudopodial-like extension of cells. 
When cells occasionally converged they fused to form multi-cellular 
syncytiotrophoblast cells (figure 2G) that were hCGβ, and Ck7 positive but HLA class 1 
negative. This cell fusion was captured unequivocally by digital time-lapse microscopy.  
 
Next, we examined the invasive implantation potential of the CTBS cell lines by 
adopting a three- dimensional spheroid culture. This technique has been shown to 
maintain extra villous CTB phenotype of first trimester placental tissue (13). Aggregates 
of CTBS cells were generated from confluent monolayers following brief trypsinisation 
and incubation in non-adherent culture for 5-10 days. When cultured in extracellular 
matrix (Matrigel) drops, these CTBS spheroid aggregates developed characteristic 
outgrowths, which expressed hCGβ and cytokeratin (figure 5Ai and ii). The hCG 
receptor is expressed on invasive cytotrophoblast and similar observations have been 
reported for EB differentiation to trophoblast. On further culture with primary human 
endometrial tissue (luteal phase) prepared using well-characterised protocols (14), 
CTBS aggregrates attached to both epithelial cells and stromal cells. Significantly, as 
shown by time-lapse microscopy (figure 5B) CTBS spheroids with stromal cell cultures 
displayed a characteristic circular migratory movement and exhibited polar outgrowths 
from which endovascular cells streamed After about 24-36 hours in co-culture, these 
trophoblast outgrowths were the site of an erosion of the extracellular matrix of the 
stroma. This was identified by the rapid retraction of the trophoblast vesicle due to the 
dissolution of underlying extracellular matrix of the stromal cells (figure 5B, 2-5). A 
similar process of trophoblast invasion has been observed for human blastocyst co-
culture with stromal cells in vitro (15). The erosion site was characterised by 
extravillous (HLA –G+) trophoblast that expressed matrix metalloproteinase 2 
(gelatinase A, figure 5b4, i and ii), identified recently as a key enzyme correlated with 
first trimester invasive capacity of human cytotrophoblast and whose activity is altered 
in cytotrophoblast in women with pre-eclampsia. Single GFP- trophoblast cells with 
endometrial stroma in culture displayed a similar response. 
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Discussion  
These CTBS cell lines are the first distinct set of multipotent progenitor stem cell lines 
to be derived from HESCs and maintained independently. The method of selecting 
individual viable EBs with an appropriate secretory marker, followed by rounds of 
enrichment by the regeneration of EBs, could be applied in principle to derive a range of 
other cell types.  It has been shown previously that clonally derived HESCs maintain 
full pluripotency and proliferation suggesting that CTBS cells develop from a 
homogeneous HESC population rather than multiple (i.e. ES and TS) precursors. Hence, 
our findings differ from the mouse where trophoblast cells may be derived from extra-
embryonic ectoderm but not from murine ESCs without conditional gene expression.  
 
Human cytotrophoblast stem cell lines differ from immortalised placental lines in their 
capacity to differentiation into several cytotrophoblast subtypes including terminal 
differentiation of endovascular cells. Cell cultures therefore closely mimic the 
implantation process in vitro and represent an important new model of placental 
dysfunctions such as pre-eclampsia which causes 15% of pregnancy associated 
morbidity. The efficient generation of endovascular cytotrophoblast also offers the 
prospect of using these cells for regenerative medicine. Their pseudo-vasculogenic and 
invasive characteristics might be utilised in a variety of cell therapies remote from the 
uterus but related to angiogenesis and vessel remodelling, especially as expression of 
HLA-G (16)  and indoeamine 2,3, -dioxygenase (17)  render the cells naturally 
refractory to immune rejection. 
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General methods 
 
Reverse transcription and polymerase chain reaction (RT-PCR). 
Polymerase chain reaction (PCR) technique is used to identify genetic markers that are 
characteristic to cell type. Total RNA (2 µg) was reverse transcribed using 1 µg oligo-
dT primer with MMLV Reverse-Transcriptase (Promega) in a 40 µl reaction volume 
containing 1.25 mM dNTPs at 37oC. PCR was performed using 1µl of cDNA in 50 µl 
reaction volume containing 15 pmol of each primer, 0.2 mM dNTPs and 1 unit Taq 
polymerase (Promega). Primer sequences used and conditions of these reactions were as 
follows: 
β-actin-F: 5’-ATCTGGCACCACACCTTCTACAATGAGCTGCG-3’;  
β-actin-R:5’-CGTCATACTCCTGCTTGCTGATCCACATCTGC-3’ (60°C annealing, x23 
cycles).  
Oct4-F: 5’-CGACCATCTGCCGCTTTGAG-3’;  
Oct4-R: 5’-CCCCCTGTCCCCCATTCCTA-3’ (60°C annealing, x23 cycles).  
Sox2-F: 5’-CCCCCGGCGGCAATAGCA-3’; 
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Sox2-R: 5’-TCGGCGCCGGGGAGATACAT-3’ (60°C annealing, x38 cycles).  
FGF4-F: 5’-CTACAACGCCTACGAGTCCTACA-3’; 
FGF4-R: 5’-GTTGCACCAGAAAAGTCAGAGTTG -3’ (56°C annealing, x40 cycles).  
Nanog-F: 5'-GCCTCAGCACCTACCTACCC-3'  
Nanog-R: 5'-GGTTGCATGTTCATGGAGTAG-3' (60 annealing and x30 cycles). 
Eomes-F: 5’-TCACCCCAACAGAGCGAAGAGG-3’;  
Eomes-R: 5’- AGAGATTTGATGGAAGGGGGTGTC-3’ (57°C annealing, x35 cycles).  
Cdx2-F: 5’-CCTCCGCTGGGCTTCATTCC-3’;  
Cdx2-R: 5’-TGGGGGTTCTGCAGTCTTTGGTC-3’ (60°C annealing, x35 cycles);  
HLA-G-F: 5’-GCGGCTACTACAACCAGAGC-3’;  
HLA-G-R: 5’-GCACATGGCACGTGTATCTC-3’ (55°C annealing, x26 cycles).  
CD9-F: 5’- TTGGACTATGGCTCCGATTC-3’; 
CD9-R: 5’-GATGGCATCAGGACAGGACT-3’ (55°C annealing, x26 cycles).  
CK7-F: 5’-ACAGAGCTGCAGTCCCAGAT-3’; 
CK7-R: 5’-GTAGGTGGCGATCTCGATGT-3’ (55°C annealing, x26 cycles).  
 
Fluorescence activated cell sorting (FACS) 
Trophoblast cells were prepared for cell sorting by dissociating CTBS cells into single 
cells with Trypsin-EDTA. Cells were resuspended at 5 x106/ml in FACS buffer with 
40% normal goat serum to block on ice for 20 minutes. 90 µl of the cell suspension 
were aliquoted into FACS tube and 10 µl of G233 (TS marker for HLA-G) and W6/32 
HLA-Class I control was added. G233 supernatant with NaN3 (mouse IgG2a) was kindly 
given by Dr Ashley King, University of Cambridge. The cells were incubated on ice for 
30 minutes. After incubation, the cells were washed twice before being labelled with 
anti-mouse polyvalent immunoglobulin FITC conjugate for 30 minutes on ice. The cells 
were washed again and resuspended in 300 µl buffer.  
 
Determination of  hCGβ concentration in cell cultures. 
Concentrations of hCGβ were determined using a sandwich enzyme immunoassay kit 
(Cat. # EIA-1469, DRG Diagnostics).  The standards and the samples were incubated 
with 100 μl anti-hCG enzyme-conjugate for 30 minutes at room temperature followed 
by a five times washing procedure.  A second incubation with 100 μl substrate solution 
for 10 minutes was stopped with the addition of 50 μl stop solution. Absorbance was 
read at 450 ± 10 nm with a microtitre plate reader.  The concentration of hCGβ in the 
samples was determined from the standard curve as m I.U./ml. 
 
Constitutive expression of eGFP in HESCs 
A pCAG-GFP expression vector was constructed by excision of eGFP from pEGFP-1 
(Clontech) with XhoI and NotI and insertion into the pCAG vector. H7 cells were 
seeded at the equivalent of 2x105 per well of a 6-well plate on Matrigel. The next day 
they were transfected using ExGen 500 (Fermentas) according to the manufacturer’s 
instructions. The DNA/NaCl Exgen mixture was then added directly to the normal 
growth medium in the well. The plate was centrifuged at 280 g for 5 minutes and placed 
back in the incubator. The medium was exchanged the next day with hES growth 
medium containing puromycin (at 1ug/ml). Viable colonies were picked after 2-3 
weeks. 
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Endometrial – CTBS spheroid co-culture. 
Luteal phase endometrial biopsies were obtained from women undergoing hysterectomy 
under full ethical approval and patient consent. Endometrial epithelial and stromal cells 
were isolated using a method described previously. Preparations were embedded in 
Matrigel on membrane inserts and primed with progesterone for 24 hours before the 
start of co-culture with CTBS. In monolayer co-culture, CTBS spheroids were cultured 
on a confluent layer of stromal or epithelial cells in culture wells. The co-cultures were 
maintained in 500 μl of either conditioned TS medium or serum-free HES medium up 
to six days.  
 
Time-lapse Microscopy 
Adherent CTBS cultures or CTBS–endometrial co-cultures were continuously 
monitored under an inverted microscope in a humidified physiological chamber at 37°C 
in 5% CO2 in air (DigitalPixel Ltd) for up to three days. Preliminary experiments 
indicated no difference in the viability of cells maintained under these conditions 
compared to a standard incubator. Regions of interest (ROI) were identified and 
programmed for analysis using Simple PCI software (C-Imaging) with control over xyz 
scan, transmitted light, and image capture. Routinely 20 ROIs were identified with 
image capture every 15 minutes.  
 

1. Movie of adherent multinuclear TS cells exhibiting cell fusion 
2. Movie of TS vesicle attached and migrating on endometrial stromal cells in co-

culture and displaying erosion site. 
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Figure 1. A comparison in the pathways of early differentiation of mouse and human 
embryos to trophoblast stem cells. 
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 Figure 2. Derivation and initial characteracterisation of human CTBS cell lines 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. RT-PCR and FACS analysis of TS cells. 
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Histogram of hCGβ concentration in culture 
medium in  96-wells containing single 
embryoid bodies. 

(A) Adherent epithelial CTBS cells in 
‘TS’ culture without feeder cells. 
Bars = 20 μm throughout 

(B) Adherent multinucleated 
syncytiotrophoblast in same culture 
as (B). 

(C) & (E) adherent CTBS cells under 
phase contrast and UV light 
displaying cytokeratin (green) and 
hCGβ (red/orange) 
immunolocalisation (nucleus, blue).   

(F) & (G) Single CTBS cells fusing to 
adherent multinucleated syncytium 
under phase contrast and UV. Single 
cells mainly cytokeratin + and 
syncytium mainly hCGβ+.  

(H) Adherent  GFP-syncytial trophoblast 
(phase contrast and UV) and (I) UV 

trop
alone. Inset low power of GFP-

hoblast vesicles. 
(A) Gene expression (RT-PCR) for 

undifferentiated HESCs (H7) 
and CTBS 1 and 2 cell lines.  

 

(B) FACS analysis profile for 
CTBS2 (similar data for 
CTBS1 not shown) in early 
culture. A proportion of cells 
express non classical HLA-G 
(peak A) while the majority 
express all forms of HLA class 
1. 

(C) Phase-contrast and 
immunofluorescent labelling of 
cells used for FACs analysis 
indicating HLA-G staining. Bar 
=  20 μm 
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Figure 4.  Differentiation of CTBS cell line to endovascular cells in ‘TS’ conditioned 
medium.  
 
 

 A 

B 

G H D 

E 

 
 
 
 
 
 

Flt-1 

C F 

 

 
B-actin 
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VE- Cadherin 

EBs              CTBS1 (i) A) Phase contrast micrograph of single adherent cytotrophoblast of CTBS1 cell line. B) 
The cells in (A) after 1- 2 week in culture. Long aggregates display typical endothelial-
like morphology. (C) Dark field, low power micrograph of culture flask. 
D) Phase-contrast of endovascular cell aggregate displaying co-expression of (E) HLA-
G and (F) PECAM-1. 
G) Phase contrast of multinucleated ‘giant’ adjacent to endovascular cell. H)  E.cadherin 
immunolocalisation was much greater in giant cells than endovascular cells. 
(I) Gene expression (RT-PCR) for endothelial markers in EBs before selection and 
endovascular trophoblast for CTBS 1 line. 
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Figure 5.  CTBS spheroids  in extracellular matrix and endometrial co-culture. 
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(A) CTBS spheroid (CTBS1 cell line) in 
Matrigel culture for 5 days with long 
microvilli protrusions of syncytium. 
Inset (i) and (ii): higher magnification 
phase contrast and immunostaining 
displaying cytokeratin(green) and 
hCGβ (red) in syncytial bed. Bar = 
100 μm 

(B) Images from time-lapse movie (see 
supplementary information) of 
CTBS1 aggregate in co-culture with 
endometrial stromal cells; bar = 150 
μm. Black arrow throughout indicates 
direction of migration of vesicle. (1), 
white arrow indicates invasive 
cytotrophoblast outgrowth; (4 and 5), 
white arrow indicates stromal erosion 
site; (4) inset (i) and (ii), higher 
magnification of margin at erosion 
site showing phase contrast and 
MMP-2 immunolocalisation. 

(C) CTBS - GFP cells in co-culture with 
endometrial stroma; bar =20 μm. 
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Stem cells for cardiac repair 
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Spontaneous cardiac regeneration occurs in zebrafish after surgical resection of the left 
ventricle [1]. In rodents, the potential of bone marrow cells of becoming 
cardiomyocytes is yet controversial [2,3]. In humans, damaged myocardium is 
irreversibly replaced by a scar. Recent findings suggest, however, that cardiomyocytes 
may proliferate in end-stage cardiac failure [4] and after myocardial infarction [5].   
 
Cardiac chimerism: ‘proof of concept’ of cardiac regeneration in humans 
Experiments performed in recipients of organs donated by other humans (human 
chimerism) have shed light about the regenerative potential of the human heart. 
Investigators have followed the trace of the Y chromosome, by FISH and/or PCR, in 
sex-mismatch transplants. Quaini et al examined hearts from female donors that had 
been transplanted into male recipients and found that ∼10% of the myocytes contained a 
Y chromosome [6]. This finding was only partially supported by other groups that 
found significantly lower post-transplant chimerism [7]. The reported differences in the 
magnitude of cardiac chimerism could be due either to intrinsic biological 
characteristics of the specimens examined or to differences in the technical approach.  
To assess whether the source of these cells was the bone marrow, Deb et al studied the 
heart of  female patients who had received male donor bone marrow and died of non-
cardiac causes [8]. After examination of 80,000 cardiomyocyte nuclei they found a 
mean percentage of Y chromosome-positive cardiac myocytes of 0.23±0.06%. Bayes-
Genis et al examined the presence of cardiac chimerism after peripheral-blood stem cell 
transplantation (previously mobilized by G-CSF) by means of PCR of highly 
polymorphic short tandem (STR) markers [9]. Gender and non-gender STR donor 
alleles were identified in the recipient heart. These data suggest that adult human bone 
marrow may be a source of extracardiac progenitor cells contributing to cardiomyocyte 
formation.  
 
Autologous adult stem cells for cardiac regeneration after myocardial infarction.  
The revolutionary concept of human cardiac regeneration by bone marrow-derived cells 
was immediately attempted in patients to replace damaged myocardium after 
myocardial infarction (MI). Investigators obtained mononuclear cells from bone marrow 
aspirates and injected them intracoronarily in the acute and sub-acute phase of MI. 
Preliminary, pilot and non-randomized studies suggested a positive effect of these cells 
in left ventricular ejection fraction and reverse remodeling [10,11]. However, two recent 
randomized studies have shed serious concerns about this therapy [12,13]. Janssens et al 
did a randomized, double-blind, placebo-controlled study in 67 patients from whom 
they harvested bone marrow after successful percutaneous coronary intervention for ST-
elevation MI. They assigned patients optimum medical treatment and infusion of 
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placebo (n=34) or bone marrow stem cells (n=33). After 4-months follow-up, the 
investigators concluded that intracoronary transfer of autologous bone marrow cells 
within 24 hours of optimum reperfusion therapy did not augment recovery of global left 
ventricular function after MI.  
A different and apparently simple approach was the mobilization of bone marrow stem 
cells by circulating cytokines. However, the results of the REVIVAL-2 trial recently 
published indicate that stem cell mobilization by G-CSF therapy in patients with acute 
MI and successful mechanical reperfusion has no influence on infarct size, left 
ventricular function, or coronary restenosis [14]. Perhaps only a small fraction of  
mobilized stem cells homed the infarcted myocardium. Homing and engraftment of 
mobilized stem cells into the site of  myocardial injury displays a fundamental step in 
cell-based regeneration of the injured myocardium [15]. 
 
Fetal and cord-blood somatic stem cells.   
Cardiac chimerism after pregnancy of a male offspring (fetal cell microchimerism) has 
also been demonstrated indicating the existence of cells of fetal origin capable of 
differentiating into cardiomyocytes [16]. The search for human somatic stem cells from 
placental cord blood with such properties has yielded erncouraging preliminary results.    
A population of pluripotent, CD45-negative population of cells from human cord blood, 
termed unrestricted somatic stem cells (USSC) has been described [17]. This cord blood 
stem cell population differentiated into osteoblasts, chondrocytes, adipocytes and 
myocytes both in vitro and in vivo in various animal models. These cells, when tested 
for the major transplantation antigens, may serve as an allogeneic stem cell source for 
the future development of cellular therapy for tissue repair and tissue regeneration.  
In conclusion, the human heart has limited regenerative capacity, only to maintain 
normal cardiac homeostasis, but it is unable to meet a long-term demand for cardiac 
repair after injury. We need to obtain extensive knowledge about adult (mesenchymal 
stem cells, endothelial progenitors, adipose-derived stem cells, MAPCs) and fetal-
embryonic stem cells (USSCs) capable of restoring the human heart before we can 
propose such therapeutic option to our patients.  
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