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Abstract

Amniotic fluid-derived stem cells (AFSCs) are a unique stem cell source that may have great potential for use in
tissue engineering (TE) due to their pluripotentiality. AFSCs have previously shown angiogenic potential and
may present an alternative cell source for endothelial-like cells that could be used in range of applications,
including the pre-vascularisation of TE constructs and the treatment of ischaemic diseases. This study
investigated the ability of these cells to differentiate down an endothelial lineage with the aim of producing
an endothelial-like cell suitable for use in pre-vascularisation. As hypoxia and the associated HIF-1 pathway
have been implicated in the induction of angiogenesis in a number of biological processes, it was hypothesised
that culture in hypoxic conditions could enhance the endothelial differentiation of AFSCs. The cells were
cultured in endothelial cell media supplemented with 50 ng mL™" of VEGF, maintained in normoxia,
intermittent hypoxia or continuous hypoxia and assessed for markers of endothelial differentiation at day 7
and 14. The results demonstrated that AFSCs subjected to these culture conditions display an endothelial gene
expression profile and adopted functional endothelial cell characteristics indicative of early endothelial
differentiation. Culture in continuous hypoxia enhanced endothelial gene expression but did not enhance
functional endothelial cell characteristics. Overall, AFSCs subjected to endothelial stimuli demonstrated a less
mature endothelial gene expression profile and phenotype when compared with HUVECs, the endothelial cell
control. However, this study is the first time that the positive effect of an extended period of continuous
hypoxic culture on endothelial differentiation in AFSCs has been demonstrated.

Key words: amniotic fluid-derived stem cells; endothelial cells; endothelial
intermittent hypoxia; pre-vascularisation.

differentiation; hypoxia;

tion of vasculature does not occur, this can result in core

Introduction
degradation and necrosis of the implant (Ko et al. 2007).

The absence of a sufficient vascular supply in tissue engi-
neering (TE) constructs has been established as a major limit-
ing factor in implant success in vivo (Ishaug-Riley et al. 1998;
Cheema et al. 2012), as cells are only capable of surviving
approximately 150-200 pum from the nearest network of
blood vessels (Folkman & Hochberg, 1973). The successful
post-implantation engraftment of these constructs relies on
the rapid formation of stable and functional vasculature
(Laschke et al. 2006; Unger et al. 2010), especially in those
used in the repair of thick tissues such as bone. If the forma-
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Therapeutic strategies to enhance vascularisation within
TE constructs have involved a number of different
approaches, including the delivery of growth factors to
induce angiogenesis (Ehrbar et al. 2004; Epstein, 2011; Mur-
phy et al. 2014) and the use of gene-activated matrices to
enhance vessel development (Kyriakides et al. 2001; Geiger
et al. 2005; Duffy et al. 2010). These strategies demonstrate
varying degrees of success but are limited due to their lack
of target-specificity. An alternative approach involving the
engineering of a vascular network within a TE construct,
in vitro, prior to implantation, has emerged as a potential
solution. This ‘pre-vascularisation’ approach recently has
been shown to have potential in the enhancement of
construct engraftment post-implantation (Unger et al.
2010; Duffy et al. 2011; McFadden et al. 2013; Roubelakis
et al. 2013).
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Primary endothelial cells are the most commonly used cell
type in pre-vascularisation due to their role in the formation
and homeostasis of the vascular system. However, there is
no consensus for the ideal source of primary endothelial
cells (Finkenzeller et al. 2009). These cells must be used at
an early passage number as they begin to lose angiogenic
potential and show an increased apoptotic tendency over
time (Prasad Chennazhy & Krishnan, 2005; Prigozhina et al.
2011). However, the use of multi- and pluripotent stem cell
types for the generation of endothelial-like cells is an area
of TE that shows great potential (Levenberg et al. 2002;
Oswald et al. 2004; Doan et al. 2014). Amniotic fluid-
derived stem cells (AFSCs) are a cell source that has attracted
recent attention due to their pluripotentiality (De Coppi
et al. 2007). AFSCs have previously shown angiogenic
potential, as they have been successfully differentiated into
endothelial-like cells (Zhang et al. 2009; Benavides et al.
2012; Ginsberg et al. 2012). They do not display any telo-
mere shortening within the first 250 passages, allowing
them to be maintained in culture for long periods of time
(Miranda-Sayago et al. 2011), which, along with their easy
isolation, culture and maintenance (Shaw et al. 2011),
potentially makes them an alternative cell source to primary
endothelial cells. Therefore, the ability of AFSCs to undergo
endothelial differentiation was assessed in this study.

In stem cell biology, there is a growing appreciation of
the use of external stimuli to replicate biologically relevant
culture conditions. Hypoxia and the HIF-1 pathway have
been implicated in the induction of angiogenesis in a num-
ber of biological processes, including bone development
(Liao & Johnson, 2007; Portal-Nunez et al. 2012). A defi-
ciency of HIF-1a in knockout mice embryos has been shown
to result in lethal disruptions to cardiac and vascular devel-
opment (lyer et al. 1998; Kotch et al. 1999). Upregulated
HIF-10, however, has shown potential in the enhancement
of endothelial differentiation in a number of stem cell
types. For example, it been shown to restore the gene
expression of pro-angiogenic factors in aged adipose-
derived stem cells (Efimenko et al. 2011) and to enhance
the endothelial differentiation of embryonic stem cells and
human bone marrow stem cells (Ong et al. 2010; Prado-Lo-
pez etal. 2010; Kusuma et al. 2014). The angiogenic
growth factor VEGF is also known to be a downstream tar-
get of the HIF-1 pathway (Liu et al. 1995; Namiki et al.
1995; Forsythe et al. 1996). For these reasons, in this study,
hypoxia was chosen as a stimulus to direct endothelial dif-
ferentiation of AFSCs. Two forms of exposure to hypoxia
were utilised in this study: intermittent and continuous.
Intermittent hypoxia was used as alternative to continuous
hypoxia in order to investigate whether shorter periods of
hypoxic exposure could have a similar effect on endothelial
differentiation. The use of intermittent hypoxia in this man-
ner has never been investigated.

In this study, we hypothesised that culture in hypoxic
conditions could enhance the endothelial differentiation of

AFSCs to produce an endothelial-like cell suitable for use in
pre-vascularisation. We also aimed to obtain more informa-
tion on the ability of AFSCs to adopt endothelial cell-like
characteristics. With this in mind, the objective of this study
was to investigate whether culture in either intermittent or
continuous hypoxia could enhance the ability of AFSCs to
differentiate down an endothelial lineage and enhance
their potential for use in TE applications. Human umbilical
vein endothelial cells (HUVECs) were used as a positive con-
trol to allow the endothelial potential of the AFSCS to be
assessed.

Methods

Cell culture

All cell culture work was carried out under sterile conditions in a
laminar flow hood (SterilGard 111, MSC, Ireland). All cells were
maintained at 37 °Cin a 5% CO, atmosphere in an incubator.

Culture of AFSCs

Amniotic fluid-derived stem cells were obtained from Professor
Shay Soker’s group, Wake Forest University, North Carolina. The
AFSCs had previously been isolated from back-up amniocentesis
samples (obtained with consent) using magnetic-activated cell
sorting (MACS) separation prior to their delivery. Cells were iso-
lated on the basis of expression for C-kit (CD117) as previously
described (De Coppi et al. 2007). AFSCs were expanded in basic
amniotic fluid cell (BAFC) growth media, which consisted of
alpha-MEM medium (Invitrogen, California, USA) containing 15%
embryonic stem cell qualified-fetal bovine serum (ES-FBS) (Invitro-
gen), 1% tL-glutamine (Sigma-Aldrich, Arklow, Ireland) and 2%
penicillin/streptomycin  (PenStrep) (Invitrogen), and was supple-
mented with 18% Chang B and 2% Chang C (Irvine Scientific,
California, USA). Upon reaching 70% confluency, cells were
washed using phosphate-buffered saline (PBS) (Sigma-Aldrich)
and detached using 0.25% trypsin ethylenediaminetetraacetic acid
(EDTA) (Sigma-Aldrich). Cells were plated at a density of
3.5 x 10® cm™2. All AFSCs used during the study were used prior
to passage 24.

Induction of endothelial differentiation of AFSCs

To facilitate endothelial differentiation, AFSCs were cultured in En-
doGrotm- VEGF complete media supplemented with 50 ng mL~"
recombinant VEGF-165 (R&D systems), 5 ng mL~" human fibroblast
growth factor-b, 5 ng mL™" epidermal growth factor, 15 ng mL™"
insulin-like growth factor-1, 1 ug mL™" hydrocortisone hemisucci-
nate, 0.75 U mL~" heparin sulphate, 50 ug mL~" ascorbic acid, 1%
L-glutamine and 2% FBS (Millipore, Massachusetts, USA). Media
were changed every 3 days. AFSCs cultured in growth media were
used as a negative control.

AFSC hypoxic culture regime

To assess the effect of hypoxia on endothelial differentiation, AFSCs
were cultured in three O, conditions: normoxia, intermittent
hypoxia and continuous hypoxia (Table 1).

© 2015 Anatomical Society



Table 1 Summary of culture conditions.

Normoxia
Intermittent hypoxia

20% O, for 14 days
2% O, for 8 h, followed by 20% O,
for 16 h per day, for 14 days in total

Continuous hypoxia 2% O, for 14 days

AFSCs cultured in normoxia were maintained in a standard
incubator (20% O,, 5% CO,) at 37 °C for the duration of the
14-day culture period.

AFSCs cultured in intermittent hypoxia were maintained in an
856-HYPO/EXP model hypoxia chamber (Plas Labs, MI, USA) at
2% O, (5% CO,) for 8 h every day. For the remaining 16 h,
the cells were maintained in a standard incubator at 20% O,

AFSCs cultured in continuous hypoxia were maintained in a
hypoxia chamber at 2% O, and 5% CO, for the full 14-day
culture period.

AFSCs were assessed for markers of endothelial differentiation
and endothelial functionality at day 7 and 14.

Culture of HUVECs

HUVECs were used as a positive control to allow assessment of the
endothelial potential of the AFSCS. Pooled-donor HUVECs were
purchased from Lonza (Berkshire, UK) and cultured in EndoGrotm
media supplemented with 5 ng mL~" of VEGF (Millipore). Media
was replaced every 3 days and the cells were cultured until 90%
confluency. When confluency was reached, the cells were washed
using PBS and detached using 0.25% trypsin EDTA. All HUVEGs in
this experiment were used prior to passage 9.

The effect of hypoxic culture on HIF-1x protein expres-
sion

At day 3 of culture, AFSCs were lysed with RotiLoad-1 loading buf-
fer 1x (80 puL per well) (Carl Roth, Karlsruhe, Germany), removed
using Nunctm Cell Scrapers (Thermo Scientific, Massachusetts, USA)
and stored at —20 °C. HIF-1 o expression was analysed using Wes-
tern blotting as described by Dohle et al. (2011). Briefly, protein
extracts were separated by molecular weight using polyacrylamide
gel (Laemmli, 1970). Protein extracts were incubated at 95 °C for
5 min to allow for denaturation before sample loading. Separation
of proteins was performed at 25 mA in SDS-running buffer (25 mm
Tris, 192 mm glycine, 0.1% SDS) (Sigma-Aldrich, Schnelldorf, Ger-
many). Protein transfer from the gel onto a nitrocellulose mem-
brane was performed at 65 V in 1x transfer buffer (25 mm Tris,
190 mm glycine and 20% methanol) for 30 min using Standard SD
transfer protocol (25 V, 1.0 A) for a Trans-Blot Turbo Blotting Sys-
tem (Bio-Rad Laboratories, Munich, Germany). The membrane was
blocked in 5% milk powder containing 0.2% Tween PBS (blocking
solution) (Sigma-Aldrich) for 1 h at room temperature and was sub-
sequently incubated with a mouse anti-human HIF-1o. primary anti-
body (BD Biosciences, Oxford, UK) at a dilution of 1:250 in
blocking solution. Blots were rinsed three times in wash buffer
(0.2% Tween 20/PBS) and then incubated with an anti-mouse horse-
radish peroxidase (HRP)-conjugated secondary antibody (BD Bio-
sciences) diluted 1 : 1000 in 5% milk powder in PBS for 2 h at room
temperature. To detect unequal protein loading, ERK2 was
detected on the membrane using a rabbit anti-human primary
antibody (1 : 3000) (BD Biosciences) and an anti-rabbit secondary
antibody (1 : 3000) (BD Biosciences) and used as reference protein
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in analysis. For detection of antibody-labelled target proteins, mem-
branes were covered with Super Signal West Dura Extended Detec-
tion Substrate (Thermo Scientific) for 5 min, excess substrate was
removed and chemifluorescence was recorded with a CHEMI-
SMART 5100 (Peglab, Erlangen, Germany).

The effect of hypoxic culture on gene expression

At day 7 and 14 of culture, AFSCs were lysed using a buffer com-
posed of 1: 100 B-mercaptoethanol (Sigma-Aldrich) in RLT buffer
(Qiagen, Ireland) and stored at —80 °C. RNA was extracted using an
RNeasy Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions. RNA quality and quantity were determined using an RNA
nanodrop (Thermo Scientific). Following RNA isolation, reverse tran-
scription PCR was carried out using 200 ng of RNA. Genomic DNA
was removed, followed by reverse transcription of the RNA (Qiagen)
according to the manufacturer’s instructions. Quantitative real-time
PCR (gRT-PCR) was carried out using the 7500 Real Time polymerase
chain reaction system (Applied Biosystems, Paisley, UK). The Quanti-
Tect SYBR Green PCR kit (Qiagen) was used for this process according
to the manufacturer’s instructions with the QuantiTect primers for
Angiopoietin 1 (Hs_ANGPT1_1_SG), VEGFR2 (Hs_KDR_1_SG), PECAM-
1 (CD31) (Hs_PECAM1_1_SG) and von Willebrand factor (VWF)
(Hs_VWF_1_SG). These genes were chosen due to their expression by
endothelial cells and association with endothelial differentiation. All
gene expression was normalised against 18s (Hs_RRN18S_1_SG), a
housekeeping gene commonly used for this purpose. Expression of
the endothelial marker genes studied was determined using the rela-
tive quantification AACt method (Livak & Schmittgen, 2001).

The effect of hypoxic culture on VEGF secretion

VEGF concentration within the cell media after 7 and 14 days of cul-
ture was quantified using a DuoSet ELISA kit (R&D systems) as per
the manufacturer’s instructions. Cells were cultured in EndoGrotm
media without supplemented VEGF for 2 days before each time-
point to prevent interference with assay results. Samples were eval-
uated on a photometric plate reader (Varioskan Flash, Fisher Scien-
tific, Dublin, Ireland) at 450 nm with corrections at 570 nm.

The effect of hypoxic culture on CD31 cell-surface
expression

The cell-surface expression of CD31 in AFSCs was analysed, as CD31
is a well-known marker protein expressed in all endothelial cells
and is commonly used as a criterion for their identification and iso-
lation (Baldwin et al. 1994; Dong et al. 1997). At day 7 and 14 of
culture, AFSCs were fixed using 3.7% paraformaldehyde (PFA)
(Sigma-Aldrich) and stored in PBS at 4 °C. Fixed samples were per-
meabilised in 0.002% Triton/PBS (Sigma-Aldrich) for 10 min. Sam-
ples were washed in PBS and then incubated in a 1 : 50 dilution of
monoclonal mouse anti-human CD31 antibody (Dako, Hamburg,
Germany) in 1% bovine serum albumin (BSA)/PBS (Sigma-Aldrich).
Samples were washed in PBS again and subsequently incubated in a
1 : 1000 dilution of goat anti-mouse 488 (Life Technologies, Darms-
tadt, Germany) in 1% BSA/PBS for 1 h. Samples were then washed
twice in PBS and cell nuclei were stained using a 1 : 10 000 dilution
of Hoechst stain solution in PBS (Sigma-Aldrich) for 5 min.

Assessing the effect of culture on

endothelial-like functionality

hypoxic

In order for AFSCs to be considered endothelial-like cells, they
must be able to demonstrate that they possess abilities that are
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characteristic of functional endothelial cells. With this in mind,
the ability of AFSCs to adopt functional endothelial cell charac-
teristics was assessed using two standard tests for endothelial
functionality: the uptake of acetylated low-density lipoprotein
(ac-LDL) and tubule formation on Matrigeltm.

The effect of hypoxic culture on ac-LDL uptake

The ability of AFSCs to take up fluorescently tagged ac-LDL was
analysed at day 7 and 14 of culture. Low-density lipoprotein
(LDL) refers to a class of lipoprotein particles which carry
cholesterol in the blood and around the body for use by cells.
Endothelial cells from various sources in the body have previ-
ously been shown to possess a higher affinity for ac-LDL rather
than for native LDL (Stein & Stein, 1980; Pitas et al. 1981).
Therefore, uptake of ac-LDL is a well recognised prerequisite for
cells to be considered to be differentiating down an endothelial
lineage, as it is known to be a functional characteristic of
mature endothelial cells (Voyta et al. 1984). As a result, it is a
well established method for the assessment and validation of
endothelial differentiation (Silva et al. 2005; Wang et al. 2007;
Zhang et al. 2011; Janeczek Portalska et al. 2012; Doan et al.
2014). At day 7 and 14 of culture, AFSCs were incubated in
10 ng mL™" of Alexa Fluor 488-conjugated ac-LDL (Life Technolo-
gies) diluted in EndoGrotv media. The cells were incubated with
ac-LDL for 4 h, at which point they were fixed with 3.7% PFA
(Sigma-Aldrich) and stored in PBS at 4 °C. Uptake of ac-LDL was
subsequently visualised using fluorescent microscopy (4x objec-
tive, Keyence BZ-9000, Keyence, Neu-lsenburg, Germany) with BZ
Il viewer software (Keyence). Media was changed every 3 days
of culture.

The effect of hypoxic culture on tubule formation on
Matrigeltm

The ability of AFSCs to form tubules on Matrigeltm was analysed at
day 7 and 14 of culture. This is considered a functional characteristic
of endothelial cells. Matrigelt™ is generally used to study the effect
of pro-angiogenic and anti-angiogenic factors on endothelial cell
function and to define endothelial cell populations (Browning et al.
2008; Arnaoutova et al. 2009). As a result, it is a well established
method for the assessment and validation of endothelial differenti-
ation and has been used in a number of studies for this purpose
(Thangarajah et al. 2009; Zhang et al. 2009; Roura et al. 2012; Por-
talska et al. 2013). Growth Factor Reduced Matrigeltm (BD Bio-
sciences) 120 uL was evenly distributed on a 48-well plate (Greiner,
Frickenhausen, Germany). EndoGrotv media (50 ng mL~" VEGF)
1 mL was gently added to the wells. Cells from each O, group were
seeded at a density of 3 x 10% in their assigned wells. Tubule for-
mation by cells on Matrigeltm was imaged at 6, 8, 12 and 24 h post-
seeding with a Leica DMIL microscope (10x objective, DFC420C digi-
tal camera). Five images were taken per well at random positions.
Total tubule length was calculated using images software (Imagel,
U.S. National Institutes of Health, Maryland, USA). Total tubule
length was quantified using tubules over 30 um in length. This was
done to minimise the quantification of non-tubule cell structures.

Statistical analysis

To assess statistical differences between O, groups, a one-way Anova
with Tukey post-hoc analysis was performed. To calculate statistical
difference in tubule formation on Matrigeltv, a two-way anova with
Bonferroni post-test was performed. Error is reported in figures as

the standard deviation of the mean and significance was deter-
mined using a probability value of P < 0.05. All experiments were
carried out with a sample size of 3 unless otherwise stated.

Results

Hypoxic culture enhances endothelial differentiation

Hypoxic culture upregulates HIF-1o protein expression in
AFSCs

Western blotting was performed to confirm that culture in
hypoxic conditions was leading to an upregulation of HIF-
10, @ master regulator of hypoxic response. Protein expres-
sion of HIF-1o was observed in both intermittent hypoxia
and continuous hypoxia by day 3 of culture (Fig. 1). Expres-
sion of HIF-1a in intermittent hypoxia indicates that even
an 8 h period of hypoxic exposure every 24 h was enough
to activate the HIF-1o pathway. Little to no visible HIF-1a
expression was observed in the normoxic group. Expression
of ERK2, the loading control protein, was found to be at a
similar level in each of the O, conditions studied.

Hypoxic culture enhances the endothelial
expression profile of AFSCs

gene

Endothelial gene expression levels were analysed using
gRT-PCR. Endothelial gene expression patterns of AFSCs in
normoxia, intermittent hypoxia and continuous hypoxia
were compared with those of AFSCs in growth media and
HUVECGs, the negative and positive controls, respectively, to
assess the effect of hypoxia on endothelial differentiation.
By day 7, AFSCs in all three O, conditions were adopting
an early stage endothelial gene expression profile (Fig. 2).
A significant (P < 0.001) four-fold decrease in Angiopoietin
1 expression (Fig. 2A) was seen in AFSCs cultured in all O,
conditions relative to AFSCs in growth media (except for
continuous hypoxia, which demonstrated a two-fold
decrease relative to AFSCs in growth media). HUVECs also
displayed low expression levels of Angiopoietin 1 that were
significantly (P < 0.001) decreased relative to AFSCs in
growth media and continuous hypoxia. VEGFR2 and CD31
expression (Figs. 2B and C) was significantly enhanced
(P <0.001 and P < 0.01, respectively) 15- and 7-fold, respec-
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Fig. 1 The effect of hypoxia on HIF-1a protein expression in AFSCs
after 3 days of culture as visualised using Western blotting. Bands
indicating the expression of HIF-1a protein were visible in intermittent
hypoxia and continuous hypoxia. Little to no HIF-1a was visible in
normoxia. ERK2 was used as the housekeeping/reference protein.
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Fig. 2 gRT-PCR analysis investigating the expression of the endothelial markers (A) Angiopoietin 1, (B) VEGFR2, (C) CD31 and (D) vVWF by AFSCs
at day 7 of culture. AFSCs in growth media were used as a negative control and HUVECs were used as a positive control. AFSCs in all O, condi-
tions adopted an early stage endothelial gene expression profile. Significant increases in VEGFR2 and CD31 in continuous hypoxia indicated that
continuous hypoxia enhanced the endothelial gene expression profile of AFSCs relative to AFSCs in growth media and the other O, conditions.
Endothelial gene expression in AFSCs in all three O, conditions was significantly (P < 0.001) lower than the baseline expression of HUVECs. Values
are expressed as mean + SD, n = 4. ** P < 0.01 statistical significance differences relative to all other groups excluding HUVECs. *** P < 0.001
statistical significance differences relative to all other groups. # P < 0.001 statistical significance differences relative to HUVECs. *#* p < 0.001 statis-

tical significance differences relative to all other groups excluding HUVECs.

tively, in continuous hypoxia relative to AFSCs in growth
media and the other two O, conditions. Non-significant
increases in the levels of expression of these two genes
were also noted in normoxia and intermittent hypoxia in
comparison with AFSCs in growth media. VWF expression
(Figs. 2D) was non-significantly increased in all three O,
conditions in comparison with AFSCs in growth media. VEG-
FR2, CD31 and VWF expression was significantly (P < 0.001)
higher in HUVECGs relative to all other groups.

At day 14, an early stage endothelial gene expression pro-
file similar to that of day 7 was observed (Fig. 3) in AFSCs in
all three O, conditions. Angiopoietin 1 expression (Fig. 3A)
was significantly downregulated by approximately 50% in
all groups relative to AFSCs in growth media (P < 0.01 rela-
tive to normoxia, P < 0.001 relative to all other groups).
Angiopoietin 1 expression in HUVECs was approximately
10-fold lower than in AFSCs in growth media (P < 0.001).
Expression of VEGFR2 (Figs. 3B) was increased at least two-
fold in continuous hypoxia relative to normoxia (P < 0.05),
intermittent hypoxia and AFSCs in growth media. CD31

© 2015 Anatomical Society

(Figs. 3C) was significantly (P < 0.01) increased approxi-
mately five-fold in continuous hypoxia relative to normoxia,
intermittent hypoxia and AFSCs in growth media, demon-
strating that continuous hypoxia was enhancing
endothelial gene expression. VWF expression (Figs. 3D) was
non-significantly higher in normoxia and continuous
hypoxia in comparison with AFSCs in growth media. VEGFR2,
CD31 and VWF expression levels in HUVECs were significantly
(P <0.001) higher than in all other groups (Figs. 3B,Cand D).

Table 2 shows the endothelial marker gene expression
levels of the continuous hypoxia group from the previ-
ous two figures (Figs 2 and 3) together with those of
the HUVEC control at day 14, in order to allow for a
comparison of changes in gene expression between day
7 and 14. Continuous hypoxia was chosen as it was the
O, condition which induced the greatest change in
endothelial gene expression (see Figs 2 and 3). Angio-
poietin 1 expression decreased over the culture period,
although the value observed in the HUVECs group was
approximately seven-fold lower relative to day 14. VEG-
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Fig. 3 gRT-PCR analysis investigating the expression of the endothelial markers (A) Angiopoietin 1, (B) VEGFR2, (C) CD31 and (D) vVWF by AFSCs
at day 14. AFSCs in growth media were used as a negative control and HUVECs were used as a positive control. AFSCs in all O, conditions
adopted an endothelial gene expression profile. Significant increases in CD31 (P < 0.01) and VEGFR2 (P < 0.05) expression in continuous hypoxia
indicate that continuous hypoxia enhanced the endothelial gene expression profile of AFSCs. Endothelial gene expression was significantly (P <
0.001) lower in AFSCs subjected to endothelial stimuli than that of the baseline expression of HUVECs, indicating that differentiating AFSCs were
not as mature as HUVECs. Values are expressed as mean + SD, n = 4. * P < 0.05 statistical significance differences relative to AFSCs in growth
media. *** P < 0.001 statistical significance relative to all other groups. * P < 0.001 statistical significance differences relative to intermittent
hypoxia, continuous hypoxia and HUVECs. *# P < 0.01 statistical significance differences relative to normoxia. *## P < 0.01 statistical significance
differences relative to HUVECs. ¥ P < 0.01 statistical significance differences relative to all other groups excluding HUVECs.

FR2, CD31 and VWF expression remained at similar levels
between day 7 and 14; however, as previously demon-
strated in Figs 2 and 3, baseline expression in HUVECs
was far higher at day 14, demonstrating that although
continuous hypoxia may enhance endothelial gene
expression relative to normoxia and intermittent hypoxia,
it is still much lower than the baseline expression
observed in the HUVEC control.

The endothelial gene expression profile of AFSCs over
a 14-day culture period indicates that differentiation is
taking place in all three O, conditions. Continuous
hypoxia enhanced endothelial gene expression to the
greatest extent; however, HUVECs displayed significantly
higher baseline gene expression levels of VEGFR2, CD31
and VWF compared with AFSCs in any of the three O,
conditions.

Hypoxic culture enhances VEGF secretion by AFSCs

VEGF protein secretion by AFSCs during culture in norm-
oxia, intermittent hypoxia or continuous hypoxia at day

7 and 14 was quantified using ELISA (Fig. 4). Low levels
of VEGF secretion were observed in AFSCs in growth
media and HUVECs after 14 days. Day 14 normoxia
produced approximately five-fold higher levels of VEGF
in comparison with AFSCs in growth media and HUVEGs,
although  this was  non-significant. Continuous
hypoxia enhanced VEGF secretion at day 7 and 14 with
levels that were significantly higher (P < 0.001) than
all  other groups. VEGF secretion in continuous
hypoxia also significantly increased (P < 0.001) between
day 7 and 14, with a two-fold difference between
the two time-points. Intermittent hypoxia was
significantly (P < 0.05) higher than AFSCs in growth
media and normoxia at day 7. Overall, intermittent
hypoxia produced the second highest levels of
VEGF secretion after continuous hypoxia, implying that
the length of exposure time to hypoxia could play a
role in the enhancement of VEGF secretion by AFSGCs.
This is further corroborated by the two-fold increase in
VEGF between intermittent hypoxia groups at day 7
and 14.

© 2015 Anatomical Society
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Fig. 4 VEGF secretion by AFSCs over the course of 14 days in
response to endothelial stimuli in various O, conditions. VEGF secre-
tion was significantly higher (P < 0.001) in continuous hypoxia at day
7 and 14. VEGF secretion in intermittent hypoxia was significantly (P <
0.05) higher relative to AFSCs in growth media and normoxia at day
7. AFSCs in growth media served as the negative control. HUVECs
served as the positive control. Values are expressed as mean + SD,
n=4.* P <0.05 statistical significance differences relative to AFSCs
in growth media and the normoxia group at day 7. *** P < 0.001 sta-
tistical significance differences relative to all other groups excluding
continuous hypoxia at day 14.

Hypoxic culture does not affect CD31 cell-surface
expression in AFSCs

The ability of AFSCs to express the cell-surface endothelial
marker CD31 was assessed by fluorescent immunostaining
at day 14 of culture (Fig. 5). No staining was detectable in
AFSCs in growth media by day 14 of culture (Fig. 5i). Strong
staining was visible in the HUVECs group (Fig. 5ii). AFSCs
displayed weak staining at both day 14 of normoxia
(Fig. 5A), intermittent hypoxia (Fig. 5B) and continuous
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hypoxia (Fig. 5C). This weak staining corroborates the CD31
gene expression seen using qRT-PCR (Figs 2 and 3, respec-
tively). There were no visible differences between AFSCs in
any O, condition in at either time-point.

Hypoxic culture does not enhance functional
endothelial characteristics adopted by AFSCs

Hypoxic culture does not affect the uptake of ac-LDL by
AFSCs

The ability to take up ac-LDL is known to be a functional
characteristic of endothelial cells. For this reason, the ability
of AFSCs to take up fluorescently tagged ac-LDL was inves-
tigated. AFSCs in growth media were capable of little to
no ac-LDL uptake at any point during the culture period
(Fig. 6i), as demonstrated by the weakness of green fluo-
rescence in that group, therefore indicating that ac-LDL
uptake is not an innate characteristic of AFSCs. HUVECs
showed effective ac-LDL uptake, indicated by the visibility
of strong green fluorescence within the boundaries of the
cells. This was indicative of their mature endothelial cell
type phenotype (Fig. 6ii). AFSCs showed effective ac-LDL
uptake in normoxia (Fig. 6A,B), intermittent hypoxia
(Fig. 6C,D) and continuous hypoxia (Fig. 6E,F) at both day 7
and 14 of culture. There were no observable differences in
ac-LDL uptake between the O, conditions at either time-
point. These data indicate that AFSCs in all of the three O,
conditions had acquired the ability to take up ac-LDL.

Hypoxic culture does not affect the ability of AFSCs to
form tubules on Matrigeltm

As hypoxia was found to enhance endothelial gene expres-
sion and VEGF protein secretion, its effect on tubule forma-

Table 2 Comparison of expression levels of endothelial markers in continuous hypoxia at day 7 and 14 compared with HUVECs at day 14. Endo-
thelial marker expression in continuous hypoxia was similar at day 7 and 14 but was still low when compared with the baseline expression of HU-
VECS, the endothelial cell control. The red arrow indicates whether gene expression in the HUVEC control was higher or lower than AFSCs at day

7 and day 14.

Day 7 Day 14 HUVECs Day 14
Angiopoietin 1 0.512 + 0.05 0.395 + 0.22 0.062 + 0.005
VEGFR2 13.24 + 2.79 12.73 £ 5.46 384.2 + 39.2 A
CD31 7.75 £ 1.10 6.61 + 1.21 6563.4 + 364.06 A
VWF 2.36 + 0.91 3.29 + 2.70 407.8 + 112.38 A
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AFSCs in growth media (negative)

Controls

Day 14

Intermittent hypoxia

Normoxia

HUVECs (positive)

DAPI- blue

Continuous hypoxia

Fig. 5 Fluorescent staining indicating CD31 expression by AFSCs in the presence of endothelial stimuli at day 14 of culture. No CD31 expression
was visible in AFSC in growth media (i). Strong CD31 expression was visible in HUVECs (ii). AFSCs in normoxia (A), intermittent hypoxia (B) and
continuous hypoxia (C) displayed weak expression of CD31 by day 14. AFSCs in growth media and HUVECs were used as the negative and posi-
tive controls, respectively. Images of AFSCs in growth media and of HUVECs were taken at day 14 of culture. Green represents CD31-positive

staining, blue represents DAPI nuclear stain. Scale bar: 100 pum.

tion on Matrigelrm was investigated. The ability to form
tubules on Matrigelv is considered to be a functional char-
acteristic of endothelial cells. At day 7 and 14 of culture, AF-
SCs were seeded on Matrigeltm for up to 24 h and it was
found that AFSCs in normoxia, intermittent hypoxia and
continuous hypoxia were all capable of tubule formation
(Fig. 7). There were no significant differences between O,
conditions at any time-point. HUVECs displayed significantly
(P < 0.001) greater tubule length, approximately four-fold
higher than all other groups at every time-point. This indi-
cates that although the AFSCs are capable of tubule forma-
tion, they are not able to replicate the high levels of tubule
formation seen by HUVECs.

Similar to the results seen at day 7, at day 14 there were
no significant differences between O, conditions at any
time-point (Fig. 8). HUVECs displayed significantly higher
tubule formation at all time-points (P < 0.001) relative to
normoxia, intermittent hypoxia and continuous hypoxia.

These results demonstrate the ability of AFSCs exposed to
endothelial stimuli to adopt the functional endothelial-like
characteristics of ac-LDL uptake and tubule formation on
Matrigeltm as early as day 7 of culture regardless of O,
culture conditions. However, HUVECs demonstrated signifi-
cantly greater total tubule length at all time-points, indicat-
ing tha, HUVEGs still possess a superior tubule-forming

ability and therefore represent a more mature endothelial
cell type in comparison with AFSCs.

Discussion

The objective of this study was to investigate whether cul-
ture in hypoxia could enhance the ability of AFSCs to dif-
ferentiate down an endothelial lineage in order to
produce an endothelial-like cell type. The results demon-
strated that AFSCs adopted an endothelial gene expression
pattern as well as the functional endothelial cell character-
istics of ac-LDL uptake and tubule formation on Matri-
geltm.  Culture in  continuous hypoxia significantly
enhanced both the endothelial gene expression profile
and VEGF protein secretion relative to AFSCs in growth
media, normoxia and intermittent hypoxia, although it
had no beneficial effect on the adoption of functional
endothelial characteristics. However, as expected, HUVECs
presented a more advanced endothelial cell type, as evi-
denced by the more mature endothelial gene expression
profile, stronger CD31 expression and superior tubule
forming ability on Matrigelma. Thus, this study demon-
strates the positive effect of continuous hypoxia on endo-
thelial gene expression and VEGF secretion of AFSCs
undergoing endothelial differentiation.
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DAPI- blue

HUVECs (positive)

Day 14
Normoxia

Fig. 6 Florescent imaging demonstrating
ac-LDL uptake by AFSCs over the course of
14 days in response to endothelial stimuli in
all three O2 conditions. AFSCs cultured in
normoxia (A-B), intermittent hypoxia (C-D)
and continuous hypoxia (E-F) were all capable
of ac-LDL uptake at day 7 and 14 of culture.
HUVECs were also capable of ac-LDL uptake
(ii). AFSCs in growth media were capable of
little to no uptake of ac-LDL at any point
during the 14-day culture period (i). AFSCs in
growth media and HUVECs were used as the
negative and positive controls, respectively.
Images of AFSCs in growth media and of
HUVECs were taken at day 14 of culture.
Green represents ac-LDL uptake, blue
represents DAPI nuclear stain. Scale bar:

300 pm.

The 14-day culture period caused the AFSCs in normoxia,
intermittent hypoxia and continuous hypoxia to adopt a
similar, albeit much less mature, endothelial gene expres-
sion profile to HUVEGs. This endothelial expression profile
manifested in the form of decreased Angiopoietin 1 expres-
sion and increased CD31, VEGFR2 and VWF expression in
comparison with AFSCs in growth media. This increase in

© 2015 Anatomical Society

Continuous hypoxia

Intermittent hypoxia

Continuous hypoxia

CD31 and VWF expression in AFSCs subjected to endothelial
stimuli is consistent with the literature. For example, Zhang
et al. (2009) demonstrated a three-fold increase in CD31
expression and a four-fold increase in VWF expression
between week 1 and week 3 of a period of endothelial
stimulation. Similar increases in CD31, VWF and VEGFR2
have been noted in other stem cell types differentiating
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15000 -

Fkk
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Day 7

Total length of tubules formed (um)

Normoxia Intermittent hypoxia

Normoxia
E=3 Intermittent hypoxia
E3 Continuous hypoxia
[0 HUVECs

HUVECs

Continuous hypoxia

Fig. 7 Quantification of tubule formation by AFSCs on Matrigeltm after 7 days of culture in normoxia, intermittent hypoxia or continuous hypoxia.
No significant differences were observed between the three O, conditions at any time-point. However, HUVECs displayed significantly (P < 0.001)
higher tubule length than all other groups at all time-points. Quantitative analysis is accompanied by representative images of all three O, condi-
tions and the HUVEC control taken at the 6 h time-point. Values are expressed as mean + SD, n = 3. ***P < 0.001 statistical significance differ-

ences relative to all other groups. Scale bar: 200 pm.

down an endothelial lineage (Levenberg et al. 2002; Zhang
et al. 2011). AFSCs in continuous hypoxia demonstrated sig-
nificantly increased expression levels of CD31 and VEGFR2
relative to AFSCs in growth media, normoxia and intermit-
tent hypoxia at both day 7 and 14. This indicates that long-
term continuous hypoxia may be a potent stimulus in the
enhancement of endothelial gene expression of AFSCs, a
result that has not been demonstrated previously. Zhang
et al. (2009) have previously shown that pre-culturing AFSCs
in hypoxia for 48 h prior to endothelial stimulation could
increase the upregulation of angiogenic genes such as pla-
cental and hepatocyte growth factor. However, that study
did not investigate the effects of hypoxia on endothelial
gene expression beyond a 48 h pre-culture period. The role
of hypoxia in endothelial differentiation has, however,
been demonstrated in other stem cell types. For example, it
has been shown that hypoxic preconditioning and culture
can enhance angiogenic gene expression in both adipose-
derived stem cells and human pluripotent stem cells (Efi-
menko et al. 2011; Kusuma et al. 2014). However, this study
is the first to demonstrate the positive effect of an
extended period of continuous hypoxic culture on endothe-

lial differentiation in AFSCs.

Amniotic fluid-derived stem cells in continuous hypoxia
were shown to have the highest levels of VEGF protein at
day 7 and 14. VEGF secretion has previously been used as
an indicator of endothelial differentiation in stem cells
(Thangarajah et al. 2009; Zhang et al. 2009, 2011; Bassan-
eze et al. 2010). HUVEGs displayed a low level of VEGF
secretion, although this is probably due to the fact that as a
mature endothelial cell, HUVECs are more likely to rely on
the secretion of angiogenic growth factors from surround-
ing support cells for vessel formation (Yamagishi et al.
1999; Mayer et al. 2005). Therefore, the presence of ele-
vated VEGF levels in the AFSC groups may indicate that they
are less mature than HUVECs and may possibly better fulfil
the role of an ‘attractor cell’ for endothelial cells in their
current form. However, Benavides et al. (2012) have shown
that AFSCs differentiating down an endothelial lineage
undergo an increase in VEGF secretion. In this study, it was
observed that AFSCs in continuous hypoxia demonstrated
significantly higher levels of VEGF secretion relative to all
other groups. AFSCs in intermittent hypoxia showed the
second highest level of VEGF secretion at day 14, which
implies that the length of exposure time to hypoxia affects
the level of VEGF secretion. VEGF is known to be a
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Normoxia
E= Intermittent hypoxia
E3 Continuous hypoxia
[0 HUVECs
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Fig. 8 Quantification of tubule formation by AFSCs on Matrigelrm after 14 days of culture in normoxia, intermittent hypoxia or continuous
hypoxia. No significant differences were observed between the three O, conditions at any time-point. HUVECs displayed significantly higher tubule
length than all other groups at all time-points (P < 0.001). Quantitative analysis is accompanied by representative images taken at the 6 h time-
point. Values are expressed as mean + SD, n = 3. ***P < 0.001 statistical significance differences relative to all other groups. Scale bar: 200 pum.

downstream target of HIF-1o (Neufeld et al. 1999) and the
HIF-1a pathway has previously been linked to an increase in
VEGF secretion by a number of different cell types, includ-
ing endothelial cells and bone marrow-derived mesenchy-
mal stem cells (MSCs) (Namiki et al. 1995; Potier et al. 2007;
Thangarajah et al. 2009). We theorise that by using contin-
uous hypoxia to increase VEGF expression, the AFSCs could
be directed further down an endothelial cell lineage, as
increased VEGF supplementation has been shown previ-
ously to enhance endothelial differentiation of AFSCs
(Benavides et al. 2012). The increase in VEGF protein secre-
tion by AFSCs in continuous hypoxia corresponds with
increased CD31 and VEGFR2 gene expression seen in that
group previously, indicating that the secreted VEGF poten-
tially is acting upon the AFSCs to enhance differentiation.
Amniotic fluid-derived stem cells cultured in each of the
three O, conditions displayed faint CD31 cell-surface expres-
sion as evidenced by fluorescent immunostaining. This cor-
roborates the data produced by gRT-PCR that suggest
AFSCs subjected to endothelial stimuli were expressing
CD31 but that this expression was weak relative to HUVECs.
There were no visible differences in CD31 expression
between AFSCs in any O, condition, which suggests that
the increase in CD31 gene expression seen previously in

© 2015 Anatomical Society

continuous hypoxia was not high enough to translate into
an enhanced CD31 cell-surface expression. Oswald et al.
(2004) demonstrated that differentiating MSCs do not
express CD31 after a 7-day differentiation period, and con-
cluded that this marker was ‘later expressed in endothelial
maturation’. In this study, AFSCs in growth media displayed
no visible expression of CD31, which suggests that there has
been an acquisition of an endothelial phenotype by AFSCs
in each of the three O, conditions over the 14-day culture
period. HUVECs displayed high levels of CD31 expression,
with the highest expression rates at the gap junctions
between cells, which is indicative of a healthy endothelial
cell monolayer (Bazzoni & Dejana, 2004). This further sug-
gests that the AFSCs, while acquiring an early endothelial
phenotype, are still immature in comparison with HUVECs.
Having established that the AFSCs acquired an early stage
endothelial gene expression profile and phenotype, the
ability of these cells to adopt functional endothelial-like
characteristics was assessed. First, the ability of AFSCs to
take up fluorescently tagged ac-LDL was analysed at day 7
and 14 of culture. AFSCs were found to be capable of tak-
ing up ac-LDL when cultured for up to 14 days in all three
0, conditions, similar to the HUVEC control. Uptake of
ac-LDL is a well recognised prerequisite for cells to be
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considered to be differentiated down an endothelial line-
age, as it is known to be a functional characteristic of
mature endothelial cells. As a result, it is a well established
method for the assessment and validation of endothelial
differentiation (Silva et al. 2005; Wang et al. 2007; Zhang
et al. 2011; Janeczek Portalska et al. 2012; Doan et al.
2014). The uptake of ac-LDL suggests that the AFSCs have
acquired some functional endothelial characteristics as early
as day 7, although functional characteristics by themselves
are not indicative of full differentiation. Other studies have
obtained similar results when attempting to differentiate
AFSCs down an endothelial lineage, observing that AFSCs
were capable of ac-LDL uptake after 14 days when sub-
jected to endothelial stimuli (Zhang et al. 2009; Benavides
et al. 2012). Similar to the results of the CD31 fluorescent
immunostaining, there were no visible differences in ac-LDL
uptake between AFSCs cultured in any of the three O, con-
ditions, which suggests that the increase in endothelial
gene expression seen previously in continuous hypoxia was
not high enough to translate into an enhanced uptake of
ac-LDL. AFSCs in growth media were incapable of ac-LDL
uptake. This indicates that AFSCs in growth media do not
possess innate endothelial characteristics, which indicates
that the AFSCs changed towards an endothelial phenotype
over the course of the differentiation period.

Having now determined that the AFSCs subjected to
endothelial stimuli were capable of ac-LDL uptake and that
continuous hypoxia did not affect this process, the forma-
tion of tubule networks by the AFSCs in all three O, condi-
tions was investigated at day 7 and 14. The ability to form
tubules on Matrigeltv, like ac-LDL uptake, is considered a
functional characteristic of endothelial cells. The results
indicated that AFSCs in all three O, conditions were capable
of tubule formation, demonstrating that all groups had
indeed begun to undergo endothelial differentiation. How-
ever, total tubule length in the HUVECs group was found to
be significantly greater at all time-points, indicating that
although AFSCs in all three O, conditions are capable of
tubule formation, HUVECs still possess a superior tubule-
forming ability. These results demonstrate that AFSCs in all
three O, conditions are capable of tubule formation, indi-
cating their progress towards differentiating down an
endothelial lineage.

Overall, these results suggest that AFSCs subjected to cul-
ture for 14 days in all of the three O, conditions displayed a
gene expression profile, phenotype and functional charac-
teristics associated with endothelial differentiation. This
endothelial gene expression profile was enhanced by cul-
ture in continuous hypoxia. Despite this, AFSCs in all three
O, conditions were also found to possess a less mature
endothelial gene expression profile and phenotype com-
pared with HUVEGCs, the endothelial cell control. This was
evidenced by the elevated levels of endothelial gene
expression, CD31 cell-surface expression and the superior
tubule-forming ability of HUVECs on Matrigeltm. The results

from this study suggest that differentiated AFSCs may sim-
ply not be mature enough to present a viable source of
endothelial cells for the desired purpose of vascularising TE
scaffolds and that this role is more suited to a primary endo-
thelial cell type. In addition to this, Rouwkema et al. (2009)
has shown previously that primary endothelial cells can ful-
fil the role of vessel-producing cell more effectively than
endothelial cells derived from differentiated stem cells.

Conclusion

The results of this study demonstrated that AFSCs subjected
to endothelial stimuli over a 14-day culture period display
an early endothelial gene expression profile and acquired
functional endothelial cell characteristics, indicating early
endothelial differentiation had taken place. Culture in con-
tinuous hypoxia was found to enhance endothelial gene
expression and VEGF protein secretion but did not enhance
endothelial-like functionality. AFSCs subjected to endothe-
lial stimuli demonstrated a less mature endothelial gene
expression profile and phenotype when compared with
HUVEGs, the endothelial cell control. It is possible that a sec-
ond stimulus, such as shear stress applied via fluid flow,
may be required fully to induce endothelial differentiation
in AFSGs. It is also possible that AFSCs may present a more
suitable source for pericytes, with a role supporting the
formation of nascent vessels, rather than acting as an endo-
thelial-like cell. Overall, however, this study suggests that
continuous hypoxia may enhance the differentiation of
AFSCs into an endothelial-like cell type.
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