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The full sequence of signals leading to new blood vessel formation is a physiological response to tissue
hypoxia through upregulation of angiogenic factor cascades. Controlled initiation of this mechanism for
therapeutic/engineered angiogenesis must rely on precisely localized hypoxia. Here we have designed a 3D
in vitro model able to test the effect and predictability of spatially positioned local hypoxic stimuli using
defined cell depots within a 3D collagen matrix. Cell-mediated hypoxia was engineered using human dermal
fibroblasts (HDFs), to generate a local population of Hypoxia-Induced Signaling (HIS) cells. HIS cell depots
released angiogenic factors which induced directional endothelial cell (EC) migration and tubule formation
in a spatially defined assay system. Non-hypoxic baseline control cultures induced minimal EC migration
with little tubule formation. Furthermore, depots of HIS cells, positioned in the core of 3D collagen constructs
directed host vessel in-growth deep into the implant by 1 week, which was at least 7 days earlier than in
non-hypoxia pre-conditioned constructs. The functionality of in vivo vascularisation was verified by real-
time monitoring of O2 levels in the core of implanted constructs. These findings establish the angiogenic
potential of HIS cells applicable to in vitro tissue modeling, implant vascularization and engineering
predictable angiogenic therapies.
: +44 20 8954 8560.
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1. Introduction

It is becoming clear that changing local O2 tension can affect
multiple aspects of cell phenotype and behavior, including prolifer-
ation and differentiation [1–3]. Mammalian tissues operate in oxygen
tensions ranging from 1 to 10% O2 (pO2 between 7.6 and 76 mm Hg)
[4], termed physiological hypoxia. This range is distinct from
‘pathological’ hypoxia (b1% O2 or b7.6 mm Hg), where O2 tension is
low enough to compromise cell metabolism and damage/kill cells.
Culturing cells under physiological hypoxia is currently employed as a
strategy to control cell behavior in vitro, in particular, up-regulating
the production of angiogenic signaling molecules [5,6].

As O2 tension drops in a tissue, cells primarily respond by up-
regulating Hypoxia Inducible Factor I alpha (HIF-Iα), which is a
transcriptional activator [7]. HIF-Iα is considered to act as a regulator
of O2 by controlling cell production of potent angiogenic proteins, for
example vascular endothelial growth factor (VEGF) [7]. Angiogenesis
in vivo relies upon gradients of angiogenic factors guiding endothelial
cells, and ultimately vessels, to tissue areas where O2 and nutrients
are required [8–10]. Reproducing these complex angiogenic factor
gradients within a tissue construct, by engineering hypoxia in a
convenient cell type, would have huge therapeutic and experimental
value. The idea would be to induce cells to act as factories producing a
cascade of angiogenic proteins that can generate a physiological
angiogenic response on demand. Additionally, the ability to induce
controllable cell-mediated, and therefore physiologically regulated
hypoxia [11] at predictable spatial locations in tissues would make it
possible to direct the angiogenic response to any chosen point in 3D.

It is well documented that cell-generated angiogenic cascades
(following prolonged exposure to reduced O2) result in a more
functional vasculature. This is almost certainly because the compo-
nent proteins work best in concert to orchestrate vessel formation
[12,13]. Simple addition of unbalanced levels of single factors such as
VEGF has been shown to result in the formation of non-functional,
‘leaky’ vessels [12]. Consequently, it is proposed here that well-
orchestrated biomimetic production of angiogenic factors with
feedback regulation (angiogenic engineering) is only likely to be a
practical proposition using whole cell systems. By these means the
need to reproduce a complex sequence of angiogenic proteins is
conveniently avoided by harnessing the innate biological program-
ming. This can be achieved by engineering controlled cell hypoxia, i.e.
mimicking physiological tissue hypoxia, which automatically elicits
physiological angiogenesis in the body [10,14].

A major advantage in the use of scaffolds for tissue fabrication is
the potential to control cellular micro-environments by customizing
parameters such as diffusive properties and cell densities [5,15].
Previous work by this group has shown that high density seeding of
3D collagen constructs with human dermal fibroblasts (HDFs)
produced rapid reductions of core O2 tension (∼25 mm Hg/3.2%),
i.e. at the low end of physiological hypoxia [5]. Importantly, this
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elicited a multifold up-regulation of VEGF gene expression up to
8 days, in a spatially predictable manner, with highest expression in
the core vs. mid and surface layers [5]. In contrast to other studies
where cells are incubated in a low O2 atmosphere, i.e. exposed to
locally-uncontrolled, global hypoxia [16–20], cell hypoxia in the
present model is created by cell O2 consumption. By controlling the
seeding cell type, density and position, therefore the total cell-depot
O2 consumption, it is possible to define accurately where the hypoxia
will develop within a 3D construct (i.e. core O2bsurface O2) [5]. This
makes it possible to engineer distinct populations of Hypoxia-Induced
Signaling (HIS) cells that function independently of other cell
populations, such as responding endothelial cells (ECs).

In this study we tested the hypothesis that 3D co-culture of a HIS
cell population (HDFs) with ECs (HUVECs), would rapidly induce a
physiological angiogenic response. In this 3D in vitro model the
directing HIS cells (hypoxic HDFs) and the responding cells (ECs)
could be spatially positioned to prevent initial direct cell contact. HDFs
were either exposed to normoxia (incubator levels) or localized
physiological hypoxia to up-regulate critical angiogenic factors (HIF-
1α, VEGF). In vitro bioresponse was monitored in terms of EC
migration and tube formation towards the angiogenic factor source
(HIS cells). The practical effectiveness of spatially controlled hypoxia-
induced signaling to promote and direct vascularisation in vivo was
then tested by implanting collagen constructs, incorporating HIS cell
depots in their core, subcutaneously and intramuscularly in rabbits.
The effect of pre-conditioning constructs prior implantation, to
optimize up-regulation of angiogenic signaling, was assessed using
specific EC staining, while the functionality of newly formed vessels
was assessed by extended real-time O2 monitoring.

2. Materials and methods

2.1. Cell culture

Adult human dermal fibroblasts (HDFs) and male New Zealand
white rabbit dermal fibroblasts (RDFs) were cultivated in DMEM
supplemented with 10% FCS (First Link, UK), 1000 U/ml penicillin and
100 mg/ml streptomycin (Gibco, UK). Human umbilical vein endo-
thelial cells (HUVECs) were cultured in complete endothelial cell
growth medium (Promo Cell, Germany).

2.2. Scaffold fabrication and culture

HDF-, HUVEC- and RDF-seeded rat-tail type I collagen gels were
prepared as previously described [21] (see Supplementary methods
section for preparation of HDF/HUVEC co-seeded and RDF-seeded
constructs). HDF/HUVEC co-seeded constructs were either cultured as
flat sheets (sheet co-culture) or spiralled to axially align the HDF and
HUVEC compartments (axial co-culture) or to position the HDF
compartment in the core and the HUVEC compartment on the surface
(radial co-culture) (Fig. 1A). RDF-seeded spiral constructs comprised of
a cellular core and an acellular wrap (Fig. 4B). HDFs and RDFs in spiral
constructs were referred to as HIS-HDFs and HIS-RDFs, respectively, to
indicate their function as hypoxia-induced signaling (HIS) cells. For in
vitro experiments, constructs were cultured statically in 5 ml medium
(50% DMEM, 50% endothelial growth medium) in a 37 °C, 5% CO2

humidified incubator for the time indicated. Axial HDF/HUVEC co-
cultures were also cultured in the presence of anti-VEGF neutralizing
Fig. 1. Induction of in vitro angiogenesis by hypoxia-induced signalling (HIS). (A) Capillary-l
co-cultures, (II) surface of HIS-HDF/EC axial co-cultures, (III) HIS-HDF/EC radial co-cultures, (
human anti-CD31, anti-vWF, anti-integrin αvβ3 (green) and DAPI nuclear staining (blue) (
CLS lumens (arrowed, bars=100 μm). Schematic indicates the region in the construct where
CLSs in the HDF compartment of different co-cultures and in EC-only cultures. (C) Compariso
HIS-HDF/EC axial co-cultures. (D) Comparison of CD31 +ve CLSs in HIS-HDF and EC compa
CLSs in HIS-HDF and EC compartments of axial co-cultures (core & surface) and radial co-c
correspond +/−sd of means, *pb0.05. Four constructs (n=4) were tested for each conditi
IgG (R&D, USA) at saturating concentration (10 μg/ml) [20] or control
goat IgG (10 μg/ml) (Sigma, UK) for 1 week. For in vivo experiments,
RDF-seeded constructs were either cultured in vitro in 5 ml fully
supplemented DMEM for 5 days prior to implantation (pre-condition-
ing) or implanted immediately (no pre-conditioning). Four replicate
constructs were used to test each condition.

ELISA. See Supplementary methods section.
2.3. Implantation of collagen constructs

2.3.1. Subcutaneous implantations
An institutional review committee of Shanghai Second Medical

University approved all animal study protocols. Twelve adult female
New Zealand white rabbits (2–2.5 kg) were used. Surgery was
performed under general anaesthesia. A longitudinal skin incision
was made on the rabbit's back and implants were sutured onto
subcutaneous tissue. Three acellular constructs were sutured onto the
left side and three cellular constructs (of the same series) on the right.
Cell densities were either low (5.8×106 RDFs/ml) or high
(23.2×106RDFs/ml) with pre-conditioning and high (23.2×106RDFs/
ml) cell densitywith no pre-conditioning. Rabbitswere nursed until full
recovery and returned to their single cage. Rabbits were sacrificed at 1
and 2 weeks. There were six rabbits in each of the 1-week and 2-week
groups allowing testing of 6 constructs per condition for each
implantation period.
2.3.2. Intramuscular implantations
A longitudinal skin incision was made on the rabbit's back and a

construct spiralled round a 0.9 mm diameter cannula was inserted
into a pouchwithin the backmuscles. Themuscle and skin layers were
closed with interrupted 3.0 sutures, such that the cannula's opening
protruded through the skin. The cannulas were sealed with cotton
wool to prevent atmospheric exposure. One construct was implanted
per rabbit with three rabbits used to test each condition; acellular, low
(5.8×106RDFs/ml) and high (23.2×106RDFs/ml) cell density con-
structs (no pre-conditioning). A fibre-optic O2 probe (Oxford
Optronix Ltd, Oxford, UK) was inserted into the cannula of each
rabbit to monitor core O2 tension (see Supplementary methods
section for in vivo oxygen monitoring). The rabbits were sacrificed at
2 weeks.

Tissue processing and Immunohistochemical staining. See Sup-
plementary methods section.
2.4. Image analysis

An imaging software (Image J, NIH, USA) was used to determine
the area of endothelial cell clusters (aggregates of N2 endothelial cells
with an elongation index (ratio of major/minor axis) of b2), the
length of capillary-like structures (CLSs), the CLS elongation index
(ratio of straight line separation of CLS ends/total CLS length), the
total lumen area, the total area of red blood cell (RBC)-containing
lumens, host blood vessel invasion distance (average radial distance
from construct edge where RBC-containing lumens were present) and
the total field area. Total number of CLSs and endothelial cell clusters
were counted manually. A minimum of 10 random fields were ana-
lysed per sample.
ike structures (CLSs) and endothelial cell clusters (ECCs) in (I) core of HIS-HDF/EC axial
IV) HDF/EC sheet co-cultures and (V) EC only-cultures at 1 and 2 weeks; visualised with
bars=200 μm). H&E staining of HIS-HDF/EC axial co-cultures (cross-sections) showed
images where taken for the three different co-cultures. (B) Quantification of CD31+ve
n of core and surface total lumen area (H&E stained sections as % total section area) for
rtments of axial co-cultures (core & surface) at 2 weeks. (E) Mean length of CD31 +ve
ultures at 2 weeks. For plots B, D, E bars correspond +/−se of means, for plot C bars
on per time point.
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Fig. 2. Localized exposure of HDFs to physiological hypoxia resulted in up-regulation of
VEGF protein expression in vitro. Elisa was used to analyse levels of VEGF protein
secreted in the media or retained within collagen constructs of either EC-only cultures
(1.16×106 HUVECs/ml) or HIS-HDF/EC axial co-cultures (23.2×106 HDFs/ml and
1.16×106 HUVECs/ml) at 5 and 10 days . VEGF was produced into both collagen
constructs and media, though not by ECs. Basal (zero) control medium was DMEM
supplemented with 5% FCS. Bars correspond +/−sd of means, *pb0.05. Three samples
(n=3) were analysed for each condition tested per time point.
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2.5. Statistical analysis

For each experimental condition a sample size of 3 ormorewas used.
Data is expressed as mean±standard deviation or mean±standard
error, as noted. Statistical analysis was carried out using onewayANOVA
accompanied with multiple comparison tests, using SPSS 14 software.
Differences were considered significant when pb0,05 unless otherwise
noted.

3. Results

3.1. In vitro induction of angiogenesis by hypoxia-induced signaling

HDFs and HUVECs were spatially positioned within sheet or spiral
collagen constructs such that the two cell populations were separated
by an acellular region (Fig. 1A). HDFs were seeded at high density
(23.2×106 cells/ml) such that in spiral constructs (axial and radial
models) cell O2 consumption generated physiological hypoxia
(∼25 mm Hg/3.2% O2) in the HDF compartment's core within 24 h
[5]. In contrast, HDFs within sheet constructs (∼200 μm thick) were
constantly exposed to near culturemediumO2 levels, i.e. non-hypoxia
(140–160 mm Hg/18.4–21% O2,) [5].

We tested the hypothesis that co-culturing hypoxia-induced
signaling HDFs (HIS-HDFs) with ECs (HUVECs), within 3D spiral
constructs, would result in a physiological angiogenic response. In
such HIS-HDF/EC co-cultures ECs formed CD31 and vWF positive
endothelial cell clusters (ECCs) and capillary-like structures (CLSs)
with lumens after 1 week (Fig. 1A). CLS formation in the HIS-HDF
compartment indicated that ECs had migrated through the acellular
region and invaded the HIS-HDF compartment by 1 week, suggesting
that a functional angiogenic factor gradient was established from
the HIS-HDFs towards the EC zone. In addition, CLSs in the EC
compartment stained positively for integrin αvβ3 (Fig. 1A), typical of
migrating endothelial cells [22]. At 1 week all 3D spiral co-cultures
(axial and radial models) had significantly greater CLS scores than
non-hypoxic sheet co-cultures or EC-only culture controls (pb0.05)
(Fig. 1B). After 2 weeks only the core of axial co-cultures had sig-
nificantly greater CLS density, by a factor of 5 to 10 fold depending on
which zones/models were compared. Specifically, CLS density was ∼6
fold higher in the core of axial co-cultures compared to the surface
(pb0.05) (Fig. 1B).

In HIS-HDF/EC co-cultures the spatial positioning of the two cell
populations directly affected the pattern of angiogenesis. In axial
model co-cultures there was a significant increase in the number of
CLSs within the HIS-HDF compartment in the core, but not on the
surface, from 1 to 2 weeks (Fig. 1B). A similar response was also seen
for total lumen area, which increased from 1 to 2 weeks only in the
core of axial co-cultures, in this case by ∼2 fold (Fig. 1A,C). The
number of CLSs in the HIS-HDF and EC compartments of axial co-
cultures was the same at the construct surface, but ∼3 fold greater
within the core HIS-HDF compartment than in the core EC com-
partment, at 2 weeks (pb0.05) (Fig. 1D). In contrast, radial model co-
cultures produced a small CLS response at 1 week (same as axial
model) but no increase in core CLS score from 1 to 2 weeks (Fig. 1B),
consistent with the idea that the 3D growth factor diffusion barrier is
also important.

Mean CLS length within the HIS-HDF compartment (both axial and
radial models) did not significantly change between weeks 1 and 2
(data not shown). However, the 3D positioning of the HIS-HDF and EC
populations did significantly influence CLS length at 2 weeks. In axial
model co-cultures, CLS length was over 2 fold greater in the EC
compartment compared to the HIS-HDF compartment (both core and
surface: pb0.05) (Fig. 1E). In complete contrast, CLS length in the
radial co-culture model was 5 fold greater in the HIS-HDF compart-
ment (pb0.05) (Fig. 1E). CLS elongation index (ratio of straight line
separation of CLS ends/total CLS length) in the HIS-HDF and EC
compartments was in the range of 0.8–1 for both culture models,
indicating that longer CLSs were straight and directional, rather than
tortuous (i.e. guided).

While ECC density increased progressively over 1 to 2 weeks in
radial and sheet co-cultures, and in EC-only cultures, it fell by at least a
half in axial co-cultures (see Supplementary results section). Mean
ECC area was inversely correlated to ECC number, showing an
increase on the surface of axial co-cultures (no ECCs in core region
at 2 weeks) against a reduction, or no significant change, in all other
conditions tested from 1 to 2 weeks. In combination, these findings
would suggest that in axial co-cultures ECCs progressively fused to
form larger aggregates or CLSs (in the core), but under all other
conditions endothelial cells continued to form clusters with no sig-
nificant change in cluster size.

3.2. Hypoxia-induced generation of angiogenic factors

Previous work by this group has shown a dramatic upregulation of
VEGF gene expression under physiological hypoxia in the core of 3D
HDF-collagen constructs, over 8 days [5]. EC-only cultures and HIS-
HDF/EC axial co-cultures were compared, in terms of expression of
key angiogenic factors at the protein level (HIF1α and VEGF), either
secreted in the media or retained within the constructs over the 5–
10 day culture period. As expected no HIF1α (a nuclear transcription
factor) was detected in any of the media, but was present within HIS-
HDF/EC co-culture constructs, though there was no significant
difference between 5 and 10 days (see Supplementary results
section). Importantly, HIF1α was not detectable within EC-only
constructs, indicating that the ECs were not directly under hypoxia.
VEGF was found in both media and constructs of HIS-HDF/EC co-
cultures, at 5 and 10 days, showing VEGF retention within these
collagen scaffolds (Fig. 2). VEGF retention: release ratio was
approximately 3:1 (construct : medium) at 10 days. While VEGF
protein levels increased from 5 to 10 days culture, this increase (7-
fold) was statistically significant only for constructs (pb0.05). This
was consistent with increasing VEGF gene expression over 8 days [5].
No VEGF was detectable in EC-only cultures, at both 5 and 10 days
(Fig. 2), which was in agreement with the absence of HIF1α
expression.

3.3. Reversal of HIS-mediated angiogenic response

The basic hypothesis here suggests that blocking the function of
one of the key angiogenic factors (e.g. VEGF) would reverse the
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cellular angiogenic response to hypoxia-induced signaling in this 3D
system. Ability to block theHIS angiogenic responsewas tested inHIS-
HDF/EC axial co-cultures pre-incubated with either non-specific IgG
or anti-VEGF neutralizing IgG. Anti-VEGF treatment did not affect the
standard response in terms of number of CLSs formed within the HIS-
HDF compartment (either core or surface at 1 week, data not shown).
However, Fig. 3 shows that anti-VEGF treatment did reduce the mean
length of CLSs formed within the HIS-HDF compartment. While this
inhibition of function was seen in both the core and surface zones
compared to non-specific IgG controls, at 1 week, the difference was
only significant on the surface (pb0.05). This could be due to partial
diffusion of antibody through the construct (filtration studies showed
that at least 8% of IgG was retained per collagen layer of the spiral,
unpublished data). The significant, but partial, abolition of function
seen at the surface, where VEGF blockade was not limited (constructs
incubated at saturating concentration of anti-VEGF IgG) indicated that
anti-VEGF treatment was only partially effective in blocking the HIS
mediated angiogenic response.

3.4. In vivo vascularization with HIS implants

We have previously reported vascular in-growth into 3D spiral
collagen constructs by 3 weeks in vivo implantation, without
angiogenic signalling [23]. We therefore tested if 3D constructs
containing HIS fibroblasts would become vascularized earlier. The
ability to further accelerate construct vascularisation by pre-upregu-
lating angiogenic factor expression through in vitro pre-conditioning
was also tested. Acellular or rabbit dermal fibroblast (RDF)-seeded
collagen constructs were implanted subcutaneously into the back of
rabbits. Cell-seeded constructs comprised of an outer acellular wrap
and a HIS-RDF core (Fig. 4) at: (i) low cell density (5.8×106RDFs/ml)
5-day pre-conditioned (LDPC), (ii) high cell density (23.2×106RDFs/
ml) 5-day pre-conditioned (HDPC) and (iii) high cell density
(23.2×106RDFs/ml) without pre-conditioning (HD). Total white
blood cell count in rabbits implanted with cell-seeded constructs
was 8.2, 15.5, 9.1, 5.5×109cells/L on day 0, 1, 7 and 14 respectively,
indicating subsidence of the inflammatory response by 7 days.

In contrast to acellular constructs, which showed no visible
vascularisation at 1 week, LDPC, HDPC and HD constructs were all
grossly vascularised by 1 week in vivo (Fig. 4A). Importantly, host
vessels invading the collagen constructs at 1 week contained intra-
luminal red blood cells (RBCs), suggesting that these vessels were
functional by 1 week (Fig. 4B). Furthermore, these vessels stained
positively with anti-CD31 (Fig. 4B). LDPC constructs had the largest
total area of invading RBC-containing vessels at 1 week (10 fold
greater than acellular controls; pb0.05), and HDPC constructs the
least (Fig. 4C). Although there were differences in vascularisation
Fig. 3. Blocking the function of VEGF only partially abolished the angiogenic response to
hypoxia-induced signalling. HIS-HDF/EC axial co-cultures were incubated with either
non-specific IgG or anti-VEGF IgG, at saturating concentration (10 μg/ml), for 1 week
and the length of CD31 +ve CLSs within the HDF compartment was analysed for the
core and surface zones separately. Bars correspond +/−se of means, *pb0.05. Four
constructs (n=4) were tested for each condition.
rates between types of cellular constructs, these did not reach
statistical significance (pN0.05). There was an overall increase in
the total area of RBC-containing host vessels in all implanted
constructs, including acellular constructs, by 2 weeks post-implanta-
tion, consistent with the anti-CD31 staining (Fig. 4B). While all
cellular constructs showed greater vascularisation than acellular
constructs at 2 weeks, this difference was smaller than at 1 week
and not statistically significant (pN0.05) (Fig. 4C). Radial invasion
distance of host blood vessels permeating the collagen spirals was
approximately 2 fold higher for cellular constructs compared to
acellular constructs at 1 week (Fig. 4D). At 1 week blood vessels had
only penetrated into the acellular wrap (∼0.77 mm thickness) in cell-
seeded constructs, without reaching the cellular core (Fig. 4D).
Acellular construct vascularisation had caught up by 2 weeks, though
by this stage some host blood vessels had penetrated into the core of
LDPC and HD constructs (Fig. 4D).

In vivo vessel functionality was assessed by real-time monitoring
of core O2 levels in acellular and RDF-seeded spiral constructs,
implanted intramuscularly over 2 weeks. Cellular constructs seeded at
low density (LD: 5.8× 106 RDFs/ml) or high density (HD:
23.2×106RDFs/ml) were implanted directly without in vitro pre-
conditioning. By 2 weeks host vessels containing intra-luminal RBCs
were present in acellular, LD and HD constructs, although both types
of cellular constructs were more profoundly perfused than acellular
constructs (Fig. 5A). Initial (immediately post surgery) core O2 levels
of LD and HD constructs were approximately 30% (pN0.05) and 90%
(pb0.001) less than acellular constructs, respectively (Fig. 5B).
However, while core O2 levels of acellular constructs continued to
drop over the whole 2 weeks (due, in part at least, to inflammatory
and connective tissue host cell infiltration [23]) core O2 levels of LD
constructs leveled off at a min (5–10 mmHg) by day 3. Twoweek core
O2 levels in LD constructs were 4 fold higher than those of acellular
constructs. This correlated with a 2 fold greater area of RBC-con-
taining vessels in LD constructs compared to acellular constructs
(Fig. 5C). Core O2 levels in HD constructs remained low in the first
5 days (due to their seeded cell O2 consumption), but increased 5 fold
by 1 week. This high level of core O2 (12–15 mm Hg) was maintained
over the second week, leaving the HD construct core O2 2 and 10 fold
greater than LD and acellular constructs, respectively, at 2 weeks. The
difference between total area of RBC-containing vessels in HD and
acellular constructs was not significant (pN0.05, Fig. 5C), despite the
significant difference in core O2 levels at 2 weeks (pb0.05, Fig. 5B).

4. Discussion

The well recognized principle of complex spatio-temporal/chem-
ical co-ordination in angiogenesis [9,24] was highlighted here in the
finding that functional blocking of VEGF only partially abolished the
HIS angiogenic response in vitro. This has important implications for
engineering angiogenesis. Indeed, trying to mimic the necessary
physiological complexity using bottom-up engineering of angiogenic
cocktails appears to be near insurmountable at our current level of
understanding [24–26]. A clear alternative is to engineer the onset of
the process by producing local hypoxia (which is easier to control) in
engineered cell populations to upregulate hypoxia-induced signaling
(i.e. a physiological angiogenic cascade). The problem then shifts from
trying to mimic a complex chemical language to engineering a
predictable local cell-hypoxia.

Exposure of cells to physiological hypoxia has been shown to be
effective in activating the production of cell-generated angiogenic
factors [5,6,27]. In this study we have demonstrated that O2

consumption by a high density depot of normal HDFs generated a
self-sustaining HIS cell response leading to the production of a
functional sequence of critical angiogenic factor proteins. While
physiological regulation of the O2 microenvironment in this system
maintained a high cell viability (N80%) up to 5 days, some level of HIS
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Fig. 4.Hypoxia-induced signalling in vivo promoted rapid vascularization of cellular constructs. (A) Collagen constructs +/− RDF seeding were sutured subcutaneously in rabbits for
1 or 2 weeks. Cell-seeded constructs were low density pre-conditioned (LDPC), high density pre-conditioned (HDPC) and high density non-pre-conditioned (HD). Macroscopic
images were taken directly after implant recovery. Arrows indicate host vessels that had infiltrated the implants (bars=0.5 cm). (B) (i) Co-localisation of H&E staining (top panel)
with CD31 (bottom panel) in a 2 week HDPC construct. H&E staining (arrows indicate magnified areas): (ii) Transverse section of 1 week HDPC construct with magnification image.
Schematic indicates the corresponding plane within the construct. (iii) Transverse section of 2 week HDPC construct with magnification image. Long arrow indicates penetration of
cells towards the construct core. CD31 staining counterstained with haemotoxylin, arrows indicate CD31 +ve endothelial cells lining vessel lumens: (iv) Positive control-muscle
from rabbit. (v) 1 week LDPC construct. (vi) 1 week HDPC construct. (vii) 2 week LDPC construct (bars=100 μm). (C) Quantification of the total area of RBC-containing lumens (H&E
stained cross sections, as percentage of total section area) in subcutaneously implanted constructs, at 1 and 2 weeks. (D) Quantification of host blood vessel radial invasion distance
for all conditions tested. Dashed line indicates the distance (0.77 mm) from the construct surface to the cellular core. Bars correspond to +/−sd of means, *pb0.05. Six constructs
(n=6) were tested for each condition.
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cell damage or death is expected over longer culture periods [5]. It is
important to note, however, that metabolic products released from
hypoxic tissues (e.g. lactate, pyruvate, adenosine, malate) have been
reported to be intermediate effectors of angiogenesis [28], rather than
inhibit the process. In vitro ECs migrated and formed tubules towards
the source of angiogenic factors (HIS cells) by 1 week. In contrast to
other co-cultured (2D) models with mixed cell populations
[19,29,30], this model enables the spatial segregation of distinct
directing and responder cell populations to test the effect of contact-
independent cell signaling i.e., endothelial cell migration/tubule
formation along an angiogenic growth factor gradient (note: the
stability of cell segregation in this model was achieved by the large
separation distance (1.5 cm) between the cell compartments and the
retardation of fibroblast migration in compressed/dense collagen
matrix [31]). The ability to spatially position HIS cells within a 3D
construct also means that exposure of endothelial cells to cell-
generated hypoxia (and its negative impact on cell viability[32]) is
avoided, which would not be possible with mixed co-culture.
Importantly, this novel seeding technique lays the foundation for
developing endothelial cell-free angiogenic implants (tested here in
vivo), eliminating cell source limitations and ethical considerations.
The absence of angiogenic responses in both EC-only cultures and
sheet co-cultures (no hypoxia) demonstrates the need for hypoxia-
induced signaling, rather than simple presence of HDFs. Although
readily available HDFs were used for HIS generation, for simplicity,
work from this group and others has shown that multiple cell types
(e.g. bone marrow-derived stromal cells, vascular smooth muscle
cells) respond to physiological hypoxia by upregulating angiogenic
signaling [12,15,16,33,34], suggesting that different cell types could
be used as the source of HIS cells, provided that cells are exposed to
optimum (i.e. cell-type specific) levels of physiological hypoxia [5,16].
It is likely then that thismechanism of engineered angiogenesis can be
adapted to many tissues.

The target of this study was to test and evaluate the ability of HIS
cells, controlled using a model engineered tissue, to induce effective
vascularisation. Importantly, a collagen type I support material was
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Fig. 5. Assessment of the functionality of invading host blood vessels into implanted
constructs by real-time monitoring of O2 levels in vivo. (A) Vascularization of
intramuscularly implanted constructs; acellular, low density (LD), high density (HD)
after 2 weeks implantation. Construct tissue sections stained with H&E show clear
increase in RBC-filled vessel lumens in both types of cellular constructs
(bars=100 μm). (B) Real-time O2 tension in the core of intramuscularly implanted
constructs over 2 weeks implantation. Results are presented as partial pressure values
(pO2) in mm Hg. Time zero values represent readings taken in constructs immediately
after implantation. Bars correspond +/−se of means, *pb0.01 (HD vs. LD at day 0),
**pb0.001 (HD vs. acellular at day 0), ***pb0.05 (HD vs. acellular at day 14). Three
constructs were tested for each condition. (C) Quantification of the total area of RBC-
containing lumens (H&E stained cross sections, as percentage of total section area) in
acellular, LD and HD constructs after 2 weeks implantation. Bars correspond to +/−sd
of means). Three constructs (n=3) were tested for each condition.

Fig. 6. Schematic showing the proposed 3D spatial organisation of angiogenic factor
gradients in the in vitro model used to investigate the induction of angiogenesis by
hypoxia-induced signalling. In spiral collagen constructs, diffusion of macromolecules
(i.e. angiogenic factor proteins), produced by HIS cells (HDFs), is predicted to follow
predominantly the path of least resistance, primarily between collagen matrix layers.
Diffusion will be far slower through the layers. Based on this analysis, in HIS-HDF/EC
axial co-cultures (left panel) a strong axial angiogenic factor gradient would be
generated from the HIS cells at one end to the ECs at the other (i.e. between the spiral
layers). However, in HIS-HDF/EC radial co-cultures (right panel) a much smaller
diffusion gradient would be expected to develop between the two cell populations,
limited by the reduced protein diffusion rate through the dense collagen layers. This
prediction, tested here, suggests that spatially-defined, biomimetic depot-release can
be achieved, making it possible to direct the angiogenic gradient to a required 3D tissue
position.
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used to ensure a biomimetic tissue microenvironment [21]. The
predictive importance of the 3D collagen model for practical, precise
operation of the engineered angiogenesis cannot be overemphasized. It
is clearly possible to use the demonstration of hypoxia-induced
angiogenesis by simply packing a large number of cells deep into any
3D construct. However, while this is eventually likely to generate some
form of angiogenic growth factor cascade, it is actually of very limited
practical significance without precision and control. The key new
element here is that it is possible in principle, not only to predict and
tune when the angiogenic burst is released, but to what extent, how
long for and most importantly, where from. The anisotropy of the 3D
collagenmodel reflects the anisotropy found in almost all native tissues.
There are two levels of important anisotropy. The first and least
obvious, lies in the ability for small molecules (e.g. oxygen, glucose,
lactate) to diffuse rapidly inmost directions through the collagen nano-
fibre mesh, even at high collagen densities [5,35]. Therefore, in spiral
constructs O2 tension is almost entirely determined by cell O2

consumption [15]. Importantly, we previously showed that the
generated O2 consumption gradient (core O2bsurface O2) correlates
with greater VEGF gene expression in the core compared to the surface
[5]. A functional output of this anisotropic effect was the stronger
angiogenic response observed in the core vs. the surface of HIS-HDF/EC
axial co-cultures at 2 weeks. The second level of anisotropy relates to
the diffusion of macromolecules. Since these have longer transit times
through the nano-porous collagen mesh, the direction and magnitude
of macromolecular (e.g. angiogenic factor protein) gradients will
mainly be determined by the diffusive properties of the matrix [36].
In spiral collagen constructs macromolecule diffusion would predom-
inantly occur along the path of least resistance i.e. primarily between
collagen matrix layers, with slower diffusion through layers. In axial
model co-cultures this would generate a strong axial angiogenic factor
gradient from the HIS-HDFs to the ECs, while in radial model co-
cultures the presence of this diffusion barrier would reduce the radial
angiogenic factor gradient established between the two cell popula-
tions (Fig. 6). This could, at least partly, explain why a greater CLS score
was obtained in axial model co-cultures (core) than in radial model co-
cultures at 2 weeks.

EC migration has previously been observed in response to
gradients of VEGFA 165 [8]. In the present system far more HIF-1α
and VEGF was generated in the HIS-HDF compartment than the EC
compartment, where growth factor proteins were undetectable (as
demonstrated in the EC-only cultures). This expression correlated
closely with the larger number of CLSs formed in the HIS-HDF
compartment than in the EC compartment at 2 weeks (core of axial
co-cultures). In contrast, CLS length was influenced primarily by the
spatial position of ECs relative to HIS cells in the spiral. In axial model
co-cultures, where ECs were aligned with the axial angiogenic factor
gradient (Fig. 6), longer CLSs formed in the EC compartment than in
the HIS-HDF compartment, i.e. furthest away from the growth factor
source, at 2 weeks. This is consistent with ECs forming tubular
structures back along a gradient, towards its source. Importantly, in
radial model co-cultures, where protein growth factors had to cross
the low permeability collagen layers (i.e. a diffusion barrier) to reach
the responder ECs, CLSs in the EC compartment were shorter. The
proposed generation of angiogenic factor gradients in this system,
then, seems to recapitulate the native tissue in that the effects of
protein factors are superimposed (sometimes dominated) by the
matrix 3D structure and its enabling or restricting effects on growth
factor diffusion [37]. In contrast to CLS formation ‘clustering’ appeared
to be an intrinsic EC behavior rather than a response to hypoxia and
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angiogenic protein generation, as previously suggested [29]. While
there was minimal or no HIF-1α and VEGF accumulation in EC-only
cultures up to 10 days, this did not prevent EC clustering. How-
ever, CLS formation only occurred where a HIS-HDF population was
present, suggesting that whilst there may be a cluster-to-CLS tran-
sition, it critically depends on the presence of angiogenic factors to
progress all the way to CLS formation.

HIS cell-generated in vivo angiogenesis was achieved within
1 week compared to studies where scaffold vascularisation by
exogenous delivery of growth factor cocktails takes a minimum of
2 weeks [24–26]. This time delay is critical for implanted tissues,
inevitably governing their dimensions and success rate [38]. HIS
cell-generated growth factor production, in the present study,
successfully accelerated the formation of functional vessels in vivo
by 1 week. The proposed mechanism is recapitulation of angiogenic
sprouting from the host, as it is known that sprouts are formed
from existing vasculature in response to gradients of angiogenic
proteins from avascular (as in this model) or ischaemic tissue [13].
A previous study by this group showed that a minimum of 3 weeks
is required for functional vascularisation of low cell density
implants [23]. The present study showed that even these low cell
density constructs have enhanced vascularisation (by 1 week) when
pre-conditioned for 5 days in vitro, to optimally up-regulate
angiogenic signaling [5]. Other groups have reported that hypoxic
pre-conditioning of implanted bone marrow cells increases their
angiogenic potency through up-regulation of VEGF expression [33].
This might have important implications for use of hypoxic pre-
conditioning as an additional strategy to vascularise HIS cell-seeded
constructs post-implantation. In our model there was no histomor-
phometric improvement of angiogenesis in vivo using high cell
density constructs, suggesting that an angiogenic factor cascade is
generated at threshold O2 levels or that in vivo there is a maximum
speed of response, independent of growth factor levels. This has
practical, bio-processing importance where cell availability is a
limiting factor.

Real time measurement of changing in vivo local O2 levels, deep
inside the implant, is probably the most effective/relevant functional
outcome of angiogenic engineering currently available. This pro-
vides direct readout of the integration and likely survival of
constructs [39], making close analysis of the core O2 data particularly
important. While core O2 tension was initially determined by
resident (seeded) cell consumption, competition for O2 (and likely
other nutrients, not measured here) between implant and native
tissue became increasingly dominated by surrounding/in-growing
host cell consumption, as shown by the acellular construct baseline
which dropped below that of cellular constructs by 5–7 days.
Furthermore, since there was clear histological evidence of greater
infiltration of RBC filled vessels in 14 day LD and HD constructs than
in acellular constructs, it is probable that the 4 and 10 fold difference
in core O2 at day 14, respectively, was due to increased vascular
perfusion. Histological analysis demonstrated that there was some
level of cell death within LD and HD constructs, indicated by the
presence of cell sparse areas (especially in the core, data not shown),
by 2 weeks implantation. However, since cell death is hypoxia-
driven, it cannot have exceeded the acellular construct baseline,
confirming the histological data which suggest that the higher
14 day O2 levels measured within cell-seeded constructs were a
result of increased vascularisation and not reduced cell O2

consumption. These results further indicate that the HIS response
was sustained long enough for effective angiogenic induction. While
it is intended that rapid vascularization of native tissue surroun-
ding the implant will also rescue the HIS cell depot, maintaining
angiogenic signaling, further in vivo work is required to identify the
precise effect of initial nutrient deprivation on HIS cell viabi-
lity. Importantly, the O2 level obtained in HD implants at 14 days
(∼15 mm Hg/2%) was near the range reported for normal muscle
(20–30 mm Hg/2.6–3.9%) [40], indicating that the implants had at
least partially integrated with the host tissue.

5. Conclusions

While it is widely accepted that long-term exposure of cells to
hypoxia can be detrimental to cell viability, the results of this study
demonstrate for the first time that spatially controlled, cell-mediated
hypoxia can be employed as a stimulus to trigger the complete
angiogenic cascade for induction of a rapid, physiological angiogenic
response in vitro and in vivo. The control and predictability of this
system means that this can genuinely claim to be engineered
angiogenesis. Indeed, the system not only allows the timed switching
‘on’ of local angiogenesis, but also its spatial location and even
direction. Our findings suggest that while it might not yet be possible
to contain the extent of engineered ‘on–off’ angiogenesis in vivo (as
assessed by histological appearance), this system can be used to
successfully engineer early functional vascular perfusion of implants,
as seen by deep tissue oxygenation. The ability to spatially localize HIS
cells within a 3D tissue construct provides a powerful tool for tissue
modeling in vitro (e.g. tumour angiogenesis [41], drug testing [19]), as
well as pre-vascularization or pre-conditioning of engineered con-
structs for improving perfusion post-implantation [42]. Furthermore,
the system is sufficiently flexible and robust to form the platform for a
range of practical angiogenic therapies. A key strength of this study is
the correlation of engineered angiogenesis with in vivoO2monitoring.
This is a powerful indicator of successful construct vascularization,
survival and integration. Assessment of O2 and nutrient delivery to
any implanted tissue forms the ultimate test of the ability of an
engineered vasculature to function effectively.
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