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Abstract

Background: Co-cultures of endothelial cells with mesenchymal stem cells currently represent one of the most
promising approaches in providing oxygen and nutrient supply for microvascular tissue engineering. Still, to translate
this model into clinics several in vitro parameters including growth medium and scaffold degradation need to be
fine-tuned.

Methods: We recently described the co-culture of adipose-derived stem cells with endothelial cells in fibrin,
resulting in capillary formation in vitro as well as their perfusion in vivo. Here, we aimed to further characterise
microvascular tube formation in fibrin by determining the role of scaffold degradation, thrombin concentration
and culture conditions on vascularisation.

Results: We observed that inhibition of cell-mediated fibrin degradation by the commonly used inhibitor aprotinin
resulted in impaired vascular network formation. Aprotinin had no effect on laminin and collagen type IV deposition or
formation of tube-like structures in scaffold-free co-culture, indicating that poor vascularisation of fibrin clots is primarily
caused by inhibition of plasminogen-driven fibrinolysis. Co-culture in plasminogen- and factor Xlll-depleted fibrin did
not result in different vascular network density compared to controls. Furthermore, we demonstrate that thrombin
negatively affects vascular network density at high concentrations. However, only transient activation of incorporated
endothelial cells by thrombin could be observed, thus excluding a long-term inflammatory response in tissue-
engineered micro-capillaries. Finally, we show that vascularisation of fibrin scaffolds in basal medium is undermined
because of increased fibrinolytic activity leading to scaffold destabilisation without aprotinin.

Conclusions: Taken together, our data reveal a critical role of fibrinolysis inhibition in in vitro cell-mediated vascularisation
of fibrin scaffolds.
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Background
The integration of a perfusable microvascular system
into tissue-engineered constructs still constitutes one of
the main challenges in the creation of artificial tissues
[1]. Besides several technical approaches like three-
dimensional (3D)-printing, 2-photon-polymerisation [2]
or the de- and recellularization of vascular trees [3],
mainly co-cultures of endothelial cells (EC) with sup-
porting cells have been investigated [4]. For instance, fi-
broblasts support the formation of vascular networks
when co-embedded with EC into a fibrin hydrogel [5].
In addition, osteoblasts incorporated in silk-fibroin
matrices have been reported to induce ingrowth of
endothelial cells and vascularisation of implanted scaf-
folds in vivo [6]. We recently established a co-culture
system by integrating adipose-derived stromal/stem cells
(ASC) with endothelial colony-forming cells (ECFC) in a
fibrin matrix [7]. This system provides autologous fea-
tures since both ASC and ECFC can potentially be har-
vested from the same individual. Furthermore, fetal calf
serum (FCS) can be substituted with human platelet lys-
ate, thus promoting the autologous character of this sys-
tem [8]. Angiogenic stimuli are expressed by ASC,
however, also the close contact of both cell types is re-
quired for microvascular tube formation [9]. Scaffold de-
sign is crucial to promote cell growth and regeneration.
In general, the scaffold used should match the mechan-
ical properties of the target tissue and its rate of degrad-
ation should be fine-tuned with the respective tissue
growth rate [10]. In this context, fibrin is a suitable ma-
terial for soft tissue engineering, since its mechanical
properties match the target tissue, and its concentration
and the degradation rate can be fine-tuned by fibrinogen
and thrombin concentrations [11]. While several stud-
ies report the formation of vascular networks in fibrin
[12, 13], we still do lack understanding of many critical
factors involved in vascular tube formation. Importantly,
the influences of cell culture parameters need to be con-
sidered in order to optimise this complex process to trans-
late such methods into clinics. Ideally, vascularised
scaffolds should be maintained in chemically defined
medium that is free of any (xenogenic) serum components
to enable the use of such scaffolds in patients [8, 14, 15].
Inhibition of fibrinolysis by blocking plasmin forma-
tion is frequently used for vascularisation in tissue en-
gineering to control the degradation rate in vivo and in
vitro [16—19]. For this purpose, the serine protease in-
hibitor aprotinin is commonly used to antagonise plas-
minogen activation [17, 20]. Other means to control
scaffold degradation and stability include mixing fibrin
with another material such as collagen [20, 21]. Interest-
ingly, it has been shown that the use of aprotinin re-
duces VEGF-induced capillary-like structure formation
of endothelial cells in fibrin hydrogels [20]. Still, we and
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others have used aprotinin to promote scaffold stabilisa-
tion in fibrin co-culture of endothelial cells with sup-
porting cell types such as fibroblasts or ASCs [9, 19].
Additionally, many more studies exist where aprotinin
was employed to promote acellular scaffold stability
upon implantation [17, 19, 22]. We therefore aimed to
revise the current understanding of aprotinin in micro-
vascular tissue engineering applications. We measured
fibrinolysis by using fluorescence-labelled fibrinogen in
an EC-ASC co-culture system and showed that inhib-
ition of fibrinolysis by aprotinin correlated with a de-
crease in vessel density and vessel diameter. We
furthermore show the necessity of aprotinin in serum-
and growth factor-free culture and characterised laminin
and collagen type IV production by newly formed micro-
vasculature structures.

Methods

Cell culture

ASC were isolated from liposuction material as described
before [23] and used in passages 2—10. Pooled donor hu-
man umbilical vein endothelial cells (HUVEC) were pur-
chased from Lonza (Walkersville, MD, USA) and used in
passages 5-13. GFP-HUVEC used for live-cell imaging
were purchased from Olaf Pharmaceuticals (Worcester,
MA, USA) and used in between passage 5 and 8. All cells
were maintained in endothelial growth medium-2 (EGM-
2) that consists of endothelial basal medium-2 (EBM-2)
(Lonza, Walkersville, MD, USA,, termed “basal medium”
throughout the manuscript) supplemented with 2% FCS,
hydrocortisone, fibroblast growth factor-2 (FGF-2), vascu-
lar endothelial growth factor (VEGF), R3-insulin-like
growth factor-1 (R3-IGF-1), ascorbic acid, epidermal
growth factor (EGF), GA-1000 and heparin (EGM-2 Sin-
gleQuots, Lonza, Walkersville, MA, USA) and additional
FCS (Sigma-Aldrich Co. LLC,, St. Louis, MO, USA to a
final concentration of 5%) was added if not stated other-
wise. This medium is termed “full medium” throughout
the manuscript. ECFC were isolated from healthy donors
and characterised as described previously [7]. Briefly,
30 ml of peripheral blood were used to isolate peripheral
blood mononuclear cells via centrifugation with lympho-
cyte separation medium (LSM 1077, GE Life Sciences,
Chalfont St Giles, UK). Cells were then resuspended in full
medium and seeded onto collagen type I/IllI-coated six-
well plates. First EC colonies with cobblestone morph-
ology were visible after 1-2 weeks. ECFC were cultured
on fibronectin-coated plastic (2 mg/ml, fibronectin from
human plasma, Sigma-Aldrich Co. LLC.,, St. Louis, MO,
USA) in full medium and used in passage 3.

Plasmids and retroviral infection of HUVEC
EGFP and mCherry in pLV vectors and pBMN-Z were
purchased from Addgene (Cambridge, MA, USA).
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pcDNA3-EYFP-HIS was purchased from Invitrogen
(ThermoFisher, Waltham, MA, USA). EGFP and mCherry
were subcloned into pBMN after digestion with BamHI
and Sall. EYFP-HIS was subcloned into pBMN after
digestion with BamHI and EcoRI. Phoenix ampho cells
were a kind gift of Regina Grillari (University of Natural
Resources and Life Sciences, Vienna, Austria) and cul-
tured in DMEM 10% FCS. Virus particle generation was
performed by transfecting Phoenix ampho cells at 80%
confluency using lipofectamine 2000 or TurboFect
(Thermo Fisher, Waltham, MA, USA) according to the
manufacturer’s instructions. Supernatant containing virus
particles was mixed 50:50 with full medium and trans-
ferred onto 80% confluent HUVEC and incubated over-
night. YFP-HUVEC, GFP-HUVEC and mCherry-HUVEC
were then expanded in new flasks and used for subsequent
experiments. The label was chosen based on the prerequi-
sites of the respective experiment (e.g. complementary
stainings with fluorescent dyes).

Embedding of cells in fibrin matrices

Fibrin matrices were generated as described previously
[9, 15]. Briefly, fibrin gel components (TISSEEL®, Baxter,
Vienna, Austria) were prepared by warming frozen fi-
brinogen to room temperature and diluting 4 U/ml
thrombin 1:10 in calcium chloride (CaCl,). Where indi-
cated, we tested another fibrinogen product that was free
of plasminogen, factor XIII (FXIII) and fibronectin (fi-
brinogen peak 1, FP1, CoaChrom, Maria Enzersdorf,
Austria). All fibrinogen components were prepared with-
out addition of aprotinin to exclude any potential influ-
ence. Cells, fibrinogen and thrombin were mixed and
pipetted onto prepared coverslips. Gels polymerised at
room temperature for 30 min before growth medium
with or without aprotinin was added. The final concen-
tration of fibrinogen used was 2.5 mg/ml, of thrombin
0.2 U/ml and of aprotinin 100 KIU/ml if not stated
otherwise. Fibrin scaffolds had a volume of 200 pl and
contained 500 endothelial cells and 500 ASC per ul fi-
brin unless otherwise stated. For live-cell imaging, endo-
thelial networks were visualised over the course of
1 week using the JuLi Smart Fluorescent Cell Imager
(Bulldog Bio, Portsmouth, NH, USA).

Immunofluorescence staining

Immunofluorescence staining was performed after
1 week of co-culture if not stated otherwise. For staining
of cells within a 3D fibrin-matrix, hydrogels were fixed
with 4% paraformaldehyde overnight and then washed
prior to adding the primary antibody diluted in 1 x phos-
phate-buffered saline (PBS)/1% bovine serum albumin
(BSA). Primary antibody was incubated overnight and
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afterwards matrices were washed followed by overnight
secondary antibody incubation. All steps were performed
at 4 ° C on a shaker. Staining was performed against colla-
gen type IV (rabbit-polyclonal, Abcam, Cambridge, MA,
UK), laminin (rabbit-polyclonal, Abcam, Cambridge, MA,
UK) or E-Selectin (BD Pharmingen, San Diego, CA, USA).
Secondary antibodies goat anti-mouse Alexa Fluor 488
(Thermo Fisher Scientific Inc., Waltham, MA, USA) or
goat anti-rabbit-FITC (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) were used. For immunofluores-
cence staining in a two-dimensional (2D) setup, cells
were fixed with 4% paraformaldehyde for 20 min. Anti-
CD31-FITC (BD Pharmingen, San Diego, CA, USA)
was diluted in 1xPBS/1% BSA and incubated for
45 min. All images were taken on an epifluorescence
microscope (Zeiss Observer Al, Zeiss, Oberkochen,
Germany) or on a laser-scanning confocal microscope
(Zeiss LSM510, Zeiss, Oberkochen, Germany).

Measurement of fibrin degradation

Fibrin degradation was monitored using a fluorophore-
conjugated fibrinogen [24]. Fibrinogen used for clot forma-
tion was spiked with Oregon green 488-labelled fibrinogen
(Invitrogen, Carlsbad, CA, USA) at 5 pg per pl fibrin. To
confirm the experiments using green-fluorescent fibrino-
gen, we additionally used Alexa Fluor 546-labelled fibrino-
gen (Invitrogen, Carlsbad, CA, USA) at 50 pg per pl fibrin.
Concentrations were chosen after performing serial dilu-
tion measurements. With every medium change (every 2—
3 days), supernatants were removed and stored at -20 °C
until analyzed and fresh growth medium was added onto
the fibrin matrices. To determine fluorescence, superna-
tants were thawed, 100 pl were transferred into opaque
96-well plates and fluorescence was recorded using a
Polarstar Omega photometer (BMG Labtech, Ortenberg,
Germany). The cumulative fibrin degradation after the first
and after the second week was calculated and compared to
aprotinin-containing scaffolds. Supernatants from four in-
dividual experiments were analysed.

Quantification of endothelial networks

All images used for analysis were taken on an epifluores-
cence microscope (Zeiss Observer Al, Zeiss, Oberko-
chen, Germany). For network quantification, images per
sample were taken and analysed as described previously
[9, 15, 25]. Randomised images were processed using
Adobe Photoshop CS5 (Adobe Systems, San José, CA,
USA) and analysed in a blinded manner. Measurement
of number of tubules and junctions was done with
Angiosys software (TCS Cellworks, London, UK). Vessel
diameter quantification was performed on ten vessels
per image using Image] (NIH, Bethesda, MD, USA) [26].
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Statistics

Statistical evaluations were performed with GraphPad
Prism 5 software (GraphPad Software, San Diego, CA,
USA). Fold changes in Fig. 1 were analysed by two-tailed
Wilcoxon matched-pair signed-rank test. Data shown in
Figs. 2, 4 and 5 were analysed by two-way analysis of
variance (ANOVA). Significance of data in Fig. 3 was de-
termined using one-way ANOVA. Values were consid-
ered significant when p < 0.05.

Results

Aprotinin in cell culture supernatant inhibits fibrin
degradation

To investigate the influence of aprotinin on fibrinolysis,
we visualised and quantified fibrin degradation by
employing fluorophore-labelled fibrinogen, since mea-
sured fluorescence in the supernatant correlates with
fibrin degradation [24]. Sites with a high fibrinolytic ac-
tivity could be visualised as locations with low fluores-
cence signal in scaffolds containing either 2.5 mg/ml
(Fig. 1a) or 20 mg/ml fibrinogen (Fig. 1b). These sites
co-localise with vascular structures formed by HUVEC
in co-culture with ASCs. A uniform fluorescence could
be seen in all samples containing aprotinin, indicating
that fibrin was barely degraded around vascular tubules.
We observed a significant increase in fold change fluor-
escence in supernatants from samples that did not con-
tain aprotinin compared to aprotinin-containing samples
(Fig. 1c). Specifically, in aprotinin-free supernatants from
matrices containing 2.5 mg/ml fibrinogen, we observed
on average a 1.9-fold increase in fluorescence after both
the first week and the second week of incubation com-
pared to aprotinin-containing samples. When cells were
cultured in matrices containing 20 mg/ml fibrinogen,
the fluorescence intensity of supernatants from these
samples increased on average by 2.3-fold after the first
7 days and by 1.5-fold after the second 7 days of culture
compared to aprotinin-containing samples.

Inhibition of fibrinolysis impairs vascular network
formation

To determine if the observed inhibition of fibrin degrad-
ation has an influence on vascular network formation,
we performed co-culture experiments to quantify the
number of junctions, tubules and the vessel diameter.
Aprotinin-free co-culture of HUVEC and ASC embed-
ded in 2.5 mg/ml fibrin scaffolds led to an increased
vessel density (Fig. 2a). This effect was even more pro-
nounced in scaffolds containing 20 mg/ml fibrinogen.
Quantification of vascular networks revealed an increase
in number of junctions and tubules in 2.5 mg/ml fi-
brinogen scaffolds (47.43 vs. 80.43 mean number of
junctions and 88.14 vs. 132.6 mean number of tubules),
which was significant when scaffolds contained 20 mg/
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Fig. 1 Aprotinin inhibits human umbilical vein endothelial cells
(HUVEQ)-induced fibrin degradation. a, b Images of YFP-HUVEC in
co-culture with ASCs were taken after 2 weeks of incubation in
clots containing 2.5 mg/mL fibrinogen (a) or 20 mg/mL fibrinogen
(b) spiked with Alexa Fluor 546-labelled fibrinogen. Locations with
high fibrinolytic activity can be seen as dark tube-like structures in
fibrin in aprotinin-free conditions. ¢ Supernatants were collected
from HUVEC and ASC embedded in fluorescent fibrin clots, measured
and the accumulated fluorescence of 7 days of culture was calculated.
Supernatant from clots cultured in aprotinin-free medium showed a
higher fluorescence signal compared to clots incubated in aprotinin-
containing medium. Values represent four individual experiments
and fold changes of aprotinin-free samples compared to aprotinin-
containing samples. n=7 (7 days); n=6 (14 days); *p < 0.05. Scale
bar: 200 um

ml fibrinogen compared to respective samples without
aprotinin (17.29 vs. 66.86 mean number of junctions and
35.14 vs. 111.0 mean number of tubules). Accordingly,
total tubule length was significantly increased in
aprotinin-free 20 mg/ml fibrin clots compared to
aprotinin-containing clots while mean tubule length was
significantly decreased indicating that more branches
have formed in these samples. No difference in total tu-
bule length and mean tubule length was observed in
samples with 2.5 mg/ml fibrinogen between aprotinin-
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Fig. 2 Addition of aprotinin to co-culture fibrin matrices influences vascular network density and vessel diameter. a Images of mCherry-HUVEC were
taken after 2 weeks of incubation in clots containing either 2.5 mg/mL or 20 mg/mL fibrinogen. b Quantification of vascular networks by determining
the number of tubules, junctions, total and mean tubule length and the vessel diameter. HUVEC cultured in aprotinin-free medium showed a higher
number of tubules, junctions and total tubule length and a lower mean tubule length, which was significant in clots containing 20 mg/mL fibrinogen.
Additionally, vessel diameter was significantly increased in aprotinin-free conditions. Values are from two independent experiments; n =7 (junctions
and tubules); n =70 (diameter); *p < 0.05; ***p < 0.001; ns = not significant. Scale bar: 100 um

free and aprotinin-containing samples. We furthermore
found that tube-like structures were significantly thicker
(12.39 vs. 15.88 pm in 2.5 mg/ml and 11.89 vs. 15.40 pm
average thickness in 20 mg/ml fibrinogen scaffolds) in
aprotinin-free conditions independent of the fibrinogen
concentration used (Fig. 2b). However, despite the

effects of aprotinin on vascular network formation, we
could show that HUVEC actively form vascular net-
works as evidenced by live-cell imaging over the course
of the first week of incubation (see Additional file 1).
Additionally, long-term co-culture of HUVEC with ASC
is possible in fibrin clots cultured with 100 KIU/ml
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Fig. 3 The influence of thrombin on vascular structures. a Vascular network formation could be observed in any sample independent of the thrombin
concentration used. b Significant differences in number of vascular network parameters could only be detected if 2 U/ml thrombin was used. In these
matrices, number of junctions and tubules and total tubule length were significantly lower and mean tubule length was significantly higher compared to
samples prepared with 0.2 U/ml thrombin. No aprotinin was used in any sample. n =8 from two independent experiments; **p < 0.01. Scale bar: 200 pm
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aprotinin and containing 2.5 mg/ml or 20 mg/ml fi-
brinogen. Vascular structures are still visible after
15 weeks of culture (see Additional file 2).

Aprotinin influences vascular network formation in a
dose-dependent manner

We further investigated the dose-dependency of aproti-
nin by preparing fibrin scaffolds containing ASC and
HUVEC and culturing them in different aprotinin con-
centrations for 28 days as shown in Additional file 3.
Samples without aprotinin had the highest vascular net-
work density shown by number of junctions, tubules
and total tubule length. The mean tubule length in-
creased dose-dependently reaching a peak at 20 KIU/ml
aprotinin. A concentration of 5 KIU/ml already caused a
visible change in vascular network parameters. There

was no difference in number of junctions and tubules
when using concentrations reaching from 10 to 100
KIU/ml.

Aprotinin does not influence network formation in a
fibrin-free environment

To investigate the influence of fibrin on endothelial net-
work formation, HUVEC were co-cultured with ASC for
1 week without a fibrin matrix. Cells were then fixed
and stained against CD31 to reveal structures formed by
HUVEC. ECFC were used to confirm HUVEC results.
These results can be seen in Additional file 4. Both
HUVEC and ECFC showed network formation in co-
culture with ASC but without fibrin. We additionally
used this fibrin-free 2D co-culture set-up to exclude a
direct effect of aprotinin on network morphology.
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Staining against CD31 after 1 week of co-culture showed
that HUVEC formed vessel-like structures, independent
of the presence of aprotinin (100 KIU/ml) in the
medium. This indicates that aprotinin specifically influ-
ences vascular network formation by interfering with fi-
brin degradation.

Thrombin concentrations influence network formation
We have previously reported the influence of different fi-
brinogen concentrations on vascular network formation
[15]. Since fibrin polymerisation depends on thrombin,
we determined the effects of different thrombin concen-
trations (0.2, 0.5, 1 and 2 U/ml) on network formation.
We found that concentrations up to 1 U/ml did not in-
fluence network formation while the use of 2 U/ml
thrombin decreased the observed vessel density (Fig. 3a).
Number of junctions, tubules, total as well as mean tu-
bule length showed no significant differences except at a
thrombin concentration of 2 U/ml. Fibrin matrices for
which 2 U/ml thrombin was used showed a significantly
lower number of junctions and tubules and total tubule
length and a significantly higher mean tubule length
compared to matrices prepared with 0.2 U/ml (Fig. 3b).
Since thrombin is known to activate EC by protease-
activated receptors (PARs) [27], HUVEC were embedded
into fibrin scaffolds together with ASC and stained for
the inflammatory surface marker E-selectin at four dif-
ferent time points (4 h, 1 day, 4 and 7 days). The throm-
bin concentration used was 0.2 U/ml. Fibrin scaffolds
were additionally treated with 10 ng/ml tumour necrosis
factor alpha (TNF-a) as positive control. Staining against
E-selectin revealed transient activation of HUVEC after
4 h while no positive staining could be seen after 1 day
of incubation. TNF-a led to a strong increase of E-
selectin expression after 4 h which declined after 1 day.
No positive E-selectin staining could be observed after 4
or 7 days in any sample (see Additional file 5).

Basal medium conditions do not support vascular
network formation

We have recently shown that vascular networks can be
maintained in basal medium for up to 14 days [15].
Here, we repeated the experiment without aprotinin to
determine its influence under basal culture conditions.
Fibrin clots were first cultured in full medium contain-
ing serum and growth factors for up to 4 days and then
switched to basal medium for additional 17 days. Culti-
vation in basal medium ultimately led to a visible de-
crease in number of junctions and tubules starting at
day 7. Continuous incubation in full medium, on the
other hand, resulted in formation and maintenance of
dense vessel-like structures. Specifically, fibrin matrix
degradation was observable in basal medium conditions
after 14 days while the fibrin scaffold remained intact in
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full medium culture conditions (Fig. 4a). Quantification
of vascular network parameters shows the similarity of
all samples on day 4 of incubation where the medium
switch occurred. However, after 3 additional days of in-
cubation, we observed that samples cultured in full
medium had a significantly higher number of junctions
and tubules compared to samples cultured in basal
medium. Furthermore, total tubule length was signifi-
cantly increased while mean tubule length was signifi-
cantly decreased in full medium-cultured samples
compared to basal medium-cultured clots (Fig. 4b). No
later time points were included in the quantification
since the degraded matrix would be a confounding fac-
tor for image analysis.

The influence of fibrinogen formulation on vascular
structures

To exclude an effect of additional fibrin scaffold compo-
nents such as fibronectin, factor XIII and plasminogen
we tested a different fibrinogen formulation (FP1) in
which fibrinogen is the only protein component as
stated in the Methods section. No significant difference
in vascular structure morphology (Fig. 5a) as well as
number of junctions, number of tubules, total or mean
tubule length could be observed in vascular structures
formed in fibrin clots that were prepared with different
fibrinogen products (Fig. 5b).

EC-ASC co-cultures in fibrin deposit collagen type IV and
laminin independent of aprotinin addition

Physiological microvasculature is surrounded by several
extracellular matrix (ECM) components, with collagen
type IV and laminin being the most prominent proteins.
We performed immunofluorescence staining against col-
lagen type IV as well as laminin in order to check for
ECM formation and to examine if ECM production is
aprotinin-dependent. mCherry-HUVEC (red) that were
co-cultured with ASC in fibrin clots formed vascular-
networks after 1 week of incubation. Staining against
collagen type IV (green) as well as laminin (green) re-
vealed their location to be in close proximity around
vessel-like structures (Fig. 6). The addition of aprotinin
(100 KIU/ml) showed no qualitative effect on ECM
production.

Discussion

In this study we show the influence of aprotinin and
thrombin on vascular networks derived from co-cultures
of HUVEC and ASC in a fibrin matrix. Furthermore, our
results here and previously published data by our group
imply that aprotinin, while impairing vascular network
density, may be necessary for culturing endothelial capil-
lary networks in serum- and growth factor-free medium
[15]. In general, thorough characterisation of these
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influences on co-cultures is of crucial importance for  same individual using peripheral blood and fat tissue. Fur-
applications towards both microvascular tissue engin-  thermore, we recently demonstrated the in vivo function-
eering and drug testing in preclinical research. In ei- ality of ECFC/ASC-co-cultures in fibrin by subcutaneous
ther case, engineered vasculature has to reflect the implantation in nude mice and perfusion with a tail vein-
normal physiology in vivo and thus functionality in injected fluorescent dye [4]. Other groups as well showed
terms of providing adequate blood flow. As “gold the functionality and anastomosis of vascular structures
standard”, the integration of HUVEC with supporting derived from co-cultures in vivo (prevascularised HUVEC
cell types in a fibrin matrix has been the focus of many and ASC spheroids [30] or collagen matrices containing
studies mainly by the Tranquillo, Putnam and Levenberg endothelial progenitor cells (EPC) and ASC [31]). How-
groups [13, 28, 29]. Microvascular endothelial cells from ever, discrepancies exist between HUVEC and ECFC in
human dermis and ECFCs represent other endothelial cell ~ terms of gene expression as determined by gene array
types frequently used for in vitro vascularisation experi- analysis [32]. Nevertheless, we showed previously that
ments in fibrin [12, 13]. We initially used ECFC and ASC  vascular network formation occurs when either cell
in our co-culture system to show the potential use of this  type is co-cultured with ASC in fibrin [9], suggesting
generated microvasculature in an autologous setting [7, 9].  that HUVEC can be used as a surrogate for ECFC in
Both cell types can be easily harvested from one and the our vascularisation model. Additionally, we show here
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that both HUVEC and ECFC form tube-like structures
in a 2D co-culture as evidenced by CD31 staining.
Besides its role as sealant in clinical practice, fibrin as
a scaffold and biomaterial has been extensively used for
diverse tissue engineering applications [33]. For fibrin
polymerisation addition of thrombin is necessary. Im-
portantly, thrombin is known to activate endothelial cells
and elicit inflammatory responses [27]. To exclude long-
term negative effects on the microvascular structures we
performed an immunofluorescence staining using anti-
E-selectin antibody and show a slight upregulation of
this marker shortly after embedding the cells in the
matrix. However, when cells start to form vascular tubes,
E-selectin expression was not detectable anymore, thus
excluding long-term inflammatory activation of fibrin-
embedded EC by thrombin. Additionally, its biological

features make fibrin ideally suitable for soft tissue engin-
eering approaches, especially considering the integration
of microvasculature in engineered tissues [12]. Our re-
sults demonstrate that a vascular network can be estab-
lished in vitro and that fibrinolysis occurs where vessel-
like structures are found. Degradation of fibrin can be
mediated by the proteolytic activity of the serine prote-
ase plasmin [34]. When stimulated by angiogenic factors
such as vascular endothelial growth factor (VEGEF),
endothelial cells can initiate the activation of the plasmin
precursor plasminogen by releasing tissue-type plas-
minogen activator or urokinase plasminogen activator
(tPA or uPA), ultimately leading to plasmin generation
and activation, and fibrinolysis [35, 36]. We and others
have previously shown that ASC secrete high levels of
VEGF [9, 37], suggesting that this effect potentially
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Fig. 6 Production of collagen type IV and laminin by HUVEC under the
influence of aprotinin. mCherry-HUVEC are depicted in red, collagen
type IV and laminin in green. mCherry-HUVEC were co-cultured with
ASC in a fibrin matrix. Collagen type IV as well as laminin is clearly
visible in close proximity to tube-like structures of mCherry-HUVEC
in matrices with as well as without aprotinin. Scale bar: 100 um

causes the co-localisation of vascular structures with
sites of high fibrinolytic activity, as endothelial cells initi-
ate the activation of plasminogen.

However, methods to prolong fibrin stability are re-
quired for certain approaches such as therapeutic growth
factor delivery since growth factors are released in lower
doses and over longer time periods [38]. One possibility
to increase the stability of fibrin scaffolds is the addition
of anti-fibrinolytic agents. Our results and previously
published reports show that aprotinin, a serine protease
inhibitor, can significantly reduce fibrin degradation both
in vitro and in vivo [17, 18, 39]. Although widely used,
the addition of aprotinin as an anti-fibrinolytic agent re-
mains controversial. When administered systemically in
patients undergoing cardiac surgery, the use of aprotinin
results in a higher mortality rate when compared to
other anti-fibrinolytic agents [40, 41]. As a result, the US
Food and Drug Administration agreed with the manu-
facturer to remove all remaining stocks of Trasylol®
(aprotinin injection) [42]. This may be the reason why
the compatibility of alternative agents to inhibit fibrin
degradation was tested in in vitro experiments, despite
that different concentrations were used in clinics [16].
However, since our results indicate that specifically in-
hibition of fibrinolysis is responsible for the reduction in
vessel density, the use of other agents that inhibit
plasmin-mediated fibrinolysis might lead to a similar im-
pairment of vascularisation of fibrin scaffolds. Data to
support this statement were published in another study
where it was shown that VEGF-induced capillary
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formation in fibrin can be impaired by either the
addition of aprotinin or by the removal of plasminogen
from the fibrin matrix [20]. It could therefore be
hypothesised that plasminogen-driven fibrinolysis is key
to vascularisation of fibrin scaffolds.

Alternatively, fibrin can be degraded by matrix metal-
loproteinase (MMP) activity, indicating that vascularisa-
tion of fibrin scaffolds does not depend on plasminogen
[43, 44]. Notably, it has been shown that endothelial
cells from both plasminogen-deficient and wild-type
mice were capable of neovascularising plasminogen-free
fibrin both in vitro and in vivo [45]. These reports
conclude that endothelial MMP activity and not
plasminogen-driven fibrinolysis are key to vascularisa-
tion of fibrin hydrogels. This would certainly enable the
use of aprotinin to enhance scaffold stiffness as we and
others have previously shown that endothelial cells
sprouting into the scaffold express MMP14 to degrade
fibrin despite being treated with aprotinin suggesting
that aprotinin has no effect on MMP activity [7, 43].
However, the key difference to our data shown here is
that the experiments performed by other groups were
done using exclusively plasminogen-depleted but factor
XIII (FXIII)-containing fibrin [43—46]. We, on the other
hand, have tested here the effect of plasminogen-free
compared to plasminogen-containing fibrin scaffolds on
vascular network formation, yet, without finding signifi-
cant differences. It should be noted that the fibrinogen
formulation tested here is not only free of plasminogen
but also free of FXIII which crosslinks fibrin fibres.
Addition of FXIII to fibrin clots in vitro results in a sig-
nificantly higher fibrin clot stiffness compared to un-
modified samples after cell-free incubation for 10 days,
despite the initial clot stiffness being similar in all sam-
ples [19]. This observation suggests that fibrin degrad-
ation was slowed down. Therefore, while our tested
fibrinogen formulation does not contain plasminogen
supposedly resulting in impaired fibrinolysis, it does also
not contain FXIII, which in turn may in part compensate
for the absence of plasminogen. Indeed, it has been
shown that FXIII impairs sprouting of endothelial cells
embedded in fibrin in a dose-dependent manner [47].
Hence, the vessel density is not significantly different
when compared to our control fibrinogen formulation.
To verify this hypothesis, additional experiments with fi-
brinogen scaffolds containing plasminogen but not FXIII
would need to be performed. In addition, we could show
that a dense vascular network can form in high fibrino-
gen and thrombin concentrations in absence of aproti-
nin. Furthermore, high fibrinogen concentrations results
in increased fibrin gel stiffness. It has been shown that
the structural modulus of fibrin gels containing 2 mg/ml
fibrinogen is significantly lower compared to gels con-
taining 17 mg/ml fibrinogen while maintaining the same
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thrombin concentration [11]. Our results suggest that
vascular network density does not need to come at the
expense of scaffold stiffness, which is crucial for in vivo
applications [4]. The inhibition of fibrinolysis by aprotinin
can be necessary in some tissue engineering applications.
Whenever scaffold stability in vivo is required, fibrinolysis
by invading cells needs to be reduced [17, 18]. As men-
tioned before, therapeutic growth factor delivery re-
quires long-lasting matrices that withstand degradation
[48]. Scaffold degradation and tissue regrowth are inter-
dependent processes [49], despite recent studies de-
scribing matrix degradation and loss of volume as
negative and unwanted features in in vivo situations
[18, 19]. While it has been reported that subcutaneous
implantation of scaffolds without aprotinin results in
volume loss and lower number of invading blood ves-
sels [18], skin tissue could have regenerated faster since
scaffold degradation was not impaired. The parameter
of tissue regeneration, however, has not been investigated
in this study and would therefore need to be further ana-
lysed. Consequently, another report demonstrates that the
use of aprotinin in vivo results in delayed wound healing
as granulation tissue did not fully regenerate [50]. Besides
its inhibitory effect on fibrinolysis, it cannot be ruled out
that aprotinin has additional effects on cell physiology.
However, when we co-cultured endothelial cells with ASC
in a 2D setting without fibrin we did not find any in-
fluence of aprotinin on tube-like structure formation, sug-
gesting that the described effects in our 3D setting are
primarily related to fibrinolysis inhibition. Furthermore,
we show that ECM deposition indicated by collagen type
IV and laminin staining is unaffected by aprotinin in fibrin
clots. Interestingly, it has been reported that aprotinin can
even enhance angiogenesis in absence of fibrin as demon-
strated using a chorioallantoic membrane (CAM) assay
[51]. These results suggest that the reduction of vascular
network density in 3D fibrin scaffolds by aprotinin is spe-
cifically due to fibrinolysis inhibition. Classically, endothe-
lial cells are cultured in cell culture medium containing
several growth factors and a varying amount of fetal calf
serum. We have previously demonstrated the suitability of
human-derived platelet lysate as a substitute for fetal calf
serum in endothelial cell culture suggesting that certain
medium components are exchangeable without affecting
vascularisation efficacy [8]. Here we analysed the forma-
tion of vascular structures in full medium containing
serum and several growth factors versus basal medium.
We found most junctions in the vascular network in the
full medium condition, while network density decreased
to a level where it could not be quantified anymore in
samples cultured without serum and growth factors. This
decrease in vessel density seems to be specifically related
to scaffold degradation as we have previously demon-
strated that the vascular network remains stable in basal
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medium when aprotinin is added [15]. ASC are the pri-
mary source of growth factors necessary for vessel-like
structure formation in fibrin [9]. This cell type has been
shown to promote endothelial-mediated fibrinolysis via
the plasmin pathway in contrast to bone marrow-derived
stem cells which stimulate MMP-mediated ECM degrad-
ation [52, 53]. ASC can furthermore regulate endothelial
cell-mediated fibrin degradation by secretion of several
tissue inhibitors of metalloproteinases (TIMP) and plas-
minogen activator inhibitor-1 (PAI-1) [9, 54, 55]. Influ-
ences on the ASC secretome would therefore inevitably
affect stability of fibrin scaffolds and therefore vascularisa-
tion. Indeed, it has been shown that growth factor and
serum-free medium results in significant changes on ASC
proliferation, gene expression and growth factor secretion
[56, 57]. However, it remains unknown which proteins are
influenced by this change in our co-culture model. Still,
factors specifically involved in fibrin degradation seem to
be at least in part influenced by co-culture in this medium
formulation.

In this study. we used mainly HUVEC as they repre-
sent a “gold standard” in the field of angiogenesis re-
search. However, these cells are not clinically applicable
and thus not suitable for regenerative medicine pur-
poses. We found vascular network formation also with
ECFC derived from iPS cells. In addition, we have pre-
viously shown network formation of ECFC from per-
ipheral blood and ASC in a fibrin matrix, both cell
types can be used in an autologous setting [7]. More-
over, vascular network formation in fibrin has been also
demonstrated using microvascular endothelial cells
from dermis and adipose tissue [58], thus suggesting
vascular network formation in fibrin as a stable
phenomenon, which might be critical for organotypic
vessels and thus have general implications for vascular
regenerative medicine.

Conclusions

Our data demonstrate that aprotinin-mediated stabilisa-
tion of fibrin leads to impaired vascularisation presum-
ably by inhibition of plasminogen activation rather than
generally affecting network formation or ECM depos-
ition. This indicates that fibrinolysis inhibition by aproti-
nin is a crucial parameter for vascularisation strategies
using co-culture models. Based on our data, we further-
more propose that fibrinolysis inhibition is required for
maintaining vascularised fibrin scaffolds in serum- and
growth factor-free conditions, thereby fulfilling an im-
portant prerequisite for clinical translation of prevascu-
larised tissues. Taken together, our findings contribute to
the understanding how modulation of fibrinolysis affects
in vitro models for vascularisation of engineered con-
structs in fibrin.
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Additional files

Additional file 1: GFP-HUVEC actively form a vascular network in co-
culture with ASC in the presence of aprotinin. Live-cell imaging of GFP-
HUVEC embedded in fibrin with ASC reveals vascular network formation
over the course of 1 week. (AVI 17466 kb)

Additional file 2: Co-cultures of HUVEC and ASC can be maintained in
culture up to 15 weeks. (A) HUVEC and ASC were embedded in fibrin
matrices containing 2.5 mg/mL fibrinogen. (B) Co-culture fibrin matrices
containing 20 mg/mL were maintained in culture for up to 15 weeks. All
images are representative for fibrin matrices from three independent
experiments. Aprotinin was used in all samples. Scale bar: 200 um.

(DOC 1344 kb)

Additional file 3: Influence of different aprotinin concentrations on
HUVEC network formation. (A) Representative images of the effect of
different aprotinin concentrations (0 KIU/ml, 5 KIU/ml, 10 KIU/ml, 20 KIU/ml,
30 KIU/ml and 100 KIU/ml) on HUVEC/ASC vascular network formation
taken on day 28 of incubation. (B) Quantification of the network by number
of junctions, tubules, total and mean tubule length. Increased aprotinin
concentration results in a decreased number of tubules as well as junctions
and total tubule length. Mean tubule length shows a dose-dependent in-
crease, which peaks in samples with 20 KIU/ml aprotinin. Values are from
two independent experiments using two different ASC donors; n = 2. Scale
bar: 200 um. (DOC 741 kb)

Additional file 4: Aprotinin does not impair network formation of
endothelial cells in a 2D setup. CD31 staining of endothelial cells (either
HUVEC or ECFC) reveals tube-like structures when co-cultured with ASC
in a 2D-setup devoid of fibrin. Aprotinin (100 KIU/ml) has no effect on
HUVEC 2D tube formation. Scale bar: 100 um or 50 pm as indicated.
(DOC 370 kb)

Additional file 5: Thrombin transiently activates EC. HUVEC-ASC clots were
fixed and immunofluorescence was performed against E-Selectin after 4 h,

1 day, 4 days and 7 days. Staining revealed transient activation of EC via
thrombin after 4 h. TNF-a (10 ng/ml), serving as a positive control, activated
EC more strongly after 4 h than thrombin alone. No aprotinin was used in
any sample. n =8 from two independent experiments. Scale bar: 200 um.
(DOC 322 kb)
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CAM: Chorioallantoic membrane; EBM-2: Endothelial basal medium-2;
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