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Abstract
Conceptually, premature initiation of post-wound angiogenesis could interfere with hemo-

stasis, as it relies on fibrinolysis. The mechanisms facilitating orchestration of these events

remain poorly understood, however, likely due to limitations in discerning the individual

contribution of cells and extracellular matrix. Here, we designed an in vitro Hemostatic-

Components-Model (HCM) to investigate the role of the fibrin matrix as protein factor-car-

rier, independent of its cell-scaffold function. After characterizing the proteomic profile of

HCM-harvested matrix releasates, we demonstrate that the key pro-/anti-angiogenic fac-

tors, VEGF and PF4, are differentially bound by the matrix. Changing matrix fibrin mass

consequently alters the balance of releasate factor concentrations, with differential effects

on basic endothelial cell (EC) behaviors. While increasing mass, and releasate VEGF

levels, promoted EC chemotactic migration, it progressively inhibited tube formation, a

response that was dependent on PF4. These results indicate that the clot’s matrix compo-

nent initially serves as biochemical anti-angiogenic barrier, suggesting that post-hemostatic

angiogenesis follows fibrinolysis-mediated angiogenic disinhibition. Beyond their signifi-

cance towards understanding the spatiotemporal regulation of wound healing, our findings

could inform the study of other pathophysiological processes in which coagulation and

angiogenesis are prominent features, such as cardiovascular and malignant disease.
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Introduction
Hemostasis and angiogenesis are two closely interlinked physiological processes that upon vas-
cular injury harmoniously operate to re-establish the microcirculation to its former state [1].
Effective coagulation is necessary directly after injury to prevent excessive bleeding. Immediate
(i.e. premature) initiation of angiogenesis would be counterproductive at this stage, since newly
formed vessels are fragile and unstable [2]. It is therefore not surprising that the two processes
are tightly controlled, to ensure that angiogenesis is only triggered once hemostasis has been
safely completed. This is evident during wound healing, where angiogenesis does not begin
before three days after wounding [1,3]. Furthermore, it is reflected in the fact that various
hemostatic factors (e.g., Prothrombin-derived fragments 1 and 2, Fibrinogen E fragment, Plas-
minogen fragment/Angiostatin) possess anti-angiogenic activity [4,5]. While it is generally
accepted that these factors, and their induced cellular responses, are important components of
a greater regulatory mechanism [4,5], an overarching theory which could explain how hemo-
stasis and angiogenesis are coordinated, in a spatiotemporal manner, is still lacking.

It is intriguing that post-wound hemostasis and angiogenesis occur within the same bioma-
terial; fibrin. Following activation of coagulation, the fibrin matrix entraps platelets at the site
of injury, forming a hemostatic plug, that is gradually replaced by capillary-rich granulation tis-
sue, and eventually collagen, leading to restoration of the original extracellular matrix (ECM)
architecture [1]. The classic wound healing model acknowledges an active role for cells which
influence downstream cell behavior through protein factor signaling, and a primarily passive
role for the ECM that provides a scaffold for migrating/proliferating cells [1,6,7]. The concept
that the fibrin matrix may additionally serve as a sustained release reservoir for endothelial cell
(EC) growth factors has previously been proposed [1,5,8], but the mechanism(s) facilitating
this function, as well as its effects on the temporal orchestration of the aforementioned events
remain ambiguous.

Perhaps, the main difficulty encountered while trying to discern the interplay between cellu-
lar and matrix components is their inherent association, as the early clot comprises platelets
within a fibrin network that is subsequently populated by other cell types as the clot matures
[1]. It is therefore not possible to differentially assess the role of both entities through observa-
tions of the coagulation/wound healing process in vivo, or by using a simply reconstructed in
vitro wound model. Instead, this could be achieved by using an in vitromodel of hemostasis
that simulates the functional association of the cellular/matrix components, while maintaining
a physical separation between them. Here, we designed such a Hemostatic Components Model
(HCM) (Fig 1), and used it to investigate the role of the fibrin matrix exclusively as protein fac-
tor-carrier, independently from its well-described role as cell-scaffold. It is already known that
fibrin(ogen) binds many of the pro- and anti-angiogenic factors (e.g. VEGF [8,9], FGF [8,10],
PDGF [8], PF4 [11], TSP1 [5]) that are released following coagulation. Indeed, the ability to
bind and release these factors offers the possibility for both contact-mediated, as well as long-
range regulation of cellular responses, a prerequisite for generating spatiotemporally-defined
angiogenesis [7,12,13]. It is then possible that, through its factor-carrier function, the matrix
can modulate its angiogenic conductivity as cell-scaffold.

Given that effective hemostasis relies on the formation of a stable clot, while vascularization
of the fibrin matrix is dependent on controlled fibrinolysis (which enables EC invasion)
[5,14,15], we hypothesized that the hemostatic/angiogenic switch operates through changes in
the mass of the matrix (which determines the total fibrin concentration within the wound
under a constant wound volume, i.e. before wound contraction sets in), and consequently in
the relative amounts of pro- and anti-angiogenic factors that are bound/released by the matrix
into the hemostatic microenvironment. Our findings lead us to propose a mechanism of
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matrix-dependent biochemical control, through which the fibrin matrix can seamlessly per-
form its dual role, initially as an anti-angiogenic hemostatic barrier and later as an angiogenic
scaffold.

Materials and Methods

Hemostatic Components Model (HCM)
All blood donors provided written informed consent as directed by the ethics committee of the
Heinrich Heine University, Düsseldorf, Germany, which approved this study. The buffy coat
was isolated from 10ml peripheral blood, by centrifugation in EDTA-Vacutainer tubes (BD,
Germany) at 3000rpm/4°C for 15min, and reconstituted in 10ml serum-free (SF) medium
(AIM V, Invitrogen, Germany). 1ml blood cell (BC)/SF-medium mixture was added to type I
collagen-coated wells (area ~10cm2) containing 2ml SF medium. Fibrin matrices of varying
protein mass were formed by combining 0.5, 1 or 1.5ml fibrinogen solution (fibrinogen 80mg/
ml, aprotinin 3000KIU/ml, factor XIII 10–50IU/ml, fibronectin 2–9mg/ml) (Baxter, Germany)
with an equal volume of thrombin (500 IU/ml)/Ca+2 solution (Baxter, Germany), in cell-cul-
ture inserts with a 1μm pore PET membrane (BD, Germany). Where necessary, the total vol-
ume per insert was supplemented accordingly with SF medium to 3ml. Inserts were then

Fig 1. Hemostatic Components Model (HCM). Peripheral blood cells (platelets and leukocytes) are seeded
at their naturally-occurring ratio onto a collagen-coated substrate, which mimics exposed collagen in the
injured vascular wall. Cells are cultured in serum-free medium under hypoxia (3%O2) at 37°C, while released/
produced protein factors diffuse through a nano-porous filter and are sampled simultaneously within an
exogenous fibrin matrix of varying mass (m). Cell-matrix contact is prevented through the filter. The model
simulates the hemostatic microenvironment, while enabling assessment of the function of the fibrin matrix as
protein factor-carrier, independently of its role as cell-scaffold.

doi:10.1371/journal.pone.0135618.g001
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transferred into the collagen-coated wells. Culture was carried out under hypoxia (3% O2)
within a 37°C/5% CO2 incubator (Fig 1).

Measurement of oxygen tension in blood culture
Peripheral venous blood (WBC: ~5x109/L) was collected from four 25yr old healthy
(BMI = 23.6±2.5 Kg/m2), non-smoker subjects. For monitoring O2 tension, blood was added to
24-well plates (area ~2cm2) having a sensor spot at the bottom (OxoDish, PreSens, Germany),
at the following blood incubation volume (BIV): 0.5, 1, 1.5 and 3ml. SF-medium (1ml) was
tested as control. The sensor spot contains a luminescent dye which is excited by the SensorD-
ish Reader (resolution = ±0.4% O2 at 20.9% O2, precision = ±1% O2 at 20.9% O2, drift< 0.2%
O2 within one week) placed below the multidish, while the dye's luminescence lifetime, which
depends on O2 partial pressure of the medium, is detected through the transparent bottom.
Wells were airtight sealed with Parafilm. Cell culture was carried out within a normoxic incu-
bator (37°C/5% CO2) for 7 days. O2 tension was measured for 30 min every day for 7 days.
Four samples were tested per subject for each BIV.

Analysis of protein factors in culture supernatants and matrix releasates
Proteomic analysis with mass spectrometry. Following 7 days HCM culture, fibrin matri-

ces (2cm3) were removed from inserts and added to 1ml fresh SF medium (albumin-free
medium was used to reduce interference with peptide detection, see S1 Table), then centrifuged
at 3000rpm/4°C for 15min, to obtain releasates. Absolute total protein concentration of media
samples (~4 μg/μl) was determined with BCA assay. 150μg of each sample were separated on a
12% SDS page gel which subsequently was cut into 16 bands. Tryptic in gel digestion was per-
formed for each gel band. Peptide analysis was performed on an Easy nLC nanoflow HPLC
1000 system (Proxeon) connected to a LTQ-Velos Orbitrap (Thermo Fisher Scientific). Pep-
tides were separated online by reverse phase chromatography using in-house made 30cm col-
umns (New Objective, FS360-75-8-N-S-C30) packed with C18-AQ 2,4 μm resin (Dr. Maisch
GmbH, Part No. r124.aq). An 80min gradient (5% to 40%) at a flow rate of 250nl/min was
used. The measurement method consisted of an initial FTMS scan recorded in profile mode
with 30.000m/z resolution, a mass range from 300–2.000m/z and a target value of 1.000.000.
Subsequently, collision-induced dissociation (CID) fragmentation was performed for the 15
most intense ions with an isolation width of 2Da in the ion trap. A target value of 10.000,
enabled charge state screening, a monoisotopic precursor selection, 35% normalized collision
energy, an activation time of 10ms, wide band activation and a dynamic exclusion list with 30s
exclusion time were applied. Data of two biological replicates of the fibrin releasates were ana-
lyzed with the MaxQuant suite (version 1.5.0.12). Protein identification was performed using
the integrated Andromeda search algorithm. First search, mass recalibration and main search
of tryptic peptides were performed using a human Uniprot database downloaded 08/21/2012
(86749 entries) allowing for N-terminal acetylation and oxidation of methionine as variable
modifications and carbamidomethylation of cysteine as fixed modification. Two missed cleav-
ages were allowed. Peptide as well as protein false discovery rate was set to 0.1%. Mass accuracy
was set to 20 ppm for the first search and 5 ppm for the main search. Intensity based absolute
quantitation (IBAQ) of proteins was performed with the IBAQ algorithm implemented in
MaxQuant.

Angiogenesis proteome assay. Fibrin matrix releasates, obtained as described above, were
analyzed with Angiogenesis Proteome Profiler array (R&D, USA), according to manufacturer’s
instructions. SF medium was tested as negative control. Quantification of relative factor levels
(sample signal/reference signal) was carried out by image analysis of scanned x-ray film images
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(3,4 and 5 min exposures) using an imaging software (Image J, NIH, USA). An averaged back-
ground signal was subtracted from the average pixel density of each pair of duplicate spots.
Three samples were tested.

Elisa. For testing the effect of clot size on Vascular Endothelial Growth Factor (VEGF)
expression, clot supernatants were obtained from 7 day coagulated blood cultures (37°C/5%
CO2) with a BIV = 1, 1.5 and 3ml, and from 1–5 day coagulated blood cultures with a
BIV = 3ml, and analyzed for VEGF by ELISA (R&D, USA), according to manufacturer’s
instructions. Three samples were tested per experimental condition.

For testing the effect of hypoxia on VEGF expression, peripheral blood (5ml) was collected
into EDTA-Vacutainer tubes (BD, Germany) from 48 healthy subjects; 20 males (age = 39
±3.6yrs, BMI = 26.9±0.9Kg/m2) and 28 females (age = 34.7±2.2yrs, BMI = 23.2±0.7Kg/m2).
Blood from each subject was mixed with 5ml SF-medium in the EDTA-Vacutainer tubes and
aliquoted into four 6-well plates (2.5ml/well). Plates were placed in a 37°C/5% CO2 normoxic
or hypoxic (3% O2) incubator, and cultured for 7 days (blood remained anticoagulated over
this period), after which supernatants were sampled from wells and tested with ELISA for
VEGF (R&D, USA). Two samples from each subject were tested per experimental condition
(normoxia/hypoxia).

For measuring factor levels in fibrin clot releasates, plasma (1ml) was obtained after 2, 4, 7
or 8 days culture of anticoagulated blood at BIV = 3ml, as indicated, and mixed with various
ratios of fibrinogen (80mg/ml):thrombin (500 IU/ml)/Ca+2 solution; 0:0.2ml, 0.1:0.1ml,
0.2:0.2ml, resulting in clots of total (i.e. wet) mass = 100, 200 and 300mg, respectively (note;
when fibrinogen was added, the amount (8 or 16mg) exceeded that present in 1ml plasma, i.e.
these clots comprised mostly exogenous fibrinogen). In other experiments, plasma (2ml) was
obtained after 1hr incubation of anticoagulated blood (5ml) in type I collagen-coated wells,
and mixed with 1.5ml thrombin/Ca+2 solution to form fibrin clots (v = 1cm3) or added to type
I collagen matrices (v = 1cm3, d = 4 mg/cm3). Fibrin clots and collagen matrices were incubated
in plasma for 2, 4, 8 or 24h, as indicated, then removed and centrifuged in 2ml fresh SF
medium at 2000rpm/4°C for 15min to obtain releasates. For measuring the rate of factor
release, releasates were obtained by incubating fibrin clots in fresh SF medium over 2, 4, 8, 12
and 24h on a rocking platform.

For measuring factor levels in cell-free fibrin matrix releasates, matrices were obtained after
7 days HCM culture and added to 2ml fresh SF medium, then incubated for 12h on a rocking
platform, before sampling the releasate. In other experiments, cellulose-based hydrogel
(Hydrosorb, Hartman, Germany) or polyhexanide hydrogel matrices were cultured in the
HCM, and processed in the same manner as fibrin matrices. Clot/matrix releasates were ana-
lyzed for VEGF, Thrombospondin 1 (TSP1) and Platelet Factor 4 (PF4) by ELISA (R&D,
USA). Three samples were tested per experimental condition.

Test of the angiogenic potential of cultured clot and fibrin matrix
releasates
Clots were obtained from 10ml coagulated blood samples and cultured in the presence of
blood serum (3ml) on type I collagen matrices (v = 5cm3, d = 4mg/cm3) at 37°C for 4 days.
After culture, clot releasates were obtained by centrifugation at 2000rpm/4°C for 15min and
collection of the serum supernatant. Fibrin matrix releasates were obtained following 7 days
HCM culture, as described above. Releasates were tested in the following assays; Directional EC
migration assay: chemotactic migration of human umbilical vein ECs (HUVECs; CellSystems,
Germany) through a matrigel-coated PET membrane over 24h at 37°C/5%CO2 was tested
using the BD BioCoat Angiogenesis system (BD, USA), which allows exclusive visualization of
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invasive cells labeled with DilC12 Fluorescent Dye (FluoroBlok, BD, USA). An inverted fluores-
cence microscope was used to view each well and quantification of fluorescence intensity was
carried out with an imaging software (Image J, NIH, USA). SF medium served as control. Tube
formation assay: HUVECs were seeded on factor-reduced matrigel (BD, Germany), at 10x103

cells/well and 50μl of releasate or control media (SF media without or with VEGF (90pg/ml)
were tested as negative and positive controls, respectively) were added per well (μ-Slide Angio-
genesis, Ibidi, Germany). For blocking experiments, 40μl rabbit anti-human anti-PF4 antibody
(3μg/ml) (Abcam, Germany) was added per 1ml of releasate. After 16h culture at 37°C/5%
CO2, cells were stained with Calcein AM (PromoKine, Germany), and tube formation was
observed with phase contrast and fluorescence microscopy. Assessment of the extent of capil-
lary-like network formation was carried out by counting the number of tubules and nodes (a
node was defined as the point of intersection of two or more tubules). Sprouting assay (aortic
ring model): Aortic rings were dissected from female adult mice, underwent overnight serum
starvation in opti-MEM Reduced Serum medium (Life Technologies, Germany) and embedded
into matrigel bilayer matrix (50μl/layer in 96-well plates). Releasates and control SF media
without or with VEGF (90ng/ml) were added to the rings (150μl/well), before culturing them
in 37°C/5%CO2. Medium change was carried out every 3 days, while rings were observed with
phase contrast microscopy at 1, 3, 5 and 7 days and photographed, with all 4 quarters per ring
analyzed for sprouting (formation of structures of connected ECs that were attached at their
base to the ring). For all assays, at least four samples were tested per experimental condition,
with a minimum of 4 fields analyzed per sample.

Statistical Analysis
For each experimental condition n� 3 was used. Data is expressed as mean ± standard devia-
tion or mean ± standard error, as noted. Statistical analysis was carried out using Student’s
independent t-test where a maximum of 2 groups was compared or oneway ANOVA accompa-
nied with multiple comparison tests for analysis of more than 2 groups, using SPSS 14 software.
The probability of a type one error was set to 5% (α = 0.05), unless noted otherwise.

Results

Dependence of ambient O2 tension and angiogenic factor expression on
clot size
Size and composition of the clot change during progression of wound healing through alter-
ations in fibrin content and number of resident blood cells (BCs) [16]. Under conditions of
limited O2 supply, ambient O2 tension within and around the clot, and consequently O2-regu-
lated angiogenic factor expression [17], will inevitably be defined by BC density since this will
determine the net cellular respiration. Hence, the fibrin matrix could indirectly influence coag-
ulation-mediated angiogenic signaling through its function as cell-scaffold. To test this hypoth-
esis we first studied the effect of increasing clot volume and consequently BC areal density on
the temporal profile of pericellular O2 tension in coagulated blood cultures, by varying the
blood incubation volume (BIV) within sealed chambers (i.e. under conditions of limited O2

availability). Fig 2A compares the O2 tension profile for four BIV values; 0.5, 1, 1.5 and 3ml,
corresponding to a white blood cell (WBC) areal density of ~1.25x106, ~2.5x106, ~3.75x106

and ~7.5x106 cells/cm2, respectively. O2 tension in cultures with a BIV of 0.5ml never fell
below 5%, as the cells likely quickly adapted to the reduced O2 supply by decreasing O2 con-
sumption [18,19]. The same effect could be observed in BIV of 1ml, while in cultures with a
BIV of 1.5 and 3ml O2 tension was maintained below 1% for up to 7 days.
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We next examined whether an increase in clot size, and the resulting prolongation of peri-
cellular hypoxia, also correlated with increased BC pro-angiogenic factor expression, by mea-
suring VEGF levels in clot supernatants obtained from 7 day coagulated blood cultures with a
BIV of 1, 1.5 and 3ml (note; supernatant factor concentration is initially independent of BIV as
cell number increases proportionally with volume). While there was no significant difference
between 1.5 and 3ml BIV (prolonged hypoxic plateau), VEGF concentration in these cultures
was approx. 1.5 fold higher than in cultures with a BIV of 1ml (short hypoxic plateau)
(p<0.01) (Fig 2B). To study the population-dependent statistical variation of the hypoxia-
induced VEGF upregulation, independent of an accompanying platelet-derived VEGF release,
anticoagulated blood was obtained from 48 age- and BMI-matched healthy subjects, and cul-
tured under controlled hypoxia (3% O2) or normoxia for 7 days. As shown in Fig 2C, hypoxia
induced a 30–50% increase in supernatant VEGF concentration relative to the normoxic
baseline.

Since cellular angiogenic factor expression exhibits adaptation under prolonged hypoxic
stress [20,21], we sought to characterize the temporal profile of VEGF production within hyp-
oxic clots. Coagulated blood cultures were carried out within sealed chambers at a BIV of 3ml
(pericellular O2<1% after 24h), while VEGF levels in clot supernatants were measured over 5
days. VEGF cumulative concentration rose in the first 2 days, above the platelet-derived base-
line (~200 pg/ml), reaching a peak of ~600–800 pg/ml (Fig 2D). Thereafter, levels dropped,

Fig 2. Hypoxia potentiates coagulation-mediated angiogenic signaling. A) Plot of the temporal profile of
pericellular O2 tension in coagulated blood cultures, carried out in sealed chambers (bottom area~2cm2) at
37°C for 7 days, for four BIV (blood incubation volume) values (day 0 O2 tension corresponds to that in
peripheral venous blood). SF-medium was tested as control. Data shown are typical for a young, healthy
subject (n = 4). B) Plot of clot supernatant VEGF concentration vs. BIV after 7 days culture in the same setup,
*p<0.01 compared to BIV = 1ml (n = 3). C) Plot comparing the normoxia- vs. hypoxia-induced VEGF
expression in anticoagulated blood, obtained frommale (n = 20) and female (n = 28) subjects, and cultured at
37°C under normoxia or hypoxia (3% O2) for 7 days. Data are presented as % increase in VEGF
concentration in hypoxic culture supernatant, relative to the normoxic baseline. Error bars represent s.e.m.,
*p<0.01, **p<0.001 corresponds to hypoxic vs. normoxic culture mean VEGF concentration (n = 2 per
subject, per condition). D) Plot of the temporal profile of clot supernatant cumulative VEGF concentration in
coagulated blood cultures with a BIV = 3ml, carried out in 37°C sealed chambers over 5 days, *p<0.001
compared to day 0 levels. Data shown are from two independent experiments, carried out on blood from
same subject (n = 3 per exp.). E) Plot of VEGF and TSP1 concentration in releasates of cell-free fibrin clots
that were formed and incubated for 24h in plasma derived from anticoagulated blood, after it had been
cultured at 37°C, BIV = 3ml for 2, 4, or 8 days, *p<0.05 compared to day 2 levels (n = 3). F) Plot of the ratio of
VEGF and PF4 concentration in plasma, derived from 5 day anticoagulated blood cultures carried out on
collagen-coated substrates under hypoxia (3% O2) at 37°C, relative to serum concentration, *p<0.05
corresponds to plasma vs. serum concentration (n = 3). Unless otherwise noted, error bars represent s.d.

doi:10.1371/journal.pone.0135618.g002
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indicating a net decrease in the balance of VEGF production and degradation under prolonged
hypoxia. While some variation in the expression profile was encountered between experiments
(blood obtained from same subject), day 5 levels were always found to be ~50% higher than
baseline (p<0.001), as expected from the results above.

It has been reported that hypoxia has an opposing effect on the expression of pro- and anti-
angiogenic factors, such as VEGF and TSP1[22,23]. We also previously showed that expression
of TSP1, an angiogenic inhibitor secreted by activated platelets and monocytes, is downregu-
lated over time in hypoxic blood culture [21]. Here we tested whether this temporal shift in the
biochemical balance was replicated within fibrin clots. Blood was cultured in an anticoagulated
state (platelet-derived TSP1 release was prevented to reduce background noise) at a BIV of 3ml
for 2, 4 and 8 days (pericellular O2<1% after 24h), after which plasma was obtained and com-
bined with fibrinogen-thrombin/Ca2+ to induce clot formation. Cell-free clots (wet
mass = 300mg) were incubated in plasma for 24h, before being centrifuged in fresh medium to
produce releasates. As can be seen in Fig 2E, there was a progressive reduction in TSP1 clot
releasate level, in contrast to VEGF whose level remained stable. Therefore, beyond providing
simple factor storage, fibrin clots appeared to have the capacity to register relative changes in
hypoxia-regulated pro- and anti-angiogenic factor expression.

Hemostatic Components Model (HCM) validation
HCM culture (Fig 1) enables protein factors that are released/produced by isolated platelets
and leukocytes (reconstituted in serum-free medium at their natural ratio), through collagen-
mediated activation and hypoxia-induced stimulation, to be simultaneously sampled within an
exogenous cell-free fibrin matrix. We validated this model, with respect to our previous data,
by comparing VEGF levels in plasma obtained from 5 day old (anticoagulated) blood cultures,
carried out under hypoxia (3% O2) on collagen-coated substrates, to serum VEGF levels
(where levels are mainly defined by platelet factor release upon coagulation). Serum levels of
PF4 were in the range reported in literature (7030±310 ng/ml [24]). PF4 levels in culture-
derived plasma (6070±1280 ng/ml) were not significantly different from serum (Fig 2F),
thereby indirectly confirming collagen-mediated platelet activation in our culture system.
These levels of PF4 were also significantly higher (p<0.01) than those measured in plasma
obtained after 1h incubation of (anticoagulated) blood on collagen-coated substrates (1205
±540 ng/ml), indicating a continuous factor release from platelets over 5 days when collagen
was used as activator, in agreement with the literature [25]. In contrast, VEGF concentration
was ~50% higher in 5 day culture-derived plasma (478±73 pg/ml) than in serum (327±42 pg/
ml) (p<0.05), reflecting the additional hypoxia-induced VEGF production, in agreement with
our measurements of VEGF levels in 5 day clot supernatants.

The fibrin matrix functions as carrier of factors released in the hemostatic
microenvironment
The fibrin matrix initially provides structural support for platelets in order to form a stable
hemostatic plug, but may also act as a natural carrier of cell-derived protein factors. While in
nature these two functions are executed concurrently, here we used the HCM to differentially
assess the property of the matrix as factor carrier without the presence of cells in it, thus exclu-
sively analyzing the matrix bound/released proteome (i.e. separating this from the pool of cell-
secreted unbound factors). Following a top-to-bottom approach, we first qualitatively and
quantitatively investigated the proteomic composition of releasates from cell-free fibrin matri-
ces, obtained after 7 days HCM culture, by employing mass spectrometry (note; inhibition of
fibrinolysis during culture, through aprotinin present in the fibrinogen solution, minimized
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the subsequent loss of matrix-bound factors into culture media). We identified 281 proteins,
which were sorted and plotted according to their intensity based absolute quantitation (IBAQ)
values, from the most abundant protein on the left to the least abundant on the right (Fig 3A).
Among these, we identified pro-angiogenic proteins (shown in green) such as matrix metallo-
proteinase 9 (MMP-9) and extracellular matrix protein (ECM-1), and anti-angiogenic factors
(shown in red) such as antithrombin and alpha-2 antiplasmin, all of which are additionally
depicted in two separate tables (Fig 3B). We further corroborated our mass spectrometry
results with a semiquantitative analysis of fibrin matrix releasates using an angiogenesis-spe-
cific proteome array which revealed, in addition to the angiogenesis-related matrix remodelling
proteins MMP-9,-8 and TIMP-1,-4, the presence of the pro-angiogenic factors angiogenin, IL8,
endothelin-1 and EG-VEGF. Among the angiogenic inhibitors that could be detected, the most
highly abundant were PF4, plasminogen/angiostatin, PEDF, endostatin and TSP1 (Fig 3C).

The fibrin matrix binds pro- and anti-angiogenic factors differentially and
mass-dependently
To quantitatively assess relative fibrin matrix binding of the key platelet-derived pro- and anti-
angiogenic factors, VEGF and PF4, cell-free fibrin clots (v = 1cm3) were formed in situ by add-
ing thrombin/Ca2+ to plasma derived from (anticoagulated) blood that had been cultured for
1h on collagen-coated substrates. Following 24h incubation of clots in plasma, the retention
ratio (RR = clot: plasma concentration) for VEGF and PF4 was found to be ~2.5 and ~0.9,
respectively (Fig 4A). In absolute terms, however, the amount of PF4 in clot releasates (402±73
ng/ml) was ~104 greater than that of VEGF (49±1 pg/ml), reflecting the greater abundance of
PF4 in plasma. Replacing the fibrin clots with collagen matrices of comparable protein density
(v = 1cm3, d = 4 mg/cm3), in the same experimental setup, produced similar RR values for both
factors (Fig 4A), implying that the density, i.e. the matrix mass-to-water ratio may be impor-
tant for controlling protein factor retention, independent of matrix material.

To analyse the rate of factor release from the fibrin matrix, cell-free clots (total wet
mass = 300mg) were formed by adding thrombin/Ca2+ to plasma that was derived from 7 day
hypoxic blood culture, and incubated for 24h. As shown in Fig 4B, VEGF concentration in clot
releasates reached a plateau within 4h, in contrast to 12h for PF4, indicating that VEGF was
released somewhat faster than PF4.

While clot size predictably affects the concentration of platelet-only derived factors, such as
PF4, proportionally to the number of trapped platelets (i.e. in a clot volume-driven manner),
the concentration of VEGF and other factors that are also generated under hypoxia outside the
clot should largely be determined through specific binding, and therefore depend on matrix
fibrin mass to a greater extent. To test this hypothesis we investigated the effect of increasing
the mass of cell-free clots, produced by adding an increasing amount of fibrinogen-thrombin/
Ca2+ to plasma derived from 7 day hypoxic blood culture, on the rate of factor retention. Clot
saturation with both factors was observed within 8h, for all mass values tested (Fig 4C). VEGF
binding, however, initially appeared to show greater mass-dependency since increasing clot
(wet) mass from 100 to 300mg was correlated with a near-proportional (i.e. approx. 3-fold)
increase in clot releasate VEGF concentration (30 vs. 82pg/ml) after 2h retention. At this time
point, a mass-related increase in PF4 concentration (150 vs. 274ng/ml) was also observed,
although this seemed to be more closely correlated with clot volume, which increased by 2-fold
(0.2 vs. 0.4cm3) (note; binding of both factors was not limited by their availability in plasma,
see Fig 4B).

As previously reported [9,11], and also suggested by these results, protein factor retention
within the matrix is mediated through specific binding, but could also occur through passive
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trapping of factors within the inter-fibrillar water compartment (note; the matrix comprises
mostly water). To specifically assess this in our culture model, we compared the VEGF concen-
tration in releasates of HCM-cultured fibrin matrices with that in releasates of equal volume

Fig 3. The fibrin matrix functions as carrier of pro- and anti-angiogenic factor proteins. A) Plot of all
proteins identified in fibrin matrix releasates, obtained after 7 days HCM culture, in at least one of two
biological replicates with at least one unique peptide via mass spectrometry. Proteins are sorted from high
(left) to low (right) abundance according to their IBAQ score. Pro-angiogenic proteins are highlighted in green
and anti-angiogenic proteins are highlighted in red. B) Tables of pro-angiogenic proteins marked in green and
anti-angiogenic proteins marked in red. Under gene names the gene symbol can be found. Under protein
identifiers the uniprot identifier of the respective protein is listed. Unique Peptides FibA and FibB indicate the
identified peptides of each protein for the two biological replicates (note; this does not indicate relative protein
abundance). Table with complete proteomic analysis and unprocessed output files can be found under
supplementary data (S2 and S3 Tables). C) Plot showing the profile of angiogenesis-related proteins, as
analysed by proteome profiler array, in the same releasates. White, grey and black bars showmatrix-
remodelling, pro-angiogenic and anti-angiogenic proteins, respectively. Y-axis represents the ratio of sample
signal to reference signal, for each protein (n = 3). Error bars represent s.d.

doi:10.1371/journal.pone.0135618.g003

Fig 4. Differential andmass-dependent binding of VEGF and PF4 by the fibrin matrix. A) Plot
comparing the VEGF and PF4 retention ratio (clot: plasma concentration) of cell-free fibrin clots (v = 1cm3)
that were formed and incubated for 24h in plasma obtained from anticoagulated blood, after it had been
cultured for 1h on collagen-coated substrates. Collagen matrices of comparable volume and protein density
(v = 1cm3, d = 4 mg/cm3) were also tested as control in the same setup, *p<0.01 and **p<0.05 compared to
corresponding PF4 value (n = 3). B) Plot comparing the VEGF and PF4 concentration in releasates of cell-
free clots (total wet mass m = 300mg), that were formed and incubated for 24h in plasma derived from 7 day
hypoxic blood culture. Afterwards clots were incubated in fresh medium and releasates were sampled every
2, 4, 8, 12 and 24h, *p<0.05 compared to 2h level (n = 3). C) Plots of VEGF (left) and PF4 (right)
concentration in releasates of cell-free clots of varying total wet mass (M = 100, 200, 300mg). Clots were
formed and incubated in plasma derived from 7 day hypoxic blood culture for 2, 4 and 8h, then centrifuged in
fresh medium to obtain releasates, *p<0.05 compared to 100mg at 2h, **p<0.05 compared to 100 and
200mg at 2h (n = 3). D) Plot comparing the VEGF concentration in releasates obtained from equal volume
(3cm3) fibrin matrices, cellulose-based hydrogels and polyhexanide hydrogels, that were harvested after 7
days HCM culture, *p<0.0001 compared to fibrin (n = 3). E) Plot comparing the VEGF and PF4 concentration
in fibrin matrix releasates (concentrations were corrected for matrix volume-related dilution), obtained after 7
days HCM culture, for two fibrin(ogen) mass values (40 vs. 80mg, samematrix density = 0.04 g/cm3),
*p<0.01 compared to fibrin 40mg (n = 3). Error bars represent s.d.

doi:10.1371/journal.pone.0135618.g004
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(3cm3) cellulose-based and polyhexanide hydrogel matrices comprising mostly water. As
shown in Fig 4D, VEGF concentration in fibrin matrix releasates was�7 fold higher compared
to hydrogel releasates (p<0.0001), thus indirectly confirming that the majority of VEGF within
clots was matrix-bound.

Differential and mass-dependent binding of these factors by the matrix was next validated
in the HCMmodel, where matrix fibrin mass was changed by varying the amount of fibrinogen
(40 vs 80mg), while keeping the volumetric mass density constant (0.04 g/cm3). Analysis of
matrix releasates obtained after 7 days HCM culture revealed that while doubling the fibrin
(ogen) mass produced a ~3 to 5 fold increase in VEGF level (p<0.01), the correlation was
weaker for PF4, which rose proportionally by ~2 fold (p<0.01) (Fig 4E). Therefore, in contrast
to PF4, VEGF concentration rose above that predicted from the increase in matrix volume,
confirming the higher mass-dependency of VEGF binding.

Clot releasates induce distinct endothelial cell angiogenic responses
To obtain a first impression of the angiogenic potential of factors released by clots into the
hemostatic microenvironment, we cultured blood clots (in the presence of the derived serum)
on collagen-coated matrices, at 37°C for 4 days, and sampled their releasates by centrifugation.
When tested in an in vitro tube formation assay, cultured clot releasates generated a distinct
angiogenic response compared to VEGF. As shown in Fig 5A and 5B, the number of tubules
and nodes (i.e. tubule interconnections) formed by matrigel-seeded ECs at 16h in the presence
of cultured clot releasates was significantly lower (p<0.001) than that obtained with VEGF-
containing medium, while also failing to surpass the negative control baseline. Importantly, the
morphology of the structures obtained was different, with significant endothelial cell clustering
seen, instead of the regular nework of fine capillary-like structures induced by VEGF (Fig 5A).
In contrast, the releasates of cultured clots appeared to support vessel sprouting in the aortic
ring model (Fig 5C and 5D), to a greater extent than VEGF, suggesting that the biochemical
regulation of this response differed from that of tubulogenesis.

Changes in fibrin matrix mass facilitate differential regulation of EC
migration, tube formation and sprouting
The results obtained so far suggest that differential protein binding allows the fibrin matrix to
influence the balance of pro- and anti-angiogenic factors, through changes in its mass. This
could in turn provide a means for differentially regulating the basic cellular processes involved
in angiogenesis, namely EC chemotactic migration, new vessel formation and sprouting. To
test this hypothesis, we investigated the effect of changes in the mass of HCM-harvested cell-
free fibrin matrices (and with this releasate factor concentration) on these responses.

Increasing the matrix fibrin(ogen) mass from 40 to 120mg appeared to enhance the relea-
sate-induced chemotactic migration of ECs through a matrigel membrane at 24h (Fig 6A and
6B), as expected from the accompanying mass-related increase in VEGF level (see Fig 4E). This
difference, however, was only significant when compared to factor-free control medium
(p<0.01). In contrast, there was an inverse correlation between matrix fibrin mass and the
number of tubules and nodes formed by matrigel-seeded ECs at 16h. Already at 80mg, tube
formation was downregulated to the level of negative control (Fig 6C and 6D), despite the
increase in VEGF releasate concentration from 40 to 80mg. At 120mg, tube formation was
even significantly lower than negative control (p<0.05), suggesting an active inhibition of
angiogenesis (Fig 6C and 6D).

We asked if PF4 was responsible for this effect, since this was a consistently detected angio-
genic inhibitor in releasates, and is a factor known to antagonize the action of VEGF [26,27].
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Blocking PF4 activity in releasates of 80mg fibrin matrices with an anti-PF4 antibody resulted
in a significant twofold increase in tubule number (p<0.01) (Fig 6C and 6D). Tube formation
remained, however, significantly lower than VEGF-supplemented control medium (p<0.001),
suggesting that the PF4 inhibition through anti-PF4 antibody was only partly effective, and/or
that the observed inhibition was only partly mediated through PF4.

Lastly, we tested sprouting angiogenesis in the aortic ring model, a more complex response
that relies on basement membrane degradation, EC migration, proliferation and assembly into
microvessels [28]. Sprouting was induced earlier by fibrin matrix releasates than VEGF-supple-
mented control medium (3 vs 5 days), where single cell/fibroblast outgrowth was more exten-
sive (Fig 6E and 6F). In agreement with the results of the tube formation assay, a trend towards
an inverse correlation between fibrin mass (40 vs 80mg) and sprout number could be seen,
although differences were not significant in this model (Fig 6E and 6F). Surprisingly, blocking
PF4 activity with anti-PF4 appeared to inhibit, rather than enhance sprouting. Here, the few
sprouts that did form were first seen at 5 days and were very short, comprising one or two ECs
(Fig 6E, 6F and 6G). Taken together, these results indicated that while PF4 in releasates may
exert an inhibitory effect on sprouting at higher concentrations, a minimum amount of the fac-
tor is nonetheless necessary for initiation of the process.

Discussion
While the molecular players involved in the induction of post-wound angiogenesis are rela-
tively well characterized [1,4,5], only little is yet known about the mechanism(s) that regulate
where and, more enigmatically, when this occurs. Such precise spatiotemporal control is indeed
difficult to envisage, given that following initiation of coagulation, a plethora of pro-and anti-
angiogenic factors are released into the hemostatic microenvironment from the very onset
[4,5], as also illustrated in this work. This inevitably calls for the presence of mechanisms for
directing the cellular biochemical signaling that is derived within, as well as outside the clot, to

Fig 5. Releasates of cultured clots induce distinct endothelial cell angiogenic responses in vitro. A)
Image panel showing the 16h tube formation by ECs seeded on matrigel, observed in response to releasates
obtained from clots that were cultured on collagen matrices for 4 days at 37°C. Bars = 100 μm. B) Plot
showing the mean number of tubules and nodes at 16h, *p<0.001 compared to neg.control and cultured clot
releasate, **p<0.01 compared to neg.control. C) Image panel showing the 5 day sprout formation (arrowed)
in the aortic ring-matrigel assay, observed in response to releasates obtained from cultured clots.
Bars = 100 μm. D) Plot showing the mean number of sprouts over 7 days, *p<0.05 compared to neg.control,
**p<0.05 compared to neg. and pos. control. SF medium and VEGF-containing SF medium were tested as
negative and positive controls, respectively. For all assays n�4. Error bars represent s.d.

doi:10.1371/journal.pone.0135618.g005
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ensure that the right factors act at the right place and time. In this study we investigated the
hypothesis that this role is fulfilled by the fibrin matrix, through changes in its mass (i.e. the
total concentration of fibrin within the wound) and consequently in the relative levels of factors
that are bound and released over time. By employing HCM culture, we could selectively focus
on the function of the matrix as a factor-carrier, independently of its commonly examined
function as a cell-scaffold. The advantage of this approach is that it enables an exclusive analy-
sis of the matrix bound/released proteome, which would not be possible with normal cellular
fibrin clots, since their releasates contain the complete pool of matrix bound and unbound (i.e.
directly secreted from cells) factors. Our findings demonstrate that endothelial cell angiogenic
responses can be regulated through the matrix-defined biochemical milieu, that may be consti-
tuted distal to the site of endothelial cell attachment/invasion, rather than simply through the
local interaction of cells with the fibrin matrix.

The finding that fibrin and collagen matrices of comparable density retained a similar pro-
portion of plasma VEGF and PF4 hinted at the importance of matrix mass as a key tool with
which the matrix could define and modify the ambient biochemical signature. Given the large,
yet physiological size (i.e. 1–3cm3 [29]) of fibrin clots/collagen matrices used in this experiment
the results obtained were, to a great extent, likely influenced by limitations in factor diffusion.
Since diffusion of low molecular weight proteins through a hydrogel matrix occurs primarily

Fig 6. Changes in fibrin matrix mass differentially influence endothelial cell angiogenic responses. A)
Image panel showing the 24h EC chemotactic migration through matrigel membrane, observed in response
to releasates obtained frommatrices of varying fibrin(ogen) mass (40 vs. 120mg). Bars = 100 μm. B) Plot
showing the ratio of mean fluorescence intensity of migrating ECs at 24h in response to releasates relative to
control medium, *p<0.01 compared to control medium. C) Image panel showing the 16h tube formation by
ECs seeded on matrigel, observed in response to releasates obtained frommatrices of varying fibrin(ogen)
mass (40 vs 80 vs 120mg). Bars = 100 μm. D) Plot showing the mean number of tubules and nodes at 16h,
*p<0.001 compared to all conditions except fibrin 40mg,**p<0.01 compared to all conditions except pos.
control, ***p<0.01 compared to fibrin 80mg, #p<0.05 compared to all conditions except fibrin 80mg. E)
Image panel showing the 5 day sprout formation (arrowed) in the aortic ring-matrigel assay, observed in
response to releasates obtained frommatrices of varying fibrin(ogen) mass (40 vs 80mg). Bars = 100 μm. F)
Plot showing the mean number of sprouts per ring over 7 days. G) Plot showing the mean max. sprout length
reached by day 5, *p<0.05 compared to pos.control and fibrin 80mg. Releasates were obtained from cell-free
matrices that were harvested following 7 days HCM culture. Where indicated, releasates were incubated with
anti-PF4 for 12h before testing. SF medium and VEGF-containing SF medium were tested as negative and
positive controls, respectively. For all assays n�4. Error bars represent s.d.

doi:10.1371/journal.pone.0135618.g006
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via the water hydrating the polymer network [30], matrix density (i.e. mass-to-water ratio) evi-
dently becomes an important parameter which, at these matrix sizes, appears to dominate
material-dependent factor specific binding. Therefore, changes in fibrin matrix mass could
facilitate regulation of angiogenic signaling through alterations in factor diffusivity, as well as
availability of factor binding sites.

First, we could show that clot hypoxia potentiates the platelet-derived pro-angiogenic
(VEGF) signaling generated through coagulation, in alignment with the results of previous
studies [17,21]. Moreover, the severity/duration of pericellular hypoxia was found to correlate
with blood cell seeding density, through an increase in O2 consumption (note; this effect is dis-
tinct, and additional to any effect of mass-related limitation in O2 diffusivity through the clot).
This indicates that cell accumulation in the maturing wound bed or within a growing thrombus
exacerbates the already compromised O2 supply, by increasing local aerobic demand. Through
its function as a cell-scaffold, the fibrin matrix therefore plays a supportive role in cell-medi-
ated hypoxic conditioning of the hemostastic microenvironment, which in turn renders it
more angiogenic. This effect could be further potentiated though the simultaneous hypoxia-
induced downregulation in the expression of anti-angiogenic factors, such as TSP1 [21,23,31],
information that we here show can be registered within the matrix. Our findings demonstrate,
however, that besides its role in hosting adhering/migrating cells, the matrix provides a plat-
form for directly communicating to surrounding tissue the need for generation of compensa-
tory angiogenesis, according to wound size or extent of vascular occlusion, through mass-
dependent binding and releasing of pro-angiogenic factors. The ability of the fibrin matrix to
relatively retain more of the available VEGF than PF4, and the higher sensitivity of VEGF
releasate levels to changes in matrix mass, observed here, may indeed represent a strategy for
counter-balancing the release of PF4 and other anti-angiogenic factors (e.g. TSP1) at signifi-
cantly higher concentrations following coagulation. Importantly, we showed that an increase
in matrix mass and VEGF releasate concentration had a net pro-chemotactic effect, despite the
presence of these inhibitors. This suggests that through its factor-carrier function the fibrin
matrix facilitates the formation of tunable chemoattractive gradients, which is crucial for
directing angiogenesis towards the injured area [12].

What is perhaps more elusive is how immediate angiogenesis, supported by platelet-derived
and hypoxia-induced positive regulators, can be locally halted until the clot has reached a stable
state, which can accommodate ingrowth of neovessels without upsetting hemostasis. Consider-
ing that in the presence of angiogenic stimulators fibrin provides a favorable scaffold for sprout
angiogenesis [6,7,14] (i.e. initiation of angiogenesis is theoretically possible from the onset of
trauma) makes this question especially compelling. Here we show that the releasates of cul-
tured clots produce a different morphological pattern of tubulogenesis compared to that
induced by VEGF, with a dysregulation of the normal capillary network structure, despite
being able to promote EC sprouting. The finding that the negative correlation observed
between fibrin matrix mass and releasate-induced tube formation was, at least partly, mediated
through PF4 strongly suggests that the matrix can exercise biochemical control on angiogenesis
by balancing the relative concentrations of pro- and anti-angiogenic factors. Importantly,
while our data confirm that fibrin matrix releasates can support EC sprouting, they also point
to a more complex dependence of this process on PF4, since presence of the factor at low con-
centrations might be required for EC detachment from pre-existing vasculature [32], while
higher concentrations inhibit cell proliferation and tubulogenesis [33–36]. We do note that in
HCM experiments the fibrinogen concentration used to prepare fibrin matrices was deliber-
ately higher than that normally encountered in plasma, due to the low response threshold of in
vitro angiogenesis assays, which made observation of the postulated inhibition more challeng-
ing. Emphasis is therefore placed on the comparative scope of these findings, which indicate
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that deposition of fibrin at a wound or thrombotic site leads to increased binding and local
release of inhibitors, negating the concomitant accumulation of stimulators. The significance
of this capacity of the matrix to concentrate anti-angiogenic factors at effective doses is
highlighted by the fact that platelet releasates are known to be, on balance, pro-angiogenic
[35,37,38]. The resulting shift in equilibrium between pro- and anti-angiogenic factors towards
the latter, in turn prevents rapid (i.e. premature) vascularization/destabilization of the clot, as
previously speculated [5]. Our results also suggest that in addition to PF4, other inhibitors such
as (cleaved) antithrombin, TSP1, PEDF and endostatin (all of which were detected in fibrin
matrix releasates through mass spectrometry/proteome array) could be involved in this
process.

A large body of evidence already exists on the mechanisms that mediate PF4’s anti-angio-
genic action [27,33,34,36,39]. Here we move the focus from the cellular/molecular targets to
the matrix, showing how it can provide a source of controlled release for this factor. In this con-
text, crosstalk between cell signaling and the matrix could play an important role since PF4 has
been reported to alter the structure of the fibrin network, by reducing its porosity [11], while it
might also regulate matrix breakdown through inhibition of MMP expression by ECs [40]. It
is therefore likely that the matrix derives its barrier properties through a combination of bio-
chemical and biophysical control. Since these two dimensions are naturally intertwined, we
chose to test the effect of soluble factors in matrix releasates on EC angiogenic induction rather
than seeding ECs on fibrin matrices directly. This allowed us to study the biochemical regula-
tion of angiogenesis without biophysical-related bias, arising for example through differences
in fibrin structure (which is largely influenced by the conditions in which fibrin has been poly-
merized) [14,41] and fibrinolysis (note; naturally occurring fibrin(ogen) variants display differ-
ent fibrinolytic sensitivity, which itself influences endothelial cell proliferation and tube
formation [41,42]). Importantly, the fact that these responses could be observed on matrigel, a
good mimic of the basement membrane [43], seems to suggest that ECs are inhibited in their
native state (e.g. by released/soluble PF4 [39]), even before they contact the matrix. However,
further work is needed to clarify this.

It is reasonable to postulate that these inhibitory effects are reversed with the initiation of
fibrinolysis, through a reduction in the local pool of anti-angiogenic factors. Thus, besides its
established function in permitting EC invasion into the matrix [14,15], fibrinolysis could be of
paramount importance in signaling the right timing for starting angiogenesis, by enabling
angiogenic disinhibition. This could indeed be complemented by the release of pro-angiogenic
fibrin fragments (e.g. FnE), that work synergistically with other pro-angiogenic factors (e.g.
VEGF, bFGF) [44]. The results of this study also suggest that the regression of sprout angiogen-
esis accompanying collagen accumulation in the wound, during maturation of granulation tis-
sue, may be largely independent of alterations in the fibrin matrix-defined growth factor
profile. This is supportive of findings in our previous work, where the releasates of blood cul-
ture-derived, granulation tissue-like collagen matrices were shown to strongly promote sprout-
ing in the aortic ring model [21]. Therefore, collagen-mediated inhibition of angiogenesis
might instead be predominantly accomplished through differential modulation of integrin
receptor expression in ECs, as previously reported [6,7].

We put these findings in context of a proposed mechanism of matrix-dependent biochemi-
cal control, through which the fibrin matrix coordinates the balance between hemostasis and
generation of spatiotemporally-defined angiogenesis (Fig 7). In this regard, the functionality of
the matrix as protein factor-carrier not only supports, but rather dominates (and modulates)
its role as cell-scaffold. Beyond providing a mechanistic model of how the key wound healing
phases can operate in tandem, this also offers a theoretical framework for understanding, and
potentially regulating other pathophysiological processes in which coagulation and
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angiogenesis are prominent features, such as the development of chronic hematomas [45,46], the
association between elevated plasma fibrinogen and cardiovascular risk [47], the link between
limited fibrin deposition and induction of angiogenesis in hemophilia [2], the formation of collat-
eral circulation and clot recanalization/resolution following thrombotic/atherosclerotic vascular
occlusion [17,36,48–50], the contribution of increased resistance of fibrin clots to degradation
towards Alzheimer’s disease [51,52], and coagulopathy in malignant disease [4,53].

Supporting Information
S1 Table. Table with mass spectrometry preliminary data. Output files of raw data showing
proteins of the fibrin matrix releasate identified via mass spectrometry, performed on samples
where albumin-containing culture medium was used. Albumin is marked in yellow. In all sub-
sequent experiments, albumin-free culture medium was used to reduce the interference with
peptide detection.
(XLS)

S2 Table. Table with full mass spectrometry analysis. Table showing proteins of the fibrin
matrix releasate identified in at least one of the two biological replicates with at least one

Fig 7. Proposedmechanism for matrix-dependent biochemical control of wound angiogenesis. A
distinction is made here between the role of the matrix as cell-scaffold and factor-carrier. Through its carrier
function, the fibrin matrix determines the balance of pro-and anti-angiogenic factors in the hemostatic
microenvironment (light- and dark-grey triangles). Initially, anti-angiogenic factors (-) (e.g. PF4) are released
by activated platelets and bound by the matrix at higher concentrations than pro-angiogenic factors (+) (e.g.
VEGF). This inhibits neovessel formation around and into the clot, thus preventing clot destabilization and
ensuring effective hemostasis. Meanwhile, increasing clot size and/or cell accumulation within the clot, under
limited O2 supply (resulting from vascular injury), contributes to the development of local hypoxia. Hypoxia-
induced upregulation of pro-angiogenic factor (e.g. VEGF) expression and downregulation of anti-angiogenic
factor (e.g. TSP1) expression potentiates coagulation-mediated angiogenic signaling (*). Following
completion of the hemostasic phase, the matrix undergoes controlled degradation through fibrinolysis,
leading to depletion in the local pool of anti-angiogenic factors, while release of pro-angiogenic factors leads
to the formation of chemoattractive gradients that direct endothelial cell (EC) migration towards the injured
site. Angiogenic disinhibition enables vascularization of the matrix through fibrinolysis-mediated EC invasion,
which facilitates resolution of hypoxia and tissue repair.

doi:10.1371/journal.pone.0135618.g007
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unique peptide via mass spectrometry. Pro-angiogenic proteins are marked green, anti-angio-
genic proteins are marked red, while proteins involved in coagulation are written in blue.
Under gene names the gene symbol can be found. Under protein identifiers the uniprot identi-
fier of the respective protein is listed. Unique Peptides FibA and FibB indicate the identified
peptides of each protein for the two biological replicates. Unprocessed output files can be
found under supplementary data S3.
(DOC)

S3 Table. Table with mass spectrometry output files (raw data).
(XLS)

Acknowledgments
The authors want to thank U.Hopfner and M.Kirsch for technical assistance, and Prof. S.F.
Lichtenthaler with help in organising mass spectrometry work.

Author Contributions
Conceived and designed the experiments: EH AFS HGM PHK UD SI MN. Performed the
experiments: EH ATB PMHK LM BS PHK AH KK. Analyzed the data: EH ATB PM PHK LM
AH KK. Contributed reagents/materials/analysis tools: PHK HGMAFS. Wrote the paper: EH
AFS HGM PHKMN UD SI.

References
1. Reinke JM, Sorg H. Wound repair and regeneration. Eur Surg Res 2012; 49(1):35–43. doi: 10.1159/

000339613 PMID: 22797712

2. Monroe DM, Hoffman M. The clotting system—a major player in wound healing. Haemophilia 2012 Jul;
18 Suppl 5:11–6. doi: 10.1111/j.1365-2516.2012.02889.x PMID: 22757679

3. ThompsonWD, Harvey JA, Kazmi MA, Stout AJ. Fibrinolysis and angiogenesis in wound healing. J
Pathol 1991 Dec; 165(4):311–8. PMID: 1723752

4. Daly ME, Makris A, Reed M, Lewis CE. Hemostatic regulators of tumor angiogenesis: a source of anti-
angiogenic agents for cancer treatment? J Natl Cancer Inst 2003 Nov 19; 95(22):1660–73. PMID:
14625257

5. Browder T, Folkman J, Pirie-Shepherd S. The hemostatic system as a regulator of angiogenesis. J Biol
Chem 2000 Jan 21; 275(3):1521–4. PMID: 10636838

6. Tonnesen MG, Feng X, Clark RA. Angiogenesis in wound healing. J Investig Dermatol Symp Proc
2000 Dec; 5(1):40–6. PMID: 11147674

7. Feng X, TonnesenMG, Mousa SA, Clark RA. Fibrin and collagen differentially but synergistically regu-
late sprout angiogenesis of human dermal microvascular endothelial cells in 3-dimensional matrix. Int J
Cell Biol 2013; 2013:231279. doi: 10.1155/2013/231279 PMID: 23737792

8. Martino MM, Briquez PS, Ranga A, Lutolf MP, Hubbell JA. Heparin-binding domain of fibrin(ogen)
binds growth factors and promotes tissue repair when incorporated within a synthetic matrix. Proc Natl
Acad Sci U S A 2013 Mar 19; 110(12):4563–8. doi: 10.1073/pnas.1221602110 PMID: 23487783

9. Sahni A, Francis CW. Vascular endothelial growth factor binds to fibrinogen and fibrin and stimulates
endothelial cell proliferation. Blood 2000 Dec 1; 96(12):3772–8. PMID: 11090059

10. Sahni A, Odrljin T, Francis CW. Binding of basic fibroblast growth factor to fibrinogen and fibrin. J Biol
Chem 1998 Mar 27; 273(13):7554–9. PMID: 9516457

11. Amelot AA, Tagzirt M, Ducouret G, Kuen RL, Le Bonniec BF. Platelet factor 4 (CXCL4) seals blood
clots by altering the structure of fibrin. J Biol Chem 2007 Jan 5; 282(1):710–20. PMID: 17090548

12. Barkefors I, Le Jan S, Jakobsson L, Hejll E, Carlson G, Johansson H, et al. Endothelial cell migration in
stable gradients of vascular endothelial growth factor a and fibroblast growth factor 2—Effects on che-
motaxis and chemokinesis. Journal of Biological Chemistry 2008 May 16; 283(20):13905–12. doi: 10.
1074/jbc.M704917200 PMID: 18347025

13. Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med 2000 Apr; 6(4):389–95. PMID:
10742145

Role of Fibrin Matrix in Wound Angiogenesis

PLOS ONE | DOI:10.1371/journal.pone.0135618 August 28, 2015 18 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135618.s003
http://dx.doi.org/10.1159/000339613
http://dx.doi.org/10.1159/000339613
http://www.ncbi.nlm.nih.gov/pubmed/22797712
http://dx.doi.org/10.1111/j.1365-2516.2012.02889.x
http://www.ncbi.nlm.nih.gov/pubmed/22757679
http://www.ncbi.nlm.nih.gov/pubmed/1723752
http://www.ncbi.nlm.nih.gov/pubmed/14625257
http://www.ncbi.nlm.nih.gov/pubmed/10636838
http://www.ncbi.nlm.nih.gov/pubmed/11147674
http://dx.doi.org/10.1155/2013/231279
http://www.ncbi.nlm.nih.gov/pubmed/23737792
http://dx.doi.org/10.1073/pnas.1221602110
http://www.ncbi.nlm.nih.gov/pubmed/23487783
http://www.ncbi.nlm.nih.gov/pubmed/11090059
http://www.ncbi.nlm.nih.gov/pubmed/9516457
http://www.ncbi.nlm.nih.gov/pubmed/17090548
http://dx.doi.org/10.1074/jbc.M704917200
http://dx.doi.org/10.1074/jbc.M704917200
http://www.ncbi.nlm.nih.gov/pubmed/18347025
http://www.ncbi.nlm.nih.gov/pubmed/10742145


14. Collen A, Koolwijk P, Kroon M, van H, V. Influence of fibrin structure on the formation and maintenance
of capillary-like tubules by human microvascular endothelial cells. Angiogenesis 1998; 2(2):153–65.
PMID: 14517471

15. Hiraoka N, Allen E, Apel IJ, Gyetko MR, Weiss SJ. Matrix metalloproteinases regulate neovasculariza-
tion by acting as pericellular fibrinolysins. Cell 1998 Oct 30; 95(3):365–77. PMID: 9814707

16. Yunoki K, Naruko T, Sugioka K, Inaba M, Itoh A, Haze K, et al. Thrombus aspiration therapy and coro-
nary thrombus components in patients with acute ST-elevation myocardial infarction. J Atheroscler
Thromb 2013; 20(6):524–37. PMID: 23629150

17. Evans CE, Humphries J, Mattock K, WalthamM, Wadoodi A, Saha P, et al. Hypoxia and upregulation
of hypoxia-inducible factor 1{alpha} stimulate venous thrombus recanalization. Arterioscler Thromb
Vasc Biol 2010 Dec; 30(12):2443–51. doi: 10.1161/ATVBAHA.110.215038 PMID: 20930171

18. Akahori M, Uedono Y, Yamagami K, Takeyama N, Kitazawa Y, Tanaka T. Hypoxia alters the energy
metabolism and aggregation of washed human platelets. Haematologia (Budap) 1995; 26(4):191–8.

19. Dziurla R, Gaber T, Fangradt M, Hahne M, Tripmacher R, Kolar P, et al. Effects of hypoxia and/or lack
of glucose on cellular energy metabolism and cytokine production in stimulated human CD4+ T lympho-
cytes. Immunol Lett 2010 Jun 15; 131(1):97–105. doi: 10.1016/j.imlet.2010.02.008 PMID: 20206208

20. Levy AP. A cellular paradigm for the failure to increase vascular endothelial growth factor in chronically
hypoxic states. Coron Artery Dis 1999 Sep; 10(6):427–30. PMID: 10474795

21. Hadjipanayi E, Bauer AT, Moog P, Salgin B, Kuekrek H, Fersch B, et al. Cell-free carrier system for
localized delivery of peripheral blood cell-derived engineered factor signaling: towards development of
a one-step device for autologous angiogenic therapy. J Control Release 2013 Apr 19; 169(1–2):91–
102. doi: 10.1016/j.jconrel.2013.04.008 PMID: 23603614

22. Laderoute KR, Alarcon RM, Brody MD, Calaoagan JM, Chen EY, Knapp AM, et al. Opposing effects of
hypoxia on expression of the angiogenic inhibitor thrombospondin 1 and the angiogenic inducer vascu-
lar endothelial growth factor. Clin Cancer Res 2000 Jul; 6(7):2941–50. PMID: 10914744

23. Tenan M, Fulci G, Albertoni M, Diserens AC, Hamou MF, El Atifi-Borel M, et al. Thrombospondin-1 is
downregulated by anoxia and suppresses tumorigenicity of human glioblastoma cells. J Exp Med 2000
May 15; 191(10):1789–98. PMID: 10811871

24. Leitzel K, BryceW, Tomita J, Manderino G, Tribby I, Thomason A, et al. Elevated plasma platelet-
derived growth factor B-chain levels in cancer patients. Cancer Res 1991 Aug 15; 51(16):4149–54.
PMID: 1868437

25. Harrison S, Vavken P, Kevy S, Jacobson M, Zurakowski D, Murray MM. Platelet activation by collagen
provides sustained release of anabolic cytokines. Am J Sports Med 2011 Apr; 39(4):729–34. doi: 10.
1177/0363546511401576 PMID: 21398575

26. Gengrinovitch S, Greenberg SM, Cohen T, Gitay-Goren H, Rockwell P, Maione TE, et al. Platelet fac-
tor-4 inhibits the mitogenic activity of VEGF121 and VEGF165 using several concurrent mechanisms. J
Biol Chem 1995 Jun 23; 270(25):15059–65. PMID: 7797488

27. Hang TC, Tedford NC, Reddy RJ, Rimchala T, Wells A, White FM, et al. Vascular endothelial growth
factor (VEGF) and platelet (PF-4) factor 4 inputs modulate humanmicrovascular endothelial signaling
in a three-dimensional matrix migration context. Mol Cell Proteomics 2013 Dec; 12(12):3704–18. doi:
10.1074/mcp.M113.030528 PMID: 24023389

28. Nicosia RF, Zorzi P, Ligresti G, Morishita A, Aplin AC. Paracrine regulation of angiogenesis by different
cell types in the aorta ring model. Int J Dev Biol 2011; 55(4–5):447–53. doi: 10.1387/ijdb.103222rn
PMID: 21858770

29. Mollet NR, Dymarkowski S, Volders W, Wathiong J, Herbots L, Rademakers FE, et al. Visualization of
ventricular thrombi with contrast-enhanced magnetic resonance imaging in patients with ischemic heart
disease. Circulation 2002 Dec 3; 106(23):2873–6. PMID: 12460863

30. Burczak K, Fujisato T, Hatada M, Ikada Y. Protein permeation through poly(vinyl alcohol) hydrogel
membranes. Biomaterials 1994 Feb; 15(3):231–8. PMID: 8199296

31. Hu CJ, Chen SD, Yang DI, Lin TN, Chen CM, Huang TH, et al. Promoter region methylation and
reduced expression of thrombospondin-1 after oxygen-glucose deprivation in murine cerebral endothe-
lial cells. J Cereb Blood FlowMetab 2006 Dec; 26(12):1519–26. PMID: 16570076

32. Jamison J, Wang JH, Wells A. PKCdelta regulates force signaling during VEGF/CXCL4 induced disso-
ciation of endothelial tubes. PLoS One 2014; 9(4):e93968. doi: 10.1371/journal.pone.0093968 PMID:
24699667

33. Maione TE, Gray GS, Petro J, Hunt AJ, Donner AL, Bauer SI, et al. Inhibition of angiogenesis by recom-
binant human platelet factor-4 and related peptides. Science 1990 Jan 5; 247(4938):77–9. PMID:
1688470

Role of Fibrin Matrix in Wound Angiogenesis

PLOS ONE | DOI:10.1371/journal.pone.0135618 August 28, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/14517471
http://www.ncbi.nlm.nih.gov/pubmed/9814707
http://www.ncbi.nlm.nih.gov/pubmed/23629150
http://dx.doi.org/10.1161/ATVBAHA.110.215038
http://www.ncbi.nlm.nih.gov/pubmed/20930171
http://dx.doi.org/10.1016/j.imlet.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20206208
http://www.ncbi.nlm.nih.gov/pubmed/10474795
http://dx.doi.org/10.1016/j.jconrel.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23603614
http://www.ncbi.nlm.nih.gov/pubmed/10914744
http://www.ncbi.nlm.nih.gov/pubmed/10811871
http://www.ncbi.nlm.nih.gov/pubmed/1868437
http://dx.doi.org/10.1177/0363546511401576
http://dx.doi.org/10.1177/0363546511401576
http://www.ncbi.nlm.nih.gov/pubmed/21398575
http://www.ncbi.nlm.nih.gov/pubmed/7797488
http://dx.doi.org/10.1074/mcp.M113.030528
http://www.ncbi.nlm.nih.gov/pubmed/24023389
http://dx.doi.org/10.1387/ijdb.103222rn
http://www.ncbi.nlm.nih.gov/pubmed/21858770
http://www.ncbi.nlm.nih.gov/pubmed/12460863
http://www.ncbi.nlm.nih.gov/pubmed/8199296
http://www.ncbi.nlm.nih.gov/pubmed/16570076
http://dx.doi.org/10.1371/journal.pone.0093968
http://www.ncbi.nlm.nih.gov/pubmed/24699667
http://www.ncbi.nlm.nih.gov/pubmed/1688470


34. Sato Y, Abe M, Takaki R. Platelet factor 4 blocks the binding of basic fibroblast growth factor to the
receptor and inhibits the spontaneous migration of vascular endothelial cells. Biochem Biophys Res
Commun 1990 Oct 30; 172(2):595–600. PMID: 2173572

35. Brill A, Elinav H, Varon D. Differential role of platelet granular mediators in angiogenesis. Cardiovasc
Res 2004 Aug 1; 63(2):226–35. PMID: 15249180

36. Aidoudi S, Bikfalvi A. Interaction of PF4 (CXCL4) with the vasculature: a role in atherosclerosis and
angiogenesis. Thromb Haemost 2010 Nov; 104(5):941–8. doi: 10.1160/TH10-03-0193 PMID:
20806113

37. Battinelli EM, Markens BA, Italiano JE Jr. Release of angiogenesis regulatory proteins from
platelet alpha granules: modulation of physiologic and pathologic angiogenesis. Blood 2011 Aug 4; 118
(5):1359–69. doi: 10.1182/blood-2011-02-334524 PMID: 21680800

38. Rhee JS, Black M, Schubert U, Fischer S, Morgenstern E, Hammes HP, et al. The functional role of
blood platelet components in angiogenesis. Thromb Haemost 2004 Aug; 92(2):394–402. PMID:
15269837

39. Aidoudi S, Bujakowska K, Kieffer N, Bikfalvi A. The CXC-chemokine CXCL4 interacts with integrins
implicated in angiogenesis. PLoS One 2008; 3(7):e2657. doi: 10.1371/journal.pone.0002657 PMID:
18648521

40. Klein-Soyer C, Duhamel-Clerin E, Ravanat C, Orvain C, Lanza F, Cazenave JP. PF4 inhibits thrombin-
stimulated MMP-1 and MMP-3 metalloproteinase expression in human vascular endothelial cells. C R
Acad Sci III 1997 Nov; 320(11):857–68. PMID: 9499937

41. Laurens N, Koolwijk P, de Maat MP. Fibrin structure and wound healing. J Thromb Haemost 2006 May;
4(5):932–9. PMID: 16689737

42. Weijers EM, vanWijhe MH, Joosten L, Horrevoets AJ, de Maat MP, van H V, et al. Molecular weight
fibrinogen variants alter gene expression and functional characteristics of human endothelial cells. J
Thromb Haemost 2010 Dec; 8(12):2800–9. doi: 10.1111/j.1538-7836.2010.04096.x PMID: 20946180

43. Pauly RR, Passaniti A, CrowM, Kinsella JL, Papadopoulos N, Monticone R, et al. Experimental models
that mimic the differentiation and dedifferentiation of vascular cells. Circulation 1992 Dec; 86(6 Suppl):
III68–III73. PMID: 1330366

44. Bootle-Wilbraham CA, Tazzyman S, ThompsonWD, Stirk CM, Lewis CE. Fibrin fragment E stimulates
the proliferation, migration and differentiation of human microvascular endothelial cells in vitro. Angio-
genesis 2001; 4(4):269–75. PMID: 12197472

45. Street J, Winter D, Wang JH, Wakai A, McGuinness A, Redmond HP. Is human fracture hematoma
inherently angiogenic? Clin Orthop Relat Res 2000 Sep;(378: ):224–37. PMID: 10986998

46. Tang J, Ai J, Macdonald RL. Developing a model of chronic subdural hematoma. Acta Neurochir Suppl
2011; 111:25–9. doi: 10.1007/978-3-7091-0693-8_5 PMID: 21725727

47. KoenigW. Fibrin(ogen) in cardiovascular disease: an update. Thromb Haemost 2003 Apr; 89(4):601–
9. PMID: 12669113

48. Tayebjee MH, Lip GY, MacFadyen RJ. Collateralization and the response to obstruction of epicardial
coronary arteries. QJM 2004 May; 97(5):259–72. PMID: 15100419

49. Loeffen R, Spronk HM, ten CH. The impact of blood coagulability on atherosclerosis and cardiovascular
disease. J Thromb Haemost 2012 Jul; 10(7):1207–16. doi: 10.1111/j.1538-7836.2012.04782.x PMID:
22578148

50. Modarai B, Burnand KG, Humphries J, WalthamM, Smith A. The role of neovascularisation in the reso-
lution of venous thrombus. Thromb Haemost 2005 May; 93(5):801–9. PMID: 15886791

51. Zamolodchikov D, Strickland S. Abeta delays fibrin clot lysis by altering fibrin structure and attenuating
plasminogen binding to fibrin. Blood 2012 Apr 5; 119(14):3342–51. doi: 10.1182/blood-2011-11-
389668 PMID: 22238323

52. ZhangW, HuangW, Jing F. Contribution of blood platelets to vascular pathology in Alzheimer's dis-
ease. J Blood Med 2013; 4:141–7. doi: 10.2147/JBM.S45071 PMID: 24235853

53. Wojtukiewicz MZ, Sierko E, Klement P, Rak J. The hemostatic system and angiogenesis in malignancy.
Neoplasia 2001 Sep; 3(5):371–84. PMID: 11687948

Role of Fibrin Matrix in Wound Angiogenesis

PLOS ONE | DOI:10.1371/journal.pone.0135618 August 28, 2015 20 / 20

http://www.ncbi.nlm.nih.gov/pubmed/2173572
http://www.ncbi.nlm.nih.gov/pubmed/15249180
http://dx.doi.org/10.1160/TH10-03-0193
http://www.ncbi.nlm.nih.gov/pubmed/20806113
http://dx.doi.org/10.1182/blood-2011-02-334524
http://www.ncbi.nlm.nih.gov/pubmed/21680800
http://www.ncbi.nlm.nih.gov/pubmed/15269837
http://dx.doi.org/10.1371/journal.pone.0002657
http://www.ncbi.nlm.nih.gov/pubmed/18648521
http://www.ncbi.nlm.nih.gov/pubmed/9499937
http://www.ncbi.nlm.nih.gov/pubmed/16689737
http://dx.doi.org/10.1111/j.1538-7836.2010.04096.x
http://www.ncbi.nlm.nih.gov/pubmed/20946180
http://www.ncbi.nlm.nih.gov/pubmed/1330366
http://www.ncbi.nlm.nih.gov/pubmed/12197472
http://www.ncbi.nlm.nih.gov/pubmed/10986998
http://dx.doi.org/10.1007/978-3-7091-0693-8_5
http://www.ncbi.nlm.nih.gov/pubmed/21725727
http://www.ncbi.nlm.nih.gov/pubmed/12669113
http://www.ncbi.nlm.nih.gov/pubmed/15100419
http://dx.doi.org/10.1111/j.1538-7836.2012.04782.x
http://www.ncbi.nlm.nih.gov/pubmed/22578148
http://www.ncbi.nlm.nih.gov/pubmed/15886791
http://dx.doi.org/10.1182/blood-2011-11-389668
http://dx.doi.org/10.1182/blood-2011-11-389668
http://www.ncbi.nlm.nih.gov/pubmed/22238323
http://dx.doi.org/10.2147/JBM.S45071
http://www.ncbi.nlm.nih.gov/pubmed/24235853
http://www.ncbi.nlm.nih.gov/pubmed/11687948

