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Cell-based approaches have emerged as a promising therapy to achieve successful vascularization in tissue
engineering. Since fibroblasts activation and migration is required for physiological events relying on angio-
genesis, we hypothesize herein that different fibroblasts exhibit distinct capacity to promote capillary-like
structures assembly, by mature and progenitor endothelial cells (ECs). Outgrowth endothelial cells (OECs) were
isolated from human umbilical cord blood samples and characterized by immunofluorescence and imaging flow
cytometry for endothelial markers. Coculture systems were established using either human umbilical vein ECs
(HUVECs) or OECs with fibroblasts, being evaluated at 7, 14, and 21 days of culture. Two types of human
dermal fibroblasts (HDF) were used, namely neonatal human foreskin fibroblasts-1 (HFF-1) and juvenile HDF.
OECs expressed EC markers and formed capillary-like structures. HFF-1 exhibited higher expression of
transglutaminase-2, while HDF exhibited a higher expression of a-smooth muscle actin (a-SMA) and podo-
planin, which were not observed for HFF-1. Formation of capillary-like structures was only observed in
cocultures with HDF and not with HFF-1. No significant differences were found between HDF and OECs or
HUVECs cocultures. These findings suggest that HDF is a preferential cell source for promoting vasculari-
zation, either using mature or progenitor ECs, probably due to their higher expression of a-SMA and podo-
planin, and increased synthesis of extracellular matrix. This work opens new research possibilities regarding the
use of specific fibroblast populations cocultured with ECs, as efficient partners for vascular development in
regenerative medicine strategies.

Introduction

In tissue engineering, the development of novel ap-
proaches to improve the original structural, functional,

and physiological condition of a tissue is crucial. Coculture
systems constitute excellent platforms to test the hypothesis
behind the interaction of heterotypic cell cultures.1–3

Overall, the inability to engineer blood vessels in vitro for
subsequent transplantation has been referred as the main
reason for the limited clinical success of tissue engineering
strategies.4–6

Over the years, different strategies have been described
aiming to achieve the vascularization of an engineered tis-
sue, including cell-based therapies, mostly based on endo-
thelial cell (EC) transplantation, including progenitor ECs7

like outgrowth endothelial cells (OECs). These cells can
be obtained by long-term differentiation of blood-derived
mononuclear cells (MNCs), being a promising cell source
for proangiogenic cell therapies.7–9 Coculture systems of
ECs with support cells, including fibroblasts,10,11 smooth
muscle cells,12,13 mesenchymal stem cells,1 and osteoblasts,14,15

among other cells, have been used as a strategy to promote
vascularization,16 playing an important role regarding cel-
lular crosstalk, namely through the production of growth
factors and extracellular matrix (ECM). Fibroblasts are
mesenchymal cells, being the main source of ECM com-
ponents,17,18 like collagen I, fibronectin, and proteogly-
cans.19 Human fibroblasts are abundant in the dermis and
can be easily obtained from minimally invasive skin biop-
sies.20,21 Considering their location within the dermis,
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fibroblasts are divided into papillary (superficial dermis) and
reticular (deep dermis), exhibiting different characteristics
in terms of cell morphology, production of ECM and growth
factors, among others.22,23 Although no specific markers
distinguish both types of fibroblasts, differences in gene
expression patterns exist, with reticular fibroblasts exhibit-
ing an increased expression of genes involved in cell
motility and contraction, including calponin-1 and trans-
glutaminase-2 (TG2), whereas papillary fibroblasts charac-
teristically express genes involved in the immune response,
such as netrin-1 and podoplanin (PDPN).23 Regarding vas-
cularization, papillary fibroblasts seem to support the for-
mation of highly branched tubular structures in vitro, while
reticular fibroblasts do not.24 Understanding this process re-
mains a challenge, since fibroblasts have the capacity to al-
ter the mechanical extracellular microenvironment, thereby
regulating vascularization processes.25 Fibroblast-derived
proteins, including growth factors and matrix proteins, have
been shown to modulate EC sprouting and the expansion of
capillary-like networks in vitro,26–28 contributing to the role
of fibroblasts as periendothelial cells in vivo.29

Thus, the hypothesis underlying herein is that, when co-
cultured with OECs or mature ECs, different types of fi-
broblasts will exert distinct influences in the assembly of
capillary-like structures. Experiments using cocultures of
ECs with two types of human dermal fibroblasts (HDF) in
direct contact were performed; the ECM produced over time
in these coculture systems was characterized and their
ability to induce/support the formation of vascular-like
networks was investigated. Therefore, choosing the right
fibroblast-EC partners is probably a major issue in vascu-
larization within tissue regeneration approaches.

Materials and Methods

Isolation and expansion of human OECs

Human umbilical cord blood samples were collected from
healthy donors from Hospital de São João (Porto, Portugal)
under informed consent, according to the Declaration of
Helsinki and the local ethical committee. Human OECs
were isolated by gradient centrifugation using Histopaque-
1077 solution (Sigma), according to protocols already es-
tablished.7 MNCs fraction was collected and cultured in
type I collagen-coated six-well tissue culture plates (BD,
Biosciences) in a cell density of 10 · 106 cells/well and
cultured in microvascular endothelial cell growth medium-2
(EGM-2 MV; Lonza) supplemented with 10% (v/v) in-
activated fetal bovine serum (FBS; Sigma). After 24 h, only
adherent cells were further cultured. Characteristic colonies
with a cobblestone-like morphology appeared after 2–3
weeks. Cells were collected and expanded at passages 2–6,
characterized through immunocytochemistry, imaging flow
cytometry, and for their ability to assemble into capillary-
like structures in a matrigel assay.

Characterization of OECs by imaging flow cytometry

To characterize OECs through imaging flow cytometry,
cells were seeded in 0.2% (w/v) gelatin-coated 25 cm2

flasks and cultured in EGM-2 MV until 90% confluence was
reached. Then, cells were trypsinized, counted, fixed with
4% (v/v) of paraformaldehyde (Sigma), and permeabilized

with 0.2% (v/v) Triton-X 100 (Merck). Cell suspensions
were centrifuged at 1200 rpm for 5 min between every in-
cubation and washing steps. Cells were stained against
CD31 (mouse anti-human CD31, 1:100; Dako), CD34
(mouse anti-human CD34, 1:50; Dako), CD144 (mouse
anti-human CD144, 1:100; BD Pharmingen), and Flk-1
(mouse anti-human Flk-1, 1: 200; Santa Cruz Biotechnol-
ogy). Alexafluor 488 goat anti-mouse (1:1000; BD Phar-
mingen) was used as the secondary antibody. Samples were
analyzed on an imaging flow cytometer ImageStream�

(Amnis, EDM Millipore), acquiring at least 10,000 events at
the Bioimaging Center for Biomaterials and Regenerative
Therapies (b.IMAGE, INEB, Portugal). Data were analyzed
using IDEAS� software (version 6.0.348; Amnis, EDM
Millipore).

Assembly of OECs into capillary-like structures
by matrigel assay

Growth factor reduced basement membrane matrix (GFR-
Matrigel�, 200mL/well; BD Biosciences) was added to a
24-well culture plate and incubated at 37�C for 30 min for
matrigel polymerization. Then, 2 · 104 of OECs in 500mL
of EGM-2 MV were added per well. Cells were maintained
at 37�C in a humidified 5% CO2 atmosphere and monitored
using an inverted light microscope to observe the formation
of capillary-like structures, which were counted after 6, 24,
and 48 h.

Culture of human umbilical vein ECs and fibroblasts

Human umbilical vein ECs (HUVECs) and juvenile HDF
were kindly provided by Professor James Kirkpatrick
(REPAIR-lab, University of Mainz, Germany). Neonatal
human foreskin fibroblasts-1 (HFF-1) were obtained from
American Type Culture Collections (ATCC). HUVECs
were cultured in 0.2% (w/v) gelatin (Merck)-coated plates
in endothelial cell growth medium-2 (EGM-2; Lonza) sup-
plemented with 5% (v/v) inactivated FBS (Sigma). Both
types of fibroblasts were cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Sigma) supplemented with 15% (v/
v) inactivated FBS (Sigma) and 1% (v/v) antibiotic/anti-
mycotic solution (AB/AM; Sigma). For each experiment,
HUVECs were used at passages 2–6 and fibroblasts were
used at passages 8–10.

Direct contact cocultures of ECs and fibroblasts

The influence of fibroblasts (HFF-1 or HDF) in the ability
of endothelial cells (HUVECs or OECs) to form capillary-
like structures was evaluated in direct cocultures established
with a cell ratio of 2:1 (2 · 104 ECs: 1 · 104 fibroblasts).
ECs and fibroblasts were seeded at the same time onto 0.2%
(w/v) gelatin-coated glass coverslips on 24-well culture
plates and cultured in EGM-2 supplemented with 5% (v/v)
inactivated FBS (Sigma). After 7, 14, and 21 days, cells
were fixed and immunostained as described below.

Characterization of cell phenotype and ECM
by immunocytochemistry

Cells were fixed with 4% (v/v) of paraformaldehyde
(Sigma), permeabilized with 0.2% (v/v) Triton-X 100
(Merck), and characterized using mouse anti-human CD31
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(1:100; Dako), rabbit anti-human vWF (1:8000; Dako),
mouse anti-human CD34 (1:50; Dako), mouse anti-human
CD144 (VE-cadherin, 1:100; BD Pharmingen), mouse anti-
human Flk-1 (VEGFR2, 1:200; Santa Cruz Biotechnology),
and mouse anti-human a-smooth muscle actin (a-SMA, 1:100;
Dako). ECM distribution and organization was evaluated using
mouse anti-human collagen I (1:2000; abcam), mouse anti-
human collagen IV (1:100; Dako), mouse anti-human fibro-
nectin (1:200; Antibody Shop), and rabbit anti-human laminin
(1:1000; Sigma). Alexafluor 488 goat anti-mouse (1:1000; BD
Pharmingen) and Alexafluor 555 donkey anti-rabbit (1:1000;
BD Pharmingen) were used as secondary antibodies. All anti-
bodies were diluted in 1% (w/v) bovine serum albumin (BSA;
nzytech). Cell nuclei were counterstained with 1mg/mL DAPI
(Roche).

Protein extraction

Total protein extraction was performed by adding suit-
able amounts of RIPA buffer (RIPA buffer 10 · , Millipore,
diluted 1:10 in Millipore water; phosphatase inhibitor
cocktail, Sigma and complete protease inhibitor cocktail,
Roche) to cell pellets on ice. Protein concentration was
determined using a bicinchoninic acid (BCA) protein assay
reagent kit (Pierce, Thermo Scientific) according to the
manufacturer’s protocol. Proteins were quantified using a
microplate reader (Thermo, Electron Corporation) at
550 nm.30

Western blot analysis

Fibroblasts were characterized using mouse anti-human
PDPN (1:1000; Santa Cruz Biotechnology), rabbit anti-
human TG2(1:1000; Genetex), mouse anti-human a-SMA
(Dako, 1:1000), and b-actin (rabbit anti-human b-actin,
1:3000; abcam) as an internal control. Goat anti-rabbit IgG
HRP (1:2000; Santa Cruz Biotechnology), goat anti-mouse
IgG HRP (1:2000; Santa Cruz Biotechnology), donkey anti-
rabbit IgG-B (1:2000; Santa Cruz Biotechnology), and goat
anti-mouse IgG-B (1:2000; abcam) were used as secondary
antibodies.

Proteins were separated according to their molecular
weight using SDS polyacrylamide gel electrophoresis (SDS-
PAGE). Briefly, 10 mg of cell proteins were mixed with
loading buffer (250 mM Tris-HCl pH 6.8, 8% SDS, 40%
Glycerol, 0.04% Bromophenol blue [1:4], and dithiothreitol
[DTT 1M, 1:20]), being then denatured at 99�C. Then,
proteins were separated by SDS-PAGE on 8% polyacryl-
amide gels at 200 V (SDS-running buffer: 125 mM Tris HCl
pH 8.3 and 96 mM Glycine, 0.5% SDS). Precision Plus
Protein� dual color standards (Bio-Rad) were used as
protein standards. Separated proteins were transferred onto a
nitrocellulose membrane (Amersham Biosciences), using a
mini transfer chamber filled with transfer buffer (25 mM
Trizma, 192 mM glycine, and 20% methanol) at 40 V.
Subsequently, the membrane was blocked in blocking so-
lution at room temperature, incubated with the primary

FIG. 1. Phenotypic characterization of OECs. (A) Representative images of OECs characterization by immunofluores-
cence analysis. OECs stained positive for CD31, CD34, CD144, and VEGFR2. Nuclei were counterstained with DAPI.
Scale bars, 100 mm. (B) Percentage of cells expressing endothelial cell markers analyzed by imaging flow cytometry. The
percentage of positive cells was calculated according to the gate defined for the unstained controls. (C) Representative
bright field image of the formation of capillary-like structures by OECs after 24 h in matrigel. Scale bar, 100mm. (D)
Number of capillary-like structures/cm2 by OECs after 6, 24, and 48 h in matrigel (n = 3). OECs, outgrowth endothelial
cells. Color images available online at www.liebertpub.com/tea
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antibody overnight at 4�C and then with the secondary an-
tibody at room temperature. Antibodies were detected using
enhanced chemiluminescent reagents (GE Healthcare) and
the membranes were visualized using ChemiDoc� MP
System (Bio-Rad). Images were acquired and bands were
quantified using Image Lab Software 4.0.1 (Bio-Rad). Each
sample was assayed thrice in separate gels. Results are
presented as relative protein expression normalized to signal
intensity of b-actin protein.

Imaging and image quantification

Cells were characterized by immunofluorescence using a
Carl Zeiss Axiovert inverted microscope. Confocal images of
monocultures and cocultures were acquired on a Leica SP5
confocal microscope (CLSM, Leica TCS SP5; Leica Micro-
systems). Image analysis software ImageJ64 was used for
quantifying the length and diameter of capillary-like struc-
tures. Capillary-like structures were counted in confocal im-
ages of cocultures and the average number of capillary-like
structures was determined by dividing the number of struc-
tures by the area (mm2) of the image.

Statistical analysis

All experiments were performed in triplicate. Quantifi-
cations are expressed as mean – standard deviation. The

Student’s t-test was used for comparisons between two
groups. One-way analysis of variance with Tukey tests was
used to compare between more than two groups. A differ-
ence between experimental groups was considered signifi-
cant with a confidence interval of 95%, whenever p < 0.05.

Results

OECs from umbilical cord blood present
an endothelial phenotype

OECs appeared after 2–3 weeks as small colonies, de-
veloping a characteristic cobblestone-like morphology over
time. These cells were characterized in terms of endothelial
markers expression, including CD31 and CD144, in addition
to VEGFR2 and CD34 (Fig. 1A), confirming their endo-
thelial phenotype. Before establishing the coculture systems,
OECs were analyzed by imaging flow cytometry for the
expression of the above-mentioned markers. Figure 1B
summarizes the percentage of cells expressing CD31, CD34,
CD144, and VEGFR2, with over 99% of the cells being
positively stained for CD31 and VEGFR2, while approxi-
mately 91% of this cell population was positive for CD144.
The overall expression of CD34 was markedly lower, with
only approximately 33% of this cell population staining
positive for CD34. The ability of OECs to assemble into
capillary-like structures was evaluated by GFR-Matrigel

FIG. 2. Characterization of
fibroblasts. (A) Western blot
and (B) quantitative analysis
of transglutaminase-2 (TG2,
n = 3), podoplanin (PDPN,
n = 3), and a-SMA (n = 1)
expressed by fibroblasts after
7, 14, and 21 days of culture.
*Statistically significant dif-
ferences ( p < 0.05), between
time points. #Statistically
significant differences
( p < 0.05), compared to HFF-
1. a-SMA, a-smooth muscle
actin.
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assay. This population of OECs was capable of forming
capillary-like structures after 6 h, which were maintained at
least until 48 h of culture, with a decrease in their number
being observed over time (Fig. 1C, D).

Different fibroblast cell types express different markers

For the establishment of a coculture system, two types of
HDF were used, HFF-1 and HDF, being characterized using
different markers. The expression of TG2, PDPN, and a-
SMA was investigated by western blot analysis in mono-
cultures of HFF-1 and HDF after 7, 14, and 21 days in
EGM-2 (Fig. 2A). Both types of fibroblasts expressed TG2
and PDPN proteins (Fig. 2B). Nonetheless, HFF-1 exhibited
a higher expression of TG2 that increased along with culture
time, than that observed for HDF (Fig. 2B). Conversely,
HDF expressed higher amounts of PDPN, this increase be-
ing significant between days 7 and 21 (Fig. 2B).

Both fibroblasts, when cultured alone in EGM-2 culture
medium, exhibited a lower expression of a-SMA after 7
days (Fig. 2B). However, after 21 days of culture, it was

possible to observe an increase in the expression of a-SMA,
mainly in the case of HDF (Fig. 2B).

EC assembly into capillary-like structures
was only supported by HDF

The capacity of different fibroblasts (HFF-1 and HDF) to
support the formation of capillary-like structures was assessed
in a coculture system with ECs (HUVECs and OECs). Figure 3
shows the behavior of HUVECs in monoculture (Control, Fig.
3A–C) and in coculture systems both with HFF-1 (Fig. 3D–F)
and HDF (Fig. 3G–I). In the control condition, HUVECs stayed
in a monolayer over time (Fig. 3A–C). When HFF-1 were used
in the coculture system, HUVECs organized into clusters (Fig.
3D–F), although with few tubular structures appearing after 14
days (Fig. 3E) and 21 days (Fig. 3F). However, coculturing
HUVECs with HDF resulted in the formation of a capillary-like
network after 14 days (Fig. 3H), which was maintained at least
for 21 days (Fig. 3I).

When OECs were cultured alone, they organized into a
typical cell monolayer (Control, Fig. 4A–C), while organizing

FIG. 3. Cocultures of HUVECs with fibroblasts. Confocal images of HUVEC alone (A–C), cocultures of HUVEC/HFF-1
(D–F) and HUVEC/HDF (G–I) after 7, 14, and 21 days in EGM-2. HUVECs were stained against CD31 or vWF and nuclei
were counterstained with DAPI. Scale bars, 200 mm. EGM-2, endothelial cell growth medium-2; HDF, human dermal
fibroblasts; HUVECs, human umbilical vein endothelial cells; HFF-1, human foreskin fibroblasts-1. Color images available
online at www.liebertpub.com/tea
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into clusters when cocultured with HFF-1 (Fig. 4D–F). Never-
theless, when cocultured with HDF, OECs assembled into
capillary-like structures after 14 days (Fig. 4H), which were
maintained after 21 days in culture (Fig. 4I). This behavior was
similar to the above described for HUVECs. Moreover, the
average number of capillary-like structures/mm2 was deter-
mined, and their length and diameter (Fig. 5), only in cocultures
of ECs with HDF, since the formation of capillary-like struc-
tures was only observed in these systems. An increase in the
number of capillary-like structures was observed between days
14 and 21, which was significantly different ( p < 0.05) for
HUVEC/HDF coculture systems (Fig. 5A). This increase in the
number of structures both in OEC/HDF and HUVEC/HDF
cocultures was accompanied by a trend to a slight decrease in
length (Fig. 5B), together with an increase in their diameter (Fig.
5C), again significant for HUVEC/HDF ( p < 0.05).

ECM production by the different cells

To evaluate the differences between the ECM produced
by distinct types of fibroblasts and ECs, immunostainings
against collagen types I and IV, fibronectin, and laminin

were performed both in monocultures and in cocultures after
14 days. HUVECs secreted collagen IV, fibronectin, and
laminin to the extracellular media, but not collagen I (Fig.
6A–D). In OECs, the same ECM components were not
detected extracellularly (Fig. 6E–H). Both types of fibro-
blasts secreted collagen IV, fibronectin, and laminin to the
extracellular media (Fig. 6I–P), but only HDF secreted
collagen I (Fig. 6M). Collagen IV and laminin seem also to
be more abundantly produced by HDF. For a better under-
standing about what happens with the ECM during the
formation of capillary-like structures, the same staining was
performed in cocultures with HDF. Collagens I and IV, la-
minin, and fibronectin were present in both coculture sys-
tems (Fig. 7). In HUVEC/HDF cocultures, the distribution
of collagens I and IV was more heterogeneous, given that
they were mainly present in areas where capillary-like
structures were present (Fig. 7A, B, E, F). Magnified images
more clearly show that collagens I and IV appear with a
more intense staining around capillary-like structures (Fig.
7E, F) in cocultures with HUVECs, while fibronectin (Fig.
7C, G, K, O) and laminin (Fig. 7D, H, L, P) uniformly
appeared distributed in both coculture systems.

FIG. 4. Cocultures of OECs with fibroblasts. Confocal images of OEC alone (A–C), cocultures of OEC/HFF-1 (D–F) and
OEC/HDF (G–I) after 7, 14, and 21 days in EGM-2. OECs were stained against CD31 and nuclei were counterstained with
DAPI. Scale bars, 200 mm. Color images available online at www.liebertpub.com/tea
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Discussion

Despite the controversy that still exists about terminology
and exact origin, OECs appear to fulfill the main requisites
for being considered a ‘‘true endothelial progenitor cell’’
with great potential for cellular therapies, namely (1) ex-
pressing several endothelial markers; (2) being easily ob-
tained from circulating blood, constituting an autologous
source of ECs; (3) and presenting a high expansion potential
in culture due to their increased proliferation ability.

Here, OECs expressed typical endothelial markers, such
as CD31, CD144, VEGFR2 and, to a lower extent, CD34, in
agreement to previous descriptions of this cell population.7,9

Although CD34 is characteristically expressed by vascular
ECs,31 some authors have also reported a low signal for

CD34 both in HUVECs and OECs,32 which is in accordance
to the fact that CD34 + ECs are enriched for biological
functions related to angiogenesis and migration, whereas
CD34- cells are enriched for functions related to prolifera-
tion.33 In addition, these cells displayed the ability for or-
ganizing into typical polygonal capillary-like structures
at least for 48 h, according to what has been previously
described.34

The use of a coculture system using ECs and fibroblasts to
test biomaterials biocompatibility and their influence in
in vitro angiogenesis assays is mandatory before performing
in vivo studies. Since fibroblasts are known to be quite
different regarding their tissue of origin and location, the
main purpose of this study was to compare the behavior of
two distinct fibroblast populations—HFF-1 and HDF. De-
spite being both derived from human foreskin, HFF-1 is
neonatal and HDF of juvenile origin. To characterize both
populations, different markers were evaluated. a-SMA is a
known marker of fibroblast activation and myofibroblast
differentiation and a-SMA-expressing fibroblasts have been
shown to support capillary formation.35 TG2 belongs to a
group of enzymes that catalyze post-translational modifi-
cation of proteins and is involved in biological processes,
such as cell death and differentiation, and matrix stabiliza-
tion,36 being highly expressed in reticular fibroblasts.23

PDPN is a mucin-like transmembrane glycoprotein that has
been associated to lymphangiogenesis37 and is strongly
expressed by papillary fibroblasts. Although no studies re-
lating PDPN to angiogenesis during tissue regeneration are
available, different patterns of the expression of PDPN, and
TG2 and a-SMA, were found herein. HFF-1 expressed
higher levels of TG2, whereas PDPN and a-SMA were
expressed in higher amounts in HDF, while their expression
was low to none using HFF-1. Both types of fibroblasts were
used to examine their capacity to influence the formation of
capillary-like structures either in coculture with mature or
progenitor ECs (HUVECs and OECs, respectively). HDF
were found to induce to a high extent the formation of
capillary-like structures, while HFF-1 failed to promote EC
organization into tubular structures. Indeed, HDF promoted
HUVEC assembly into a complex interconnected capillary-
like network after 14 days and supported the maintenance of
this network at least until day 21. In this culture system, the
support of HDF resulted in a higher number and in an en-
largement of the caliber of HUVEC-derived capillaries be-
tween days 14 and 21. The overexpression of a-SMA, a
protein that supports vessel formation, may explain the in-
creased capacity of HDF cells for vessel assembly. The fact
that PDPN mediates invasion in thyroid cancer cells38 may
as well promote the HDF angiogenic role. Similarly, de-
creased expression of TG2 observed in this study for HDF,
is likely to destabilize the ECM, thus enhancing vascular-
structure formation.

Identical to its influence in mature ECs, HDF also in-
duced OECs to assemble into capillary-like structures for 21
days, thereby sustaining their ability to form vessels, con-
trary to the culture conditions of OECs alone in matrigel,
where the capillary-like structures formed decreased only
after 48 h (Fig. 1D). The exact mechanisms underlying the
in vitro behavior of both fibroblasts in what concerns vas-
cularization are unknown. However, an association between
the expression of dermal markers and the possible role of

FIG. 5. Average quantifications of the number (A), length
(B) and diameter (C) of capillary-like structures formed in
cocultures of HUVEC/HDF and OEC/HDF, after 14 and 21
days. *Statistically significant differences ( p < 0.05, n = 6
for HUVEC/HDF and n = 4 for OEC/HDF).
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both types of fibroblasts in vivo is likely to exist. HDF ex-
pressed markers of papillary fibroblasts (PDPN), while HFF-
1 expressed markers of reticular fibroblasts (TG2). As
mentioned before, it has been previously reported that,
contrary to reticular fibroblasts, papillary fibroblasts appear
to have a strong ability to support the formation of tubular

structures in vitro.24 Considering these data together, it
could be hypothesized that HFF-1 would constitute a pop-
ulation of reticular fibroblasts, while HDF would correspond
to a population of papillary fibroblasts, with PDPN and TG2
being useful markers in this identification. However, care
should be taken when extrapolating this conclusion based

FIG. 6. ECM compo-
nents produced by HU-
VECs (A–D), OECs (E–
H), HFF-1 (I–L), and HDF
(M–P) after 14 days in
culture. Fluorescent
microscope images of ex-
tracellular matrix compo-
nents–collagen types I and
IV, fibronectin, and lami-
nin. Nuclei were counter-
stained with DAPI. Scale
bars, 200mm. ECM, extra-
cellular matrix. Color
images available online at
www.liebertpub.com/tea

FIG. 7. ECM in cocul-
tures of HUVEC/HDF (A–
H) and OEC/HDF (I–P)
after 14 days. Fluorescent
microscope images of
ECM components–
collagen types I and IV,
fibronectin, and laminin.
Endothelial cells were
stained against vWF or
CD31. Nuclei were coun-
terstained with DAPI.
(A–D) and (I–L), scale
bars, 200mm. (E–H) and
(M–P) are magnifications;
scale bars, 100mm. Color
images available online at
www.liebertpub.com/tea
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only on the described cell markers, mainly due to the fact
that fibroblasts used here were not isolated from the same
skin donor site and, consequently, are not so easily com-
parable. In addition, a recent work has shown that papillary
fibroblasts can differentiate into reticular fibroblasts when
cultured over several passages.39 Also, a noteworthy aspect
is that the same authors have attributed a higher expression
of a-SMA to reticular fibroblasts,23,39 whereas in the pop-
ulations described here higher levels of this marker were
found to be expressed by HDF. Moreover, although there is
no evidence of PDPN functions in angiogenesis, TG2, in
turn, has been described as a partner of endostatin, an anti-
angiogenic peptide present in the ECM close to ECs.40 Al-
though ECs are a rich source of TG2,41 the presence of TG2
produced by the HFF-1 might be one of the reasons for the
observed inhibition of EC assembly into capillary-like
structures, as it has already been described that the addition
of exogenous TG2 blocks angiogenesis in vitro.42 In the
present work, HUVECs were found to express TG2 when
cultured alone for 7, 14, and 21 days (data not shown).
However, expression of TG2 was not observed when
formation of capillary-like structures occurred, namely in
cocultures of HUVEC/HDF (data not shown), which cor-
roborates the fact that the presence of TG2 produced by
HFF-1 fibroblasts might be an inhibitor of the formation of
capillary-like structures.

Nevertheless, previous studies have shown that when
HFF-1 were entrapped in an artificial ECM, like modified
alginate, capillary-like structures were formed and main-
tained during 5 days.11 In addition, when HFF-1 were used
in a model of matrigel plug implantation in mice, these cells
induced the ingrowth of blood vessels from the host vas-
culature into the plug.10 This raises the question that to what
extent can a biomaterial modulate the crosstalk between
cells in direct contact. Thus, more studies at the molecular
level will be useful to help clarifying this issue.

Another hypothesis to explain the distinct behavior of ECs
in the described coculture systems is based on distinct profiles
of soluble factors or ECM components being produced by
HFF-1 or HDF. Sorrell et al. seeded together papillary and
reticular fibroblasts in a dish and observed a higher formation
of capillary-like structures in the area where only papillary
fibroblasts were present.24 This suggested that either ECM or
matrix-bound molecules would be critical for the formation
of capillary-like structures; otherwise the release of factors to
the medium would have been sufficient to obtain a homog-
enous formation of tubular structures by ECs. Besides, one
striking difference was observed between HUVECs and
OECs concerning their release of ECM components after
long-term culture. HUVECs were found to secrete collagen
type IV, fibronectin and laminin to the extracellular media,
whereas in OECs monocultures these proteins were only
detected intracellularly.

Regarding fibroblasts, HDF secreted all investigated
ECM components, primarily collagen I, which was neither
secreted by HFF-1, nor HUVECs or OECs. Therefore, it can
be hypothesized that the role of HDF as stimulators of the
formation of vascular structures probably depends on the
secretion of ECM components and mainly collagen I, which
is a known angiogenesis stimulator. Collagens I and IV were
present in the coculture systems analyzed, particularly in
sites of capillary-like structures formation. Collagen IV,

together with laminin, constitutes the basement membrane
that surrounds blood vessels in vivo. In addition, fibronectin
was abundantly detected in coculture systems and it is a
known ECM component of developing microvessels, acting
also as a scaffold for cell adhesion and migration43,44 and
playing a role in the elongation of microvessels.45 All these
ECM components were secreted by HDF, providing the
support for capillary-like structures formation. Besides,
HUVECs and OECs had a similar ability to organize into an
interconnect network of tubular structures in the described
coculture systems with HDF. As progenitor ECs are easily
obtained, compared to mature ECs, this work shows that
OECs present a promising potential to be explored in vas-
cularization strategies aiming at tissue engineering and re-
generation purposes.

Conclusions

The present results suggest that juvenile dermal fibro-
blasts are a preferential cell source, comparing to neonatal
fibroblasts of foreskin origin, for enhancing vascularization
in coculture with both mature (HUVECs) and progenitor
ECs (OECs), probably due to their expression of a-SMA
and papillary fibroblasts markers (podoplanin) and increased
secretion of ECM components, mainly collagen type I.
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