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Abstract

In reconstructive surgery the use of prevascularized soft tissue equivalents is a prom-

ising approach for wound coverage of defects after tumor resection or trauma. How-

ever, in previous studies to generate soft tissue equivalents on collagen membranes,

microcapillaries were restricted to superficial areas. In this study, to understand

which factors were involved in the formation of these microcapillaries, the levels of

the angiogenic factors vascular endothelial growth factor (VEGF), Interleukin-8 (IL-8),

and basic fibroblast growth factor (bFGF) in the supernatants of the tissue equiva-

lents were examined at various time points and conditions. Additionally, the influence

of these factors on viability, proliferation, migration, and tube formation in monocul-

tures compared to cocultures of fibroblast and endothelial cells was examined. The

results showed that VEGF production was decreased in cocultures compared to fibro-

blast monocultures and the lowest VEGF levels were observed in endothelial cell

monocultures. Additionally, the highest levels of IL-8 were observed in cocultures com-

pared to monocultures. Similar results were observed for bFGF with lowest levels seen

within the first 24 hr and highest levels in cocultures. VEGF and IL-8 were shown to

promote endothelial cell viability, proliferation and migration and angiogenic parame-

ters such as tube density, total tube length, and number of tube branches. Addition of

VEGF and IL-8 to cocultures resulted in accelerated and denser formation of capillary-

like structures. The results indicate that VEGF, IL-8, and bFGF strongly influence cellu-

lar behavior of endothelial cells and this information should be useful in promoting the

formation of microcapillary-like structures in complex tissue equivalents.
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1 | INTRODUCTION

Current studies indicate that tissue engineering is a promising

approach in reconstructive surgery to generate complete and func-

tional tissues and organs. In regenerative medicine applications, autolo-

gous tissue-equivalents can be used for repairing large wounds after

tumor resection or for the reconstruction of inherent or acquired tissue

defects. In gynecological, urological, head and neck regions, such

defects are common and would benefit from using tissue-equivalents.

Gynecological applications such as atresia and aplasia or after tumor

resections, trauma or sex change surgeries would benefit from such

surgical reconstructions (Callens et al., 2014; Kimberley, Hutson,

Southwell, & Grover, 2012; Sadri-Ardekani & Atala, 2015). Similar

benefits would be seen in patients with urethral defects such as hypo-

spadias and epispadias due to genetical defects, strictures as a result of

trauma or tumor resections or patients undergoing reconstructive

surgery for a cleft lip or palate (Baskin & Ebbers, 2006; Fillmore &

Rieck, 2014; Hampson, McAninch, & Breyer, 2014; Mossey et al.,

2011; Raya-Rivera et al., 2011).

For all of the above applications, buccal mucosa tissue is the most

suitable donor tissue and represents the gold standard in most of

these reconstructive applications (Chiapasco, Colletti, Romeo,

Zaniboni, & Brusati, 2008; De Bree et al., 2008; de Trey & Morrison,

2013; Dhillon, Mohan, Raju, & Lakhanpal, 2013; Khan, Zaheer, &

Gupta, 2013; Tompkins, Vaughn, Shaikh, Stocks, & Thompson, 2015).

However, disadvantages of autologous buccal mucosa are the limited

access and quantity and make the wound coverage of large areas

nearly impossible. Furthermore, the use of autologous tissue is often

associated with severe complications at the initial surgical area such

as pain, scar formation, strictures, and paresthesia (Almela, Brook, &

Moharamzadeh, 2016; Heller et al., 2016; Markiewicz, Margarone,

Barbagli, & Scannapieco, 2007; Moharamzadeh, Brook, van Noort,

Scutt, & Thornhill, 2007; Mungadi & Ugboko, 2009). Since the success

of an operative reconstruction is mainly determined by the size of

adequate donor tissue for the tissue transfer (Tompkins et al., 2015),

one of the major problems is the limited quantity of applicable donor

tissue.

One solution to the problems associated with autologous trans-

plants is the creation of artificial tissue equivalents in vitro using tissue

engineering strategies. Recent studies have shown that a “full thick-

ness mucosa” could be constructed using keratinocytes alone or with

a coculture of keratinocytes and fibroblasts cultivated on dermal

matrices (Izumi, Feinberg, Iida, & Yoshizawa, 2003; Lauer &

Schimming, 2001; Moharamzadeh et al., 2007). However, one of the

major problems with such artificial tissue equivalents is a delayed or

missing blood vessel supply after transplantation leading to insuffi-

cient in-growth and necrosis, which can finally result in the loss of the

transplant (Black, Berthod, L'heureux, Germain, & Auger, 1998; Boyce,

1996; Tremblay, Hudon, Berthod, Germain, & Auger, 2005).

In order to overcome this problem, we have previously shown

that it is possible to generate a prevascularized buccal mucosa equiva-

lent as either a co- or triculture of buccal epithelial cells, fibroblasts

and microvascular endothelial cells from the preputium based on a

collagen matrix (Bio-Gide®, Geistlich, Wolhusen, Switzerland) (Heller

et al., 2016). After transplantation into the neck area of nude mice,

the preformed vasculature in our tissue engineered transplant demon-

strated anastomosis to the host vasculature. However, despite these

promising advances, the formation of the capillary-like structures

inside the tissue equivalent was restricted to superficial areas only of

the collagen matrix. We suspected that this was due to the absence of

biochemotactical signals from angiogenic factors and this prevented

the migration of endothelial cells into the deeper areas of the tissue

equivalent. The formation of capillary-like structures throughout the

entire tissue equivalent is regarded as a crucial step in providing a

rapid blood supply to the cells in the tissue equivalent after

transplantation.

The events of blood vessel formation are based on the biological

mechanisms of angiogenesis and vasculogenesis and are strictly regu-

lated and controlled by the complex interactions of growth factors,

cytokines and transcription factors. There are various angiogenic fac-

tors involved in this complex inter- and intracellular interactions such

as VEGF (vascular endothelial growth factor), bFGF (basic fibroblast

growth factor), IL-8 (Interleukin-8), TGF (transforming growth factor),

TNF-α (tumor necrosis factor), Angiopoietin and HIF (hypoxia-

inducible factor 1) (Carmeliet & Jain, 2011; Karamysheva, 2008;

Unger, Dohle, & Kirkpatrick, 2015). In angiogenesis and

prevascularization, VEGF is regarded as one of the most important

factors (Adair & Montani, 2010a; Chung & Ferrara, 2011). In healthy

tissue under normoxic conditions, the formation and stabilization of

the vasculature is regulated by autocrine mechanisms, in which,

among other factors, low concentrations of VEGF-A and bFGF are

involved (Augustin, Koh, Thurston, & Alitalo, 2009; Carmeliet & Jain,

2011; Domigan et al., 2015; Koch, Tugues, Li, Gualandi, & Claesson-

Welsh, 2011; Lee et al., 2007; Potente, Gerhardt, & Carmeliet, 2011).

IL-8, which enhances endothelial survival and proliferation directly

and is involved in persistent angiogenesis during inflammatory pro-

cesses is another essential factor (Koch et al., 1992; Li, Dubey, Varney,

Dave, & Singh, 2003). However, it is not clearly understood in what

way these factors are involved in the prevascularization process in an

in vitro generated tissue equivalent. In order to understand the com-

plex intercellular interactions within the tissue equivalent, the aim of

this study was to examine the occurrence of the angiogenic factors

VEGF, IL-8 and bFGF and their impact on microcapillary formation in

complex cocultures.

2 | MATERIALS AND METHODS

2.1 | Cell isolation and cell culture

Primary fibroblasts were isolated from human gingiva and primary

microvascular endothelial cells were isolated from human juvenile

foreskin (Heller, Frerick-Ochs, Stein, Thüroff, & Brenner, 2015;

Squier & Brogden, 2011), obtained from patients who underwent sur-

gery at the Department of Maxillofacial Surgery or the Department of

Urology, University Medical Center Mainz, Germany, respectively.
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The study was performed in agreement with the Declaration of Hel-

sinki and approved by local ethics committee (Landesärztekammer

Rheinland-Pfalz, Mainz, Germany: 837.439.05). Informed consent was

obtained from each patient. For the experiments, fibroblasts were

used up to passage 8, endothelial cells up to passage 4.

Fibroblast isolation procedure: In brief, for fibroblast isolation the

connective tissue of buccal mucosa was cut into small fragments

(1 × 1 mm2), transferred and cultivated in 25 cm2 cell culture flasks

using DMEM medium with 10% FCS, 100 U/100 μg/ml Penicillin/

Streptomycin and 2.5 μg/ml Fungizone (Gibco, Darmstadt, Germany).

After 1 week of cultivation, cell medium was changed at least every

3 days.

Microvascular endothelial cell isolation: Microvascular endothe-

lial cells (human dermal microvascular endothelial cells, HDMEC)

were isolated from human juvenile foreskin as described by Peters

and coworkers (Peters et al., 2002), and cultured in PC-Medium

(Customer Formulation Medium, Promo Cell, Heidelberg, Germany)

supplemented with 15% FCS, 10 μg/ml Na-heparin, 0.2 ng/ml

bFGF, 100 U/100 μg/ml Penicillin/Streptomycin and 2.5 μg/ml

Fungizone. All cells were cultivated at 37�C, 5% CO2, and 95% rel-

ative humidity.

2.2 | Characterization of the isolated cells

For cell identification, immunohistological staining using cytospin

preparations was performed. In brief, cells were centrifuged and

immobilized on microscope slides (maximum speed, 10 min) and air

dried. The slides were then fixed in 100% ethanol for direct staining.

After washing in aqua dest. and blocking the endogenous peroxidase

using Peroxidase blocking solution (Dako, Hamburg, Germany), the

samples were incubated with the primary antibody for 1 hr. For the

identification of endothelial cells, CD31 was detected using Anti-

Human CD31, #M0823, Clone JC70A, Dako Mouse monoclonal

(1:100) (Dako, Hamburg, Germany). The expression of α-SMA on

fibroblasts was identified using anti-human alpha smooth muscle

actin, #ab5694, abcam Rabbit polyclonal (1:50) (Abcam, UK). To

detect the bound antibodies a DAB based kit system (Universal

LSAB™2 Kit/HRP, Rabbit/Mouse) (Dako, Hamburg, Germany) was

used. Negative controls were performed by omitting the primary

antibody. Finally, slides were counterstained by hemalaun and evalu-

ated using a light microscope.

2.3 | Cultivation of the mono- and coculture
on a collagen membrane

Mono- and cocultures were prepared using 2 × 105 fibroblasts and

4 × 105 endothelial cells. The cell cultures were generated by placing

the collagen membrane Bio-Gide® (Geistlich, Wolhusen, Swiztzerland,

punch of 6 mm diameter, 28.3 mm2) into cell culture inserts for 24 well

plates (Netwell Insert No. 3477 from Corning Costar Corporation,

Amsterdam, Netherlands). After equilibration of the collagen

membranes using standard culture medium, the cells were seeded on

the porous side of the membranes.

For analyzing the influence of the seeding order on microcapillary

formation in cocultures, different seeding orders of the specific cell

types were investigated. First, 4 × 105 endothelial cells were seeded

onto the porous side on the membrane and after 24 hr 2 × 105 fibro-

blasts were added to the membrane. In a second approach, 2 × 105

fibroblasts were seeded 24 hr before 4 × 105 endothelial cells were

added to the membrane. Endothelial cell culture medium was used

and changed every 2–3 days.

2.4 | Collection of cell culture supernatant

For analyzing the cytokine levels observed in the supernatant by the

first cell-type during the time period before seeding with the respec-

tive second cell type (24 hr), the culture medium was replaced with

serum-free medium 24 hr before collecting the supernatant of mono-

cultures after 2, 4, 6, 8, 12, and 24 hr. For comparison, in cocultures,

both cell types were seeded onto the collagen membrane at the same

time and the supernatants where collected similarly.

In addition, for the analyses of long-term culture of the cells,

supernatants from cocultures (first fibroblasts then endothelial cells)

were collected after 3, 7, 11, 15, 19, and 21 days, in each case after

serum-free culture for 24 hr prior to collecting the supernatant as

described above. Collected supernatants were stored at −20�C

until use.

2.5 | Visualization of the mono- and coculture on a
collagen membrane

For visualization of endothelial cells on the collagen membrane, con-

focal laser scanning microscopy (CLSM) was used. Endothelial cells

where visualized by CD31 staining. In brief, collagen membranes were

fixed in 3.7% paraformaldehyde for 15 min and then treated with

0.2% Triton X 100 for 10 min. The primary mouse-anti-human-CD31

antibody (1:50 in 1% BSA), clone JC70A (Dako, Hamburg, Germany)

was incubated for 1 hr. The secondary anti-mouse antibody “alexa

488” (Invitrogen, Gibco Life Technologies GmbH, Darmstadt, Germany)

was used with a dilution of 1:1000 in 1% BSA for 1 hr in the dark.

After a final washing step, samples were analyzed with the TCS SP2

CLSM from Leica, Wetzlar, Germany.

2.6 | Analyses of the cytokine expression

For analyses of the intercellular communication, the concentration of

VEGF, IL-8, and bFGF in the collected supernatants were quantified

by using ELISA kits from R&D Systems (Minneapolis, USA) according

to the manufacturer's specifications. Samples were analyzed at a

wavelength of 450 nm and a wavelength correction of 560 nm. Quan-

tification was performed using standard series of at least five values
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and a linear regression. In each experiment triplicate measurements

and three independent experiments using cells from three different

donors were performed. Statistical analyses were performed using

mean values and SDs and the software SPSS.

2.7 | Cell viability assay

In order to investigate the influence of the angiogenic factors VEGF,

IL-8, and bFGF on the viability of endothelial cell culture MTT assays

were performed as described (Breuksch et al., 2017). For the experi-

ments, wells of a 96 well plate were coated with 60 μl of a 0.2% gela-

tin solution and 5 × 103 endothelial cells per well were seeded in

100 μl culture medium. After 24 hr, cell culture medium was replaced

with serum-free medium and incubated for an additional 24 hr. Then

angiogenic factors (Sigma–Aldrich Chemie GmbH, Taufkirchen, Ger-

many) were added to the medium using following concentrations:

VEGF: 5, 10, 25, 50, and 100 ng/ml; IL-8:5, 25, 50, 100, and

500 ng/ml; bFGF: 1, 2, 3, 4, and 5 μg/ml. After 24 hr of incubation the

MTT assay was performed. In brief, 20 μl of 0.5% MTT solution per

well was added and incubated at 37�C for 3 hr on a stirrer. Then

supernatants were discarded and wells were washed with DPBS. Sol-

ubilization of tetrazolium-precipitate was performed adding iso-

propanol for 15 min on a stirrer at 500 rpm. 100 μl of supernatant

was then transferred to a fresh 96-well plate and the absorbance was

measured at 570 nm using an Anthos 2010 spectrophotometric

microplate reader (Anthos Labtec Instruments, Cambridge, GB). The

viability rate was calculated as percentage of the untreated cells. The

assays were performed in quadruplicate for each time point and with

three independent experiments using cells from three different

donors. Statistical analyses were performed using mean values and

SDs and the software SPSS.

2.8 | Proliferation assay

To analyze the influence of the angiogenic factors VEGF, IL-8 and

bFGF on endothelial cells proliferation, BrdU assays were performed

(Cell Proliferation ELISA BrdU Kit, Roche) (Haber et al., 2015). Cells

were seeded as described for the MTT assay and pretreated with

FCS-free medium for 24 hr. Ten μl/well BrdU-Labeling-Solution

(1:100 in DPBS) was added to the cells and incubated for 2 hr at

37�C und 5% CO2. Afterwards supernatants were discarded and

200 ml/well FixDenat-solution was added and incubated for addi-

tional 30 min at room temperature. After discarding supernatants,

BrdU-antibody-solution (Anti-BrdU-POD 1:100 in Antibody Dilution

Solution) was added and incubated for 60 min at room temperature.

After washing, staining was allowed to develop for 15 min using

100 μl/well substrate solution at room temperature. The reaction

was stopped with 25 μl/well 1 M H2SO4. Samples were analyzed at

a wavelength of 450 nm and a wavelength correction of 650 nm.

All BrdU measurements were performed in triplicate in three inde-

pendent experiments using cells from three different donors.

Statistical analyses were performed using mean values and SDs and

the software SPSS.

2.9 | Migration assay in a Boyden chamber

For analyzing the chemotactic effect of VEGF, IL-8, and bFGF on endo-

thelial cells, a modified Boyden chemotaxis chamber was used

(Neuroprobe, Gaithersburg), as described previously (Haber et al., 2015).

The chamber consists of an upper and a lower department separated by

a porous polycarbonate membrane with 8 μm pore diameter (Neuro

Probe, Gaithersburg, USA). Before analysis, endothelial cells were culti-

vated in serum-free culture medium for 24 hr. The wells of the lower

part of the chamber were filled with 29 μl (according to the manufac-

turer's instructions) of VEGF (5, 10, 25, 50, and 100 ng/ml), IL-8 (5, 25,

50, 100, and 500 ng/ml) or bFGF (1, 2, 3, 4, and 5 μg/ml) in serum-free

medium. The wells were covered by the polycarbonate membrane after

having been equilibrated in DPBS for 2 min. The wells of the upper part

were filled with 50 μl of cell suspension (6 × 105 cells/ml in serum-free

medium). The chamber was then incubated for 16 hr in a moistened

atmosphere with 5% CO2 at 37�C. Afterwards, cells were removed from

the upper membrane side of the transwell by washing in buffer solution

and by mechanical detachment using a rubber scraper. Migrated cells on

the lower side of the membrane were then fixed in methanol for 1 min

and dyed with hemacolor (Merck, Darmstadt, Germany). The dyed mem-

brane was then transferred onto a microscope slide and covered with

immersion oil. The cells were counted in an area of 2.5 mm2 on the

porous membrane. For each concentration, experiments were performed

in quadruplicate and repeated with three independent experiments by

using cells from three different donors. Statistical analyses were per-

formed using mean values and SDs and the software SPSS.

2.10 | Tube formation assay

In order to analyze the effect of the angiogenic factors on angiogene-

sis, a tube formation assay with endothelial cells was performed by

using Angiogenesis μ-Slides (Ibidi GmbH, Martinsried, Germany). In

brief, in the inner wells of the μ-slides 15 μl of Matrigel was added

and incubated for 1 hr at 4�C. For polymerization of Matrigel, μ-slides

were incubated over night at 37�C. In each well endothelial cells with

a concentration of 1 × 104 cells/50 μl in serum-free medium were

seeded. After 1 hr of cell adhesion, angiogenic factors (Sigma–Aldrich

Chemie GmbH, Taufkirchen, Germany) were added to the medium

using following concentrations: VEGF: 5, 10, 25, 50, and 100 ng/ml;

IL-8:5, 25, 50, 100, and 500 ng/ml; bFGF: 1, 2, 3, 4, and 5 μg/ml. As

negative control serum-free medium was used. After 6 hr of incuba-

tion at 37�C cells were stained with Calcein-AM (Thermo-Fisher,

Waltham, USA) (20 μg/ml). Fluorescence microscopy was performed

using a standard FITC filter at a wavelength of 494 nm. Micrographs

were analyzed with respect to different parameters of tube formation

such as tube length, density, and number of branches (Wimasis

GmbH, München, Germany). Each analysis was performed in triplicate
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in three independent experiments by using cells from three different

donors. Data was analyzed using mean values and SD.

2.11 | Effect of the angiogenic factors on the
formation of microcapillaries in the mucosa equivalent

In order to analyze the effect of the angiogenic factors VEGF and IL-8 on

the microcapillary formation inside the mucosal tissue equivalent, cocul-

tures of endothelial cells and fibroblasts on the collagen membranes Bio-

Gide® (Geistlich) were prepared as described above and treated by VEGF

(100 ng/ml), IL-8 (500 ng/ml), a combination of VEGF and IL-8 in the

same concentrations or standard endothelial cells medium as control.

The microcapillary formation was evaluated after 7, 14, and

21 days cultivation via CLSM as described above. Cell culture medium

was changed every 2–3 days. The experiment was performed three-

fold by using cells from three donors.

3 | RESULTS

3.1 | Fibroblast and endothelial cell
characterization

Isolated primary fibroblasts and endothelial cells were characterized

using immunohistology for the presence of CD31 staining on endothelial

cells and α-SMA on fibroblasts. Cells were greater than 99% positive for

the respective markers (data not shown).

3.2 | Influence of the seeding order on the
microcapillary formation inside the tissue equivalent

In order to evaluate the influence of the cells used in this study on

each other and to investigate the influence of the cultivation condi-

tions on the formation of microcapillary-like structures, the two cell

types were seeded in different orders using two different approaches.

Seeding endothelial cells 24 hr before adding fibroblasts led to no dis-

tinct formation of capillary-like structures after 7 and 14 days. After

21 days capillary-like structures were observed, although endothelial

cells appeared flat and not terminally differentiated (Figure 1a). In

contrast, by seeding fibroblasts 24 hr prior to the addition of endothe-

lial cells, microcapillaries were already seen after 7 days. After 14 and

21 days, vascular structures appeared well defined and endothelial

cells showed a distinctly differentiated cell morphology (Figure 1b).

3.3 | Expression of VEGF, IL8 and bFGF by
fibroblasts and endothelial cells cultured for 24 hr
on the collagen membrane

The short-term levels of VEGF in monoculture of endothelial cells or

fibroblasts were analyzed and compared to cell cocultures after 24 hr.

Within the first 24 hr the highest VEGF levels were observed in

fibroblast monocultures. The presence of VEGF in endothelial cell

monocultures was lower than the levels observed in cocultures. The

VEGF levels in coculture increased gradually from 1,180 pg/ml after

2 hr to its maximum of 1,800 pg/ml after 8 hr. After 4 hr the VEGF

level in fibroblast monocultures was significantly increased compared

to the cocultures (p = .043). After 12 and 24 hr the levels decreased

again to 1,440 pg/ml. The VEGF expressed in the cocultures was dis-

tinctly lower than the sum of both monocultures at all-time points

examined (Figure 1c). It appears that the interaction of fibroblasts and

endothelial cells in cocultures leads to a suppressed growth factor

expression.

Within the first 24 hr of cultivation, the IL-8 levels observed in

the coculture exhibited consistently higher values compared to the

levels observed in monocultures of endothelial cells or fibroblasts,

respectively. A gradual and significant increase from 1,520 pg/ml after

2 hr to 3,030 pg/ml after 24 hr could be observed in cocultures

(p = .008). Monocultures of fibroblast showed lower IL-8 levels than

cocultures but a significant increase after 24 hr compared to 2 hr

(p = .008). However, in endothelial cell monocultures low levels were

observed. During the first 8 hr of cultivation, the sum of the IL-8

amounts from both monocultures was equal to the level observed in

the coculture. After 6 (p = .037), 12 (p = .047) and 24 (p = .012) hr the

IL-8 level in endothelial cell monocultures was significantly lower

compared to the monocultures of fibroblasts. Interestingly, after

12 and 24 hr, the levels in cocultures decreased compared to the sum

of the levels in the monocultures (Figure 1d). These findings indicate a

suppressing effect of the cellular interaction within the coculture after

12 and 24 hr.

The levels of bFGF within the first 24 hr were highest in cocul-

tures at every time point compared to both monocultures except

for 4 and 24 hr. After 2 hr a significant higher bFGF level was

observed in cocultures compared to the level found in endothelial

cell monocultures (p = .018). 600 pg/ml were observed after 2 hr,

this increased to a maximum of 1,335 pg/ml after 8 hr and

decreased again to 495 pg/ml after 24 hr. Similar to the VEGF

levels, lower levels of bFGF could be observed, when compared to

the sum of the monoculture levels at all of time points examined

(Figure 1e).

3.4 | Long-term levels of VEGF, IL8, and bFGF by
fibroblasts and endothelial cells cultured on collagen
membranes

After seeding fibroblasts 24 hr prior to endothelial cells on the colla-

gen membrane, the long-term levels of cytokines up to 21 days were

measured in monocultures of both cell types as well as in cocultures.

During the 21 days of the incubation period, the VEGF levels in the

cocultures increased from 675 pg/ml after 3 days up to 1,440 pg/ml

after 19 days. At day 21, the VEGF concentration decreased again to

1200 pg/ml. In the case of fibroblast monocultures, a significant

higher level of VEGF could be observed after 19 (p = .035) and
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21 (p = .029) days, for endothelial cell monocultures after

21 (p = .019) days when compared to the level after 3 days.

In contrast to the first 24 hr, when the VEGF levels were highest in

the fibroblast monocultures, the VEGF levels in cocultures were consis-

tently higher compared to the monocultures up to 21 days. During this

time period, distinctly lower levels could be observed in endothelial cells

monocultures compared to monocultures of fibroblasts or cocultures of

fibroblasts and endothelial cells. In the long-term results, the sum of the

individual monoculture VEGF levels was as high as the levels in cocul-

tures, indicating no distinct effect of the cellular interactions within the

cocultures on the levels of VEGF (Figure 2a).

In the case of IL-8, the level was highest in the coculture after

3 and 7 days compared to the monocultures of fibroblasts and endo-

thelial cells with 755 pg/ml and 970 pg/ml, respectively. At day

F IGURE 1 (a, b) Images of capillary structures in cultures of fibroblasts and endothelial cells. Fibroblasts and endothelial cells were seeded
onto collagen membranes in different orders and cultivated for 7, 14, and 21 days after which cells with stained with endothelial cell-specific
CD31 and examined in a confocal microscope. (a) Endothelial cells were seeded initially followed 24 hr later by the addition of fibroblasts,
(b) fibroblast cells were seeded initially followed 24 hr later by the addition of endothelial cells. Seeding fibroblasts 24 hr prior to the addition of
endothelial cells (a) led to a more distinct formation of capillary-like structures than seeding endothelial cells first followed by fibroblasts (b).
Levels of angiogenic factors VEGF (c), IL-8 (d), and bFGF (e) in mono- and cocultures of fibroblasts and endothelial cells on collagen membranes
up to 24 hr after cultivation begin. Supernatants were collected after 2, 4, 6, 8, 12, and 24 hr. The angiogenic factors were then quantified using
ELISA. Presented are the mean values and standard errors of three independent ELISA measurements. Statistical analyses were done by
comparing each value (1) to the values of the earliest time point (2 hr), (2) monocultures to cocultures, and (3) monocultures to each other using a
Student's t test (* for p-value <.05 is defined as significant)
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11, levels of IL-8 in fibroblast monocultures were equal to those in

coculture and afterwards, the levels of IL-8 in fibroblast monocultures

were consistently higher compared to those in the cocultures. After

15 days a significant higher IL-8 level could be observed in endothelial

cell monocultures compared to the value measured at day

3 (p = .013). After 21 days, the IL-8 level in cocultures was

1,100 pg/ml compared to 1,400 pg/ml in fibroblast monocultures

(Figure 2b). Beginning with day 11, the sum of the IL-8 levels in both

monocultures was higher than that of the cocultures, demonstrating

suppressing effects of the interacting cells within the cocultures.

During the 21 days incubation period, the bFGF level remained

constant between 90 and 100 pg/ml in coculture and, except for day

11, at all investigation time points, was lower than in fibroblast mono-

cultures, which had comparably increased levels between 130 and

180 pg/ml and a significant increased bFGF level after 21 days

(p = .046). Between day 3 and day 11, cocultures had less bFGF than

endothelial cell monocultures. As observed in the short-term incuba-

tions, decreased levels for bFGF were observed in cocultures com-

pared to the sum of the monoculture levels at all-time points

(Figure 2c). This indicates suppressing effects on bFGF expression

most likely due to the cellular interactions within the coculture.

3.5 | Viability of endothelial cell culture after
cytokine treatment

In order to investigate the impact of the pro-angiogenic factors VEGF,

IL-8, and bFGF on total cell viability of endothelial cells, MTT assays

F IGURE 3 Total viability of endothelial cells determined by the MTT assay after exposure to various concentrations of VEGF (a), IL-8 (b), and
bFGF (c) for 24 hr. Cells without treatment were used as control and were set to 100% viability. The effect of the angiogenic factors on the cell
viability is shown using mean values and standard deviation from four independent experiments. Statistical analyses were done by comparing
each value to the control using a Student's t test (* for p-value <.05 is defined as significant)

F IGURE 2 Levels of angiogenic factors VEGF (a), IL-8 (b), and bFGF (c) in mono- and cocultures of fibroblasts and endothelial cells on
collagen membranes at various time points up to 21 days of cultivation. The cultivation medium was replaced with serum-free medium 24 hr prior
to collecting the supernatants after which medium with serum was added again. Supernatants were collected at various time points and the
presence of the angiogenic factors were quantified using ELISA. Quantification was performed using mean values and standard errors of five
independent ELISA measurements. Statistical analyses were done by comparing each value (1) to the values of the earliest time point (3 days),
(2) monocultures to cocultures and (3) monocultures to each other using a Student's t test (* for p-value <.05 is defined as significant)
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were performed after treating cells with the different concentrations

of the used growth factors. Exposure of cells to VEGF resulted in

higher MTT levels compared to untreated endothelial cells indicating a

stimulation of the proliferation of the cells. Concentrations of 25 ng/ml

(p = .008) and 50 ng/ml (p = .032) led to a similar significant increase

up to 40% higher compared to control (Figure 3a). Treating endothelial

cells with IL-8 led to an enhancement of total viability in a concentra-

tion dependent manner. At a concentration of 500 ng/ml the levels of

MTT were 130% higher compared to the control (Figure 3b). Different

concentrations of bFGF led to only a slight increase in MTT levels com-

pared to the control. The strongest effect was observed at a concen-

tration of 1 μg/ml with an increase of 30% compared to the control.

Higher concentrations of bFGF appeared to have no effect on the cell

culture viability compared to the control level (Figure 3c).

3.6 | Cell proliferation of endothelial cells after
cytokine treatment

Endothelial cell proliferation increased in correlation to the concentra-

tion of all investigated pro-angiogenic factors. VEGF significantly

increased proliferation at all concentrations tested. A concentration of

5 ng/ml VEGF increased the proliferation by 64% (p = .002) with a

maximum of 84% enhancement with concentrations of 50 ng/ml

VEGF (p = .044). 100 ng/ml led to an increase of 75% (p = .018) com-

pared to control (Figure 4a).

Compared to the control, IL-8 led to increased proliferation at

concentrations from 5 ng/ml to 500 ng/ml with an increase of 26%

and 77%, respectively. A significant enhancement of proliferation was

observed at concentrations of 50 ng/ml (p = .006) and 100 ng/ml

(p = .006) with an increase of 44% and 58%, respectively (Figure 4b).

Treatment of endothelial cells with bFGF led to enhanced prolif-

eration from 1 μg/ml to 4 μg/ml with a significant enhancement at

concentrations of 3 μg/ml with 68% (p = .044) and 4 μg/ml with 58%

(p = .008) compared to control. The enhancing effect on proliferation

increased gradually with a peak at concentration levels of 3 μg/ml,

followed by a decrease at higher concentrations levels with the lowest

effect at 5 μg/ml with 4% enhancement compared to the control

(Figure 4c).

3.7 | Cell migration of endothelial cells after
cytokine treatment

In order to analyze the influence of angiogenic factors on endothelial

cell migration, we performed a Boyden chamber migration assay by

using the cytokines as chemotactical attractants. Migration by

chemotactical attraction using VEGF increased gradually in with

increasing concentrations. Treatment with VEGF at a concentration of

5 ng/ml we observed no significant increase in migration compared to

the control. At concentration levels higher than 10 ng/ml (p = .007)

VEGF we noticed a significant increase in migration up to sevenfold at

concentration levels above 25 ng/ml (25 ng/ml: p = .004; 50 ng/ml:

p = .018; 100 ng/ml: p < .001) (Figure 5a).

A similar result could be observed when IL-8 was applied to the

cells. Endothelial cell migration was significantly enhanced at all con-

centrations with a total increase of 13-fold (p = .010) at 5 ng/ml up to

a maximum of over 30-fold at 500 ng/ml (p = .0004).

Compared to VEGF and IL-8, bFGF showed the lowest impact on

the chemotactical migration of endothelial cells. Nevertheless, cell

migration was significantly increased by bFGF at all concentrations

examined. With concentrations of 1 μg/ml (p = .024) to 3 μg/ml

(p = .006) a 2.2 to threefold increase in cell migration was observed,

respectively. At higher bFGF concentrations, 4 μg/ml (p = .002) and

5 μg/ml (p = .019), cell migration activity decreased again but

exhibited elevated levels compared to the control (Figure 5c).

3.8 | Tube formation of endothelial cells after
cytokine treatment

The angiogenic effect of VEGF, IL-8, and bFGF on the parameters

tube density, total tube length and number of branches was analyzed

using a tube formation assay. Cells treated with VEGF exhibited an

F IGURE 4 Proliferation of endothelial cells after treatment with different concentrations of angiogenic factors VEGF (a), IL-8 (b), and bFGF
(c) for 24 hr, determined via BrdU incorporation. Untreated cells were used as control and were used as 100% proliferation. The effect of the
angiogenic factors on cell proliferation was determined by using mean values and standard deviation from four independent experiments.
Statistical analyses were carried out for each value compared to the control using a Student's t test (* for p-value <.05 is significant)
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increase of all angiogenic parameters. The tube density was highest at

concentrations of 5 ng/ml and 50 ng/ml VEGF and led to a 3.7 and

4.5-fold increase compared to the control, respectively. A homoge-

neous effect of increasing VEGF between 5 ng/ml and 50 ng/ml on

total tube length could be observed with up to a 2.3-fold total

increase compared to the control. At a concentration of 100 ng/ml

VEGF, less total tube length was observed compared to the 5 and

50 ng/ml concentrations but still exhibited a 1.7-fold increase com-

pared to the control. Addition of VEGF exhibited the greatest effect

on the number of tube branches. At concentrations of 5 ng/ml and

50 ng/ml, a 5.4-fold to 5.5-fold increase in branches was observed,

whereas at a concentration of 100 ng/ml, a lower increase compared

to the control with a 3.8-fold increase was observed (Figure 6a).

A similar effect on all investigated angiogenic parameters was

observed after exposure of the cells to concentrations between

1 ng/ml and 100 ng/ml IL-8. Addition of increasing IL-8 concentra-

tions led to a gradual increase in tube density ranging from 3.4

to 3.8-fold, whereas the total length of tubes increased up to twofold

compared to control. The number of branches also increased 4.9-fold

to 5.5-fold from low to high concentrations. Interestingly, at the

highest IL-8 concentration, 500 ng/ml, only very small changes were

observed in the various angiogenic parameters (Figure 6b).

Addition of bFGF resulted in only very slight changes in the

angiogenic parameters compared to VEGF and IL-8. After treating

endothelial cells with bFGF, only a 2.3 to 3.3-fold increase in the

tube density could be observed, whereas total tube length showed

a maximum 1.8-fold increase compared to control. The greatest

effect of bFGF was observed in the total number of branches. At

concentration of 1 μg/ml, a 3.9-fold increase in the number of bra-

nches was observed. At concentrations from 2 μg/ml to 5 μg/ml, a

2.7-fold to 3.5-fold increase in number of branches was observed

(Figure 6c).

3.9 | Formation of capillary-like structures in the
collagen membrane after treatment with VEGF or IL-8

Since the addition of VEGF and IL-8 increased endothelial cell migra-

tion and angiogenic parameters in the tube formation assay on cell

culture plastic, the effects of the addition of VEGF and IL-8 on the

formation of capillary-like structures in coculture of endothelial cells

and fibroblasts on a collagen membrane were examined. Treating cells

with 100 ng/ml VEGF or 500 ng/ml IL-8 alone resulted in the forma-

tion of microcapillary-like structures in 14 days. With increased

F IGURE 6 Effect of the angiogenic factors VEGF (a), IL-8 (b), and bFGF (c) in different concentrations on tube formation by endothelial cells.
Density of tubes, total length of tubes and number of branches were examined. Tube formation of untreated endothelial cells was used as
control. Quantification was performed using mean values and standard errors of at least four independent measurements

F IGURE 5 Endothelial cell migration toward VEGF (a, n = 5), IL-8 (b, n = 3) and bFGF (c, n = 3) at different concentrations over 16 hr, using a
Boyden chamber migration assay. As control the migration of cells toward serum-free medium was analyzed. The effect of the angiogenic factors
on the cell migration was presented by using mean values and standard deviation of independent experiments. Statistical analyses for each value
were determined and compared to the control using a Student's t test (* for p-value <.05 is significant)
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cultivation time (at 21 days) in the presence of VEGF, less micro-

capillary structures were observed and a broader and undifferentiated

cell morphology was seen. Cells exposed to IL-8 continuously formed

capillary-like structures up to day 21. Interestingly, when VEGF and

IL-8 were added together, no microcapillary-like structures were

observed after 7 or 21 days of cultivation. However, capillary-like

structures were observed on day 14 in cultures with a combination of

VEGF and IL-8 (Figure 7).

4 | DISCUSSION

The generation of prevascularized buccal mucosa equivalents is a

promising approach in reconstructive surgery. In earlier work, our

group demonstrated the successful generation and cultivation of a

complex tissue equivalent in a triculture of buccal epithelial cells and

fibroblasts combined with endothelial cells on a collagen membrane

(Heller et al., 2016). However, in this model, the formation of

F IGURE 7 Images of cocultures of cells stained with CD31 to identify endothelial cells. Effects of VEGF and/or IL-8 on the formation of
capillary-like structures within the buccal mucosa equivalent. Cocultures of endothelial cells and buccal mucosa fibroblast were cultivated on a
collagen membrane for 7, 14, and 21 days. Samples were treated with 100 ng/ml VEGF, 500 ng/ml IL-8 or combination of 100 ng/ml VEGF
+ 500 ng/ml IL-8. Untreated samples were used as control
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capillary-like structures was only observed in peripheral areas of the

collagen membrane. We surmised that endothelial cell migration into

deeper regions of the matrix was prevented due to the absence of

intercellular interactions.

In this study, we demonstrated that cultivation conditions such as

the seeding order can have stimulating or suppressing effects on cellu-

lar behaviors such as migration, proliferation or differentiation and

that this has an effect on the formation of capillary-like structures.

Seeding fibroblasts prior to endothelial cells led to an enhancement of

the formation of capillary-like structures, suggesting that earlier

seeding of fibroblasts might facilitate endothelial cell migration as well

as capillary formation. Fibroblasts begin to migrate into three-

dimensional collagen matrices after an initial lag-period of 8–16 hr

(Grinnell, Rocha, Iucu, Rhee, & Jiang, 2006). After the initial migration

period fibroblasts begin to secret soluble molecules such as VEGF, IL-

8, and bFGF that act chemotactically on endothelial cells (Velazquez,

Snyder, Liu, Fairman, & Herlyn, 2002). In the present study, an expres-

sion of VEGF, IL-8, and bFGF by fibroblasts was observed during the

first 24 hr of cultivation, when seeded in monoculture on collagen

membranes. The higher levels of cytokines in monocultures of fibro-

blasts for 24 hr prior to the addition of endothelial cells may be

responsible for the higher rates of migration and angiogenic pheno-

types observed by endothelial cells. Surprisingly, the expression pat-

terns of VEGF, IL-8, and bFGF were distinctly decreased in the

cocultures compared to the respective monocultures. Both VEGF and

bFGF exhibited decreased levels at all-time points in the first 24 hr,

whereas IL-8 expression began to decrease after 12 hr and continued

after 24 hr in the cocultures. Due to the comparably low levels of the

angiogenic factors in endothelial cell monocultures and the lower total

levels in cocultures, it appears that fibroblasts play a crucial role in cel-

lular communication. In cocultures, the endothelial cells may induce a

suppression of the expression of the angiogenic factors produced by

fibroblasts. Interestingly, after continued incubation times up to

21 days, the VEGF levels increased in the cocultures. However, IL-8

levels remained suppressed in cocultures compared to monocultures

over the entire cultivation period up to 21 days. These results can be

interpreted as expression changes during angiogenic processes in

which IL-8 seems to become more important for differentiation

over time.

After the initial 24 hr a decreased level of VEGF was observed in

cocultures after which the levels increased and were similar to those

observed in monocultures and remained so for the duration of the cul-

tivation period of 21 days. The low levels may promote an initial cell

migration and as time progresses and VEGF increases again, VEGF

suppresses migration and induces differentiation. Since low levels of

IL-8 levels were observed during the entire coculture period it is pos-

sible that low concentrations are necessary for the formation of

capillary-like structures. Others have shown that IL-8 has angiogenic

effects and that it induces proliferation, survival and migration of

endothelial cells correlated to angiogenesis (Heidemann et al., 2003;

Li et al., 2005). Endothelial cell proliferation and viability is a prerequi-

site for angiogenesis (Adair & Montani, 2010b; Gerhardt et al., 2003).

In order to investigate the impact of angiogenic factors produced in

the coculture model described in this study, the influence of VEGF, IL-

8, and bFGF on the proliferation and viability of the different cell

types was examined. Addition of these factors resulted in enhanced

viability and proliferation of cells in a concentration-dependent man-

ner. This indicated that VEGF and IL-8 and to a lesser extent bFGF

have a significant effect on the formation of capillary-like structures

in vitro in the tissue-engineered mucosa equivalent described in the

present study.

Endothelial cell proliferation and migration are essential for

tubulogenesis and are involved in many important processes during

angiogenesis (Arima et al., 2011; Costa et al., 2016). A migration of

endothelial cells into a scaffold would be absolutely essential in order

for the formation of a three-dimensional network of capillary-like

structures throughout a tissue equivalent to take place. A Boyden

Chamber Migration Assay was used to examine the effects of the

angiogenic factors VEGF, IL-8 and bFGF on monocultures of cells

used in this study. VEGF and IL-8 demonstrated an enhanced

chemotactical migration of endothelial cells whereas bFGF showed lit-

tle effect on migration. VEGF and IL-8 have been shown to have a

pro-migratory potential on cells. VEGF acts via the focal adhesion

kinase (FAK) pathway, triggering migration by a number of different

mechanisms (Cary, Han, Polte, Hanks, & Guan, 1998; Eliceiri et al.,

2002; Romer, McLean, Turner, & Burridge, 1994; Zhao & Guan,

2011). Effects on migration by IL-8 have been shown to be due to

activation of PLC and ERK, resulting in enhanced migration

(Heidemann et al., 2003). In the present study, decreased levels of

VEGF and IL-8 expression were observed in the initial phase of

cocultivation. However, VEGF and IL-8 added to cultures stimulated

migration of cells. This indicated that an interaction of fibroblasts and

endothelial cells, where lower levels of VEGF and IL-8 were observed

in the initial coculture period, prevented migration and induced differ-

entiation and the formation of capillary-like structures by endothelial

cells.

Similar to the migration assay, capillary formation was enhanced

by the addition of VEGF, IL-8 and bFGF. Capillary formation was

lower when VEGF and IL-8 exceeded certain thresholds. Capillary for-

mation decreased at concentrations above 50 and 100 ng/ml for

VEGF and IL-8, respectively. This was not observed for bFGF. An

excess of VEGF and IL-8 in cocultures (>50 and 100 ng/ml, respec-

tively), may result in angiogenic inhibition and thus alter the biological

effects of how the angiogenic factors are utilized by the cells. In the

case of bFGF, it can be assumed that the critical threshold, in which

the described silencing effect occurred, was not reached at the con-

centrations utilized in the present studies.

The angiogenic factors examined in this study interact with differ-

ent receptor molecules, activating intracellular signaling pathways that

are directly or indirectly associated with angiogenesis. VEGFR2, is the

primary VEGF-receptor and is activated by VEGF-A, stimulating many

of the processes leading to angiogenesis (Koch et al., 2011). Capillary

formation by endothelial cells is part of the dynamic processes in

which spreading, prolongation and branching take place during angio-

genesis (Arima et al., 2011). The activation of VEGFR2 leads to a

dimerization and autophosphorylation of the receptor (Simons,

744 HELLER ET AL.



Gordon, & Claesson-Welsh, 2016), generating binding sites for the

recruitment of adaptor molecules and kinases. Over these binding

sites, intracellular signaling pathways are initiated such as the PI3K-

AKT-pathway that regulates viability, proliferation and migration

(Graupera & Potente, 2013; Karali et al., 2014). During VEGFR2 acti-

vation, PI3K is activated by kinases of the sarcoma family (SFKs) in

combination with receptor tyrosine kinases (RTK) AXL or VE-cadherin

(Carmeliet et al., 1999; Ruan & Kazlauskas, 2012). These processes

lead to a complex phosphorylation cascade in which the second mes-

senger molecule PIP3 (Phosphatidyl-inositol-[3,4,5]-triphosphate) is

involved and acts as activator of other kinases such as PDK

(Phosphoinositide-dependent kinase)-1, MAP-kinase (mitogen-

activated protein kinase), ERK 5 (Extracellular signal Regulated

Kinase), or mTORC-2 (mechanistic target of rapamycin complex)

(Graupera & Potente, 2013; Koch et al., 2011; Roberts, Holmes,

Muller, Cross, & Cross, 2010). PI3K-independent processes are based

on the autophosphorylation activity of VEGFR2 that activates PLC

(phospholipase C) and PKC (protein kinase C) leading over activation

of ERK 1/2 to an enhancement of proliferation (Wong & Jin, 2005).

The signal molecule AKT acts as mediator in the phosphorylation cas-

cade and promotes endothelial cell survival and proliferation by inhibi-

tion of pro-apoptotic molecules and stimulation of anti-apoptotic

molecule expression (Gerber et al., 1998; Koch et al., 2011).

IL-8 is part of the CXC-chemokine family acting on the G-protein

associated receptors CXCR1 and CXCR2 (Heidemann et al., 2003;

Waugh & Wilson, 2008). Similar to the VEGF signaling pathway, IL-8

also acts by activating PI3K-AKT, which regulates pro- and anti-

apoptotic genes, leading to enhanced viability and proliferation

(Augustin et al., 2009; Koch et al., 2011; Li et al., 2005; Luppi, Longo,

De Boer, Rabe, & Hiemstra, 2007; Waugh & Wilson, 2008). We found

that the combination of VEGF and IL-8 resulted in a lower capillary-

like structure formation than when added individually. This effect may

be due to both cytokines partly activating the same signaling path-

ways, so that an additive effect can be excluded. When a strong acti-

vation of a signaling pathway by different triggers occurs, regulatory

effects may be regulated at a higher rate (Brandman & Meyer, 2008).

This may explain the lower amounts of capillary formation on the col-

lagen membrane used in the present study observed when both VEGF

and IL-8 were added together.

In contrast to VEGF and IL-8, the effects of bFGF on capillary for-

mation were nearly insignificant on the various parameters investi-

gated. Although bFGF has been shown to be a primary factor in

angiogenesis (Granato et al., 2004), due to the absence of major effects

in the present tissue equivalent model, studies were focused on VEGF

and IL-8 and their effects on capillary formation. The factor bFGF acts

by activating FGFR1, but bFGF also interacts with the PDGFR

(platelet-derived-growth factor receptor) (Guo et al., 2012). Similar

to VEGF and IL-8, bFGF has been shown to activate PI3K-AKT and

ERK and these factors have been shown to activate cellular param-

eters such as viability, proliferation, and migration. In the present

study, it is likely that activation of the VEGF and IL-8 signaling

pathways interacted with the signal transduction of bFGF, leading

to lower bFGF levels.

Cellular communication can be influenced by many factors. In

addition to direct cellular interactions there are many external factors,

such as collagen-cell interactions, that have to be considered as crucial

influencing factors for cellular behavior. It is well known that collagen

can have an impact on morphological characteristics (Grinnell, 2003;

Iordan, Duperray, Gérard, Grichine, & Verdier, 2010; Jiang & Grinnell,

2005) and that angiogenic properties of fibroblasts and endothelial

cells and their cellular expression of VEGF, IL-8 and bFGF can be

enhanced by collagen (Kahn et al., 2000; Newman, Nakatsu, Chou,

Gershon, & Hughes, 2011; Pinney, Liu, Sheeman, & Mansbridge,

2000). Collagen-cell-interactions are mainly mediated by integrin

receptor interactions (Barczyk, Carracedo, & Gullberg, 2010; White,

Puranen, Johnson, & Heino, 2004). Integrins initiate signal transduc-

tion pathways such as PI3K-AKT-, MAP-Kinase-, and ERK-signaling

(Chen, Kinch, Lin, Burridge, & Juliano, 1994; Legate, Wickström, &

Fässler, 2009; Li, Li, Sun, Lin, & Zhou, 2016) and control the expres-

sion of cytokines and growth factors such as VEGF, IL-8, and bFGF

(Clarke et al., 2012; Dai et al., 2009; Li et al., 2016; Yang & Rizzo,

2013). It was found that VEGF levels in brain endothelial cells can be

induced over the ERK-signaling pathway by activation of

α5β1-integrins, inhibition of αv-integrin results in a reduced VEGF

level (Clarke et al., 2012; Franco, Roswall, Cortez, Hanahan, & Pietras,

2011; Montenegro et al., 2012). Based on this, the downstream sig-

naling pathway NF-κB and its participation to the expression of VEGF

and IL-8 could be demonstrated (Franco et al., 2011; Hoffmann,

Dittrich-Breiholz, Holtmann, & Kracht, 2002; Mukaida, Okamoto,

Ishikawa, & Matsushima, 1994; Scatena et al., 1998). Interestingly, an

opposite effect was observed in fibroblasts. Inhibition of

αvβ3-integrins resulted in enhanced VEGF expression (Montenegro

et al., 2012). However, since the cultivation of fibroblasts on collagen

matrices activated the NF-κB-pathway (Xu, Zutter, Santoro, & Clark,

1998), the stimulation of other members of the integrin family might

be a possible explanation for these opposing effects. In addition to

the influence on growth factor expression patterns, collagen stimu-

lates cells to secret matrix metalloproteases (MMP) which are

involved in remodeling processes. It was shown that these remodeling

processes are necessary for invasion of endothelial cells into sur-

rounding tissues and resulting in vascularization (Seandel, Noack-

Kunnmann, Zhu, Aimes, & Quigley, 2001). With respect to the

capillary formation in the mucosa equivalent, remodeling processes

may be a crucial aspect for restructuring the collagen membrane by

the fibroblasts.

5 | CONCLUSION

In this study, we showed that in a complex 3D-coculture of fibroblasts

and microvascular endothelial cells growing on a collagen membrane,

the formation of microvascular structures is dependent on the levels

of the Vascular Endothelial Growth Factor (VEGF), Interleukin-8 (IL-8)

and to a lesser extent of basic fibroblast growth factor (bFGF) pro-

duced by fibroblasts. Addition of VEGF and IL-8 to the coculture

model increases the formation of capillary-like structures and resulted
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in a complete network of microcapillary formation throughout the

tissue-engineered mucosa equivalents. Applying this methodology to

the generation of tissue-engineered constructs in vitro should lead to

a better soft tissue integration and survival after implantation.
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