
Abstract. Background/Aim: Stromal cells in the tumor
microenvironment are primarily considered as sources of
promalignant factors. The objective of our study was to
define the effect of extracellular matrix (ECM) produced by
normal dermal or cancer-associated fibroblasts exposed to
adhesion/growth-regulatory lectin galectin-1 on human
umbilical vein endothelial cells (HUVECs). Materials and
Methods: Fibroblasts were cultured for 10 days with lectin,
followed by removing cellular constituents after an osmotic
shock. Freshly-isolated HUVECs were placed on the ECM.
In parallel, HUVECs were seeded on untreated and gelatin-
coated surfaces as controls. A positive control for growth of
HUVECs culture using medium supplemented with vascular
endothelial growth factor completed the test panel. Cells
were kept in contact to the substratum for two days and then

processed for immunocytochemistry. Results: HUVECs
seeded on fibroblast-generated ECM presented a
comparatively high degree of proliferation. Furthermore,
contact to substratum produced by tumor-associated
fibroblasts led to generation of a meshwork especially rich
in fibronectin. Conclusion: Galectin-1 is apparently capable
to trigger ECM production favorable for growth of HUVECs,
prompting further work on characterizing structural features
of the ECM and in situ correlation of lectin presence, ECM
constitution and neoangiogenesis.

The tumor microenvironment is formed by both malignant and
non-malignant cells as well as by extracellular matrix (ECM)
glycoproteins and various types of soluble mediators (1, 2).
While the study of its impact on tumor cells is an established
focus of research, another cellular aspect deserves attention.
Nutrient supply and spread via circulation critically depend on
neoangiogenesis (3). Broadening the biomedical scope beyond
malignancy, this process can drive granulation tissue formation
during wound healing, adding incentive to examine the impact
of microenvironment features on vessel growth (4). In this
respect, constituents of the ECM have proven capable to
stimulate angiogenesis, e.g. by stabilizing blood vessels (5).
Hence, rational modulation of endothelial cell-ECM
interactions may open a route contributing to advancing wound
healing and interfering with cancer.

With focus on cancer, we have previously shown that
fibroblasts obtained from tumor stroma can affect malignant
cells in vitro. These purported cancer-associated fibroblasts
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(CAFs) apparently acquire a distinct phenotype different
from normal fibroblasts and, by a re-programming within
gene expression, provide pro-inflammatory/tumoral effectors
to their vicinity (6-9). In addition, these cells also shape their
vicinity by generating ECM, whose functional significance
warrants investigation. Toward this end, we here address the
issue of testing whether ECM affects vessel growth,
considering the impact of a potent effector for conversion of
fibroblasts to myofibroblasts and ECM production, i.e. the
adhesion/growth-regulatory galectin-1 (Gal-1) (10-12). This
endogenous lectin, known for triggering diverse cellular
responses such as growth modulation, invasion or motility
(12-14) and production of vascular endothelial growth factor-
C (VEGF-C) (15), is herein studied for its impact on the
qualities of ECM to sustain proliferation of endothelial cells.

Materials and Methods

Human umbilical vein endothelial cells (HUVECs). HUVECs were
isolated, cultured, and characterized as described previously (16-
17). Cells were cultured on gelatin-coated dishes in cM199 (M199
medium (Cambrex, Verviers, Belgium), supplemented with 10%
heat-inactivated human serum (PAA, Pasching, Austria), 10% heat-
inactivated newborn calf serum (Cambrex, Verviers, Belgium), 
150 μg/ml crude endothelial cell growth factor (ECGF) (Cambrex,
Verviers, Belgium), 5 U/ml heparin (Cambrex, Verviers, Belgium),
100 IU/ml penicillin, and 100 μg/ml streptomycin (Biochrom,
Berlin, Germany)) at 37˚C with a 5% CO2/95% air atmosphere.
Twenty-four hours prior to the experiments, medium of the
endothelial cell cultures was exchanged with a solution lacking
crude ECGF and human serum. Cell viability, estimated by trypan
blue exclusion, was 95% before starting each experiment.

Human dermal fibroblasts (HDFs) and squamous cell carcinoma
fibroblasts (SCCFs). HDFs were isolated from residual skin
specimens obtained from healthy donors with the informed consent
of the patients (in complete agreement with the Helsinki Declaration
after approval by the Local Ethical Committee) at the Department of
Aesthetic Surgery (Charles University, 3rd Faculty of Medicine,
Prague, Czech Republic) and the cultures expanded in Dulbecco’s
medium (DMEM) with 10% fetal bovine serum (FBS) and
penicillin/streptomycin (ATB) (all from Biochrom, Berlin,
Germany) at 37˚C and 5% CO2/95% air atmosphere.

SCCFs were prepared from tumor specimen of a case of
squamous cell carcinoma located in the root of tongue with the
informed consent of the patient (in complete agreement with the
Helsinki Declaration after approval by the Local Ethical Committee)
according to a basic protocol (18) modified as described in detail
(6) at the Department of Stomatology (Charles University, 1st
Faculty of Medicine). SCCFs migrating from small pieces of tumor
biopsy were collected and cultures then expanded in DMEM with
10% FBS and ATB (all from Biochrom) at 37˚C and 5% CO2/95%
air atmosphere.

HUVECs and their culture on matrices induced by Gal-1. Sterile
solutions containing human Gal-1, produced, stabilized by
iodoacetamide treatment, controlled for purity and tested for
bioactivity as described previously (10) at the concentration of 300

ng/ml, were prepared in DMEM containing 10% FBS and ATB.
HDFs or SCCFs were seeded at a density of 5,000 cells/cm2 and
cultured for 10 days. ECM scaffolds (Figure 1) produced by cells
exposed to Gal-1 on the surface of coverslips were tested as
substratum for the culture of HUVECs obtained as described above.
To remove the cells, the coverslips were incubated with sterile
distilled water for 60 minutes exerting an osmotic shock to cells (as
ascertained by subsequent culture), then the supports were incubated
with culture medium for 24 hours to prevent osmotic stress during
subsequent culturing of HUVECs (Figure 2A). HUVECs were
seeded at a density of 10,000 cells/cm2 and kept for 48 h at 5%
CO2/95% air atmosphere and 37˚C. Cells brought into contact with
untreated and/or gelatin-coated coverslips (in the presence or
absence of 25 ng/ml of recombinant VEGF) were used as controls.

Immunocytochemical analysis of cultured cells. The tested
specimens were fixed with 2% buffered paraformaldehyde (pH 7.2)
for 5 min and washed with phosphate-buffered saline. Cells were
permeabilized (except for HUVEC cells processed for CD31
staining (endothelium marker)) by exposure to Triton X-100
(Sigma-Aldrich, Prague, Czech Republic) and sites for the antigen-
independent binding of antibodies were blocked by porcine serum
albumin. Commercial antibodies were diluted as recommended by
the suppliers. The set of primary (CD31, galectin-1, Ki67, vimentin,
fibronectin) and secondary antibodies used in this study is
summarized in Table I. The specificity of the immunocytochemical
reaction was ascertained by replacing the specific first-step
antibodies by an irrelevant antibody, by omission of the first-step
antibody from processing and by processing positive control
specimens. Cell nuclei were counterstained by 4’,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich). All specimens were mounted
in Vectashield (Vector Laboratories, Burlingame, CA, USA) and
inspected by an Eclipse 90i fluorescence microscope (Nikon, Tokyo,
Japan) equipped with filterblocks for fluorescein isothiocyanate
(FITC) and tetramethylrhodamine isothiocyanate (TRITC) and
DAPI, and a Cool-1300Q CCD camera (Vosskühler, Osnabrück,
Germany); data were analyzed by a LUCIA 5.1 computer-assisted
image analysis system (Laboratory Imaging, Prague, Czech
Republic).

Cell counting and statistical analysis. Cell nuclei (based on DAPI
staining) were counted in three randomly selected visualization
fields in each case. Furthermore, Ki67 positivity was assessed in
three fields per specimen. The proliferation activity was then
expressed as mean number of cells per visualization field and also
as percentage of Ki67-positive cells. All experiments were
performed in triplicates.
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Figure 1. Representative figure of decellularized ECM produced by
fibroblasts following 10-days lasting galectin-1 stimulation and after an
osmotic shock.



All data are expressed as mean±standard deviation (SD).
Analysis of variance (ANOVA) followed by processing data by the
Tukey-Kramer multiple comparison test were applied for
statistically evaluating differences in total cell numbers and
percentages of Ki67-positive cells. p Values less than 0.05, were
considered statistically significant.

Results

Cell morphology. The mesenchymal origin of the cells was
confirmed by vimentin staining, and cells were also positive
for CD31, which is a commonly accepted endothelium
marker (Figure 2B and C). Intracellular galectin-1 presence
was moderate in all culture systems except for the control
culture (seeded on the untreated surface without VEGF
supplementation), where only a very weak signal was
recorded (Figure 2B). Control cultures of HUVECs, seeded
on the untreated surface without VEGF supplementation of
the medium, expressed a comparatively small amount of
fibronectin (Figure 2B). HUVECs seeded on a gelatin-coated
surface and cultured in a VEGF-free medium were able to
produce a fine-structured fibronectin-positive ECM. In
contrast, cells in VEGF-stimulated cultures synthesized
rather rough bundles of fibronectin in a comparatively
reduced amount. Similarly, cells seeded on a HDF-generated
bio-scaffold produced only a limited amount of fibronectin.
In contrast, HUVECs in contact with a SCCFs-derived
matrix produced the most prominent fibronectin network
(Figure 2C).

Cell proliferation. In the next step, the number of cells per
visualization field and the expression of the human nuclear
antigen Ki67 were used to grade the effect of cell-
surface/matrix interaction on HUVECs proliferation. Evidently,
the lowest number of cells was present in the control culture,
the highest in the culture where cells were seeded on the

scaffold produced either by HDFs or SCCFs (Figure 2D). The
percentages of Ki67-positive cells did not consistently correlate
with the total number of cells (Figure 2D). With respect to this
parameter, the highest level of Ki67 presence was observed in
HUVECs seeded either on untreated glass and stimulated with
VEGF or on a SCCF-produced matrix. 

Discussion

Our previous experience with human keratinocytes, which
could be expanded on a matrix produced by fibroblasts (rich
in fibronectin and Gal-1) without feeder cells and having a
phenotype characterized by a small diameter and keratin-19
positivity which reflects a low differentiation status (10, 19),
prompted the current investigation. Accordingly, endothelial
cells, routinely grown on gelatin-coated surfaces, were tested
in this system as well. Herein we showed that ECM
generated by HDFs and SCCFs in response to Gal-1 favors
HUVECs growth in the culture. 

The reported data make a strong case for directing further
efforts to analyzing the properties of the ECM produced by
fibroblasts beyond the attention given to the secretion of
chemokines, cytokines and growth factors. Use of the described
system provides availability of factors such as chemokine
CXCL-1 and interleukins-6/-8, which are up-regulated (20, 22).
With Gal-1 belonging to the set of proteins with increased
expression documented in head and neck cancer stroma (22,
23), an effect on endothelial cells and so vascularization can
be expected. Galectins have been proven to be potent mediators
in different contexts, e.g. immunomodulation exerted by such
parasite-derived effectors on immune cell activities (24-25).
Consideration of this aspect can add to the currently defined
multifunctionality of these lectins, a prerequisite to turn
emerging insights into testable approaches to interfere with
tumor growth or to promote wound healing.
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Table I. Reagents used for immunocytochemistry.

Primary antibody Abbreviation Specificity Host Produced by Secondary antibody Produced by Channel

CD31 CD31 Endothelial Mouse Abcam, Cambridge Goat anti-mouse Sigma-Aldrich, TRITC-red
cell monoclonal Science, Cambridge, UK St. Louis, MO, USA

Galectin-1 Gal-1 ECM/cell Mouse Vector Laboratories, Goat Sigma-Aldrich, TRITC-red
monoclonal Burlingame, CA, USA anti-mouse St. Louis, MO, USA

Ki67 Ki67 Proliferation Mouse DakoCytomation, Goat Sigma-Aldrich, TRITC-red
marker monoclonal Glostrup, Denmark anti-mouse St. Louis, MO, USA

Vimentin Vim Mesenchymal Mouse DakoCytomation, Goat Sigma-Aldrich, TRITC-red
cell monoclonal Glostrup, Denmark anti-mouse St. Louis, MO, USA

Fibronectin Fibr ECM Rabbit DakoCytomation, Swine Dako Cytomation, FITC-green
polyclonal Glostrup, Denmark anti-rabbit Glostrup, Denmark

Galectin-1 Gal-1 ECM/cell Rabbit Gabius laboratory, Swine Dako Cytomation, FITC-green
polyclonal LMU, Munich, Germany anti-rabbit Glostrup, Denmark
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Figure 2. A: Schematic presentation of experimental design for building the bioactive scaffold produced by fibroblasts. B: Cultures of human umbilical
vein endothelial cells (EC) seeded on various types of surfaces: EC – cells seeded on the untreated surface in standard medium, EC+G – cells
seeded on a gelatin-coated surface in standard medium, EC+G+V – cells seeded on a gelatin-coated surface in medium supplemented with VEGF
(V), EC+S+HDF – cells seeded on the matrix produced by human dermal fibroblasts (HDF), EC+S+SCCF – cells seeded on the matrix produced
by fibroblasts prepared from a human squamous cell carcinoma (SCCF). Figure B also shows the effect of cultivation condition on expression of
galectin, vimentin and proliferation marker Ki67 as well as production of fibronectin. C: The effect on extracellular matrix rich for fibronectin
production is shown with simultaneous detection of endothelial marker CD31. D: Graph shows cell numbers (left) and percentages of Ki67-positive
cells (right) in the tested culture systems (*p<0.05; **p<0.01; ***p<0.001).



In conclusion, both dermal fibroblasts and cancer-
associated fibroblasts respond to Gal-1 exposure in vitro by
producing an ECM, which is favorable for sustained
HUVECs culture. In addition to the aspect of ECM
remodeling by matrix metalloproteinases (27), work on
matrix constitution, produced by fibroblasts as integral part
of tumor microenvironment, is thus warranted.
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