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Abstract
Background. Angiogenesis is a  fundamental process underlying cancer progression and autoimmune disease. 
Lewis Y is known as a regulated glycan-structure supporting human endothelial function and angiogenesis.
Objectives. We hypothesize that Lewis Y based analogues interfere with Lewis Y mediated endothelial functions 
and angiogenesis. We therefore evaluated the ability of 3, 4-bis [(b-D-galactopyranosyl)osy]-methyl-furan (BGF) 
a furan-based Lewis-Y saccharide mimetic to inhibit human endothelial adhesion, migration and in vitro angio-
genesis.
Material and Methods. The ability of BGF and additional furan-based saccharide-mimetics was investigated to 
inhibit adhesion and migration of human bone marrow endothelial cells (HBMEC). Influence of BGF was tested 
on a multicelluar in vitro – angiogenesis assay in the presence of VEGF.
Results. BGF significantly inhibited HBMEC adhesion and migration stimulated by TNF-alpha by up to 70%. The 
anti-adhesive effect of BGF was particularly evident when HBMEC adhesion and migration was tested on collagen 
as extracellular matrix with weaker effect when laminin and fibronectin were used as an extracellular matrix. BGF 
was ineffective when HBMEC were stimulated with VEGF. The inhibition of endothelial function translated into 
a significant inhibitory effect of BGF in the multicellular in vitro angiogenesis-assay. BGF reduced the angiogenesis 
index compared to the positive controls by 32%.
Conclusions. We identified the ability of the furan-based Lewis Y saccharide mimetic BGF as a specific modulator 
of TNF-alpha activated endothelial function and in vitro angiogenesis. BGF and other related glycan analogues 
should further be explored for their ability to down modulate endothelial activation in TNF-alpha driven patho-
physiologic conditions in autoimmune disease and cancer indications (Adv Clin Exp Med 2015, 24, 5, 759–768).
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Angiogenesis is a central mechanism underly-
ing malignant and auto-immune disease [1]. A key 
event in the vascularization process is the activa-
tion of resting endothelial cells by pro-angiogenic 
molecules resulting in a sequence of molecular and 
cellular events that lead to a neo-vascular structure 
that supports tumor cell metastasis and prolifera-
tion  [2, 3]. There is a  general recognition of gly-
cosylation for cell proliferation, cell adhesion and 
migration but the role of glycosylation and glycan 
molecules specifically in endothelial biology and 
tumor angiogenesis has been investigated only by 

a  limited number of publications. Surface expres-
sion of glycans and their role in endothelial cell ad-
hesion and angiogenesis is of particular relevance 
in this context.

It was described that the tetra-sacharide struc-
ture Lewis Y or CD174 is expressed after TNF-al-
pha induced activation of endothelial cells  [4, 5]. 
Upregulation of Lewis Y  on capillaries was ob-
served in the context of tumor angiogenesis in-
dicating that Lewis Y  is also highly upregulated  
in vivo in pathophysiologic conditions as tu-
mor angiogenesis  [4]. These and functional data 
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suggest a functional role of Lewis Y in endothelial 
adhesion and in vitro angiogenesis.

Lewis Y or CD174 was initially recognized as 
blood group antigen  [6]. CD174 tetrasacharide 
structure is composed of 2 alpha-L-fucose mol-
ecules, alpha-D-galactose and N-acetyl-glucos-
amine (Fig.  1). Carrier molecules of Lewis Y  can 
be glycoproteins and glycolipids. Surface expres-
sion of Lewis Y and the very similar blood group H 
Typ 2 (CD173) antigen are both regulated by fu-
cosyltransferase FUT1 and FUT2. FUT1/FUT2 
transcription and as a  consequence Lewis Y  ex-
pression is a tightly regulated process [6, 7].

Outside of the hematopoietic system, Lewis Y 
can be expressed by a variety of tissues as epithe-
lial cells  [8]. Endothelial expression and upregu-
lation of fucosylated glycans was initial discov-
ered by Kannagi et  al. and Garcia-Vallejo et  al.   
[5, 7, 9]. Lewis Y is upregulated on endothelial cells 
in vitro by TNF-alpha but not by VEGF or bFGF 
which indicated a  TNF-alpha-specific signaling 
pathway that leads to the upregulation of Lewis Y. 
On endothelial cells several cell surface receptor 
as ICAM-1 and αvβ3 integrin which are involved 
in adhesion events were discovered as carrier for 
Lewis Y [10, 11].

The discovery of the exact function of Lewis Y 
in the various tissues but in particular for the an-
giogenesis process is ongoing. Lewis Y is not only 
upregulated under tumor and inflammatory con-
ditions but also in the embryonic development as 
another circumstantial evidence that Lewis Y has 
a  role in multicellular processes of development 
and proliferation [11]. The use of glycan analogues 
is an important approach to interfere with glycan 
related adhesion mechanisms to study the physio-
logical role on cell surface expressed glycolipids or 
glycoproteins. Moreover, this concept has poten-
tial relevance for the development of glycan ana-
logues as therapeutic agents.

The potential of the synthetic Lewis Y  ana-
logue 3, 4-bis [(b-D-galactopyranosyl)osy]-meth-
yl-furan (BGF) to inhibit tumor adhesion as well as 
migration was initially demonstrated by Kim et al. 
using the B16F10 melanoma cells [12].

The ability to inhibit tumor as well as endo-
thelial cell adhesion and migration was recently 
demonstrated for another newly synthesized gly-
can analogue based on a bis-hydroxymethylate cy-
clohexan core which was found to bind to integ-
rin αvβ3 [13].

We explored if the Lewis Y  analogue BGF 
might be able to influence endothelial functions 
as endothelial adhesion, migration and in vitro 
angiogenesis.

Material and Methods
The retrovirally immortalized human bone 

marrow-derived endothelial cells (HBMEC-60) 
were kindly provided by Dr. E.  van der Schoot 
(Sanguin, Amsterdam, the Netherlands) and orig-
inally described by Rood et  al. In our study, we 
used the cloned HBMEC-60 cell line. These cells 
are characterized by expression of von-Willebrand 
factor (vWF) and VE-cadherin (CD144). E-selec-
tin (CD62e) and VCAM-1 (CD106) are not ex-
pressed on unstimulated HBMEC-60, stimulation 
with IL-1 beta upregulates CD54 and CD106 [14].

HBMEC-60 were grown under standard cell 
culture condition at 36°C and humidified atmo-
sphere with 5% CO2 in endothelial cell growth 
medium (Promocell, Heidelberg, Germany) sup-
plemented with 20% (v/v) heat-inactivated fe-
tal bovine serum (Biochrom KG, Berlin, Germa-
ny), 1  μg/mL hydrocortisone, 0.1  ng/mL human 
epidermal growth factor (EGF) (Promocell, Hei-
delberg, Germany) and 1  ng/mL human basal fi-
broblast growth factor (Biozol, Germany), ampho-
tericin B  50  ng/mL and gentamycin 50  mg/mL.  
Cells for these assays were mycoplasm-free as ver-
ified by DAPI-staining of DNA and a PCR-based 
mycoplasm test (Venor GeM-OneStep, Miner-
va Biolabs, Berlin, Germany). Cells were stimulat-
ed with recombinant TNF-a (Promocell) at a con-
centration of 40  ng/mL or VEGF at 20  ng/mL 
(Promocell).

3,4-bis([(β-D-galactopyrano-syl)oxy]methyl)
furan (BGF) as well as 3,4-Bis-Xyl-Furan (GM133) 
and 3,4-Bis-Glu-Furan (GM139) were synthesized 
as described previously  [14]. Chemical structures 
of the analogues investigated in our assays are dis-
played in Fig. 1.

Adhesion Assay
HBMEC-60 cells were stimulated for 48 h with 

40 ng/mL TNF before the beginning of the adhe-
sion assay. Cells were washed and were pre-incu-
bated with respective glycan analogues in phos-
phate-buffered saline solution (PBS, Promocell, 
Heidelberg, Germany) in the indicated concentra-
tion on ice for 15 min. Cells were washed subse-
quently and re-suspended in ECG medium with-
out supplements. As a next step cells were seeded 
in 96-well plates pre-coated with extracellular 
matrix proteins as indicated (fibronectin, lam-
inin, collagen) in a cell density of 2.5 × 104 cells in 
150 μL per well in the presence or absence of ana-
logues as indicated. Adhesion assay was performed 
at a cell culture condition at 37°C for 30 min. Ex-
periments were performed with 3–6 replicates. The 
supernatant with non-adherent cells was finally 
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removed and exchanged with fresh supplement- 
-free ECG medium. Images of adherent cells were 
captured using an AxioCam MRm Camera Sys-
tem (Zeiss, Jena, Germany) and number of adher-
ent cells were counted using a Cell Counter Pro-
gram of Image J.

Migration Assay

HBMEC-60 cells were stimulated for 48 h with 
40 ng/mL TNF before the beginning of the migra-
tion assay. Cells were washed and incubated in EC-
GS-medium with only 5% FBS for 12 h before the 
start of the experiments. Polycarbonate transwells 

Fig. 1 A–E. Structure of Lewis Y and furan-based Lewis Y saccharide mimetics

Tetrasacharide structures possibly relevant for adhesion and binding to ECM (Gal-Fuc1-Fuc2- und GlcNAc-) are 
highlighted (G, F1, F2, GlcNAc). These tetrasacharide structures were added to a furan backbone to generate various 
furan-based Lewis Y saccharide mimetics (Kim et al 2005). A – Lewis Y structure, B – BGF; 3,4-Bis-Gal-Furan;  
C – GM133; 3,4-Bis-Xyl-Furan; D – GM139; 3,4-Bis-Glu-Furan; E – 3,4-Bishydroxymethyl-Furan (control).
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with 8 μm pore size (Corning Costar) were coat-
ed on the lower side with laminin, fibronectin or 
collagen type I  (10 μg/mL in PBS each for 1 h at 
37°C) and were inserted into 12-well plates. En-
dothelial cells were plated at a density of 4 × 104 

cells/mL into the upper compartment of the tran-
swells in endothelial cell medium with 40  ng/mL 
TNF-alpha or 20  ng/mL VEGF. Then BGF or 
3,4-bis(hydroxymethyl)furan (control) or medium 
only were added. After incubation for 60  min at 
37°C non-adherent cells were removed, and cells 
ticking on the transwells were washed with PBS 
and fixed in 4% paraformaldehyde for 10 min at rt, 
washed again and stained in the dark with Hoechst 
33342 DNA dye (Invitrogen), washed twice with 
PBS at rt and then stored at 4°C until photograph-
ical documentation of the microscopy image and 
further counting of adherent stained cells. The ex-
periments were performed in triplicates and in 
three independent experiments for each extracel-
lular matrix protein.

In Vitro-Angiogenesis  
Assay/Tubing Assay
Essentially the in vitro angiogenesis assay 

TCM provided by Cellworks (Buckingham, UK) 
was used and performed as per the manufacturer 
recommendations. This test system was developed 
based on experimental data that the resulting tu-
bule formation resembles in vivo angiogenesis and, 
therefore, is termed in vitro angiogenesis [14]. Us-
ing this test system, cocultures of human fibro-
blasts and human umbilical cord vein endotheli-
al cells (HUVEC) were incubated in 24-well plates 
in endothelial growth medium including growth 
factors and test substances. Medium and test sub-
stances were changed on day 4 and 7 of cell cul-
ture. Where indicated VEGF was added at a con-
centration of 20 ng/mL on day 1, 4, 7 to support in 
vitro angiogenesis. On day 9 the medium was re-
moved and the cells were washed and fixed in 70% 
(v/v) EtOH for 30 min at room temperature. Sub-
sequently, cells were incubated with methyl alcohol 
and 30% H2O2 to block non-specific binding of vi-
sualization reagents. Cells were then washed with 
PBS. This was followed by a 30 min incubation step 
using an anti-CD31 antibody (DAKO, Hamburg, 
Germany) which specifically binds to endotheli-
al cells in this experimental setting. After washing 
a secondary goat anti-mouse IgG antibody coupled 
to streptavidine-horse-radish-peroxidase (HRP) 
was incubated for 20  min and subsequently with 
AEC + substrate for 14  min (DAKO, Hamburg, 
Germany). After additional washing steps, a coun-
terstaining with hematoxylin was performed. Cell 
cultures and tube formation was investigated with 

an Olympus IX70 microscope with integrated dig-
ital camera (Olympus, Germany). Digital images 
were further analysed using Angiosys 1.0 software 
to evaluate tubule length, tubule network forma-
tion as junctions between tubes, number of tubules 
(Cellworks, Buckingham, UK). For a  quantitative 
comparison of cultures an angiogenesis index was 
calculated that captured and integrated all rele-
vant aspects of in vitro angiogenesis (tubule num-
ber, tubule length, network formation/junctions). 
To integrate all of these parameters in the index 
the results of the individual measurements were re-
lated to the mean value of the positive control for 
each parameter by setting the mean value of posi-
tive control for each parameter (junctions/length/ 
/number of tubules) as 100%.

Statistical Analysis
Kruskal-Wallis and Wilcoxon rank sum tests 

were used to assess significance in comparing in-
hibitors to control mimetic. Inhibition of BGF 
compared to positive controls was assessed us-
ing a  t-test with pairwise comparison. A  Welch 
two sample t-test was utilized to analyze the dif-
ference between BGF and control. All statistical 
tests were used with the number of cells actually 
counted or obtained by quantifying the results of 
the test systems. Data was then presented either as 
mean of absolute numbers or as percentages (see 
figures and figure legends). All values are shown 
as mean of at least three triplicates. If applicable 
results were corrected for multiple testing using 
the Benjamini-Hochberg method. In all statistical 
tests, an effect was considered statistically signifi-
cant if the p  value of its corresponding statistical 
test was not greater than 5%. All statistical com-
putations were performed using R v. 3.1.1 (A Lan-
guage and Environment for Statistical Comput-
ing. Vienna, Austria: R Foundation for Statistical 
Computing; 2014).

Results
The Glycan Analogue BGF 
Inhibits Endothelial Adhesion
To investigate if the Lewis Y saccharide-mimet-

ic BGF could inhibit the adhesion of human endo-
thelial cells, BGF was investigated in increasing con-
centrations in an adhesion assay using HBMEC-60 
stimulated with TNF-alpha as described in materi-
al and methods. Stimulation with TNF was used as 
TNF-alpha is known to activate the Lewis Y expres-
sion [4, 8]. Adhesion of HBMEC-60 was tested in 
the context of various ECM proteins (fibronectin, 
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collagen, laminin) and with increasing concentra-
tions of BGF starting with 0.1 mM. We observed 
a dose dependent inhibition of the HBMEC-60 ad-
hesion (Fig. 2). The adhesion inhibition reached sta-
tistical significance in the context of all ECM mole-
cules with 5 mM or higher compared to the control 
substance (Fig. 1E). The maximum inhibition was 
achieved with 10 mM of BGF. The maximum inhi-
bition of adhesion was achieved with 10 mM BGF 
was in the range between 40% and 66% and was de-
pended on the experimental condition and utilized 
ECM molecules (Fig. 2 and 3A). The ability of BGF 
to block adhesion was dependent on the ECM mol-
ecules used in the experimental condition. Whereas 
BGF could inhibit collagen mediated adhesion sig-
nificantly even at the lowest tested concentration of 
0.1 mM (p < 0.01), BGF concentrations of 1 mM or 
0.5 mM were required for fibronectin oder laminin-
mediated adhesion.

Next, we investigated the anti-adhesive ef-
fect of furan-based Lewis Y  analogues that had 
a  modified structure compared to BGF (Fig 1). 
For this comparison we used the concentration of 
5 mM and 10 mM that led to best inhibition in 
the concentration-dependent adhesion assays in-
vestigating BGF (Fig 3A, 3B). In the assay shown 
in Fig.  3 using the 10 mM BGF concentration 
69% (collagen), 68% (fibronectin) and 42% (lam-
inin) inhibition compared to the control analogue 
was achieved. GM133 (10 mM) reached 47% for 

fibronectin and collagen dependent adhesion and 
43% laminin-dependent adhesion. For GM139  
(10 mM) we obtained 53% (collagen). 54% (fibro-
nectin), 40% (laminin). At the next lower concen-
tration of 5 mM the modified Lewis Y saccharide- 
-mimetics GM133 and GM139 lost their ability to 
significantly inhibit adhesion whereas BGF con-
firmed the inhibitory potential (Fig.  3B). Taken 
together the adhesion data comparing BGF with 
GM133 and GM139 did not indicate that the mod-
ification increased but rather decreased the anti-
adhesive properties.

The Glycan Analogue BGF 
Inhibits Endothelial Migration

After confirming the ability of BGF to signif-
icantly inhibit adhesion we investigated BGF in 
migration assays. Similar to the adhesion assay the 
migration assays were conducted in the presence 
of 3 different ECM components (fibronectin, col-
lagen, laminin) and with TNF-alpha as the stimu-
lating cytokine.

Overall, we observed a dose dependent inhibi-
tion of the HBMEC-60 migration by BGF (Fig. 4). 
Collagen-mediated migration was particularly sen-
sitive to inhibition by BGF as BGF in the lowest 
concentration of 0.1 mM (p  <  0.02) resulted al-
ready in a  significant inhibition of migration. In 

Fig. 2. BGF induced inhibition of adhesion of HBMEC-60 to extracellular matrix proteins

HBMEC-60 cells were stimulated with TNF incubated for 30 min with BGF (3,4-Bis-Gal-Furan) or 
3,4-bis(hydroxymethyl)furan (control) or medium only (HBMEC) at the concentrations indicated. The cells were 
then seeded onto plates coated with fibronectin, collagen or laminin. After 30 min nonadherent cells were removed, 
and adherent cells were fixed, washed and stained with Hoechst dye; the number of adherent and spread cells was 
then counted using an Olympus IX70 microscope. At least three areas for each well were counted for each experi-
ment. The values shown are the mean of three replicates. Statistical significance of inhibitors compared to control 
mimetic was analyzed using Kruskal-Wallis chi-square test and p-values were adjusted for multiple testing using the 
Benjamini-Hochberg method. BGF/collagen: p < 0.01 for all test conditions. BGF/fibronectin: p = 0.03 (2.5 mM), 
p < 0.01 (5 and 10 mM). BGF/laminin: p = 0.016 (1mM), p = 0.011 (2.5 mM to 10 mM).
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Fig. 3A + 3B. Comparison of BGF with 2 modified furan-based saccharide mimetics to inhibit adhesion of HBMEC-60 
to extracellular matrix proteins

HBMEC-60 cells were stimulated with TNF-α then incubated with 3,4-Bis-Gal-Furan (BGF), 3,4-Bis-Xyl-Furan 
(GM133), 3,4-Bis-Glu-Furan (GM139) or 3,4-bis(hydroxymethyl)furan (control) or medium only (HBMEC) at 
a concentration of 10 mM (A) or 5 mM (B). The cells were then seeded onto plates coated with fibronectin, col-
lagen or laminin. After 30 min nonadherent cells were removed, and adherent cells were fixed, washed and stained 
with Hoechst dye; the number of adherent and spread cells was then counted using an Olympus IX70 microscope. 
At least three areas for each well were counted for each experiment. The values shown are the mean of three repli-
cates. Statistical significance of inhibitors compared to control mimetics was analyzed using Wilcoxon rank sum test 
and p-values were adjusted for multiple testing using the Benjamini-Hochberg method. BGF – p < 0.001 (for 5 and 
10 mM) for all ECM test conditions. GM139 (10 mM) and GM133 (10 mM): p < 0.05 for all ECM test conditions; 
GM139 (5 mM)/laminin: p = 0.01; GM133 and GM139: all other experimental conditions p-value not significant.

Fig. 4. Effect of BGF on transmigration of HBMEC-60 activated by TNF-α

HBMEC-60 cells were stimulated with TNF-α for 30 min. Cells were then seeded into transwell inserts coated 
with extracellular matrix proteins in the presence of BGF, 3,4-bis(hydroxymethyl)furan (control), or medium only 
(HBMEC), as indicated. After incubation for 30 min non-adherent cells were washed away, and adherent cells were 
fixed, stained and quantified. The experiments were performed in triplicates and in three independent experiments 
for each extracellular matrix protein. Statistical significance of inhibition of BGF compared to positive control was 
assessed using a t-test with pairwise comparison. BGF for all tested concentrations on collagen: p ≤ 0.02, for 5 and  
10 mM on fibronectin: p < 0.02, for 10 mM on laminin: p = 0.028.
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contrast, for the inhibition of fibronectin and lam-
inin-mediated migration approx. 10-25-fold high-
er concentrations of BGF were required. To in-
hibit fibronectin and collagen mediated adhesion 
concentrations of 2.5 mM were required. Across 
all ECM glycoproteins used the highest inhibition 
of migration was achieved with 10 mM, which de-
crease the migration to approx. 60% of the level 
observed with control analogue.

We next investigated if the effect of BGF in-
hibition was maintained if other cytokines were 
used for stimulating migration. We, therefore, in-
vestigated HBMEC-60 migration after stimula-
tion with VEGF at a  concentration of 10  ng/mL 
knowing that VEGF is not effective in stimulating 
Lewis Y expression [4]. As demonstrated in Fig. 5 
we found that BGF was not able to suppress HB-
MEC-60 migration in the context of fibronectin 
and collagen after stimulation with VEGF. Only in 
the context of laminin BGF was able to exert a low 
level of inhibition of migration of approx. 40% at 
the highest concentration.

Inhibition of In Vitro 
Angiogenesis by BGF
As a  further step to investigate the ability of 

BGF to influence and inhibit endothelial function 
we explored the effect of BGF in an in vitro an-
giogenesis assay. In this test system fibroblasts and 
umbilical vein cord endothelial cells are cultured 
on a mix of extracellular matrix proteins including 
laminin in the presence of angiogenic cytokines in-
cluding VEGF. After 9  days in culture formation 
of capillary-like structures and capillary networks 
are observed and can be quantified. BGF was used 

in these experiments at a concentration of 5 mM 
which was found to be inhibitory in the adhesion 
and migration assays.

Examples of the capillary network formation 
in the presence of medium only (no stimulation 
of angiogenesis), VEGF 20  ng/mL in the pres-
ence of control analogue or BGF are demonstrat-
ed in Fig. 6. Comparison between medium control 
(Fig. 6A) and VEGF with or without control sub-
stance (Fig.  6B,  6C) reveals the strong induction 
of angiogenesis in this model by VEGF. Addition 
of BGF diminished all aspects of tubule formation 
(Fig.  6D) but could not reduce the angiogenesis-
response completely.

We further quantitatively evaluated the effect 
of BGF in the angiogenesis assay. For this purpose 
Angiosys 1.0 software captured the following key 
parameters of the in vitro angiogenesis: tubules, to-
tal tubule length, network formation/total number 
of tubule junctions. As described in material and 
methods the angiogenesis index was used to reflect 
on the overall ability of BGF to reduce in vitro an-
giogenesis. For this purpose data on tubule length, 
number of tubules and junctions was normalized 
to the mean of positive control and pooled for each 
experimental condition.

As displayed in Fig. 7, the presence of VEGF 
increased angiogenesis 4-5-fold. Similar results 
were obtained in the absence of the control sub-
stance as expected. Compared to the control sub-
stance incubation in the presence of BGF signif-
icantly (p  =  0.012) reduced in vitro angiogenesis 
by 32%. Angiogenesis index was still substantial-
ly higher compared to the negative control as an 
indicator that BGF could not completely suppress 
angiogenesis.

Fig. 5. Effect of BGF on transmigration of HBMEC-60 cells activated by VEGF

HBMEC-60 cells were stimulated with VEGF for 30 min. Cells were then seeded into transwell inserts coated with 
extracellular matrix proteins in the presence of BGF, 3,4-bis(hydroxymethyl)furan (control), or medium only 
(HBMEC), as indicated. After incubation for 30 min non-adherent cells were washed away, and adherent cells were 
fixed, stained and quantified. The experiments were performed in triplicates and in three independent experiments 
for each extracellular matrix protein. Statistical significance of inhibition of BGF compared to positive control was 
assessed using a t-test with pairwise comparison. BGF 10 mM/collagen: p = 0.048, BGF 5 mM/collagen p = non sig-
nificant (ns.); BGF 10 mM and 5 mM)/fibronectin: NS; BGF 10 mM/laminin: p < 0.05, 5 mM: ns.
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Fig. 6. Tubing Assay: inhibition of in vitro angiogenesis by BGF

Saccharide mimetics or control substances were added on day 0, 4, 7 to the in vitro angiogenesis assay. On day 9 
the medium was removed and the endothelial cells were stained with a monoclonal antibody against the cell surface 
antigen CD31 to allow evaluation of tubule formation. The following conditions were investigated and representative 
examples were digitally captured using an Olympus IX70 microscope equipped with a digital camera: medium only 
(A), VEGF-activated angiogenesis + control substance (B), VEGF alone (C), VEGF + BGF (5 mM) (D). The assay was 
performed in three independent experiments with the same results in terms of the BGF effect.

Fig. 7. Quantitative evaluation of the inhibition of in vitro 
angiogenesis by BGF

Tubing Assays were performed as indicated in material 
and method and legend of Fig. 6. On day 9 – as the end of 
the assay period – digital images of the tubule formation 
was obtained and quantitatively analyzed using Angiosys 
1.0 software capturing the following parameters: total 
tubule length (in nm), number of tubules and junctions 
between tubules. Data on tubule length, number of tubules 
and junctions were normalized to the mean of positive 
control and pooled for each experimental condition: 
medium, VEGF, VEGF + control mimetic, VEGF + BGF 
(5 mM). Standard deviations are displayed. A Welch two 
sample t-test was utilized to analyze the difference between 
BGF and control which indicated a p value of 0.012.
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Discussion
There is increasing evidence that the glycan 

structure Lewis Y  has a  role in endothelial func-
tions. We demonstrate and comprehensively ana-
lyze the ability of a Lewis Y furan-based saccachride 
mimetic (BGF) to inhibit endothelial adhesion and 
in vitro angiogenesis.

Endothelial cells use a variety of ECM-recep-
tors during the complex angiogenesis process [15]. 
A critical step for angiogenesis is the adhesion and 
migration of endothelial cells to ECM in particu-
lar laminin, fibronectin and collagen [17]. Our da-
ta demonstrates the ability of BGF to inhibit en-
dothelial adhesion to all of these ECM molecules. 
We, therefore, conclude that BGF interferes with 
the adhesive properties of various adhesion recep-
tors known to support the binding of endotheli-
al cells to extracellular matrix. Taking adhesion 
and migration assays together, we have identified 
the highest efficiency of BGF to inhibit binding 
and migration in the context of collagen. BGF was 
less efficient to inhibit endothelial cell adhesion 
and migration to laminin and fibronectin. This 
conclusion is based on our finding that approx. 
10–25-fold higher concentrations of BGF were re-
quired for inhibition of fibronectin and laminin- 
-mediated adhesion and migration compared to 
the collagen-mediated adhesion and migration.

Our findings are in line with the concept that 
inhibition of BGF is tightly coupled to the rel-
evance of Lewis Y  for endothelial migration and 
adhesion.

Lewis Y  expression has so far been recog-
nized on a  small set of cell surface receptors in-
volved in adhesion to ECM or intercellular adhe-
sion. In particular, regulated Lewis Y  expression 
was so far identified for integrins alphavbeta3 and 
alpha5beta1 and the intercellular adhesion mole-
cule-1 (ICAM-1) [10, 11, 16]. Zhu et al. have dem-
onstrated that in contrast to ICAM-1, VCAM-1, 
P- and E-selectins do not express Lewis  Y. This 
demonstrates that Lewis-Y dependent support of 
adhesion is restricted to a  specific set of recep-
tors and not a  ubiquitous adhesion concept. Im-
portantly, cytokine-regulated Lewis Y  expression 
on integrins αvβ3 and α5β1 increased binding to 
ECM [10, 16].

In line with this data our working hypothesis 
is that Lewis Y is upregulated on endothelial cells 
specifically by TNF-alpha on a  specific set of in-
tegrin receptors. The upregulation of Lewis Y re-
sults in an improved binding to ECM molecules 
and migration of endothelial cells. As a  conse-
quence of increased adhesion and migration Lew-
is Y supports angiogenesis. By mimicking Lewis Y,  

BGF interferes with the Lewis Y  mediated im-
proved ECM binding of ECM receptors, which in 
turn leads to the observed BGF induced decrease 
in adhesion, migration and angiogenesis.

Our finding that BGF is not able to completely 
block the adhesion of HBMEC-60 supports the con-
cept that Lewis Y expression is an enhancer of the 
adhesive function of ECM receptors. For this rea-
son mice deficient in FUT1 and FUT2 expression 
do not show phenotypic abnormalities in regards to 
embryonic and vascular development [17].

In contrast to TNF-alpha endothelial adhesion 
and migration stimulated by VEGF could not be 
inhibited by BGF, which is in line with previous 
data that VEGF did not induce Lewis Y  expres-
sion on endothelial cells [4]. Despite the substan-
tially lower activity of BGF to inhibit VEGF-in-
duced adhesion, the inhibition of angiogenesis in 
the 9  day angiogenesis assay triggered by the ad-
dition of VEGF was significant. We conclude that 
due to the long culture duration in the angiogene-
sis-assay VEGF-induced endothelial and fibroblast 
activation led to the secondary development of cy-
tokines as TNF-alpha and others that were able to 
upregulate Lewis-Y.

Further modifications of the furan-based struc-
ture of BGF (Fig. 1) by removing an OH-Group on 
the galactosyl-group (GM compounds, Fig. 3A, 3B) 
were not able to generate superior anti-adhesive or 
anti-migratory results in our test systems. Addi-
tional chemical modifications could be explored 
to further improve the activity of BGF. Develop-
ing saccharide mimetics for in vivo applications 
is possible and might be explored in the future as 
well for the Lewis Y analogue BGF or similar com-
pounds  [18]. A  particularly interesting aspect is 
that Lewis Y inhibitors will not serve as universal 
angiogenesis inhibitors but rather show selectivity 
for pathophysiological situations with TNF-alpha 
over expression which is known e.g. for autoim-
mune disease and certain cancer types. Therefore, 
future research will concentrate on the question if 
the inhibition of Lewis Y will be of special advan-
tage to suppress angiogenesis and endothelial ac-
tivation in TNF-alpha dependent disease as rheu-
matoid arthritis or specific cancer types.

Taken together, our data supports the role 
for Lewis Y  in angiogenesis. Furthermore, we 
can demonstrate that a  furan-based Lewis Y ana-
logue is able to block endothelial adhesion, migra-
tion and in vitro angiogenesis. Our data provides 
a rationale for developing Lewis Y specific glycan 
analogues based on a  furan backbone as selective 
modulators of TNF-alpha-driven angiogenesis for 
pathophysiological conditions as cancer or auto-
immune disease.
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