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Twenty patients affected by chronic venous disease (CVD) in tertiary venous network and/or saphenous vein were analyzed before
surgical ablation by echo-color-doppler for the hemodynamic parameters reflux time (RT) and resistance index (RI), a negative and
a positive prognostic factor, respectively. RT and RI were next correlated with relevant in vitro parameters of venous endothelial cells
(VEC) obtained from surgical specimens, such as cell migration in response to serum gradient, proliferation index, intercellular
adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 expression, as well as cytokines release. Of interest,
ICAM-1 expression in patient-derived VEC cultures correlated positively with RT and negatively with RI. Moreover, RT showed a
positive correlation with the baseline osteoprotegerin (OPG) expression by VEC and an inverse correlation with VEC proliferation
index. On the other hand, RI correlated positively with TNF-related apoptosis inducing ligand (TRAIL) expression. Among the
cytokines released by VEC, GM-CSF showed a positive correlation with VEC proliferation and TRAIL expression and a negative
correlation with OPG, ICAM-1 and VCAM-1 expression. Since in vitro recombinant GM-CSF induced VEC proliferation and
counteracted the induction of ICAM-1, VCAM-1 and OPG upon exposure to TNF-a, our data suggest an anti-inflammatory activity

of GM-CSF on venous endothelial cells.

1. Introduction

Venous endothelial cells (VEC) are normally exposed to
hemodynamic forces, which modulate endothelial cells func-
tions and vascular biology/pathobiology in health and dis-
ease [1, 2]. In the venous system, disturbed flow resulting
from reflux, outflow obstruction, and/or stasis characterizing
chronic venous disease (CVD) leads to venous inflammation
and thrombosis [3, 4]. In the clinical context, echo-color
Doppler (ECD) analysis allows the evaluation of clinically
relevant hemodynamic parameters such as in particular the
reflux time (RT) and the resistance index (RI). While higher
reflux time implies more severe disease, and therefore RT is
a negative prognostic factor for CVD, the RI is known to
be related to vascular resistance and is therefore considered

a positive prognostic factor in chronic venous insufficiency of
the lower limbs [5, 6].

Understanding the effects of disturbed flow on VEC can
provide mechanistic insights into the role of complex flow
patterns in the pathogenesis of vascular diseases and can
help to elucidate the phenotypic and functional differences
between quiescent (nonthrombogenic) and activated (throm-
bogenic) VEC.

Although several reports have addressed the role of
disturbed flow on endothelial cell activation using in vitro
models of shear stress [1, 2], no data are available so far
about the biological alterations of endothelial cells induced
by altered blood flows in vivo characterizing CVD. In
this context, some authors have proposed that cultured
endothelial cells represent a suitable model for studying the


http://dx.doi.org/10.1155/2013/561689

inflammatory/thrombogenic properties of endothelium of
various locations [7, 8]. In this respect, we have recently
developed a protocol for the isolation and ex vivo characteri-
zation of VEC from large veins of patients at various stages
of CVD [9, 10]. This experimental setting has allowed the
evaluation of several in vitro biological features of patho-
logical VEC, such as, in particular, cell migration, prolif-
eration, expression of the proinflammatory markers, such
as osteoprotegerin (OPG), ICAM-1, and VCAM-1 adhesion
molecules [9], and release of cytokines under normal culture
conditions or in response to proinflammatory stimulation
upon exposure to TNF-« [10]. In this context, it is interesting
to note that besides its role in osteoclastogenesis, OPG
also acts as neutralizing receptor for TNF-related apoptosis
inducing ligand (TRAIL), a TNF family member which
has been previously shown to display protective activity on
endothelial cells [11-14]. Moreover, it has been shown that,
OPG also exhibits pro-inflammatory activity on endothelial
cells [15], independently of its ability to neutralize TRAIL.

On these bases, the aim of the present study was to inves-
tigate potential correlations between the clinically relevant
hemodynamic parameters of the patients from which the
VEC were isolated (RT and RI) and in vitro biological features
of the patient-derived VEC in order to identify key factors
likely involved in modulating the in vivo biological features
of VEC. For this purpose, we have also analysed the in vitro
release of a panel of cytokines by VEC, which might play a role
in promoting angiogenesis and tissue regeneration, including
GM-CSF [16-19].

2. Material and Methods

2.1. Clinical and Demographic Characteristics of Patients.
Twenty patients affected by primary CVD with superficial
venous reflux (C2-3EpAsPr following the CEAP classifi-
cation) undergoing varicose veins surgery were assessed
by echo-color Doppler (ECD) for the following hemody-
namic parameters: peak systolic velocity (PSV) and end
diastolic velocity (EDV), which allowed the calculation of
the resistance index (RI) and reflux time (RT). The echo-
color Doppler has been made according to international
guidelines. Main clinical and demographic characteristics of
patients are summarized in Table 1. The venous segments,
which were subsequently surgically ablated, were used for
VEC isolation, by adopting the previously described protocol
[9]. The procedures followed were in accordance with the
Declaration of Helsinki, approved by the institutional review
board (University Hospital of Ferrara) and all participant
subjects gave written informed consent.

2.2. Cell Cultures and Treatments. After isolation from sur-
gical segments, highly purified VEC cultures obtained from
the CVD patients were characterized for morphological and
phenotypic properties, as previously described [9]. VEC were
grown on EGM2 medium (Lonza, Walkersville, MD) with
2% FBS and full supplements (EGM2 Bullet kit, Lonza) in
5ug/cm® fibronectin precoated tissue culture plates (BD,
Becton Dickinson, San Jose¢, CA) and used within passages
3 to 6, as previously reported [15].
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TABLE 1: Main demographic and clinical data of the cohort of
patients and phenotypic characteristics of the purified VEC.

Variable Cohort (n = 20)"
Patient age (years) 57.8£9.7
Men/women 5/15
Body mass index (kg/m?) 26.05+4.11
Age at CVD onset (years) 36.15+9.79
Relevant medical history: yes/no
Family history of CVD 17/2
DM2 2/18
Cardiac disease 1/19
Hypercholesterolemia 4/16
Hypertension 9
Current smoker 5/15
CEAP classification: C2/C3 8/12
Varicose veins surgery: CHIVA 1/CHIVA 2 13/7
Hemodynamic parameters
PSV (cm/s) 29+13
EDV (cm/s) 8+6
RI 1.31 £0.19
RT (s) 2.66 + 0.46
VEC phenotypic properties:
CD31"/CD105* 93-98%
CD146*/CD144"* 90-98%
CD457/CD14™~ 0-0.9%
Surface ICAM-1 (MFI) 64.12 + 61.93
Surface VCAM-1 (MFI) ND

*Values are expressed as mean + SD unless otherwise indicated.

CVD: chronic venous disease; DM2: diabetes mellitus type 2; CEAP:
clinical signs, etiology, anatomic distribution, and pathophysiology; CHIVA:
cure hémodynamique de l'insuffisance veineuse en ambulatoire; PSV: peak
systolic velocity; EDV: end diastolic velocity; RI: resistance index; RT: reflux
time; MFI: mean fluorescence intensity; ND: not detectable.

For in vitro endothelial cell treatment, recombinant TNF-
a (R&D Systems, Minneapolis, MN) and GM-CSF (Pepro-
Tech, NJ, USA) were used at the optimal concentration of
5ng/mL and 20 ng/mL, respectively, as determined in pre-
liminary dose-response experiments. In selected experiments
recombinant GM-CSF was added to the cells 1 hour before
exposure to TNF-a. After the different treatments, cell via-
bility was monitored by light microscopic analysis of the cell
monolayers, followed by quantitative examination by means
of trypan blue dye exclusion, and apoptosis was evaluated by
annexin V/propidium iodide (PI) staining followed by flow
cytometry analysis, as previously reported [20-22].

2.3. Cell Proliferation Assay. Cell proliferation was performed
as previously described [9] using the DP version of the xCEL-
Ligence real time cell analyzer RTCA (Roche Diagnostics,
Mannheim, Germany), which records changes in impedance
(reported as a cell index-CI) over a prolonged time course
in a noninvasive system. Briefly, the background impedance
of RTCA DP E-Plates 16 was performed using the standard
protocol provided in the software with 100 uL of EGM-2. Five
thousand endothelial cells were seeded in quadruplicate in
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fibronectin pre-coated wells with 100 uL of complete (2% FBS
and cytokines/growth factors) EGM2 and left to equilibrate
at room temperature for 30 minutes. Cells were allowed to
grow for 22 hours before adding GM-CSF to the cultures at
the indicated concentrations. The CI of the proliferating cells
was recorded and expressed as mean of CI normalized to the
CI recorded at the time of GM-CSF cell treatment compared
to untreated cells.

2.4. Real-Time Reverse Transcription-PCR Analysis. Real-
time reverse transcription-(RT)-PCR analysis was adopted
to quantitatively compare the expression levels of ICAM-1,
VCAM-1, TRAIL, and OPG in VEC cultures. Total RNA was
extracted from cells by using RNeasy Plus mini kit (Qiagen,
Hilden, Germany) according to the supplier’s instructions.
The quality of the total RNA preparation was verified by
agarose gel and, when necessary, further purification was
performed with the RNeasy cleanup system (Qiagen) to
remove chromatin DNA. Total RNA was transcribed into
cDNA, using the QuantiTect Reverse Transcription kit (Qia-
gen). Analysis of ICAM-1, VCAM-1, TRAIL, and OPG gene
expression was carried out using the SYBR Green real-time
PCR detection method with the SABiosciences RT2 Real-
Time Gene expression assays that include specific validated
primer sets and PCR master mixes (SABiosciences, Frederick,
MD), as previously described [23]. All samples were run
in triplicate by using the real time thermal analyzer rotor-
gene 6000 (Corbett, Cambridge, UK). Expression values were
normalized to the housekeeping gene POLR2A amplified in
the same sample.

2.5. Multiplex Immunoassay. VEC culture supernatant sam-
ples were frozen and thawed only once before performing
the analysis of the cytokines/chemokines by using the human
cytokine 27-Bio-Plex assay (BioRad Laboratories, Milan,
Italy), a bead-based multiplex immunoassay. Samples were
processed in duplicate following the supplier’s instructions
and read on a Bio-Plex 200 instrument equipped with the
software Bioplex Manager, using a five-parameter not-linear
regression formula to compute sample concentrations from
the standard curves.

2.6. Assessment of Cell Surface Inflammatory Markers. The
surface expression of the inflammatory markers ICAM-1
and VCAM-1 was analyzed by flow cytometry. In brief,
cells were detached with trypsin-EDTA, washed and 5 x
10° cells were resuspended in 200 uL of PBS containing
1% BSA (Sigma-Aldrich, St Louis, MO) and incubated 30
minutes at 4°C with the following monoclonal antibodies
(mAb): FITC-conjugated anti-ICAM-1 (R&D, Clone BBIG-
1) or FITC-conjugated anti-VCAM-1 (R&D, Clone BBIG-
V3). Nonspecific fluorescence was assessed by incubation
with isotype-matched conjugated mAb [20, 24].

2.7. Enzyme-Linked Immunosorbent Assay (ELISA) for OPG
Measurement. Endothelial culture supernatants were ana-
lyzed for OPG release by using ELISA kits (Alexis Biochem-
icals, Lausen, Switzerland) according to the manufacturer’s

TABLE 2: In vitro VEC biological features and correlation with in vivo
hemodynamic parameters.

Hemodynamic parameters

VEC biological features Resistance index ~ Reflux time
(RI) (RT)
R (P value)® R (P value)®
Cell proliferation index ns. -0.6 (0.027)
Cell migration index n.s. n.s.
Expression levels of ICAM-1 —-0.4 (0.002) 0.4 (0.007)
Expression levels of VCAM-1 n.s. n.s.
Expression levels of OPG n.s. 0.5 (0.013)
Expression levels of TRAIL 0.4 (0.048) n.s.

*Correlation coefficients were determined by Spearman’s analysis; n.s.: not
statistically significant.

instructions and as previously described [11]. Measurements
were done in duplicate and the results were read at an
optical density of 450nm using an Anthos 2010 ELISA
reader (Anthos Labtec Instruments Ges.m.b.H). Sensitivity
of the OPG assay was 2.8 pg/mL, the intra- and interassay
coeflicients of variation (CV) were 9% and <10%, respectively.

2.8. Statistical Analysis. Descriptive statistics were calculated.
For each set of experiments, values were reported as means +
SD and box plots were used to show the median, minimum,
and maximum values and 25th to 75th percentiles. The
results were evaluated by using Student’s ¢-test and the Mann-
Whitney rank-sum tests, when appropriate. Spearman’s cor-
relation coefficient was calculated to identify data correlation.
Statistical significance was defined as P < 0.05. All statistical
analyses were performed with SPSS Statistic 20 software
(SPSS Inc., Chicago, IL).

3. Results

3.1. Correlation between In Vivo Relevant Hemodynamic
Parameters and In Vitro Biological Features of Patient-Derived
VEC. In a previous study, we have identified and charac-
terized several biological parameters of VEC obtained from
surgical specimens of CVD patients undergoing surgery
for conservative and hemodynamic treatment of venous
insufficiency in ambulatory care (CHIVA) [9]. Since we
had the availability of the hemodynamic measurements
performed into the venous segments that were surgically
ablated and from which we derived pure vein endothelial
cultures (Table 1), in this study we have performed a set of
correlation analyses between key in vitro biological charac-
teristics of VEC (spontaneous cell migration, proliferation
index and baseline expression levels of ICAM-1, VCAM-
1, OPG, and TRAIL) and the two major hemodynamic
parameters resistance index (RI) and reflux time (RT)
(Table 2). Asreported in Table 2 and shown in Supplementary
Figure 1 in the Supplementary Material available online
at http://dx.doi.org/10.1155/2013/561689, we found that the
expression of ICAM-1 in VEC correlated negatively with RI
(P = 0.002) and positively with RT (P = 0.007) measured
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FIGURE 1: Correlation analyses between spontaneous release of GM-CSF and in vitro biological features of VEC cultures. In (a), positive
correlation between baseline release of GM-CSF and in vitro cell proliferation index and between baseline release of GM-CSF expression
and TRAIL expression in VEC cultures. In (b), negative correlation between baseline release of GM-CSF and levels of expression of ICAM-1,
VCAM-1, and OPG in VEC cultures. Correlation coefficients (R), calculated by Spearman’s analysis, are reported for each correlation.
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FIGURE 2: GM-CSF treatment induces in vitro VEC proliferation. Dynamic monitoring of endothelial cells proliferation using the
xCELLigence system. VEC were seeded at a density of 5.000 cells/well per well in quadruplicate in fibronectin-coated 16 wells E-plates and left
adhere for 22 h when recombinant GM-CSF was added to the cultures at the indicated concentrations. In (a), cell proliferation was recorded
and expressed as cell index (CI) after normalization to the CI recorded at the time of GM-CSF addition (arrow). A representative panel
of GM-CSF-treated and untreated cell proliferation expressed as normalized CI is shown. In (b), the dose-dependent effect of GM-CSF in
inducing VEC proliferation is shown as normalized CI of result from 4 independent VEC cultures. Horizontal bars are median, upper, and
lower edges of box are 75th and 25th percentiles; lines extending from box are 10th and 90th percentiles. *P < 0.05 compared to untreated

VEC.

in the same CVD patients from which the VEC were isolates.
Moreover, we found a negative correlation between in vitro
VEC proliferation and RT (P = 0.027), while the expression
of OPG correlated positively with RT values (P = 0.013).
Moreover, there was a significant (P = 0.048) positive
correlation between RI expression and TRAIL expression.

3.2. Release of GM-CSF by Patient-Derived VEC Corre-
lates with Cell Proliferation and Expression of Inflammatory
Markers. We next analysed the levels of a panel of 27
cytokines/growth factors spontaneously released by CVD
patient derived cultured VEC in order to identify soluble
factors, which might have a role in modulating the observed
biological parameters. Of interest, among the detectable
cytokines spontaneously released by VEC, only the levels of
GM-CSF showed a statistically significant positive correlation
with the spontaneous endothelial cell proliferation (R =
0.48; P = 0.02) (Figure 1(a)), in line with previous findings
highlighting the role of GM-CSF in promoting angiogenesis
and tissue regeneration [16, 19]. Moreover a significant
positive correlation was found with the expression levels of
TRAIL (R = 0.51; P = 0.04) (Figure 1(a)). In the same
fashion, the spontaneous release of GM-CSF by pathological
VEC negatively correlates with the expression levels of both
the expression of ICAM-1 (R = -0.46; P = 0.04) and
VCAM-1 (R = -0.68; P = 0.02), as well as with of

the pro-inflammatory cytokine OPG (R = -045; P =
0.02) (Figure 1(b)). Therefore, these analyses indicated that
GM-CSF showed a positive correlation with those biological
parameters (endothelial cell proliferation and TRAIL expres-
sion), which were related to a better prognosis (RI values)
and an inverse correlation with those parameters (ICAM-
1, VCAM-1, and OPG expression), which were related to a
worse prognosis (RT values) as indicated in Table 2.

3.3. Recombinant GM-CSF Increases the In Vitro Cell Pro-
liferation and Attenuates the TNF-« Induced Expression of
the Pro-Inflammatory Markers. The correlations illustrated
above suggested, but did not prove, that GM-CSF might have
an anti-inflammatory role in pathological VEC. Therefore,
we first investigated whether recombinant GM-CSF was
able to affect the in vitro proliferation rate of CVD-derived
pathological VEC. In fact, although it has already been
reported that GM-CSF might have proangiogenic activity
[25, 26], no information are available so far about the effect
of this molecule on pathological VEC isolated from CVD
patients. The proliferative response of VEC to increasing
concentration of recombinant GM-CSF (up to 20 ng/mL) was
investigated using the real-time and label-free monitoring of
cell proliferation based on electrical impedance real-time cell
analysis (RTCA). As shown in Figures 2(a) and 2(b), VEC
proliferation/survival was increased in a dose-dependent
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FIGURE 3: GM-CSF treatment downmodulates the TNF-« induced expression of ICAM-1and VCAM-1. VEC were left untreated or pretreated
for 1 hour with GM-CSF (20 ng/mL) before addition of TNF-« (5 ng/mL). ICAM-1 expression and VCAM-1 expression were analyzed after 24
hours of TNF-« stimulation. In (a), surface expression of ICAM-1and VCAM-1 was analyzed by flow-cytometry. White histograms represent
cells stained with monoclonal antibodies specific for the indicated antigens and grey histograms represent background mean fluorescence
intensity obtained by staining the same cells with isotype-matched control antibodies. A representative panel for ICAM-1 expression and
VCAM-1 expression in cultures, treated as indicated, is shown. In (b), the expression levels of ICAM-1 and VCAM-1 in VEC cultures treated
as indicated were determined by quantitative RT-PCR. Results from amplifications, done in duplicate, are expressed as fold of untreated cells

(set to 1), after normalization for the housekeeping gene. “P < 0.05.

manner by the addition in culture medium of GM-CSE, with
the maximum effect at the dose of 20 ng/mL (Figure 2(b)).
In light of the fact that pathological VEC are exposed
in vivo to a pro-inflammatory milieu, in additional exper-
iments CVD patient-derived VEC cultures were exposed
in vitro to recombinant TNF-« in order to mimic the in
vivo inflammatory microenvironment. In this setting, the

baseline levels of surface ICAM-1 expression analysed by
flow-cytometry were unaffected by recombinant GM-CSF
treatment, while the levels of surface VCAM-1 expression
were at the limit of detection. On the other hand, upon
exposure to TNF-«a surface expression of both ICAM-1 and
VCAM-1 was markedly induced (Figure 3(a)). Of interest, in
the presence of recombinant GM-CSF, the TNF-« induction
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of both ICAM-1 and VCAM-1 was significantly downmodu-
lated (P < 0.05), (Figure 3(a)). Similar results were observed
at transcriptional level, by analysing the ICAM-1and VCAM-
1 mRNA upon treatment with GM-CSF of TNF-«-stimulated
VEC cultures (Figure 3(b)).

Finally, in the last group of experiments, we have analysed
whether GM-CSF was able to inhibit the release of the pro-
inflammatory mediator OPG. As shown in Figure 4, the
analysis of both OPG protein released in culture supernatants
(Figure 4(a)), as well as of OPG mRNA levels (Figure 4(b))
after 24 hours of TNF-« stimulation showed a significant
(P < 0.05) inhibition in the presence of GM-CSF (20 ng/mL)
(Figures 4(a) and 4(b)).

4. Discussion

In light of the fact that large vein endothelium plays impor-
tant roles in clinical diseases, such as CVD and thrombosis
[27-31], the availability of a proper in vitro model able
to resume the local and pathological-related changes by
expressing and releasing specific cytokines, chemokines, and
soluble mediators involved in the pathophysiology of these
diseases might have a strategic role. We have previously
demonstrated that pathological VEC isolated from CVD
patients exhibit a peculiar pro-inflammatory phenotype,
defined by specific in vitro biological characteristics [9].
Moreover, our subsequent findings in this model suggested
the involvement of hemodynamic forces in the generation of
the pro-inflammatory feature underlying, in particular, the
contribution of soluble mediators, such as PDGF-BB [10].

In the attempt of a better definition of the link between
relevant in vivo hemodynamic parameters and in vitro char-
acteristics of pathological endothelial cells, in the present
study we have demonstrated that the hemodynamic param-
eters RT and RI calculated into the venous segments from

which the VEC were isolated, correlate with specific in vitro
biological VEC features. In particular, we demonstrate that
(i) RT values positively correlated with the VEC expression
of ICAM-1 and of OPG and negatively correlated with the
VEC proliferation index; (ii) RI values positively correlated
with the VEC expression of TRAIL and negatively correlated
with the expression of ICAM-1; (iii) the baseline release levels
of GM-CSF by patient-derived VEC positively correlated
with VEC proliferation and expression level of TRAIL and
inversely correlated with the expression levels of ICAM-
1, VCAM-1, and OPG. The direct effects of GM-CSF on
endothelial cells were then investigated by using our in vitro
model of pathological VEC. In particular, we have then
demonstrated, that recombinant GM-CSF is able to pro-
mote VEC proliferation/survival and, in a pro-inflammatory
milieu mediated by TNF-a, it can transcriptionally down-
modulate the expression of the inflammatory markers ICAM-
1, VCAM-1 which are known to be involved in the recruit-
ment of leukocytes, platelets, and erythrocytes to the vein wall
[32, 33]. Moreover, the demonstration that GM-CSF can sig-
nificantly counteract the release of OPG, suggests that GM-
CSF is able to interfere with the role of OPG in the vascular
physiopathology, with significant clinical consequences since
high circulating OPG levels are associated with endothelial
dysfunction in several pathological conditions and represents
a risk factor for cardiovascular disease progression [11, 34].
In this respect, we have previously demonstrated that the
spontaneous release of OPG by pathological VEC is the
consequence of higher baseline levels of NF-kB and thus
reflects an inflammatory in vivo status of the endothelium of
CVD patients [9].

Although originally identified as a hematopoietic growth
factor, GM-CSF is produced by a wide range of cell types,
including endothelial cells. In the context of our study,
it is noteworthy that a previous report performed in the



standard in vitro models of endothelium based on human
umbilical vein endothelial cells (HUVEC), reported that the
production of GM-CSF is regulated by hemodynamic forces
[35]. Moreover it has been established that GM-CSF is able to
induce and support endothelial cell proliferation, and tissue
regeneration phenomena that may lead to endothelial capil-
lary formation [16-19, 36]. However, the specific vascular sites
from which endothelial cells belong to might have a crucial
role on the cellular phenotype and biological behaviour of the
cells. Therefore it is noteworthy that GM-CSF, endogenously
produced by endothelial cells, can display anti-inflammatory
activity on pathologic VEC.

Although we are aware that a limitation of this explor-
atory analysis is the relatively small sample size examined,
due to the complexity in obtaining pure VEC cultures from
CVD patients which does not allow large scale studies [9], our
results suggested a significant link between in vivo haemody-
namic forces and in vitro pathological endothelial cell biology
in the context of CVD and underlie the potential role of GM-
CSF in modulating the pro-inflammatory response of CVD
patient-derived VEC. On the basis of our observations, it
remains to be established whether the use of recombinant
GM-CSE which is widely used in human therapy mainly in
the oncology [37] and sepsis [38] fields, would represent a
therapeutic tool for promoting clinical remission of CVD in
alternative to surgical ablation.
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