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Background
All the cellular partners of the vascular system and especially endothelial cells are involved in
the pathophysiology of the vasoocclusive crises associated with sickle cell disease. In sickle cell
disease, circulating cells adhere abnormally to endothelial cells in a chronic pro-inflammatory
context. Hydroxycarbamide is the only drug with demonstrated efficacy to reduce the frequen-
cy of vasoocclusive crises. Here, we investigated the effects of hydroxycarbamide and/or
cytokines on the expression of genes related to adhesion events in endothelial cells from three
different vascular sites.

Design and Methods
Endothelial cells representative of the macro- (HUVEC) or microcirculation (TrHBMEC and
HPMEC) were grown in the presence or absence of hydroxycarbamide and/or cytokines (TNFα
and IFNγ). Expression of genes encoding adhesion proteins was analyzed by RQ-PCR, ELISA,
flow cytometry, in situ ELISA for extracellular matrix proteins, and Western blot.

Results
In cells from the microcirculation, expression of TSP-1, vWF, and PECAM-1 genes was
decreased by hydroxycarbamide and/or cytokine treatment at the mRNA level. In the macro-
circulation their expression was unaffected or increased. Hydroxycarbamide significantly
decreased vWF incorporated in the TrHBMEC extracellular matrix. CD36 mRNA was strongly
down-regulated by cytokines in HPMEC, the only cell type in which it is expressed.
Hydroxycarbamide decreased soluble PECAM-1 in HUVEC supernatants.

Conclusions
Our results highlight the heterogeneity of vascular endothelial cell responses to hydroxycar-
bamide and/or cytokines depending upon their origin. They also suggest that hydroxycar-
bamide has an anti-adhesogenic effect on endothelial cells, but by mechanisms which could
vary according to their macro- or microcirculation and organ origin. 
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Introduction 

Vasoocclusion is the major clinical feature of sickle cell
disease (SCD). It results in acute painful vasoocclusive crises
(VOC) and progresses to multiple organ failure.
Vasoocclusion results from the polymerization of deoxyhe-
moglobin S. However, it is precipitated by complex
processes involving multiple cellular and molecular part-
ners. It mostly occurs in the microcirculation (bone marrow,
lung, and kidney), although some complications, particular-
ly strokes, involve large vessels. All the cellular components
of the blood system are activated in SCD and the endothe-
lium is damaged. This is attested by the presence of circu-
lating endothelial cells, activated monocytes, neutrophils,
and platelets, and circulating cytokines in a pro-inflamma-
tory context.1-4 Furthermore, sickle red blood cells (RBC) are
more adhesive than normal.5 Adhesion events are mediated
by: (i) membrane-bound receptors at the circulating-cell sur-
face including α4b1 integrin (VLA-4), CD36 (throm-
bospondin receptor), CD47 (integrin-associated protein),
Lu/BCAM (CD239), ICAM-4 and phosphatidylserine (PS)
at the RBC surface, L-selectin (CD62L), CD44, α4 and b2
integrins, PSGL-1 (P-selectin glycoprotein ligand-1, CD162)
and PECAM-1 (CD31) at the leukocyte surface, PSGL-1, P-
selectin (CD62P), and the αIIbb3 and GP1bα glycoproteins at
the platelet surface; (ii) membrane-bound counter receptors
at the vascular endothelial cell (VEC) surface, including
VCAM-1 (CD106), ICAM-1 (CD54), P- and E-selectins
(CD62E), αvb3 integrin, Lu/BCAM, CD36 and PECAM-1;
(iii) subendothelial matrix elements exposed after VEC
injury, including laminin, von Willebrand Factor (vWF),
thrombospondin-1 (TSP-1 or THBS1), and fibronectin; and
finally (iv) soluble proteins in the plasma, including TSP-1,
vWF, fribrinogen, and fibronectin acting as adhesogenic
molecules, and also sVCAM-1, sICAM-1, and sP-selectin
that act as anti-adhesogens. Taken together, these interac-
tions underlying adhesion events highlight the central role
of VEC in the pathogenesis of VOC. Several observations
reveal the heterogeneity of VEC.6-8 In particular, Chi et al.
established the transcriptomic profiles of 53 cultured VEC
types and classified VEC as: (i) micro- or macro-VEC; (ii)
arterial or venous VEC; and (iii) according to anatomical
localization.9 Expression of some markers is limited to par-
ticular VEC types, e.g. CD36 and vWF are preferentially
expressed by VEC of the micro- and the macrocirculation,
respectively.10,11

Despite the increasingly detailed description of SCD
pathophysiology, only one effective drug is presently avail-
able, i.e. hydroxycarbamide (HC or hydroxyurea).12 HC
was initially given to SCD patients because it was seen to
increase fetal hemoglobin (HbF) in HC-treated patients
with myeloproliferative disorders. Increased HbF was
expected to be beneficial because HbF interferes with
deoxyhemoglobin S polymerization. Indeed, HC-treatment
drastically reduces VOC incidence13 and, in the long term,
increased HbF level and decreased VOC frequencies are
associated with reduced mortality.14 However, no short-
term correlation could be established between the clinical
benefit observed and HbF increase. Indeed, HbF response is
highly variable from patient to patient whereas the clinical
benefit is almost constant and precedes laboratory changes
including HbF increase.15-17 Guided by this observation, our
group and others decided to define more precisely the cel-
lular and molecular targets of HC. In particular, the effects
of HC on RBC adhesion and adhesion molecules have been

studied. HC decreases the strength of RBC adhesion to
VEC, TSP-1 and laminin matrices and also decreases the
expression of CD36 and α4b1 integrin at the RBC surface.18-

20 In comparison, data concerning the effects of HC on VEC,
the other cellular partner of cell adhesion, are scarce.
Adragna et al. reported that HC decreases the adhesion of
normal RBC to treated primary VEC from the bovine
aorta.21 As the most frequent site of VOC is bone marrow,
we studied the effects of HC on a VEC line derived from the
human bone marrow microcirculation, TrHBMEC. Thus,
we previously reported that HC modulates VCAM-1 and
ICAM-1 expression in TrHBMEC.22 We also found that HC
down-regulates the expression of endothelin-1 (ET-1), a
powerful vasoconstrictor, by TrHBMEC and that ET-1 was
very rapidly and dramatically decreased in HC treated SCD
children, providing an in vivo correlate to our in vitro obser-
vation.22,23 These data definitely designate VEC as an HC
cellular target.

More recently, we used a transcriptomic approach involv-
ing micro-array analysis to exhaustively list HC-target
genes in TrHBMEC both at the basal state and in pro-
inflammatory conditions and described the effect of HC on
the production of pro-inflammatory cytokines by VEC.24

The aim of the present study was to focus our analysis of
the micro-array data on the expression of genes related to
adhesion events and to extend our investigation to other
human VEC types in order to appreciate how HC and/or
cytokines (CY) may modify the adhesogenic patterns of
vascular endothelia in different sites. Thus, in addition to
TrHBMEC, we studied and compared the effect of HC
and/or CY treatments on primary VEC from the lung
microcirculation (HPMEC) and from the umbilical vein
(HUVEC), the most widely utilized macrocirculation
model. 

Design and Methods

Endothelial cell culture
TrHBMEC were cultured as previously described and used

between passage 19 and 23.25 Human umbilical vein endothelial
cells (HUVEC), primary cells from the macrocirculation, were iso-
lated from umbilical cords as previously described.26 HUVEC were
cultured in Endothelial Cell Growth Medium (PromoCell,
Heidelberg, Germany) and used between passage 3 and 7. Human
Pulmonary Microcirculation Endothelial Cells (HPMEC), primary
cells, were cultured according to the manufacturer's instructions
(PromoCell) and used between passage 3 and 7. Cells were grown
until 90% of confluence and then exposed to HC treatment with
or without TNFα and IFNγ treatment27 for 24 and 48 h for microar-
ray experiments and for 5 h, 10 h, 16 h, 24 h and 48 h for RQ-PCR
experiments and protein assays. HC (Sigma-Aldrich, St Louis,
USA) was used at a final concentration of 250 μM and TNFα and
IFNγ (R&D systems, Abingdon, UK) were used at 100U/mL each. 

Microarray experiments
Microarray experiments with TrHBMEC treated with HC

and/or CY for 24 h or 48 h and data analysis were performed as
previously described using an Applied Biosystems 1700 Genome
Survey Microarray platform (Applied Biosystems, Forster City,
USA).24 Data were generated using the Human Genome Survey
(HGS) arrays (version 1 and 2) which measure gene expression lev-
els of 29,918 validated human genes. Logarithmic fold-changes
were calculated as previously described in an "everyone-against-
everyone" scheme. Each subtraction profile (HC vs. NT and
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HC+CY vs. CY both at 24 and 48 h) was normalized by the
NeONORM method with k=0.2 and P values determined accord-
ing to a normal distribution hypothesis of signal intensities using
standard ANOVA methods. Among the genes identified as being
modulated, analysis was focused on the 1,275 genes that GO,
Kegg, and PANTHER annotations indicated to be related to adhe-
sion events (Online Supplementary Table S1). 

RNA isolation and retro-transcription
Total RNA was extracted from cultured cells using the

NucleospinRNAII kit according to the manufacturer's instructions
(Macherey-Nagel, Düren, Germany). The RNA samples were
reverse transcribed as recommended by the manufacturer
(Abgene, Epsom, UK). The mix was incubated for 10 min at room
temperature and then 15 min at 42°C. The synthesized cDNA was
kept at -20°C until real-time PCR experiments.

Real-time quantitative PCR experiments (RQ-PCR)
RQ-PCR experiments were carried out on an ABI 7300 (Applied

Biosystems). The sybrgreen intercalant was used to detect amplifi-
cation and the Sybrgreen Core Reagent was utilized according to
the manufacturer's instructions (Abgene). The final concentration
of cDNA was approximately 5ng/μL. The primers were used at
300 nM and designed using the Primer Express Software (Applied
Biosystems) (Online Supplementary Table S2). The TATA box bind-
ing protein (TBP) gene was used for normalization of the quantita-
tive data because its expression appears stable in our cell systems
and TBP primers designed by Bièche et al. were used.28 All RQ-PCR
results are expressed as means±SD of percent of expression of the
control value for 5 independent experiments each in duplicate.
Values for non-treated cells (NT) served as control values for HC-
or CY-treated cells, and those for CY-treated cells for HC+CY-
treated cells.

Soluble protein quantification in cell supernatant 
by ELISA

The concentrations of TSP-1, vWF, and soluble PECAM-1 in cell
supernatants were evaluated by ELISA. Supernatants were collect-
ed after treatment, spun for 10 min at 4,000g and then stored in
several aliquots at -20°C until protein quantification. A commercial
kit was used for sPECAM-1 assays according to the manufacturer's
instructions (Diaclone, Besançon, France). TSP-1 was assayed as
previously described.29 vWF assays were performed according to
the manufacturer's instructions (Dakocytomation, Glostrup,
Denmark), and the standard curve was generated by serial dilution
of purified vWF (Diagnostica Stago, Asnières, France). All ELISA
results are expressed as the mean concentration in pg/ml or ng/ml
for 5 independent experiments each in duplicate. 

In situ quantification of extracellular matrix (ECM) 
proteins by ELISA

VEC were seeded (2¥104 cells in 100 μL) onto 96-well plate in
their respective medium 24 h before exposition to HC treatment
with or without TNFα and IFNγ treatment for 24 and 48 h. Plates
were washed with PBS 1X without Ca2+ and Mg2+ and confluent
endothelial cell monolayers were lyzed by incubation with 100 μL
of a lysis solution containing 0.1% (v/v) Triton X-100, 0.1 M
NH4OH, 1 mM PMSF (phenylmethylsulfonyl fluoride) (Fluka,
Sigma-Aldrich), 1X PIC (Protease Inhibitor Cocktail, Sigma-
Aldrich) for 20 min at RT.30 ECM were washed three times with
PBS 1X, and directly analyzed by in situ ELISA. vWF and TSP-1
quantification in ECM were carried out using Polyclonal Rabbit
Anti-Human von Willebrand Factor/HRP antibody (Dako -
Cytomation) and polyclonal rabbit anti-human TSP-1
(Calbiochem, Nottingham, UK), respectively.

Analysis of vWF multimer composition
Analysis of vWF multimers was carried out by SDS-agarose gel

electrophoresis, using 2% HGT agarose type VI (Sigma-Aldrich).
Gels were poured with running gel buffer between two glass
plates (18¥16 cm) pre-heated at 50°C and separated by a 0.75 mm
thick spacer. Electrophoresis was carried out in a vertical gel unit
SE 600 (Hoefer Inc. Holliston, MA, USA) and run in a cold room at
4°C for 21 h at 55 V with a gentle stirring of the anode buffer. The
protocol was adapted from Raines et al.31 and Groot et al.32 After
electrophoresis, proteins were transferred from the gel to a PVDF
membrane (Bio-Rad, Hercules, CA, USA) by capillary blotting pro-
cedure overnight at RT in PBS 1X containing 5% methanol. After
protein transfer, the Western blot analysis for vWF was carried out
using Polyclonal Rabbit Anti-Human Von Willebrand Factor/HRP
(1:1,000) (DakoCytomation). Multimers were detected using
enhanced chemiluminescence (ECL) (GE Healthcare, Buckingham -
shire, UK).

mbPECAM-1 flow cytometry analysis
Cells were labeled with a mouse anti-human PECAM-1 IgG

(clone WM59, Clinisciences, Montrouge, France) and were ana-
lyzed on a FACS Calibur flow cytometer (Beckton Dinckinson, NJ,
USA) which analyzes 10,000 cells for the presentation of the spe-
cific antigen. The number of copies of the antigen molecule per
VEC was estimated from a calibration curve obtained with Qifikit
calibration beads (DakoCytomation). For reasons of cell availabili-
ty, flow cytometry analyses were carried out only with TrHBMEC
and HUVEC.

Statistical analysis
Statistical analyses included the t-test in Graph Pad Prism

Software (GraphPad Software, San Diego, USA). Two groups
were considered to be significantly different if the P value was
less than 0.05.

Results

Microarray analysis of adhesion-related gene expression
in TrHBMEC

All data from the microarray analysis have been deposit-
ed at the Gene Expression Omnibus gene expression data
repository (http://www.ncbi.nlm.nih.gov/geo/) (GEO accession
number GSE11372). The exhaustive list of HC-target genes
modulated in TrHBMEC under basal and pro-inflammatory
conditions has been established previously.24

Adhesion events are crucial for vasoocclusion. We there-
fore focused on 1,275 genes related to adhesion (Online
Supplementary Table S1). Under basal conditions, 24 h of HC
treatment modulated the expression of 53 genes and 48 h of
treatment modulated the expression of 49 genes (Online
Supplementary Tables S3 and S4). Fewer genes were modu-
lated by HC in pro-inflammatory conditions than in basal
conditions: 33 genes at 24 h and 21 genes at 48 h (Online
Supplementary Tables S5 and S6). The modulated genes
included several genes encoding for collagen and ADAM (A
Disintegrin And Metalloproteinase). For example, expres-
sion of COL1A1 encoding the alpha1 chain of collagen type
I was decreased by HC treatment at 24 h both in basal and
pro-inflammatory conditions (5- and 1.6-fold change in
basal and pro-inflammatory conditions, respectively). The
metalloproteinase ADAMTS4 was increased by HC what-
ever the cellular context (basal or pro-inflammatory) and
the treatment period (fold changes between 5 and 2). The
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microarray analysis also indicated that VCAM-1, a key
mediator of cell adhesion expressed in pro-inflammatory
conditions, was down-regulated by HC treatment at 24 h in
the presence of CY (Online Supplementary Table S5); this is in
agreement with our previous findings.22,24 We then individ-
ually assessed the effects of HC on the expression in
TrHBMEC, HUVEC, and HPMEC of genes involved in SCD
pathophysiology, namely TSP-1, vWF, PECAM-1 and
CD36. CD36 is expressed in HPMEC but not in TrHBMEC
or in HUVEC.10, 25

Effects of HC and/or CY on the two partners
of adhesion: TSP-1 and CD36

HC treatment significantly decreased the amount of TSP-
1 mRNA in TrHBMEC and in HPMEC. In TrHBMEC, the
decrease was observed from 10 h of HC treatment in basal
conditions (58.2±9.5% of the control, P=0.0122) (Figure
1Ai) and 5 h of HC treatment in pro-inflammatory condi-
tions (80.7±5.9% of the control, P=0.047) (Figure 1Aii). The
maximal decrease was after 24 h both in basal and pro-
inflammatory conditions (30.8±4.3% of the control,
P<0.0001, and 37±6.9% of the control, P=0.0006, respec-
tively) and the expression remained low after 48 h
(30.80±9.6% of the control, P=0.0003, and 37.6±14.1% of
the control, P=0.0002, respectively) (Figure 1Ai-ii). In
HPMEC, the amount of TSP-1 mRNA was significantly
decreased by HC at 48 h in basal conditions (85.9±2.6% of
the control, P=0.0077) and at 24 h and 48 h in pro-inflam-
matory conditions (79.06±6.3% of the control, P=0.018 and
80.4±4.9%, P=0.037, respectively) (Figure 1Ai-ii). In
TrHBMEC treated with CY alone, the amount of this
mRNA was significantly higher than in untreated cells at 5
h (145.2±14.9% of the control, P=0.0392) but then
decreased progressively with time to 54.8±3.2% of the con-
trol (P=0.0002) at 48 h (Figure 1Aiii). A slight decrease was
also observed in HPMEC but without reaching significance
(80.2±10.2% of the control) (Figure 1Aiii). By contrast, CY
alone increased TSP-1 mRNA level in HUVEC to a maxi-
mum at 16 h (153.9±16.04% of the control, P=0.0153)
(Figure 1Aiii). Moreover, HC did not affect TSP-1 mRNA
level in HUVEC in either basal or pro-inflammatory condi-
tions (e.g. 144±20.9% and 108±8.4% of the control, respec-
tively, at 48 h) (Figure 1Ai-ii).

At the protein level, TSP-1 concentration was lower in
supernatants from TrHBMEC and HUVEC (669±105 ng/mL
and 500.4±62 ng/mL, respectively, at 48 h for NT cells) than
in HPMEC supernatants (15,350±1,960 ng/ml) (Figure 1Bi).
Concerning the effect of HC, a 20-25% decrease was
observed in TrHBMEC supernatants at 48 h (669.8±105.5
ng/mL for NT cells vs. 439±96.99 ng/mL for HC-treated
cells) and in HPMEC supernatant (15,350±1,960 ng/mL for
NT-cells vs. 12,100±2,226 ng/mLfor HC-treated cells) in
basal conditions, but these differences did not reach statis-
tical significance (Figure 1Bi-ii). Consistent with the findings
for the mRNA, HC treatment did not significantly affect
TSP-1 concentration in HUVEC supernatants, whatever the
treatment duration, either in basal or pro-inflammatory
conditions (Figure 1Bi-ii). CY did not significantly affect
TSP-1 protein secretion into the supernatant by any of the
three cell types: TrHBMEC (608±87.4 ng/mL), HUVEC
(493±91 ng/mL) and HPMEC (14,434±2,045 ng/mL) at 48 h.

As TSP-1 is also incorporated in the ECM, in situ ECM
ELISA was carried out to evaluate TSP-1 quantity in
TrHBMEC-generated ECM following HC and/or CY treat-
ment. Neither HC nor CY treatment seems to modify the

quantity of TSP-1 in ECM whatever the treatment period
(Figure 1Biii). 

The CD36 gene is not expressed in TrHBMEC or in
HUVEC.10,25 In HPMEC, its mRNA expression was not sig-
nificantly affected by HC treatment. On the contrary, CY
alone provoked a large decrease of CD36 mRNA level at 24
h and 48 h (21.1±5.8% of the control, P<0.0001, and
18±4.8% of the control, P<0.0001) (Figure 1Ciii).

Effects of HC and/or CY on vWF
In basal conditions, HC significantly decreased vWF

mRNA level in TrHBMEC after 16 h (68±3.1% of the con-
trol, P<0.001) and this decrease remained stable at 24 h
(55.8±6.8% of the control, P=0.0001) and 48 h (65.8±26.1%
of the control, P=0.042) (Figure 2Ai). The level of vWF
mRNA was similarly decreased in TrHBMEC in pro-inflam-
matory conditions after 24 h of HC treatment (67±11.2% of
the control, P=0.04), this decrease being greater at 48 h of
treatment (45.4±22.7% of the control, P=0.005) (Figure
2Aii). In HPMEC, HC did not modulate vWF expression in
basal conditions (Figure 2Ai), and a small decrease was
observed in pro-inflammatory conditions (83.8±6.1% of the
control, P=0.058) (Figure 2Aii). By contrast, HC significantly
increased the amount of vWF mRNA in HUVEC at 24 h in
basal conditions (155.6±19.39% of the control, P=0.045)
(Figure 2Ai), a slight increase is also observed in pro-inflam-
matory conditions at 24 h (135±15%, P=0.086) but without
reaching a statistical significance (Figure 2Aii). CY alone did
not modulate vWF mRNA in HUVEC (Figure 2Aiii) but pro-
voked a transient significant decrease of vWF mRNA level
in HPMEC at 24 h (39.5±2.9% of the control, P<0.0001) and
in TrHBMEC at 16 h and 24 h (76.6±7.7% of the control,
P=0.0386 and 60.6±8.3% of the control, P=0.0091, respec-
tively) (Figure 2Aiii).

HC and/or CY did not modulate vWF concentrations in
supernatants from the three cell types, whatever the treat-
ment period and the environment (Figure 2Bi-ii). The vWF
protein concentration was higher, both in basal and in pro-
inflammatory conditions, in HUVEC supernatant than in
TrHBMEC and HPMEC supernatants (e.g. the vWF concen-
tration was 342.1±120.8 ng/mL at 48 h in basal conditions
in HUVEC and 132.4±77.2ng/mL in TrHBMEC and
121.8±12.8 ng/mL in HPMEC) (Figure 2Bi).

As for TSP-1, in situ ECM ELISA was processed to quan-
tify vWF in TrHBMEC and HPMEC matrix. HC treatment
significantly decreased vWF quantity incorporated in
TrHBMEC ECM at 48 h in basal conditions (3.8±0.5 ng/cm2

for NT and 2.1±0.2 for HC-treated cells, P=0.0051) (Figure
2Biii). vWF quantity incorporated in HPMEC MEC was not
significantly affected whatever the treatment and the treat-
ment period (Figure 2Biii-iv).

vWF ultralarge multimers (UL-vWF) are the most hemo-
statically active. Analysis of the vWF multimer pattern was
conducted in the supernatants of TrHBMEC, HUVEC, and
HPMEC to test for a potential HC impact on vWF multimer
generation. Results in Figure 3 compare the multimer pat-
terns in the three cell types of NT and HC-treated cells at 48
h in basal conditions. HC did not seem to modify vWF mul-
timer patterns in the three cell types. However, interesting-
ly, the patterns were clearly different between the three cell
types. HUVEC excreted UL-vWF, but TrHBMEC and
HPMEC presented profiles mostly composed of L-vWF and
M-vWF multimers with only small amounts of UL-vWF.
Profiles were identical in inflammatory conditions (data not
shown).

Endothelial cells in sickle cell disease
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Effects of HC and/or CY on PECAM-1
In basal conditions, PECAM-1 mRNA was strongly

down-regulated within 5 h of HC treatment in TrHBMEC
(80.7±5.1% of the control, P=0.0049) and continued to
decline at 24 h (55.8±9.5% of the control, P=0.0098) and 48
h (61±8.4% of the control, P=0.01) (Figure 4Ai). In basal
conditions, HC did not modulate PECAM-1 mRNA level in
HUVEC or HPMEC (Figure 4Ai). In inflammatory condi-
tions, the decreased expression of PECAM-1 mRNA in
TrHBMEC was delayed as compared to basal conditions:
the decrease was observed from 24 h of HC treatment
(80.7±5.2% of the control, P=0.0082), and was greater at 48
h of treatment (56.6±23.7% of the control, P=0.015) (Figure

4Aii). In these pro-inflammatory conditions, PECAM-1
mRNA level in HUVEC was not affected by HC treatment
but a small decrease was observed in HPMEC at 48 h (82.7±
5.1% of the control, P=0.04) (Figure 4Aii). Treatment with
pro-inflammatory CY alone did not significantly affect
PECAM-1 mRNA in HUVEC but transiently decreased its
level in HPMEC at 24 h (52.4±6.5% of the control,
P=0.0019) and in TrHBMEC from 5 h (76.8±3.5% of the
control, P=0.0027) to 24 h (52.2±7.5% of the control,
P=0.0032) (Figure 4Aiii).

As PECAM-1 is a transmembrane protein, we investigat-
ed the effect of HC on PECAM-1 expression on the surface
of TrHBMEC and HUVEC by flow cytometry. HC and/or

S. Laurance et al.
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Figure 1. Effects of HC and/or Cytokines on TSP-1 and CD36 expression. (A) TSP-1 gene expression was analyzed under HC (i), HC+Cyto (ii)
and Cyto (iii) treatment in TrHBMEC (n), HUVEC (▲) and HPMEC (l). Results are expressed as % expression of the control value. (B) TSP-1
protein concentrations in culture supernatants and ECM of TrHBMEC (white bars), HUVEC (gray bars), and HPMEC (dark bars). Results are
expressed in ng/ml under HC (i) and HC+Cyto (ii) treatment and in ng/cm² for ECM analysis (iii). (C) Modulation of CD36 gene expression
in HPMEC (dark bars) is expressed as % expression of the control value under HC (i), HC+Cyto (ii) and Cyto (iii) treatment. A log2 scale is
used except for ECM analysis. *P<0.05, **P<0.01, *** P<0.001.
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CY did not affect either the numbers of positive cells or the
numbers of sites per cell for whichever VEC type, irrespec-
tive of treatment duration (data not shown).

The soluble form of PECAM-1 (sPECAM-1) was not
detected in TrHBMEC or HPMEC supernatants. But
sPECAM-1 was detected in HUVEC supernatants after 24 h
of culture and its concentration was significantly dimin-
ished after 48 h of HC treatment in basal conditions
(704.6±6 pg/mL for NT cells and 633.4±11.7 pg/mL for HC-
treated cells, P=0.0006) (Figure 4Bi). CY alone provoked a
small decrease of the sPECAM-1 concentration in HUVEC
supernatants after 24 h of treatment: 560±10.4 pg/mL for
NT and 514±11.6 pg/mL for CY-treated cells, P=0.01 (Figure
4Bi-ii).

Discussion

This study is the first in which a global approach
(microarray analysis) has been used to investigate the effect
of HC and/or CY on the expression of genes related to
adhesion events in VEC. In addition, the expression of
genes of interest, as inferred from this approach, was then

tested individually on VEC models of the microcirculation
that are specifically relevant to SCD and VOC, i.e. the
TrHBMEC cell line and primary cultures of HPMEC. This
was carried out in comparison with HUVEC, the most
widely utilized macrocirculation model. 

In our microcirculation models, TrHBMEC and HPMEC,
HC reduced the expression of TSP-1, vWF, and PECAM-1
encoding genes at the mRNA level. TSP-1 is synthesized
and secreted by VEC and circulating cells such as platelets
and monocytes. This multifunctional adhesive protein is
present in soluble form in the plasma (sTSP-1) and in the
VEC basement membrane. These two forms play an impor-
tant role in the increased RBC adhesion to the endothelium
and the subendothelial matrix. Indeed, the concentration of
sTSP-1 is higher than normal in SCD patient plasma, impli-
cating this factor in vasoocclusive events.33 It has also been
shown that sickle RBC adhere to immobilized TSP-1 under
flow conditions.34 We observed a slight but consistent
decrease of sTSP-1 in TrHBMEC and HPMEC supernatants.
However, it did not reach statistical significance and thus
did not match the clear results observed at the mRNA level.
Similarly, we did not find statistically significant differences
in the TSP-1 ECM content. A protein effect is obviously
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Figure 2. Effects of HC and/or Cytokines
on vWF mRNA and protein level. (A)
vWF gene expression under HC (i),
HC+Cyto (ii) and Cyto (iii) treatment for
TrHBMEC (n), HUVEC (▲) and HPMEC
(l). Results are expressed as % expres-
sion of the control value and shown on
a log2 scale. (B) vWF protein concentra-
tion in cell supernatants and ECM of
TrHBMEC (white bars), HUVEC (gray
bars), and HPMEC (dark bars). Results
are expressed in ng/mL under HC (i),
HC+Cyto (ii) for cell supernatant analy-
sis and in ng/cm² under HC (iii),
HC+Cyto (iv) for ECM analysis. *P<0.05,
**P<0.01, ***P<0.001.
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delayed versus the mRNA effect and it is possible that a 48
h treatment was insufficient to observe a significant differ-
ence at the protein level. However, longer incubations with
HC are not possible because of the drug toxicity; cells are
not viable beyond this period of time. 

Hillery et al. described decreased adhesiveness to TSP-1 of
RBC from sickle patients treated with HC.18 This raises the
issue of TSP-1 receptors, including the first to be described,
i.e. CD36. Soluble TSP-1 connects two CD36 molecules on
the sickle RBC and VEC, respectively. Several studies have
shown that HC decreases CD36 expression on sickle RBC
membranes.18,19 In HPMEC, the only cell type in which the
CD36 gene was expressed in our study, its expression was
not affected by HC, but strongly inhibited by CY. Actually,
the contribution of CD36 in vasoocclusive events is contro-
versial. Lee et al. reported that the clinical course of CD36-
deficient SCD patients is similar to that of CD36-positive
SCD patients, suggesting that CD36 does not play a crucial
role in vasoocclusion.35 However, Trinh-Trang-Tan et al.,
using sickle cell SAD mice, showed recently that erythro-
cyte CD36 contributes to the increased SAD RBC adhesion,
while endothelial CD36 is not indispensable.36 The issue is
complex because CD36 is less strongly expressed on RBC
from SAD than wild-type mice. Thus a potential CY-
induced decrease of CD36 at the surface of HPMEC might
not directly correlate with decreased adhesive properties in
inflammatory conditions. In platelets, the phosphorylation
state of CD36 dictates its ligand specificity and only
dephosphorylated CD36 binds TSP-1.37 Thus, phosphoryla-
tion, another level of regulation of the TSP-1/CD36 adhe-
sion processes in SCD, should be considered in addition to
the expression level. Another TSP-1 receptor on RBC is
CD47 (or IAP, integrin-associated protein).38 Unexpectedly,
Odièvre et al. described an increase of CD47 at the RBC sur-
face in SCD patients treated with HC.19 However, here

again, the situation is complex because the main involve-
ment of CD47 in adhesion events might not be through its
direct interaction with subendothelial TSP-1 but as an inter-
mediate of a signaling pathway in which plasma TSP-1
binding to CD47 initiates a G-protein-PKA-dependent cas-
cade leading to the activating phosphorylation of the α4b1

integrin.39 Thus it can be expected that even a modest
decrease of sTSP-1 under HC treatment, which would be
coherent with our results, may lead to significant variations
in the number of adhesion events between RBC and VEC.
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Figure 3. vWF
multimeric pat-
tern at 48 h of
treatment. 1:
normal plasma,
2: NT TrHBMEC,
3: HC-treated
TrHBMEC, 4: NT
HUVEC, 5: HC-
treated HUVEC,
6: NT-HPMEC
and 7: HC-treat-
ed HPMEC

Figure 4. Effects of HC and/or
Cytokines on PECAM-1 mRNA and pro-
tein level. (A) PECAM-1 gene expres-
sion under HC (i), HC+Cyto (ii) and Cyto
(iii) treatment in TrHBMEC (n), HUVEC
(▲) and HPMEC (l). Results are
expressed as % expression of the con-
trol value. (B) PECAM-1 protein concen-
trations in HUVEC supernatant (gray
bars) are expressed in pg/mL. A log2

scale is used. *P<0.05, ** P<0.01, ***
P<0.001.
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Concerning the effect of inflammation mediators, expres-
sion of the TSP-1 gene was decreased by CY treatment
(TNFα and IFNγ). Previous findings concerning the effects
of TNFα on TSP-1 level are controversial;40,41 IFNγ seems to
increase TSP-1 expression in monocytes.42 Thus, the
increased plasmatic TSP-1 concentration observed in SCD
patients is probably not a direct result of increased levels of
TNFα on VEC but may be the consequence of multi-cellular
and multi-molecular signals. In our study, CD36 mRNA
expression was strongly decreased by CY treatment in
HPMEC. In previous studies, CY did not alter CD36 expres-
sion modulation in monocytes and CD36 expression was
not induced in HUVEC after treatment by TNFα or IFNγ.10,42

Like TSP-1, vWF may promote RBC adhesion, and this
may be particularly true for unusually large vWF multimers
(ULvWF) which are the most hemostatically active.43,44 TSP-
1 and vWF show partially related functions, the most
important one being the TSP-1 role in ADAMTS13 operat-
ed vWF multimer processing.45 Like platelets, RBC adhere to
VEC exposing vWF at high shear stress.44,46 As a constituent
of the subendothelial matrix, vWF can also promote adhe-
sion between circulating cells and a damaged vessel wall.
Our data show that HC down-regulates vWF gene expres-
sion by VEC from the microcirculation (HPMEC and
TrHBMEC). This was not accompanied by a decrease in
soluble vWF in the cell supernatant, or changes in the vWF
multimer profile. However, we observed a marked decrease
in vWF in the ECM of HC-treated TrHBMEC at 24 h in
basal conditions. This downregulation of vWF by HC may
contribute significantly to the reduction of adhesion events. 

We found that HC decreases PECAM-1 mRNA level in
TrHBMEC, but it did not affect protein expression at the
cell surface; sPECAM-1 was undetectable in the super-
natant of the two microcirculation cell types tested whatev-
er the conditions. A different effect was observed in
HUVEC from the macrocirculation: although HC did not
affect PECAM-1 mRNA or its expression at the cell surface,
it significantly reduced sPECAM-1 in the cell supernatant.
PECAM-1 is a multifunctional molecule that plays a key
role in inflammation and vascular biology.47 It has been
implicated in adhesion events and specifically in leuko-
cyte/monocyte transmigration during inflammation
processes. Incubation of sickle RBC with HUVEC induces
monocyte extravasation.48 PECAM-1 plays an important
role in  ischemia/reperfusion injury and increased sPECAM-
1 levels have been reported in patients with acute ischemic
stroke.49 The current data suggest that PECAM-1 blockade
can be protective in numerous animal models of
ischemia/reperfusion injury. Thus our observation that HC
reduces sPECAM-1 produced in an endothelial cell model
from the macrocirculation may suggest a potential benefi-
cial effect of HC for stroke prevention in SCD patients. This

would be of interest in ongoing randomized trials address-
ing the role of HC in the prevention of large vessel cerebral
disease.50 However, this cannot be shown at the protein
level only because the adhesion function of PECAM-1 is
activated by phosphorylation mediated by the PKC path-
way.51

Altogether, our gene expression results suggest an anti-
adhesogenic effect of HC on VEC, but by different mecha-
nisms depending upon the VEC type. For instance, at the
protein level HC decreases vWF in TrHBMEC ECM and
sPECAM-1 in HUVEC supernatant. However, this hypoth-
esis still remains to be tested at the functional level. One has
also to keep in mind the importance of posttranslational
phosphorylation-mediated regulation of the adhesion prop-
erties of some adhesion molecules. In this context, of partic-
ular interest is the recent observation by Bartolucci et al.52

that the decreased RBC adhesion to laminin in SCD
patients treated with HC is associated with inhibition of
erythroid Lu/BCAM protein phosphorylation. Thus, it is
clear that in the future, analysis of HC action on adhesion
processes should no longer be restricted to mRNA/protein
levels.

Finally, our analysis of microarray data indicated that the
expression of genes encoding several collagens and metallo-
proteases was modulated by HC and/or CY. Together with
our observation of the modified expression of vWF in ECM,
this is possibly suggestive of altered remodeling of the
subendothelial matrix and thus be relevant in the context of
the systemic vasculopathy associated with SCD.

In conclusion, our analysis shows that variations in the
expression profile of genes related to adhesion events in
response to HC and/or CY treatment differ between VEC
of different origins. This differential response to the same
stimuli is consistent with the substantial heterogeneity of
VEC notably exemplified by Chi et al. at the transcriptomic
level.9 Similarly, it illustrates, on novel markers, the hetero-
geneity of VEC responsiveness to CY, an issue of important
pharmacological consequences in many diseases involving
inflammatory processes.53 Consequently, the  exact mode of
action and efficacy of HC, as well as response to inflamma-
tory stress, in SCD patients, may differ according to the vas-
cular site.
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