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Chronic inflammation is now accepted to have a critical role
in the onset of several diseases as well as in vascular pathology,
where macrophage transformation into foam cells contributes
in atherosclerotic plaque formation. Endothelial cells (EC) have
a critical function in recruitment of immune cells, and proin-
flammatory cytokines drive the specific expression of several
adhesion proteins. During inflammatory responses several cells
produce hyaluronan matrices that promote monocyte/macro-
phage adhesion through interactions with the hyaluronan
receptor CD44 present on inflammatory cell surfaces. In this
study, we used human umbilical chord vein endothelial cells
(HUVECs) as a model to study the mechanism that regulates
hyaluronan synthesis after treatment with proinflammatory
cytokines. We found that interleukin 1� and tumor necrosis
factors � and �, but not transforming growth factors � and �,
strongly induced HA synthesis by NF-�B pathway. This signal-
ing pathway mediated hyaluronan synthase 2 (HAS2) mRNA
expression without altering other glycosaminoglycan metabo-
lism. Moreover, we verified that U937 monocyte adhesion on
stimulated HUVECs depends strongly on hyaluronan, and
transfection with short interference RNA of HAS2 abrogates
hyaluronan synthesis revealing the critical role of HAS2 in this
process.

Hyaluronan (HA)3 is a linear glycosaminoglycan consisting
of a disaccharide (glcUA-�1,3-glcNAc-�1,4) repeated several
thousand times without any other chemical modifications
(i.e. sulfation and epimerization) that are typical of the other
glycosaminoglycans (1). HA is a multifunctional molecule in

the extracellular matrix. In addition to its viscoelastic properties
that modulate tissue hydration, HA can interact with cell surface
receptors, including CD44, receptor for HA-mediated motility
(RHAMM), Lyve-1 (lymphatic vessel endothelial receptor 1),
HARE (HA receptor for endocytosis), intercellular adhesionmol-
ecule-1 (ICAM-1), and Toll-like receptor 4 (TLR4), and HA can
initiate several signal transductionpathways (1).Chain lengthscan
depend on the activity of different isoforms of HA synthases
(HAS1, -2, and -3) (2), or from the activity of degrading enzymes
(i.e. hyaluronidases) (1). Short HA fragments produced after inju-
ries or inflammationcan interactwithTLR4and stimulate synthe-
sis of macrophage chemokines and cytokines (3).
In vascular pathologies, HA accumulation can regulate the

behavior of smooth muscle cells and contribute to vessel wall
thickening by inducing cell migration and proliferation (4).
Moreover, in the media and neointima, HA exerts a proathero-
sclerotic effect by promoting adhesion of immune cells and by
recruiting monocytes/macrophages (5) that, through choles-
terol rich lipoproteins endocytosis, contribute to progression of
atherosclerotic plaque. The molecular mechanism involved in
the interaction of immune cells with HA depends on CD44.
Interestingly, the organization ofHA in the extracellularmatrix
has a critical role in this process, and cells subjected to various
stresses (endoplasmic reticulum stress, viral stimulus, and
hyperglycemia) synthesize HA cable-like structures that inter-
act with CD44 onmonocyte surfaces andmediate adhesion (6).
The organization of the HA cable structure largely is unknown
and can contain additional molecules, including versican and
the covalently linked heavy chains transferred from the chon-
droitin sulfate chain in inter-�-trypsin inhibitor to HA cata-
lyzed by tumor necrosis factor � (TNF-�)-induced protein 6
(7). The recruited monocytes/macrophages are required to
remove this abnormal matrix, and CD44 also is required. Mice
null in CD44 do not survive a bleomycin-induced inflammation
in the lung due to the continued accumulation of HA extracel-
lularmatrix and despite continued influx ofmonocytes/macro-
phages (8). Interestingly, dividing cells in hyperglycemia initiate
HA synthesis in intracellular compartments (endoplasmic
reticulum/Golgi/transport vesicles), which induces autophagy
and cyclin D3 responses that initiate formation of HA cable
structures after completion of cell division (9). This suggests
that HA synthases located in these intracellular compartments
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can be activated and utilize the UDP-sugar substrates in the
cytosol during HAS transport to and/or from the plasmamem-
brane where it is normally active (6, 10, 11). Such HA cables
have been described both in vitro and in vivo and appear to be
associated to smooth muscle cells in gut mucosa of Crohn dis-
ease patients, in the lung of asthmatic patients, and in glomeruli
of kidneys in the streptozotocin diabetic rat model (6). How-
ever, immune cells that circulate in the bloodstream have to
cross the endothelium to reach the inflamed sites. Therefore,
the role of endothelial cells is critical to “capture” circulating
inflammatory cells only at specific sites where the immune
response is required through interactions with cell membrane
structures.
Proinflammatory mediators, including TNF-� and interleu-

kin 1� (IL-1�), significantly alter expression of adhesion mole-
cules on EC surfaces that determine the tethering, rolling, acti-
vation, arrest, and extravasation (diapedesis) of leukocytes from
the bloodstream into the inflamed tissue. This complex set of
successive events depends on many proteins (i.e. selectins and
integrins) expressed on both ECs and the immune cells (12, 13).
In addition, HA is known to have a critical role in this process
(14). Interaction of leukocyte CD44 with HA on the EC surface
determines their adhesion and activation (15). Interestingly,
ECs normally synthesize very little HA, whereas its production
dramatically increases after stimulation by proinflammatory
cytokines (16). However, evidence for HA cable formation in
ECs is lacking, and our data support a model in which EC syn-
thesis of HA forms a structure bound to CD44 on the EC sur-
face that can be recognized by CD44 on immune cells (17). In
this study, we investigated the mechanism by which ECs
increase HA synthesis at the molecular level and identify the
pathway involved in this process.

EXPERIMENTAL PROCEDURES

Cell Culture—Human umbilical vein endothelial cells
(HUVECs) were purchased from Lonza and were grown for
2–6 passages in EGM2 culture medium (Lonza) supplemented
with 10% fetal bovine serum. The cultures were maintained in
an atmosphere of humidified 95% air, 5% CO2 at 37 °C. Six h
before treatments, subconfluent HUVECs were cultured in
EGM2 with 1% fetal bovine serum. The medium was then
changed to EGM2 plus 10% fetal bovine serum with 5 �g/ml of
IL-1� (Peprotech), or 0.1 �g/ml of TNF-� (Euroclone), or 0.3
�g/ml of TNF-� (Euroclone), or 1 �g/ml of tumor growth fac-
tor� (TGF-� Euroclone), or 0.01�g/ml of tumor growth factor
� (TGF-�, Euroclone) and incubated for 24 h. In some experi-
ments, 2 �M (final concentration) of pyrolidine dithiocarbam-
ate (PDTC, Sigma) was added to the cells. By using these cyto-
kine concentrations, we did not measure any mortality effects
detected by trypan blue staining (results not shown).
Glycosaminoglycan Quantification—HA and chondroitin

sulfate released into the culture medium were quantified by
polyacrylamide gel electrophoresis of fluorophore-labeled sac-
charides (PAGE-FS) and by HPLC analyses as described previ-
ously (18, 19). Briefly, proteins in the culture medium were
digested with proteinase K, and the glycosaminoglycans were
purified by ethanol precipitation. The specific unsaturated dis-
accharides of HA and chondroitin sulfate (�HA and �CS,

respectively) were obtained by specific glycosidase digestions
and derivatization with 2-aminoacridone. 2-Aminoacridone-
labeled �HA and �CS disaccharides were separated and quan-
tified by PAGE-FS orHPLC and normalized to the cell number.
Agarose gel electrophoresis, as described by Vigetti et al. (5),
was used to assess themolecular weight distributions of synthe-
sized HA after IL-1� treatments.
HA Visualization—To visualize HA, HUVECs were grown

on glass coverslips and either untreated or treated with IL-1�.
They were processed using a biotinylated HA-binding protein
and a green fluorescent reporter as described previously (20).
Quantitative RT-PCR—Total RNA samples were extracted

from untreated or cytokine-treated HUVECs with TRIzol
(Invitrogen), and contaminating DNA was removed by DNase
(Ambion). cDNAs were generated by using the High Capac-
ity cDNA synthesis kit (Applied Biosystems) and were ampli-
fied on an Abi Prism 7000 instrument (Applied Biosystems)
using the Taqman Universal PCR Master Mix (Applied Bio-
systems) following the manufacturer’s instructions. The fol-
lowing human TaqMan gene expression assays were used:
HAS1 (Hs00155410_m1), HAS2 (Hs00193435_m1), HAS3
(Hs00193436_m1), CD44 (HS00174139_m1), and �-actin
(Hs99999903_m1). The relative quantification of gene ex-
pression levels was determined by comparing �Ct (5).
HAS Activity—To quantify the activity of HAS on cell mem-

branes, we used the nonradioactive assay of HA synthesis as
described previously (11).
Human HAS2 Silencing—Short interfering RNA (siRNA)

was used to reduce the expression of humanHAS2 in HUVECs
by using HAS2 siRNA (ID117326, 5�-GCUGCUUAUAUU-
GUUGGCUtt-3�) and negative control siRNA kit (scramble,
catalog no. 4611), both from Ambion. The transfections were
done using a Nucleofector apparatus (Lonza) and the human
HUVEC Nucleofector kit as described previously (21). After
48 h of incubation, the silencing efficiency was quantified by
quantitative RT-PCR measuring the HAS2 mRNA transcript.
Monocytes AdhesionAssay—Adhesion ofU937monocytes to

HUVEC cultures was assayed as described previously (22). 1 �
106 U937monocytes were labeled with fluorescent green Cyto-
Tracker (Invitrogen) vital staining and plated on cytokine-
treated or untreatedHUVECcultures followed by incubation at
4 °C for 30 min. After phosphate-buffered saline washing at
4 °C, the numbers of adherent cells were assessed under a fluo-
rescent microscope (Olympus). As controls for binding to HA
and CD44, HUVECs were pretreated with 2 units/�l of Strep-
tomyces hyaluronidase (Seikagaku), or were incubated with
monocytes in the presence of an antibody against CD44
(BRIC235, 5�g/ml) that inhibits CD44/HA interaction, orwere
incubated with unrelated antibodies. Furthermore, monocytes
were placed on HUVECs in the presence of 25 �g/ml high
molecular mass HA (Healon, 4 � 106 Da) to compete with HA
produced by treated cells.
Statistical Analyses—Statistical analysis of the data were

done using analysis of variance, followed by post hoc tests (Bon-
ferroni) using Origin 7.5 software (OriginLab). Probability val-
ues of p � 0.01 were considered statistically significant. Exper-
iments were repeated three times each time in duplicate, and
data are expressed as means � S.E.
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RESULTS AND DISCUSSION

Proinflammatory Cytokines Induce HA Synthesis—One of
themain roles of ECs in inflammation is to regulate recruitment
of immune cells from the bloodstream into the inflamed site.
This mechanism involves not only expression of adhesive mol-
ecules on EC surfaces but also a coordinated expression of the
corresponding ligands on the circulating cells. Diffusible alert-
ingmolecules (i.e. cytokines) bind to EC receptors and drive the
expression of specific adhesion proteins, selectins, and inte-
grins. Cytokines such as IL-1� and TNF-� are among the com-
mon proinflammatory-alerting molecules that are synthesized
by immune cells such as macrophages in response to infection
in an early phase of the process. The pioneering works of
Siegelmen’s research group clearly showed that HA is also
involved in lymphocyte recruitment in vivo as well as in vitro
(16, 23–26). Circulating leukocytes are activated by HA
throughCD44 interaction, whereas proinflammatory cytokines
stimulate ECs to produce HA together with other well known
adhesion molecules such as ICAM-1 and VCAM-1.
In our study, we focused on the mechanism of HA induction

after IL-1� and TNF-� treatment. We used HUVECs because
they are a convenient and broadly accepted artery EC model.
After preliminary dose-response experiments, we found that
a 24-h treatment of HUVEC cultures with 5 �g/ml of IL-1�
induced a clear accumulation of HA secreted into the culture
medium, which was quantitatively measured by PAGE-FS (Fig.
1A), and HA in the cell layer was qualitatively visualized by
immunofluorescence (Fig. 1B). The band corresponding to
HA disaccharides dramatically increased after IL-1� addition,
whereas the bands corresponding to chondroitin sulfate disac-
charides remained unchanged, indicating that IL-1� induces a
specific alteration in the HA content without modifying chon-
droitin sulfate synthesis. The organization ofHA in treated cells
revealed a diffuse staining around HUVEC plasma membranes
without showing the cable-like structures that are known to be
adhesive toward monocytes in other cell models (6, 14). More-
over, analysis of the size of HA induced by IL-1� by agarose gel
electrophoresis revealed the synthesis of a high molecular
weight polymer of �2 � 106 Da (results not shown).
Furthermore, we tested the responses of HUVECs to other

proinflammatory cytokines (i.e. TNF-� and TNF-�) or to anti-
inflammatory cytokines (i.e. TGF-� and TGF-�) (27). After
preliminary dose-response experiments (data not shown), the
proinflammatory TNF-� and TNF-� at plateau concentrations
induced the highest HA secretion, �3.5-fold over control,
whereas IL-1� increased HA �2-fold over control. In contrast,
anti-inflammatory TGF-� and TGF-� treatments did not
increase HA secretion over control (Fig. 2). These results sug-
gest that macrovascular artery ECs, such as HUVECs, together
with previously reported microvascular ECs (16), can respond
to microenvironmental changes by activating HA synthesis
after treatment with proinflammatory cytokines. Previous
studies and our unpublished data have shown that HUVECs
induce ICAM-1 and VCAM-1 expression after treatment with
proinflammatory cytokines, whereasMohamadzadeh et al. (16)
reported that HUVECs did not increase HA synthesis after
stimulation with 10 ng/ml of TNF-� or IL-1� for 4 h. These

apparent differences in results can be explained considering the
different cytokine concentrations and incubation times, as well
as the different sensitivity of the HA quantification methods
that we used in our experiments. Although the cytokine con-
centrations used in this study appear to be higher than physio-
logical level, it was discussed elsewhere that as cytokines act
locally, their concentration in vivomay be difficult to define and
higher than expected (28).

FIGURE 1. IL-1� induces HA biosynthesis in HUVECs. A, PAGE-FS analysis of
the HUVEC culture medium in untreated (CNT) and 24-h treated cells with 5
�g/ml of IL-1�. �HA and �CS0S indicate HA and chondroitin disaccharides,
respectively, while �CS4S, �CS6S, and �CS2S indicate chondroitin 4, 6, and 2
sulfate disaccharides, respectively. B, visualization of HA (green) and nuclei
(blue) on untreated (Control) or 24-h treated cells with 5 �g/ml of IL-1�. The
microphotographs show representative results of different experiments.
Scale bars, 70 �m.

FIGURE 2. Effects of several cytokines on HA biosynthesis in HUVECs. Rel-
ative quantification by HPLC of �HA secreted into the culture medium in
untreated (CNT, white bar) and 24-h treated (black bars) cells with 5 �g/ml of
IL-1�, 0.1 �g/ml of TNF-�, 0.3 �g/ml of TNF-�, 1 �g/ml of TGF-�, and 0.01
�g/ml of TGF-�. Results are expressed as mean � S.E. *, p � 0.01 control versus
treated samples.
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Proinflammatory Cytokine-induced HA Depends on HAS2
and NF-�B—As the synthesis of HA depends on the activity of
one or more of the three HA synthases, HAS1, -2, and -3, we
measured their mRNA expression after cytokine treatments by
using quantitative RT-PCR (Fig. 3, A and B). As HAS protein
only is present at low levels at the plasmamembrane (29), quan-
titative assessment at the protein level remains a technical chal-
lenge and could not be performed in a reliable manner. HAS1
mRNA was not detected in HUVECs, whereas HAS2 and
HAS3mRNAswere present at similar levels. Interestingly, only
HAS2mRNA significantly increased,�7-fold after IL-1� treat-
ment and �3-fold after TNF-� and TNF-� treatments. In con-
trast, HAS2 mRNA did not change after treatment with the
anti-inflammatory cytokines. It should be noted that the induc-
tion of HAS2 mRNA and HA levels after the cytokine treat-
ments did not match exactly. This could be due to an earlier
expression of HAS2 that we did not detect after 24 h of incuba-
tion, whereas HA accumulates during the whole incubation
time. HAS2 enzymes synthesize HA of high molecular weight
in agreement with the size that we observed after IL-1� stimu-
lation. These results indicate that increased HA in response to
the proinflammatory cytokines is regulated by expression of
HAS2. In addition, we measured the HA synthetic activity in
purified plasma membrane vesicles (11) isolated from control,
IL-1�-, TNF-�-, and TNF-�-treated HUVEC cultures and
found values of 22.4 � 3, 91.1 � 7, 78.9 � 8, and 83.7 � 5 pmol
�HA/�g of protein/min, respectively. The cytokine treated cul-
tures showed statistically significant increases �4-fold over
control of HAS activity in purified plasma membranes, consis-

tent with the increases in HA in the
culture medium. Interestingly, the
proinflammatory cytokine treat-
ments induced similar HAS activi-
ties, whereas IL-1� induced a much
greater HAS2mRNA response than
did TNF-� and TNF-�. Therefore,
this activity increase was not related
completely to HAS2 gene expres-
sion as shown in Fig. 3A, because
cytokine treatments caused a differ-
ent degree of HAS2 messenger
accumulation. These data could
suggest the existence of complex
post-translational processing of
HAS mRNA as has been shown for
the stability of other TNF-�-in-
duced transcripts (30). Moreover,
other additional factors, such as
hyaluronidase activity andHA turn-
over could contribute to this issue.
Previous data from TNF-�-treated
lymph node ECs reported that
increased HA synthesis did not
involve a significant change in HAS
gene expression (16). However, only
HAS1 mRNA was investigated at
that time as the other isoenzymes
were just discovered, and their

sequences were not available in public databases.
A large body of evidence (31) has demonstrated that many

cellular responses to proinflammatory signals are mediated by
NF-�B. This transcription factor normally is present in the
cytoplasm in a complex with the protein I�B� that maintains
NF-�B in an inactive state. I�B� phosphorylation, mediated by
I�B kinase, induces a rapid degradation of I�B� via the ubiq-
uitin-proteosome pathway, which leads to translocation of
NF-�B into the nucleus and its transcriptional functions (31).
I�B kinase activation can be induced by several stimuli includ-
ing TNF receptors. Therefore, we investigated whether NF-�B
is involved in the increased HAS2 transcript expression after
proinflammatory cytokines treatment by using PDTC, a widely
used chemical inhibitor of NF-�B (32). As shown in Fig. 3C, the
simultaneous addition of IL-1�, or TNF-�, or TNF-� with
PDTC caused a reduction of HAS2 transcription. Interestingly,
in TNF-�- andTNF-�-treated cells, NF-�B inhibition inhibited
HAS2 transcription to the level of control untreated cells. How-
ever, in IL-1�-treated cells, NF-�B inhibition did not lower
HAS2 transcription to the level of control, which suggests a
more complex mechanism of HAS2 transcription activation
that could involve other factors in addition to NF-�B. In fact, in
addition to NF-�B sites, the HAS2 promoter region contains
putative binding sequences for other transcription factors (33).
A previous study on human synoviocytes found that PDTC
inhibited HAS1 transcription after IL-1� stimulation, confirm-
ing the critical role of NF-�B in HA metabolism (34). Interest-
ingly, HA itself is able to modulate cytokine production via
NF-�B, confirming its critical role in inflammation (35).

FIGURE 3. Gene expression alteration after treating HUVECs with cytokines. Relative quantification of
transcripts coding for HAS2 (A) or HAS3 (B) in untreated (CNT, white bar) and after 24 h treated (black bars) cells
with 5 �g/ml of IL-1�, 0.1 �g/ml of TNF-�, 0.3 �g/ml of TNF-�, 1 �g/ml of TGF-�, and 0.01 �g/ml of TGF-�. The
lowest HAS2 or HAS3 mRNA level in three different untreated samples was set at 1, and the S.E. is shown on
each bar. *, p � 0.01 control versus treated samples. C, relative quantification of HAS2 mRNA was done after
cytokines exposure in the presence (gray bars) or absence (black bars) of PDTC (final concentration, 2 �M). The
lowest HAS2 mRNA level in three different untreated samples was set at 1, and the S.E. is shown on each bar.
*, p � 0.01 PDTC-untreated versus PDTC-treated samples.
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HAS2 and CD44 Mediate HUVEC Monocyte Adhesive
Property—Because some of the effect of HA is to modulate
adhesion of immune cells on microvascular ECs (16), we inves-
tigated whether monocyte adhesion to HUVECs after treat-
ment with proinflammatory cytokines could be modulated by
HA. Fig. 4A shows that IL-1�, TNF-�, andTNF-� increased the
number of adherentmonocytes�5-,�4-, and�3-fold, respec-
tively. Furthermore, hyaluronidase treatment of HUVECs after
IL-1� treatment decreased U937 monocyte binding to near
control level (Fig. 4B). Moreover, the simultaneous addition of
the monocytes with a pure HA preparation of high molecular
weight (Healon) also inhibited binding. These data indicate the
critical role ofHA inmonocytes adhesion in that removal ofHA
by hyaluronidase treatment as well as the competition with
exogenous HA both reduced monocyte adhesion. This point is
critical because lowering immune cell adhesion to vascular
endothelium would reduce the number of inflammatory cells

that reach an inflamed site, there-
fore reducing the inflammation.
Several studies have highlighted the
anti-inflammatory and protective
effect of HA administered in an
experimental model of restenosis
(36) aswell as in osteoarthritic joints
injected with HA (37).
The molecular mechanism

through which immune cells inter-
act with HA is mainly mediated
by CD44 (38). To confirm CD44
involvement, we simultaneously
added monocytes together with a
monoclonal antibody against CD44
known to block HA/CD44 binding
and found a clear reduction of
monocytes adherent to IL-1�-
treated HUVECs, whereas an unre-
lated control antibody did not mod-
ify adhesion (Fig. 4B). We also
measured CD44 mRNA expression
by quantitative RT-PCR. Interest-
ingly, proinflammatory cytokine
treatments induced a significant
increase of CD44mRNA inHUVEC
cultures, whereas anti-inflamma-
tory cytokines maintained control
CD44 levels (Fig. 4C). This finding
could support the hypothesis that
CD44 on the plasma membrane of
HUVECs binds HA and presents
HA to CD44 on circulating immune
cells that can attach and form a
“sandwich” structure (17). Notably,
in this model, HA could remain in
a soluble form without forming
cable structures, as we found from
the immunofluorescent experi-
ments (Fig. 1B). It is of note that a
previous work using an immortal-

ized HUVEC cell line (i.e. Ea.hy.926) found an inhibition of
neutrophil-EC adhesion by HA independent of CD44 and
probably involving ICAM-1 (39), suggesting that in vivomulti-
ple HA-interacting proteins may modulate interactions of
immune cells with endothelium.
The main HAS isoform responsible for increased HA after

treatment of HUVECs with proinflammatory cytokines was
HAS2. Therefore, we assessed its involvement in monocyte bind-
ing by using an siRNA approach. HUVECs were transfected with
commercial siRNAagainstHAS2 aswell as with a scrambled con-
trol siRNA by using the Nucleofector apparatus to obtain a high
transfectionefficiencywith a lowmortality rate.After 24hof incu-
bation, nucleofectedHUVECswere treatedwith orwithout IL-1�
and incubated for 24 h. HUVEC cultures were then used for
monocytes adhesion experiments or for RNA extraction and
cDNA preparation. The effectiveness of HAS2 mRNA silencing
was assessed with quantitative RT-PCR and, as shown in Fig. 5A,

FIGURE 4. Proinflammatory cytokine effects on HUVEC adhesiveness. A, the adhesion assay was done on
untreated (CNT, white bars) and after 24 h-treated (black bars) cells with 5 �g/ml of IL-1�, 0.1 �g/ml of TNF-�, and 0.3
�g/ml of TNF-�. Cytotracker-labeled monocytes (U937) were plated on treated and untreated HUVEC cultures,
washed with phosphate-buffered saline, and counted under a fluorescent microscope. Results are expressed as the
number of adherent U937 per field and represented as mean � S.E. of six independent fields. *, p � 0.01; untreated
versus the treated sample. B, the adhesion assay was done on untreated (CNT, white bar) and after 24 h-treated (black
bars) cells with 5 �g/ml of IL-1�. Before adding monocytes, IL-1�-treated cells were incubated with 2 units/ml of
hyaluronidase (Hyal.) for 20 min at 37 °C, or the monocytes were added with high molecular mass HA (Healon, 4 �
106 Da), or with 5 �g/ml CD44-blocking antibody (anti-CD44), or with 5 �g/ml anti-tubulin antibody (anti-Tub.).
Results are expressed as the number of adherent U937 per field and represented as mean � S.E. *, p � 0.01;
untreated versus the treated sample. C, relative quantification of CD44 mRNA in untreated (CNT, white bar) and after
24 h-treated (black bars) cells with 5 �g/ml of IL-1�, 0.1 �g/ml of TNF-�, 0.3 �g/ml of TNF-�, 1 �g/ml of TGF-�, and
0.01 �g/ml of TGF-�. The lowest CD44 mRNA level in three different untreated samples was set at 1, and the S.E. is
shown on each bar. *, p � 0.01 control versus treated samples.
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after IL-1� treatment, HAS2 siRNA-nucleofected cells greatly
reduced HAS2 expression. Control siRNA with a random
sequence did not perturb the HAS2mRNA increase due to IL-1�
treatment. In parallel cultures, siRNA of HAS2 completely inhib-
ited U937 binding, whereas control siRNA did not alter the adhe-
sive property of HUVECs after IL-1� treatment (Fig. 5B).

Our results clearly demonstrate that HA synthesis in
HUVECs is regulated strictly at the transcriptional level by
proinflammatory cytokines. In vivo, this issue is of great impor-
tance, as HA can participate together with other adhesionmol-
ecules to recruitment of immune cells at inflamed sites. Al-
though the generally accepted model foresees the formation of
HA cables (6), we demonstrate that monocytes can bind to HA
via CD44 without such filamentous structures, consistent with
the recent model of Ruffell and Johnson (17). They proposed
that HA can bemaintained above the endothelium by CD44 on
ECs, and leukocytes can bind to HA though their own CD44.
Our findings highlight the critical role of HAS2 that could be

involved tomaintain the nascent HA chain tethered on EC sur-
faces. In vivo, thismodel can bemodulated by other players that
include other cell types, other molecules, and other microenvi-
ronmental conditions such as free radical presence, enzyme
activity, and shear stress. In fact, recently it has been shown that
platelets can produce hyaluronidase 2 that can fragment HA
and generate bioactive oligosaccharides that can trigger many
cellular responses involving all the vasculature (40).
In conclusion, in this work, we provide evidence atmolecular

and functional levels that HA synthesis can modulate immune
cell adhesion on HUVECs that, in turn, could regulate inflam-
matory responses (Fig. 6). In fact, proinflammatory cytokines
induce HA synthesis through the NF-�B mediated expression
of HAS2 that modulates monocyte adhesion by CD44, which
represents the first step to start an inflammatory process. The
central role of NF-�B in inflammation is highlighted by the
induction also of other adhesion molecules (such as CD44,
ICAM-1, E-selectin, VCAM-1, andMHC class I) (41), which, in
vivo, may orchestrate all of the inflammatory responses that
include cell adhesion, rolling, extravasation, migration, and
specific cellular activity. In light of this model, the clinical rele-
vance of HA administration to ameliorate inflammation (42)
can be due to the competition with CD44 on ECs and leuko-
cytes, thereby inhibiting the recruitment process.
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FIGURE 5. HAS2 effects on IL-1�-induced monocyte adhesion. A, relative
quantification of the transcript coding for HAS2 in HUVECs silenced for HAS2
and treated with IL-1� (black bars). Cells were left untreated (white bars) or
transfected with 50 �M of scramble siRNA (si-scramble) or with 50 �M of HAS2
siRNA (si-HAS2). After 24 h of incubation, 5 �g/ml of IL-1� was added, and,
after 24 h, RNA was extracted for quantitative RT-PCR experiments. The low-
est HAS2 mRNA level in three different untreated samples was set at 1, and
the S.E. is shown on each bar. Results are expressed as mean � S.E. *, p � 0.01
untreated versus treated samples. B, the adhesion assay was done on HUVECs
silenced for HAS2 and treated with IL-1�. 24 h after siRNA transfections and
subsequently after 24-h treatment with 5 �g/ml IL-1�, fluorescent mono-
cytes were added, washed, and counted. Results are expressed as the number
of adherent U937 per field and represented as mean � S.E. of six independent
fields. *, p � 0.01; untreated versus the treated samples.

FIGURE 6. Schematic representation of the line of events by which HA
modulates the leukocyte-EC interaction. Proinflammatory cytokines,
through their receptors, activate NF-�B pathway that has a pivotal role in the
inflammatory response by activating several genes including HAS2 (this
work), CD44, and other adhesive molecules (ICAM-1, E-selectin, VCAM-1, and
MHC class I genes) (41). High molecular weight HA synthesized by HAS2 inter-
acts with CD44 present both on ECs and leukocytes in the “sandwich model”
proposed by Ruffell and Johnson (17), which drives immune cells to adhere to
ECs that eventually contribute to inflammation.
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