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CD44, a polymorphic hyaluronate receptor, may par-
ticipate in chronic inflammation. We hypothesized
that CD44 variants contribute to the development of
arterial diseases. CD44 levels vary in normal and dis-
eased arterial tissues in the following order: unaf-
fected arteries < fibrous plaques < abdominal aortic
aneurysm < atheromatous plaques; and correlate
with macrophage content. Furthermore, plaque mi-
crovessels express CD44, and anti-CD44v3 or anti-
CD44v6 treatment reduces endothelial cell prolifera-
tion but not apoptosis in vitro , suggesting
functionality of these receptors. Endothelial cells ex-
press CD44H and CD44v6 after exposure to interleu-
kin-1� and tumor necrosis factor-�. Macrophages, a
major source of abundant CD44 in vitro , express not
only CD44H but also variants CD44v4/5, CD44v6, and
CD44v7/8, isoforms distinctively regulated by proin-
flammatory cytokines. Several proinflammatory cyto-
kines induce shedding of CD44 from the surface of
macrophages and endothelial cells. Soluble CD44
stimulates the expression and release of interleu-
kin-1� from endothelial cells, suggesting a positive
feedback loop of this cytokine. By demonstrating aug-
mented expression of CD44 and variants within hu-
man atheroma and in abdominal aortic aneurysm as
well as the vascular cell release of sCD44, a process
regulated by proinflammatory cytokines, this study
provides new insights on the functions of CD44 in
arterial diseases. (Am J Pathol 2004, 165:1571–1581)

CD44 is an adhesion molecule of the hyaluronate recep-
tor family. Its standard form, CD44H, lacks variable
spliced exons (v), and its apparent molecular weight of

80 kd exceeds the theoretical weight of 37 kd because of
extensive posttranslational modifications.1 Additionally,
variable exons in the extracellular domain of CD44H give
rise to multiple variants distinct in molecular weight and
function. Most CD44 variants bind ligands of the extra-
cellular matrix. In addition to its major ligand, hyaluronan
(HA), CD44 binds to other components of extracellular
matrix such as osteopontin, collagen, fibronectin, and
laminin.1 CD44 presumably maintains organ and tissue
structure via cell-cell and cell-matrix interactions.1

CD44 contributes to many cellular functions, including
adhesion of lymphocytes to inflamed endothelium,2,3

homing,4,5 migration,6,7 cell activation,8 and apopto-
sis.9–11 Elevated levels of CD44 induce shedding of the
elastin-binding protein and lead to impaired production
of elastic fibers in Costello syndrome patients,12 thus
suggesting that increased levels of CD44 may participate
in the formation of dysfunctional elastic fibers.

CD44 proteins may participate in inflammatory pro-
cesses.13 CD44 contributes to host defenses by activat-
ing macrophages (M�) to induce Th1 cytokines while
inhibiting Th2 cytokines.14 Chronic inflammation in-
creases CD44H expression on T cells.3 Furthermore, the
expression of CD44v3 (also known as CD44-HSPG or
CD44-HS), CD44v4, CD44v5, CD44v6, CD44v7, and
CD44v915 during cutaneous inflammation increases in
infiltrating monocytes.

In addition to its role as a transmembrane receptor on
many cell types, serum and lymph contain a soluble form
of CD44 (sCD44). Proteolytic cleavage of its extracellular
domain by enzymes such as membrane-type 1 matrix
metalloproteinase,16 a chymotrypsin-like sheddase,17,18
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serine proteases, and matrix metalloproteinases19 re-
moves CD44 from the cell surface. Atherosclerotic le-
sions contain proteinases implicated in degradation of
components of extracellular matrix such as collagen and
elastin. Such lesions commonly exhibit an imbalance be-
tween matrix-degrading enzymes and their inhibitors.
Shedding of CD44 plays a major role in the inhibition of
CD44-HA-dependent cell-matrix interactions at the in-
flammatory site.20 The release of CD44 during inflamma-
tory processes may indicate ongoing matrix remodeling
because of enhanced proteolytic activity. Interestingly,
the severity of arthritis, another inflammatory condition,
correlates with shedding of cell surface CD44. The phys-
iological inducers of CD44 release and the role of sCD44
remain incompletely defined.

In light of these many diverse functions of CD44 re-
lated to cell-cell and cell-matrix interactions, we hypoth-
esized that CD44 variants contribute to the development
of inflammatory arterial diseases. The present study in-
vestigated the expression of CD44H and several distinct
variants (CD44v3, CD44v4/5, CD44v6, CD44v7/8, and
CD44v10) in atheromata as well as in abdominal aortic
aneurysm (AAA). We also studied the regulation by proin-
flammatory cytokines of CD44 expression and shedding
in human endothelial cells (ECs) in vitro and M� in vitro.

Materials and Methods

Cell Culture

Human monocytes were isolated from buffy coats by
density gradient centrifugation using Cappel LSM lym-
phocyte separation media according to the manufactur-
er’s instructions (ICN Biomedical Inc., Aurora, OH).
Freshly plated monocytic cells in serum-free medium
(SFM) were denoted “day 0” and incubated for 48 hours
in either SFM alone or SFM supplemented with 10 ng/ml
of interleukin (IL)-1� and tumor necrosis factor (TNF)-�,
1000 U/ml interferon (IFN)-� (all from Endogen, Woburn,
MA), or 10 �g/ml CD40L (Leinco Technologies Inc., St.
Louis, MO). To obtain maximal cell activation, we used a
cocktail containing IL-1�, TNF-�, and well-established
cytokine concentrations.21–23 In addition, aliquots of
monocyte preparation were differentiated for 10 (day 10)
days in RPMI 1640 (Life Technologies, Inc., Gaithers-
burg, MD) supplemented with 100 U/ml penicillin/strep-
tomycin, 2 mmol/L L-glutamine, 1.26 mg/ml amphotericin
B, 20 mmol/L sodium pyruvate, 0.1% NaHCO3, 2% hu-
man serum, and 10% fetal bovine serum. Cells were
growth-arrested in SFM for 24 hours and then incubated
for 48 hours as described for day 0. Purity of monocyte
preparations was �92% as determined by fluores-
cence-activated cell sorting analysis using fluorescein
isothiocyanate-labeled anti-CD68 (Pharmingen, San
Diego, CA).

Human ECs were isolated from saphenous veins and
cultured in M-199 (Life Technologies, Inc.) supplemented
with 100 U/ml penicillin/streptomycin, 1.26 mg/ml ampho-
tericin B, 100 mg/ml heparin, 50 mg/ml endothelial cell
growth factor, and 5% fetal calf serum. Cells were

growth-arrested for 16 hours before cytokine incubations
in M199 supplemented with 100 U/ml penicillin/strepto-
mycin, 1.26 mg/ml amphotericin B, and 0.1% bovine
serum albumin. Cytokines were diluted in SFM and used
at concentrations described above. Immunostaining with
mouse anti-CD31 (DAKO, Carpinteria, CA) characterized
EC isolates. Culture media for all cell types, fetal bovine
serum, and CD44-specific antibodies contained �40 pg
endotoxin/ml as determined by the chromogenic Limulus
amebocyte assay (QLC-1000; Bio-Whittaker, Walkers-
ville, MD).

Proliferation and Apoptosis Assay

For the proliferation assay, ECs from three different do-
nors were seeded in duplicate in 96-well plates in 100 �l
of culture media as described above. Cells were incu-
bated either with or without antibodies against CD44H,
CD44v3, CD44v6 (R&D Systems, Abingdon, UK), and
CD44v7/8 (Chemicon, Temecula, CA) at 100 �g/ml. After
24 hours, cell proliferation was quantified using a colori-
metric assay according to the manufacturer’s instructions
(XTT; Roche Diagnostics GmbH, Mannheim, Germany).
Mouse IgG1, IgG2A, and IgG2B were used as negative
controls for the respective CD44 antibodies. Optical den-
sity readings obtained from negative controls were sub-
tracted from each individual reading of the correspond-
ing CD44 antibody.

For the apoptosis assay, ECs from three different do-
nors were seeded in eight-chamber slides and antibod-
ies were added as described above for the proliferation
assay. After 24 hours, slides were washed twice with
phosphate-buffered saline (PBS), fixed with 1% parafor-
maldehyde for 20 minutes, and then washed three times
with Tris-buffered saline containing 0.1% Triton X-100.
Samples were subsequently immunostained for active
caspase 3 as described.24

Tissue Samples

We obtained fresh surgical specimens of human carotid
atheroma and nonatherosclerotic aorta (cardiac trans-
plantation donors) as well as discarded aneurysmal tis-
sue from AAA repair surgery according to protocols ap-
proved by the Human Investigation Review Committee at
the Brigham and Women’s Hospital. All tissue samples
were immediately divided into two macroscopically iden-
tical portions and used for both morphological and bio-
chemical studies. All tissue samples used for Western
blotting were morphologically characterized. Atheroscle-
rotic plaques were dichotomized into fibrous (n � 4) and
atheromatous (n � 5) subsets by morphological criteria
as described previously.25 Briefly, this classification is
based on fibrous cap thickness as well as smooth muscle
cell (SMC) and M� content. Fibrous plaques (designated
“fibrous cap atheroma” by Virmani and colleagues26) are
defined as lesions with maximal fibrous cap thickness
�0.8 mm (in the area of minimal thickness) and positive
area for M� (CD68 staining) �10% and for SMC (�-actin)
�10%. Atheromatous plaques (designated “thin fibrous
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cap atheroma” by Virmani and colleagues26) are charac-
terized by a minimal fibrous cap thickness �0.3 mm and
a positive area for M� �20% and for SMC �10%.

Immunohistochemistry

Serial cryostat tissue sections (6 �m) were fixed in ace-
tone, air-dried, and stained by the avidin-biotin-peroxi-
dase method. After blocking with 0.3% hydrogen perox-
ide and PBS supplemented with 4% species-appropriate
normal serum, sections were processed according to the
manufacturer’s recommendations (Universal DAKO
LSAB kit, DAKO). Primary antibodies from R&D Systems
(CD44H, CD44v3, CD44v4/5, CD44v6) and Chemicon
(CD44v7/8, CD44v10) were all used at 10 �g/ml, except
CD44v4/5 (100 �g/ml). The reaction was visualized with
3-amino-9-ethyl carbazole (DAKO). Sections were coun-
terstained with Gill’s hematoxylin solution. Mouse IgG1
(M-9269; Sigma Immuno Chemicals, St. Louis, MO) di-
luted to the same IgG concentration as the primary anti-
bodies was used as negative control.

Western Blot

Specimens of nonatherosclerotic arterial tissue (n � 6),
fibrous (n � 6) and atheromatous (n � 5) atherosclerotic
plaques, and AAA tissue (n � 7) were snap-frozen, ho-
mogenized under liquid nitrogen, lysed, and prepared as
described previously.27 For cultured cells, supernatants
were removed and cells were washed two times in PBS.
Cells were lysed in buffer containing 0.15 mol/L NaCl, 10
mmol/L Tris, 5 mmol/L MgCl2, 2 mmol/L ethylenediami-
netetraacetic acid, 1% Triton X-100 (pH 7.2) supple-
mented with proteinase inhibitors 0.1 mmol/L 4-(2-amino-
ethyl) benzenesulfonyl fluoride hydrochloride, 2 �g/ml
aprotinin, 2 �g/ml leupeptin, and 1 �g/ml pepstatin A.
Cells and matrix were scraped into Eppendorf tubes.
Lysates were incubated on ice for 20 minutes then
cleared by centrifugation for 5 minutes at 300 � g (4°C).
Total protein was measured with the Micro BCA protein
assay (Pierce, Rockford, IL). Total protein from tissue
extracts (25 �g) and cell culture lysates (40 �g) was
analyzed under nonreducing conditions on 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels
and transferred to polyvinylidene fluoride membranes as
described.25 All primary antibodies were used at 1 �g/ml,
except CD44v10 (2 �g/ml). Peroxidase-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA) was applied as the secondary antibody
at a dilution of 1:10,000. Immunoreactive bands were
digitized and analyzed densitometrically; the integrated
optical density was calculated using the Gel Pro Analyzer
software (Media Cybernetics Inc., Des Moines, IA).

Secretion of CD44

Conditioned media from ECs and M� was analyzed for
the presence of sCD44 with a sCD44std module set
(Bender MedSystems, Vienna, Austria). This enzyme-
linked immunosorbent assay (ELISA) recognizes the

framework portion of CD44 common to all isoforms and
gives a measurement of total sCD44, including both stan-
dard CD44 and splice variants. Cells were cultured in
SFM in the presence or absence of IL-1�, TNF-�, IFN-�,
or CD40L, as described above. Supernatants (four to
seven donors) were analyzed undiluted. We ran each
supernatant in duplicate.

Cytokine Expression by sCD44-Stimulated ECs

Supernatants from early monocytes in SFM were col-
lected and concentrated with Centriprep-30 with a 30-kd
molecular weight cutoff (Amicon, Beverly, MA).19 sCD44
concentration was determined by sCD44 ELISA, as de-
scribed above. After growth arrest ECs (n � 3) were
incubated with sCD44 (80 ng/ml) in the presence or
absence of a 100-fold excess (8 �g/ml) of anti-CD44H
antibody (R&D Systems). As a control, cells were incu-
bated with either heat-inactivated (56°C, 30 minutes)
sCD44-enriched supernatant or an IgG2A. Cytokine
ELISA was performed for IL-8, IL-1�, IFN-�, and TNF-�,
as described for IL-1�.28 Samples from each donor were
analyzed in duplicate.

Reverse Transcriptase-Polymerase Chain
Reaction

Total RNA was isolated from cultured ECs using the
RNeasy mini kit (Qiagen, Valencia, CA). One hundred ng
of total RNA was reverse-transcribed into cDNA for 10
minutes at 20°C, 15 minutes at 42°C, and 5 minutes at
99°C. The reaction mixture was cooled to 4°C before
amplification. Samples were denatured at 95°C for 2
minutes and then amplified with IL-1� primers29 for 36
cycles at 95°C for 1 minute, 60°C for 1 minute, and 72°C
for 2 minutes. Polymerase chain reaction products (388
bp) were run on 1% agarose gels and stained with
ethidium bromide.

Statistics

Results were analyzed with the Mann-Whitney test (West-
ern blot on tissue extracts) and Student’s t-test (cell cul-
ture experiments). P � 0.05 was regarded as statistically
significant.

Results

Elevated Protein Levels of CD44 in Human
Atheroma and AAA

Normal arterial tissue expresses CD44H but almost no
splice variants. Western blot analyses of extracts from
nondiseased tissues show either weak or no detectable
signal for CD44 or its variants (Figure 1); immunohisto-
chemical stainings of corresponding tissue sections con-
firmed these findings (Figure 2). ECs, identified by CD31-
staining, express only CD44H of the isoforms tested (data
not shown). Fibrous plaques contain all CD44 splice vari-
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ants sought compared to nondiseased arterial tissue
(Figure 1). In diseased arterial tissue, CD44H co-local-
izes predominantly with M� in both atherosclerotic
plaques and AAA, as determined by CD68 staining per-
formed on serial sections (Figure 2) and to a lesser extent
with SMC (data not shown). M� show immunodetectable
levels of all tested CD44 variants [CD44v3, CD44v4/5,
CD44v6, CD44v7/8 (Figure 2), and CD44v10], whereas
SMCs yield only weak staining for CD44v7/8 similar to
nondiseased tissues (data not shown). Levels of CD44H
and its variants were highest in M�-rich atheromatous
plaques, as determined by immunohistochemistry and
Western blot analysis (Figures 1 and 2; Table 1). These
lesions have 11.9-fold higher CD44H levels (P � 0.01,
Table 1), and levels of all CD44 variants studied in-
creased 10- to 15-fold compared to nondiseased tissue
(Table 1). Interestingly, because of higher M� content,
atheromatous plaques showed substantially increased
levels (approximately twofold to fourfold) of CD44H and
variants compared to either fibrous plaques or AAA tis-
sue (Table 1), which contain less M�.

In aneurysmal tissue, CD44H co-localizes not only with
M� (Figure 2) but also with SMC and CD4� T cells (data
not shown). AAA also showed induced expression of
CD44H and variants compared to nondiseased tissue. As
in atheromatous plaques, all variants studied here
(CD44v3, CD44v4/5, CD44v6, CD44v7/8, and CD44v10)
co-localized with M� and showed weak staining for
CD44v7/8 in SMC (data not shown). AAA showed lower
levels of CD44 variants compared to atheromatous
plaques: CD44H (2.8-fold lower levels, P � 0.04),
CD44v3 (1.8-fold lower levels, P � 0.04), and CD44v4/5
(threefold reduction, P � 0.02), as determined by West-
ern blot analysis (Figure 1, Table 1). To validate our
observations, we used CD44 antibodies from different
sources, and obtained similar results with monoclonal rat
anti-CD44S (same specificity as mouse anti-CD44H),

polyclonal rabbit anti-CD44v3, and monoclonal mouse
anti-CD44v5 (all from Chemicon Int. Inc.) (data not
shown).

In summary, these observations show elevated ex-
pression of CD44 in diseased tissues compared to unaf-
fected arteries, varying in a rank order of normal � fi-
brous plaques � AAA � atheromatous plaques and
correlating with the inflammation level (M� content) in the
tissue samples.

Macrophages Elaborate Abundant CD44 in
Vitro

Because M� in lesions show exuberant expression of
CD44H and many of its variants, we used human blood-
derived mononuclear phagocytes to test the hypothesis
that proinflammatory cytokines found in human atheroma
augment CD44 levels in vitro. Freshly isolated monocytes
(day 0) constitutively express CD44H, CD44v6, and
CD44v7/8, and the proinflammatory cytokines (IL-1�,
TNF-�, and CD40L) did not affect the protein levels of
these CD44 variants (Figure 3A). Differentiated M� (cul-
tured for 10 days in the presence of serum) also express
CD44H constitutively (Figure 3B). Proinflammatory cyto-
kines elevated these levels [IL-1�/TNF-� (P � 0.02) or
CD40L (P � 0.05)] by twofold, whereas IL-1�/TNF-� stim-
ulation augments CD44v6 and CD44v7/8 protein levels
(2.7-fold and 1.6-fold, respectively, both P � 0.01) (Fig-
ure 3B).

To test the hypothesis that inflammatory mediators in-
volved in the development of arterial diseases regulate
CD44 release, we measured sCD44 in supernatants from
cytokine-stimulated M� (Figure 3C). The cytokines in this
study do not affect sCD44 secretion in freshly isolated
M� (day 0). Unstimulated M� in SFM secrete 5.12 � 0.66
ng/ml sCD44 at day 10, and IFN-� reduces sCD44 ex-
pression by 28.8% (3.64 � 0.46 ng/ml, P � 0.02) in these
cells. Interestingly, CD40L strongly induces sCD44 se-
cretion compared to IL-1�/TNF-� or IFN-�, and fully dif-
ferentiated M� at day 10 secrete 10.1 � 1.20 ng/ml
sCD44 in response to CD40L, an increase of 197.4%
(P � 0.04).

Microvessels in AAA Express CD44 and
Inflammatory Mediators Regulate CD44
Expression by ECs

Microvascular ECs express CD44H, CD44v3, CD44v6
(Figure 4), and CD44v7/8 (data not shown) in aneurysmal
tissue containing very prominent neovascularization.
Both CD44H and CD44v6 have been implicated in reg-
ulating cell proliferation.28–31 We therefore studied the
protein levels of these isoforms in response to inflamma-
tory mediators in more detail in cultured ECs. Unstimu-
lated ECs show low levels of CD44H, which increase with

Figure 2. Increased CD44 expression in macrophage-rich areas in atheroma and AAA. Both CD44 and its splice variants are prominently expressed in
macrophage-rich areas of atherosclerotic plaques (left) and AAA tissue (right). Representative stainings are shown. Staining of tissue samples from seven patients
showed similar results. Normal, nondiseased, aorta (bottom, n � 5) is positive for CD44H but not CD44v7/8. Original magnifications are indicated.

Figure 1. CD44 expression is enhanced in tissue extracts from atheroma and
AAA. Tissue extracts (25 �g total protein/lane) from nonatherosclerotic
arteries (normal, n � 6), fibrous plaques (n � 6), and atheromatous plaques
(n � 5), as well as AAA (n � 7) were analyzed by Western blotting for
CD44H and variants expression. The integrated optical density of each band
was densitometrically determined as described in Materials and Methods.
Bars represent mean � SEM.
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IL-1� stimulation (4.4-fold, P � 0.05). IL-1� and TNF-�
significantly elevated CD44v6 levels 23-fold (P � 0.05)
and 14-fold (P � 0.05), respectively. CD40L, the stron-
gest inducer of CD44 expression in M�, did not affect the
levels of CD44H or its variants in ECs (Figure 5A).

ECs stimulated by cytokines release levels of sCD44
(0.54 � 0.11 ng/ml) (Figure 5B) 10-fold lower than those
observed in M� (Figure 3C). IL-1�, TNF-�, or CD40L
induce considerable sCD44 secretion by ECs. Cells in-
cubated in the presence of IL-1� (n � 7) secrete 1.37 �
0.28 ng/ml sCD44, an overall increase of 254% (P �

0.02) compared to controls in SFM. TNF-� (n � 7) exerts
a similar effect with 1.35 � 0.32 ng/ml secreted sCD44
(249.9% increase, P � 0.03), and CD40L (n � 4) induced
1.52 � 0.14 ng/ml sCD44 secretion (282.6% increase,
P � 0.01) compared to control (Figure 5B).

CD44 Expression in ECs: A Potential Feedback
Loop in Vitro

sCD44 induces IL-1� expression and release in ECs,
whereas in SFM, ECs only release minor amounts of IL-1�
(0.1 � 1.3 ng/ml). In response to sCD44, these ECs
secrete 8 � 1.6 ng/ml of IL-1� (P � 0.01, Figure 6A). This
expression falls to 2.3 � 0.9 ng/ml when sCD44-enriched
supernatants are preincubated with an anti-CD44 anti-
body (P � 0.01). A mouse IgG2 antibody (IgG control)
did not reduce IL-1� expression in sCD44-stimulated
ECs. Furthermore, heat-inactivated sCD44-enriched su-
pernatants do not stimulate IL-1� expression in ECs,
arguing against endotoxin contamination as an explana-
tion for IL-1� expression. Reverse transcriptase-polymer-
ase chain reaction analyses showed that sCD44 induces
IL-1� mRNA expression in ECs (Figure 6B); treatment
with an anti-CD44 antibody during cell culture almost
completely negates this effect, suggesting that sCD44
enhances IL-1� expression in ECs through elevated
IL-1� mRNA levels. Soluble CD44 affects neither the
expression of IL-8 nor the expression of TNF-� or IFN-� in
ECs (data not shown). It is possible that the elevated
IL-1� levels could then stimulate CD44 expression and
shedding in ECs in an autocrine manner.

CD44 Variants Inhibit EC Proliferation but Do
Not Affect EC Apoptosis

The co-localization of CD44H and its variants CD44v3,
CD44v6, and CD44v7/8 to ECs lining microvessels in
AAA suggests that CD44 isoforms participate in EC func-
tion. To address the possible role of CD44 variants in EC
proliferation, we monitored proliferation of human sa-
phenous vein ECs in the presence and absence of
antibodies directed against CD44H, CD44v3, CD44v6,
and CD44v7/8. Indeed, anti-CD44v3 reduces EC prolif-
eration by 63% (P � 0.05) whereas anti-CD44v6 reduces
proliferation almost 100% (P � 0.05) compared to con-

Table 1. Changes in CD44 Levels in Tissue Extracts

CD44H CD44v3 CD44v4/5 CD44v6 CD44v7/8 CD44v10

Fibrous plaque versus normal �4.4 P � 0.01 �5.5 P � 0.01 �3.8 P � 0.01 �5.3 P � 0.03 �5.1 P � 0.03 �3.3 P � 0.05
Atheromatous plaque versus

normal
�11.9 P � 0.01 �14.6 P � 0.01 �13.5 P � 0.01 �11.1 P � 0.01 �9.9 P � 0.01 �11.1 P � 0.01

Fibrous plaque versus
atheromatous plaque

�2.7 P � 0.05 �2.6 P � 0.05 �3.6 P � 0.02 �2.1 P � 0.05 �2.0 P � 0.05 �3.4 P � 0.03

AAA versus normal �4.3 P � 0.03 �7.9 P � 0.02 �4.5 P � 0.01 �6.1 P � 0.02 �8.8 P � 0.004 �6.9 P � 0.02
AAA versus fibrous plaque P � NS P � NS P � NS P � NS P � NS P � NS
AAA versus atheromatous plaque �2.8 P � 0.04 �1.8 P � 0.04 �3.0 P � 0.02 P � NS P � NS P � NS

Western Blot analysis of tissue extracts of nondiseased (normal, n � 6), fibrous (n � 6), and atheromatous (n � 5) plaque, and aortic aneurysm
(AAA, n � 7) are shown as fold increase (�) or fold decrease (�). P values �0.05 were regarded as statistically significant. NS denotes no significant
change.

Figure 3. Cytokines stimulate CD44 expression and release in M�. M�
express both CD44H and variants CD44v6 and CD44v7/8 in vitro. M� were
cultured for 0 (day 0, A) and 10 (day 10, B) days in the presence of serum.
Cells were then incubated with or without IL-1�/TNF-�, IFN-�, or CD40L and
cell lysates analyzed by Western blotting. Bars represent mean � SEM from
four different donors. C: Growth-arrested M� released CD44 on stimulation
with the proinflammatory cytokine CD40L. Bars represent mean � SEM.
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trols without antibody. Addition of anti-CD44v7/8 does not
effect EC cell proliferation (Figure 7). Addition of same
amount of respective IgG did not affect EC proliferation.
We used the same antibodies to study CD44-mediated
apoptosis in ECs. The addition of neither CD44H,
CD44v3, CD44v6, nor CD44v7/8 influenced EC apopto-
sis significantly (data not shown).

Discussion

Interactions between extracellular matrix constituents
and vascular cells have received intense scrutiny. Al-
though we have learned much about integrin signaling in
this regard, glycosaminoglycan interaction has received
less attention thus far. CD44, the primary receptor for HA

Figure 4. CD44 variant expression in AAA microvessels. CD44H, CD44v3, and CD44v6 stainings co-localize with endothelium lining microvessels. Cell-type-
specific staining for ECs with anti-CD31 (top) and negative control staining (mouse IgG, bottom right) is also shown. Staining of tissue samples from six patients
showed similar results. Original magnifications, �400.
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may participate in inflammatory diseases via numerous
pathways, including cell adhesion, migration or prolifer-
ation, and lymphocyte activation and homing. This study
addressed the role of CD44H and splice variants in both
human AAA and atheroma. We found the presence or
absence of M�, a major source of CD44H and splice
variants in atheroma and AAA tissue, may explain the
differences in CD44 protein levels observed in these two
inflammatory arterial diseases. Because all tissue sam-
ples used for Western blotting were morphologically
characterized and divided into two groups according to
M� and SMC content, we could establish a correlation
between the M� content and the amount of CD44 protein
in the different tissue groups (normal, fibrous, and ather-
omatous plaques, as well as AAA). Fibrous plaques,
which contain fewer M� than lipid-rich lesions, exhibit
CD44 expression similar to AAA, whereas atheromatous
plaques, dominated by M�, show much higher levels of
CD44.

Low levels of CD44 variants in nondiseased tissue
agree with a survey that shows CD44H primarily re-
stricted to epithelia.32 Although all major cell types in
human atheroma and AAA express CD44, we show here
in vitro that M� are the major source of CD44H and some
of its variants. Although CD44 variant expression previ-
ously was limited to diseased tissue, M� activation itself
induces expression of certain CD44 variants.15

Both injury and inflammation induce CD44 expression,
as seen in restenosis after balloon angioplasty,33 injured
carotid arteries in rats,34,35 the expanded intima in trans-
planted mouse arteries,36 and atherosclerotic tissue in

humans and rabbits.37,38 Interestingly, enhanced CD44
expression may coincide with augmented cytokine ex-
pression in arterial tissues. Whereas normal arteries ex-
press few or no cytokines, atheromatous plaques contain
IL-1�, TNF-�, and IFN-� as well as biologically active
IL-1�.25

A recent study shows reduction in aortic lesion size (50
to 70%) in CD44-deficient mice and increased levels of
HA in atherosclerotic lesions of apolipoprotein E-deficient

Figure 5. Cytokines stimulate CD44 expression and release in ECs. A: IL-1�
and TNF-� enhance CD44 expression in ECs. ECs were incubated with or
without IL-1�/TNF-�, IFN-�, and CD40L. Cell lysates were analyzed for CD44
expression. Bars represent mean � SEM from four different donors. B:
Proinflammatory cytokines stimulate CD44 release from growth-arrested ECs.
CD40L and IL-1�/TNF-� induce sCD44 release in ECs. Bars represent mean �
SEM.

Figure 6. Soluble CD44 stimulates IL-1� expression and release from ECs.
Growth-arrested ECs from three different donors were stimulated with sCD44
(80 ng/ml) in the presence or absence of a CD44H antibody. Soluble CD44
induces IL-1� protein in ECs (A) as well as IL-1� mRNA (B). This effect is
abolished by the addition of an anti-CD44H antibody or by heat-inactivation
of the sCD44-containing medium. Anti-IgG2A (negative control) does not
affect IL-1� protein levels.

Figure 7. CD44 inhibition diminishes the ability of human ECs to proliferate
in vitro. ECs were plated as described in Materials and Methods and cultured
in the presence or absence of antibodies against CD44H, CD44v3, CD44v6,
and CD44v7/8. Cell proliferation was determined using a colorimetric (XTT
based) assay. Bars represent mean � SEM of three donors run in duplicate.
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mice.39 Elevated levels of both CD44 and HA result in
more CD44-HA interactions, thus promoting SMC motility
in response to injury in vitro.40 Another study demon-
strates that sCD44 releases spontaneously from bron-
chial epithelial cells and accumulates in the matrix.41

Although an increased release of sCD44 may indicate
tissue injury, its interaction with other CD44-associated
matrix components may benefit matrix deposition.2 The
interaction of sCD44 with HA may compete with regular
CD44-HA interactions. Thus, sCD44 inhibits melanoma
tumor growth by preventing HA from binding cell surface
CD44.19

In this study, proinflammatory cytokines induce sCD44
release from ECs. Because sCD44 can induce IL-1�
expression in ECs, this released IL-1�, together with
IL-1� expressed by other surrounding vascular cells,
might act in an autocrine manner to stimulate CD44 ex-
pression in ECs and other cells. Interestingly, IL-1� local-
izes most prominently in the M�-rich shoulder area of the
atherosclerotic plaque, and mature IL-1� is found primar-
ily in extracts of atheromatous lesions with morphological
characteristics of lesions prone to rupture (eg, with abun-
dant M� and few SMCs).28,42 Furthermore, IL-1� acti-
vates CD44 by augmenting the HA-binding phenotype of
CD44 through increased sulfation of CD44.43

We found CD44H, CD44v3, CD44v6, and CD44v7/8
expression in EC lining microvessels in AAA tissue. Al-
though previous studies show the involvement of non-
spliced CD44H in EC angiogenesis,30,44 we extend these
findings by suggesting that EC angiogenesis may also
involve alternatively spliced CD44 variants, a hypothesis
supported by significantly reduced EC proliferation in the
presence of anti-CD44v3 and anti-CD44v6 antibodies.
Reduced heparin-binding growth factor immobilization,
which is mediated through the v3 exon,45 may contribute
to this effect. ECs in capillaries of tonsil tissue and um-
bilical vein express CD44v3, where it may have similar
function,46 and it binds several growth factors, including
vascular endothelial growth factor.47 CD44v3 is ex-
pressed in vessel endothelium, where it is involved in
leukocyte extravasation.48 On the other hand, partial hep-
atectomy induces CD44v6, which promotes proliferation
of residual hepatocytes.31 Inhibition of CD44v7/8 does
not affect EC proliferation in this study, although
CD44v7/8 has a role in trophoblast invasion and placen-
tal angiogenesis,49 suggesting that its effect is cell-type
specific.

Several studies have investigated the role of CD44 in
apoptosis, but results regarding CD44 as a pro- or anti-
apoptotic mediator are inconclusive thus far. It is clear
that the scenario is complicated by the occurrence of
CD44 splice forms and the diverse signaling pathways
that CD44 uses in different cells. Thus, CD44-mediated
anti-apoptotic effects occur in a B-cell lymphoma cell
line,50 tubular epithelial cells,51 and cancer cells.52,53 In
contrast, CD44 is proapoptotic for T cells,54,55 leuko-
cytes,56 and thymic lymphomas and T-cell hybridomas.57

Interestingly, in contrast to CD44H, CD44v7 supports
survival of activated T cells by interfering with activation-
induced cell death,58 suggesting differential roles for
CD44 and its splice variants in cellular responses. Our

study did not detect CD44-mediated apoptosis in human
ECs from saphenous veins, leading to our conclusion that
CD44 does not have proapoptotic properties in these
cells. Our CD44H protein results on primary human vas-
cular cells agree with the stimulatory effects exerted by
IL-1� on CD44 mRNA in rat SMC36 and TNF-� in a human
EC cell line.59 Together, IL-1� and TNF-� induce
CD44-HA interaction in M�60 but also increase HA
expression in ECs, thereby affecting CD44-HA primary
adhesion.61

Several CD44 splice variants are enhanced in dis-
eased arterial tissues, as determined by Western blot,
and are highly expressed by M� and ECs in situ, al-
though we did not detect these isoforms in vitro. This
suggests that other factors, eg, cell-cell or cell-matrix
interactions, may be important for the induction of these
splice variants. Recently, Jones and colleagues47

showed that fully differentiated M� express CD44v3 after
activation with IL-1 or LPS in vitro. Furthermore, the en-
dothelium produces several CD44 isoforms in situ,46,48

and CD44 plays an essential role in EC injury.62

This study extends previous knowledge by showing
augmented expression of CD44 and variants within hu-
man atheroma and in AAA. Furthermore, we demonstrate
that proinflammatory cytokines trigger both CD44 expres-
sion and its release from the cell surface. A positive
feedback loop found in ECs suggests that sCD44 may
participate in the expression of IL-1�. These data provide
new support for CD44 as a participant rather than as a
bystander in arterial diseases.
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