The adhesion receptor CD44 promotes atherosclerosis
by mediating inflammatory cell recruitment

and vascular cell activation
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Atherosclerosis causes most acute coronary syndromes and strokes. The pathogenesis of atheroscle-
rosis includes recruitment of inflammatory cells to the vessel wall and activation of vascular cells.
CD44 is an adhesion protein expressed on inflammartory and vascular cells. CD44 supports the adhe-
sion of activated lymphocytes to endothelium and smooth muscle cells. Furthermore, ligation of
CD44 induces activation of both inflammatory and vascular cells. To assess the potential contribu-
tion of CD44 to atherosclerosis, we bred CD44-null mice to atherosclerosis-prone apoE-deficient
mice. We found a 50-70% reduction in aortic lesions in CD44-null mice compared with CD44 het-
erozygote and wild-type littermates. We demonstrate that CD44 promotes the recruitment of
macrophages to atherosclerotic lesions. Furthermore, we show that CD44 is required for phenotyp-
ic dedifferentiation of medial smooth muscle cells to the “synthetic” state as measured by expression
of VCAM-1. Finally, we demonstrate that hyaluronan, the principal ligand for CD44, is upregulated
in atherosclerotic lesions of apoE-deficient mice and that the low-molecular-weight proinflamma-
tory forms of hyaluronan stimulate VCAM-1 expression and proliferation of cultured primary aor-
tic smooth muscle cells, whereas high-molecular-weight forms of hyaluronan inhibit smooth mus-
cle cell proliferation. We conclude that CD44 plays a critical role in the progression of atherosclerosis

through multiple mechanisms.

J. Clin. Invest. 108:1031-1040 (2001). DOI:10.1172/JC1200112455.

Introduction

Multiple risk factors for development of atherosclero-
sis have been identified, including elevated levels of
LDL cholesterol. Although lipid-lowering drugs have
had a major impact by decreasing coronary events by
about 30% over 5 years (1), it will be necessary to bet-
ter define the molecular mechanisms of atherogenesis
to provide a rational basis for design of novel therapies
to further reduce risk. Atherosclerosis is also charac-
terized by the focal recruitment of macrophages and
T lymphocytes that secrete soluble mediators that per-
petuate the inflammatory response underlying the
progression of atherosclerotic lesions (2). Vascular
cells also play a critical part in disease progression.
Activated endothelial cells express adhesion molecules
required for the recruitment of inflammatory cells to
the vessel wall. Normally vascular smooth muscle cells
(SMCs) reside in the media in a quiescent or contrac-
tile state. Atherosclerotic lesions are characterized by

dedifferentiation of SMCs to a synthetic state charac-
terized by proliferation and migration into the neoin-
tima (3). In addition, SMC dedifferentiation is associ-
ated with downregulation of o-smooth muscle actin
and upregulation of adhesion molecules (4), as well as
matrix components such as laminin (3).

CD44 is expressed on both inflammatory and vas-
cular cells and can mediate adhesion of T lympho-
cytes to endothelium (5, 6) and SMCs (7), release of
inflammatory mediators from macrophages (8-10)
and T lymphocytes (11-13), and proliferation of vas-
cular SMCs (14). The principal ligand of CD44 is
hyaluronan (HA), a major glycosaminoglycan con-
stituent of extracellular matrix that is upregulated
within atherosclerotic lesions (14-16).

The previous evidence that CD44 can potentially
mediate several atherogenic processes including
inflammatory cell recruitment and cellular activation
(5,8,9), together with the finding that the principal lig-
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and of CD44, HA, is upregulated in atherosclerotic
lesions (14-16), led us to hypothesize that CD44 may
promote atherogenesis. We report that CD44-null mice
had markedly reduced atherosclerosis compared with
CD44 heterozygote and wild-type littermates. Further-
more, we demonstrate that CD44 is critical for the
recruitment of macrophages to atherosclerotic lesions
and plays a role in the dedifferentiation of SMCs to the
synthetic phenotype. Furthermore, HA regulates SMC
proliferation and VCAM-1 expression in vitro. We con-
clude that CD44 plays an important role in the patho-
genesis of atherosclerosis.

Methods

Animals. CD44-deficient mice (17), sixth-generation
backcross to C57BL/6, were bred to apoE-deficient mice
(tenth-generation C57BL/6; The Jackson Laboratory,
Bar Harbor, Maine, USA) to generate third-generation
mice (seventh-generation backcross to C57BL/6) that
were all apoE7~ and either wild-type, or heterozygous, or
homozygous null at the CD44 locus. All comparisons of
atherosclerosis were made with littermate controls.
Mice were fed a normal chow diet and atherosclerosis
was analyzed at 20 or 24 weeks of age as indicated.
C57BL/6 mice were purchased from Taconic Farms
(Germantown, New York, USA). Animals were eutha-
nized by inhalation of CO,, gently perfused with PBS,
and the aorta and heart were dissected. The aorta was
fixed in 10% formalin and the hearts were embedded in
OCT and frozen. Mice were housed in the Wistar Insti-
tute animal facility in a specific pathogen-free environ-
ment. All procedures were approved by the Institute
Animal Care and Use Committee.

Analysis of atherosclerosis. The extent of atherosclerosis
in the thoracic and abdominal aorta was measured en
face using methods described previously (18). Choles-
terol deposits within the aorta were visualized by stain-
ing with Sudan IV, and the extent of lesion was
expressed as percentage of aorta covered by lesion. Ath-
erosclerotic lesion area in the aortic root was measured
by the aortic root assay (18) in which 8-ium sections of
the aortic root were collected on 12-well masked slides
(Carlson Scientific Inc., Peotone, Illinois, USA) and
immunostained with Ab’s described below to visualize
the atherosclerotic lesions. A minimum of four sections
spaced over approximately 300 um of the proximal
aorta were analyzed for each animal by a blinded
observer and the average lesion area within each animal
was determined by computer-assisted morphometric
analysis (Phase 3 Imaging software; Phase 3 Imaging
Systems, Glen Mills, Pennsylvania, USA).

Cholesterol analysis. Serum total cholesterol concentra-
tions were determined using enzymatic reagents (Sigma
Chemical Co., St. Louis, Missouri, USA) on a Cobas Fara
IT autoanalyzer (Roche Diagnostic Systems Inc., Nutley,
New Jersey, USA). Lipoprotein cholesterol distributions
were evaluated in pooled serum samples (120 pl) from
four mice in each group after fractionation by fast pro-
tein liquid chromatography gel filtration (Amersham

Pharmacia Biotech AB, Uppsala, Sweden) on two Super-
ose 6 columns connected in series (19). Fractions were
collected and cholesterol concentrations were deter-
mined with an enzymatic-based assay kit (Wako Chem-
icals USA, Richmond, Virginia, USA).

SMC cultures. Vascular SMCs were isolated from the
aorta of C57BL/6 or CD44-deficient mice by explant
culture by removing the adventitial layer, longitudi-
nally dissecting the aorta, and placing 2- to 6-mm
pieces face down under coverslips in 40% DMEM, 40%
F12,20% heat-inactivated FCS, 25 mM HEPES, peni-
cillin, and streptomycin. Fresh media (15% serum) was
applied every 3-4 days, and cells were passaged at 80%
confluence by trypsin/EDTA treatment. Experiments
were performed on cells from passage two or three. The
purity of each population was assessed by expression of
o-smooth muscle actin as detected by flow cytometry,
and cultures that were greater than 95% positive were
used for experiments. For determination of phenotype,
SMCs were serum deprived by culturing in 0.2% serum
for 2 days before stimulation with low-molecular-
weight HA (LMW-HA; ICN Biomedicals Aurora, Ohio,
USA), high-molecular-weight HA (HMW-HA; Pharma-
cia & Upjohn, Peapack, New Jersey, USA), or TNF-o
(100 U/ml; R&D Systems Inc., Minneapolis, Minneso-
ta, USA). All treatments were carried out in the pres-
ence of polymixin B (Sigma Chemical Co.) to eliminate
the effects of potential LPS contamination, which was
monitored by the Limulus endotoxin assay. VCAM-1
levels were analyzed by flow cytometry. NF-xB activa-
tion was analyzed by electromobility-shift assay as
described previously (20) using a 32P-labeled oligonu-
cleotide representing the consensus sequence of the
NF-xB-binding site (Santa Cruz Biotechnology Inc.,
Santa Cruz, California, USA) as a probe.

For measurement of proliferation, SMCs were made
quiescent by starving them in serum-free media con-
taining 0.1% BSA for 48 hours. Quiescent SMCs were
seeded on coverslips in media containing either 1% FCS
or 10% FCS and treated with LMW-HA or HMW-HA
for 48 hours. The rate of S-phase entry was determined
using standard immunofluorescence procedures (21)
with anti-S-bromo-2’-deoxyuridine (anti-BrdU) Ab. In
some experiments, a blocking anti-CD44 Ab, KM81, or
an irrelevant isotype-matched Ab (20 ug/ml), were
added for the duration of treatment with HA.

Macrophage recruitment assay. Macrophage migration to
atherosclerotic lesions was determined as described pre-
viously (22). Briefly, thioglycollate-elicited peritoneal
macrophages were adherence purified and labeled with
either 1'indium-oxyquinolone (Nycomed Amersham,
Princeton, New Jersey, USA) according to a method
described previously (23) or 2 um yellow-green fluores-
cent beads according to the manufacturer’s recommen-
dation (Molecular Probes Inc., Eugene, Oregon, USA).
Cells (2 x 10%) were injected intravenously via the orbital
plexus. Radioactivity in the aortic arch, spleen, and liver
was quantified with a gamma-counter (Hewlett-Packard
(Palo Alto, California, USA). Data was normalized for
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Figure 1

Genetic deficiency in CD44 results in marked reduction of atherosclerosis in apoE-deficient mice. (a) Atherosclerotic lesion area in CD44*/~
(n=21) and CD44~/~ (n = 19) mice was quantitated by aortic root assay; P = < 0.01. (b) Atherosclerotic lesion area in the entire thoracic-
abdominal aorta of CD44*/* (n = 6), CD44*/~ (n=9), and CD44~/~ (n = 10) mice quantitated by en face analysis. (c) Total cholesterol levels
in the plasma of CD44*/* (n = 18), CD44*/~ (n = 20), and CD44~/~ (n = 19) mice were equivalent.

radioactivity detected in the spleen and liver to account
for variations in injections. Alternatively, hematopoietic
cells were isolated from bone marrow and labeled with
the fluorochrome calcein (Molecular Probes Inc.). In
experiments in which cells were fluorescently labeled, the
aortic arch was frozen in OCT and cryosections through
the entire aortic arch were analyzed by immunofluores-
cence microscopy for quantitation and localization of
macrophages within lesions. Injections were normalized
by the amount of fluorescence present in liver and spleen
homogenates as detected by fluorimetry.
Immunobistochemistry. Eight-micrometer tissue sec-
tions were fixed in acetone, air dried, and treated with
0.3% H,O, for 20 minutes. Tissues were rehydrated
with PBS and blocked with 3% BSA in PBS for 30 min-
utes. Following 1-hour incubation with primary Ab’s,
sections were incubated with biotinylated secondary
Ab’s (Vector Laboratories Inc., Burlingame, California,
USA). Horseradish-peroxidase-conjugated (HRP-con-
jugated) ABC amplification system (Vector Laborato-
ries Inc.) was used with all Ab’s, and reactivity was
visualized by 3,3-diaminobenzidine (DAB) substrate
(Polysciences Inc., Warrington, Pennsylvania, USA).
Immunobistochemical reagents. Ab’s used were as fol-
lows: FITC-conjugated anti-0-smooth muscle actin (10
ug/ml; Sigma Chemical Co.); biotinylated goat
anti-FITC (2.5 pg/ml; Sigma Chemical Co.) CD44,IM7
(20 pg/ml; American Type Tissue Collection [ATTC],
Manassas, Virginia, USA), and CD44, KM81 (20 pg/ml;
ATCC) VCAM-1, 429 (20 pg/ml, PharMingen, San
Diego, California, USA); ICAM-1, YN1 (20 pg/ml;
ATCC); PECAM-1 (20 ug/ml; ATTC); laminin (0.4
ng/ml; Sigma Chemical Co.); collagen type Iand IV (0.5
ng/ml,; Sigma Chemical Co.); CD18, 2E6 (20 ug/ml;
ATCC); CD11c, N418 (20 pg/ml; ATCC); Mac-1 (20
ug/ml; ATCC), anti-BrdU (Amersham Pharmacia
Biotech, Piscataway, New Jersey, USA); and FITC-con-
jugated anti-mouse IgG (Jackson ImmunoResearch
Laboratories Inc., West Grove, Pennsylvania, USA).
HA levels were detected with cartilage-derived HA-bind-
ing protein (HA-BP) (24) (5 ng/ml; Seigagaku, Tokyo,

Japan) followed by HRP-conjugated avidin (Zymed Lab-

oratories Inc., South San Francisco, California, USA).
Statistics. All data were analyzed by Student’s ¢ test. A P

value less than 0.05 was considered statistically significant.

Results

Genetic deficiency in CD44 results in a marked reduction of
atherosclerosis in apoE-deficient mice. We bred mice with a
null mutation in CD44 (17) to apoE-deficient mice and
analyzed the extent of atherosclerotic lesions. Strik-
ingly, at 20 weeks of age in mice maintained on a nor-
mal chow diet, lesion area in the aortic root of CD44-
null mice was reduced 70% compared with CD44
heterozygote littermates (P < 0.01; Figure 1a). This
reduction in atherosclerotic lesions was confirmed and
extended by en face analysis of the thoracic abdominal
aorta. In this assay, lesion area was reduced in CD44-
null mice by 49% compared with heterozygote litter-
mates (P < 0.05) and 75% compared with wild-type lit-
termates (P < 0.01; see Figure 1b), indicating that CD44
regulated atherosclerotic lesion formation in a gene
dosage-dependent manner. Atherosclerotic lesions in
the CD44-null and CD44 heterozygote mice then pro-
gressed at similar rates from 20 to 24 weeks (~2.5-fold
increase). At 24 weeks, lesions from CD44-deficient
mice were still reduced by 37% compared with CD44
heterozygote littermates (P < 0.05, n» = 10; data not
shown). Deficiency at the CD44 locus did not affect
lipid metabolism because analysis of plasma choles-
terol levels indicated that there was no difference in
either the total plasma cholesterol levels nor was their
a difference in the profile of lipoproteins (Figure 1c).
Together these data indicate that CD44 promotes
atherogenesis and that the reduction in atherosclerot-
ic lesions observed in CD44-null mice is not due to
alterations in plasma lipid metabolism.

To determine if CD44 plays a role in regulating the
morphology of atherosclerotic lesions we performed
immunohistochemical analysis of the aortic root. The
reduction in lesion area in the CD44-null mice was
clearly apparent in this analysis as well (Figure 2). How-
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Figure 2

Morphology of atherosclerotic lesions was not affected in CD44-defi-
cient mice. Aortic root sections from CD44*/~ (aand b) and CD44~/~
(c and d) mice were immunostained with the macrophage marker
Mac-1 (a and c) to visualize macrophage-rich areas as well as the
matrix component laminin (b and d) to identify fibrotic areas. Rep-
resentative of 21 CD44%/~ and 19 CD44~/~ mice. X50.

ever, there were no obvious differences in the relative
composition of the lesions. Thus, lesions in CD44-null
and CD44 heterozygote mice contained a comparable
proportion of macrophage-rich areas identified with
Mac-1 (Figure 2, a and c¢) and CD11c-specific Ab’s that
identify foam cells (25) (data not shown) and a compa-
rable proportion of matrix-rich fibrotic areas detected
with laminin (Figure 2, b and d) and collagen-specific
Ab’s (data not shown).

HA and CD44 regulate SMC VCAM-1 expression in ather-
osclerotic lesions. VCAM-1 expression was previously
implicated as a marker of transition of SMCs to the
synthetic phenotype within atherosclerotic lesions in
humans and rabbits (3). We found that VCAM-1, but
not ICAM-1, was selectively upregulated on SMCs in
association with atherosclerotic lesions, but not
expressed on medial smooth muscle in adjacent areas
of the vessel devoid of lesion. VCAM-1 was initially
detected on the ablumenal medial SMCs prior to or
coincident with the earliest detectable recruitment of
leukocytes (Figure 3, a and b). Expression of VCAM-1
extended to the full thickness of the media as lesions
progressed (Figure 3¢) but remained restricted to SMC
underlying lesions. The SMCs in the neointima of
lesions also expressed VCAM-1. Thus, medial smooth
muscle VCAM-1 expression identifies early lesions and
may be an early phenotypic manifestation of SMC ded-
ifferentiation that is maintained on SMC in advanced
lesions (26). CD44 was expressed by smooth muscle
and endothelial cells in normal vessels and upregulat-
ed on SMCs underlying lesions and on macrophages
within lesions (Figure 3f), as determined by immunore-
activity with cell-specific markers in serial sections.

Analysis of serial sections demonstrated an accumu-
lation of HA that colocalized with VCAM-1 in athero-

sclerotic lesions (Figure 4, a—f). These results raised the
possibility that CD44, the principal HA receptor, might
regulate the expression VCAM-1. Indeed, we found that
the upregulation of VCAM-1 by SMCs in lesions from
CD44-deficient mice was dramatically attenuated com-
pared with the marked upregulation of VCAM-1 on
SMC:s in lesions from CD44 heterozygote mice (Figure
5). This differential regulation of VCAM-1 was evident
in comparing intermediate and advanced lesions (Fig-
ure 5, a and b vs. d and e) as well as early foam cell
lesions (Figure 5, c vs. f) from heterozygous and CD44-
null mice. Thus, marked upregulation of VCAM-1 on
smooth muscle cells was evident in all lesions and at all
stages in the many wild-type (Figure 3) and nine het-
erozygous (Figure 5, a-c) mice that have been analyzed
for VCAM-1 expression. In contrast, marked upregula-
tion of VCAM-1 was not detected in any lesions at any
stage in the aortas isolated from the seven CD44-null
mice analyzed. Furthermore, the differential regulation
of VCAM-1 was evident in comparing lesions of com-
parable size and complexity at the various stages
despite the fact that the lesions from the CD44-null
mice and the CD44 heterozygote mice exhibited com-
parable morphologies typical of intermediate to

Figure 3

Upregulation of VCAM-1 on vascular SMCs is an early and persist-
ent marker of atherosclerosis. Immunohistochemistry of the arch
region of aorta isolated from 6-week (a and b) or 16-week (c-f)
apoE-deficient mice with anti-VCAM-1 (a and c), anti-ICAM-1 (b
and d), anti-PECAM-1 (e), and anti-CD44 (f) Ab’s. VCAM-1 is selec-
tively and markedly upregulated on the vascular SMCs in atheroscle-
rosis-prone areas of the aorta, including on medial SMCs underlying
established lesions, while ICAM-1 expression is restricted to endothe-
lial cells. CD44 was expressed on macrophage-derived foam cells and
upregulated on vascular SMCs underlying lesion. Representative sec-
tions from five to seven mice. X100.
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HMW-HA (Figure 6a). The effect was both
dose- and time-dependent (Figure 6,b and
c). HA-induced VCAM-1 expression was
also dependent on nascent RNA and pro-
tein expression as it was inhibited by acti-
nomycin D and cycloheximide (data not
shown). The VCAM-1 promoter is strong-
ly dependent upon NF-xB (28), and elec-
tromobility shift analysis indicated that
LMW-HA induced a shift of an oligo-
nucleotide containing the consensus
sequence of the NF-xB-binding site (Fig-
ure 6d) consistent with activation of
NF-kB-binding activity. These data im-

Figure 4

VCAM-1 is upregulated within HA-rich regions of atherosclerotic lesions in apoE-
deficient mice. Histochemical detection of HA and VCAM-1 in the aortic root in nor-
mal vessels of C57BL/6 mice (a-c) and atherosclerotic lesions of apoE~~ mice (d-f).
HA deposition was localized using HA-BP to the endothelial layer of the nondiseased
vessel of C57BL/6 mice (a), whereas HA was expressed on endothelium and through-
out the atherosclerotic lesion of apoE-deficient mice (d). Serial sections immunos-
tained for VCAM-1 (b and e) demonstrate that the increased expression of VCAM-1
on SMCs within atherosclerotic lesions of apoE~~ mice (e) colocalizes with the dep-
osition of HA (d) and is absent in disease-free vessels of C57BL/6 mice (b). Predi-
gestion with hyaluronidase (Hase) abolished reactivity with HA-BP (c, f).

advanced complex lesions (Figure 5, a, b, d, and e) con-
taining foam cell-rich areas as well as fibrotic areas
(demarcated by staining with anti-laminin) in the
neointima (Figure 5g) or early lesions consisting main-
ly of foam cells (Figure 5, c and f). Thus, CD44 is
required for maximal upregulation of VCAM-1 expres-
sion on vascular SMCs within atherosclerotic lesions.
Note that VCAM-1 (Figures 3 and 5) as well as ICAM-1
and PECAM-1 (data not shown) were expressed at com-
parable levels on endothelial cells (arrowheads) in both
CD44 wild-type, heterozygote, and CD44-null mice.
Since HA is the principal ligand of CD44, we inves-
tigated whether HA regulates the phenotype and acti-

plicate HA binding to CD44 in the induction of
VCAM-1 within atherosclerotic lesions.

HA regulates the proliferation of primary aortic SMCs. A
hallmark of the synthetic phenotype of SMCs is pro-
liferation. Since the extracellular milieu controls the
G1 phase of the cell cycle, we synchronized primary
aortic SMCs into GO by serum starvation and deter-
mined if HA affected their progression through the
G1 phase. We found that LMW-HA induced a dose-
dependent proliferation of SMCs. LMW-HA was
strongly mitogenic, inducing proliferation of SMCs
almost as effectively as serum. The effects of LMW-HA
and serum were not additive (Figure 7a). In contrast,
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Figure 5

Induction of SMC VCAM-1 expression in atherosclerotic lesions is CD44-dependent. Expression of VCAM-1 in intermediate to advanced (a, b,
d, e) and early foam cell (¢, f) lesions in the aortic root of CD44"/~ apoE~/~ (a-c) and CD44~/~ apoE~/~ mice (d-f) was compared. VCAM-1 expres-
sion was detected on endothelial cells (arrowhead) and SMCs (arrow) in CD44%/~ apoE~/~ mice (a) and on endothelial cells (arrowhead) but not
SMCs (arrow) in CD44~/~ apoE~~ mice (d). Lesions of similar size and morphologic complexity at each stage of lesion progression from CD44~/~
and CD44*/~ mice are compared side by side. The architecture of an intermediate/advanced lesion from a CD44~/~ mouse is detailed (g) in which
a serial section of the section depicted in d was immunostained with an anti-laminin Ab. The large neointima (ni) contains a macrophage-rich
foam cell region (fcr) layered above a matrix-rich layer containing a necrotic core (nc). The media is intact, but diminished in size (m). All pan-
els X200. Results are representative of the seven CD44-null and nine heterozygote mice analyzed.
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not only did HMW-HA not induce proliferation of
serum-deprived SMCs, but it markedly inhibited
serum-stimulated proliferation (Figure 7b). This
modulation of proliferation by HA was not abrogat-
ed by pretreatment of the HA with proteinase K, indi-
cating the regulation was not due to contaminating
proteins. Together these data suggest that LMW-HA
is a potent stimulator of SMC proliferation whereas
HMW-HA may play a role in maintaining SMCs in a
quiescent state. The mitotic response to LMW-HA was
dramatically reduced in SMCs derived from CD44-
deficient mice (65%) and was also inhibited by anti-
CD44 Ab’s (53%) while isotype-matched irrelevant
Ab’s had no effect on LMW-HA-induced proliferation
(Figure 7c). Similarly, the inhibition of serum-
induced proliferation by HMW-HA was also reduced
in SMCs derived from CD44-deficient mice (50% inhi-
bition in wild-type mice vs. 25% in CD44-null SMCs).
Anti-CD44 Ab’s reversed the inhibition of prolifera-
tion by HMW-HA in the case of wild-type mice (Fig-
ure 7d), but did not effect the response in SMCs
derived from CD44-deficient mice. Together these
data indicate that HA may be an important regulator
of SMCs within both normal and atherosclerotic ves-
sels through its interaction with CD44.

Macrophage recruitment to atherosclerotic lesions is CD44-
dependent. CD44 can mediate the initial rolling of acti-
vated T lymphocytes on endothelium under physio-
logic shear stress through binding to activated
endothelial cell-associated HA (5). Therefore, we
hypothesized that CD44 may also play a critical role in
the migration of monocytes to atherosclerotic lesions.
Since sufficient numbers of peripheral blood mono-
cytes cannot be isolated from murine blood, thiogly-
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Figure 6

LMW-HA induces activation of cultured murine
aortic SMCs. Vascular SMCs from C57BL/6 mice
were left untreated (UT) or treated with LMW-HA
or HMW-HA and then analyzed for expression of
VCAM-1 and proliferation. (a) Flow cytometric
analysis of VCAM-1 expression of untreated cells
(blue line), or cells treated with 100 pg/ml of
LMW-HA (black) or HMW-HA (red) for 18 hours.
Dashed line represents level of background fluo-
rescence with an isotype-matched control Ab.
LMW-HA induced VCAM-1 expression is dose-
(b) and time-dependent (c) (data expressed as
percentage of positive cells X mean fluorescent
intensity [MFI]). Treatment of SMCs with either
LMW-HA or TNF for 2 hours induces a shift of an
oligonucleotide of the consensus NF-kB-binding
sequence (d). Data shown are representative of

I

between three and five experiments.

Free
probe

collate-elicited peritoneal macrophages are often used
as a surrogate for determining the mechanisms that
mediate monocyte cell recruitment to atherosclerotic
lesions (22). We therefore compared the migration of
CD44 wild-type and CD44-null peritoneal macro-
phages to atherosclerotic lesions. At 2 hours after
adoptive transfer into apoE-deficient mice, compara-
ble numbers of radiolabeled CD44-null and wild-type
macrophages were detected in the spleens and livers of
recipient animals. However, migration of CD44-null
macrophages into the aortic arch was reduced by 60%
compared with migration of CD44 wild-type
macrophages (P < 0.05, n = 5/group; Figure 8a). Since
the macrophage is a further differentiated cell than the
peripheral blood monocyte, we also compared the abil-
ity of undifferentiated hematopoietic cells (including
monocytes) isolated from the bone marrow of CD44
wild-type and CD44-deficient mice to migrate to ath-
erosclerotic lesions. Migration of CD44-null
hematopoietic cells into the aortic arch was reduced
48% compared with the migration of CD44 wild-type
cells (Figure 8b; P < 0.05, n = 9). To determine whether
CD44 may also affect either the survival or retention
of macrophages within lesions we analyzed a second
group of mice 48 hours after transfer of fluorescently
labeled macrophages. At this later time point, 90%
fewer CD44-null macrophages were detected in the
lesions of the arch compared with CD44 wild-type
macrophages (P < 0.05, n = 7/group; Figure 8c). These
data establish that CD44 plays a critical role in the
recruitment of macrophages to atherosclerotic lesions
and suggest that CD44 may play an additional role in
the survival or retention of inflammatory cells within
atherosclerotic lesions.
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Figure 7

LMW-HA and HMW-HA differentially regulate SMC
proliferation. SMCs were treated with increasing doses
of either LMW-HA or HMW-HA in the presence of low
(1%) or high (10%) serum. (a) LMW-HA induced dose-
dependent proliferation of SMCs cultured in low
serum but did not further enhance proliferation
induced by high serum. (b) HMW-HA failed to induce
proliferation of SMCs cultured in low serum but inhib-
ited serum-induced proliferation in a dose-dependent
manner. The induction of proliferation by LMW-HA
(c) as well as the inhibition of serum-induced prolifer-
ation by HMW-HA (d) is mediated to a substantial
degree by CD44 because the induction of proliferation
by LMW-HA is reduced in CD44-deficient SMCs (gray
bars) as well as CD44 wild-type SMCs (black bars) cul-
tured in the presence of anti-CD44 Ab (anti-CD44),
but not an isotype-matched irrelevant Ab (Irr Ab).

We demonstrate that genetic deficiency in CD44 results
in marked reduction in atherosclerosis in apoE-defi-
cient mice. The reduction in atherosclerotic lesions in
CD44-null mice represents the greatest reduction in
lesion size resulting from mutation of any single gene
reported to date (29). Furthermore, our data indicate
that CD44 promotes atherogenesis through multiple
mechanisms, including recruitment of macrophages to
atherosclerotic lesions and activation of vascular SMCs.

Several previous studies indicated that CD44 pro-
motes a variety of chronic inflammatory responses.
Specifically, administration of anti-CD44 Ab’s to mice
reduced the inflammation associated with delayed-type
hypersensitivity (23), arthritis (30-32), and experimen-
tal allergic encephalomyelitis (33). The recent develop-
ment of CD44-mutant mice allows a genetic approach
to determining the role of CD44 in inflammatory dis-
eases. Mice deficient in CD44 exon 7 have reduced

inflammation associated with experimental colitis (34).
To date only the delayed-type hypersensitivity model
has been studied in the CD44-null mouse with no dif-
ference detected between the wild-type and CD44-defi-
cient mice (17). The discrepancy between the results
from the Ab study and the knockout mouse indicate
that either compensatory mechanisms or redundant
pathways are present in the CD44-null mouse that are
sufficient to mount a delayed-type hypersensitivity
response. However, we now show that atherosclerosis
is markedly reduced in CD44-null mice, providing
genetic evidence that CD44 is critical to the vascular
inflammation associated with atherosclerosis.

The mechanism by which Ab’s against CD44 inhib-
it chronic inflammation are not fully defined but
potentially involve leukocyte recruitment and leuko-
cyte and parenchymal cell activation. CD44 mediates
the rolling of activated T lymphocytes on activated
endothelial cells through an HA-dependent mecha-
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Macrophage recruitment to atherosclerotic lesions is CD44-dependent. Either thioglycollate-elicited peritoneal macrophages (a and c) or bone
marrow-derived hematopoietic cells (b) were labeled and injected into 24- to 28-week-old apoE~~ CD44"/* recipient mice. (a) Two hours after
transfer, 60% fewer "indium-labeled CD44~~ macrophages migrated to the aortic arch compared with the migration of CD44*/* macrophages,
while comparable numbers of CD44~/~ and CD44"* macrophages were detected in the spleens and livers of recipient mice. (b) Two hours after
transfer, 48% fewer calcein-labeled CD44~/~ hematopoietic cells were detected in the aortic arch of recipient mice relative to the migration of
CD44*/* cells. (c) Forty-eight hours after transfer, 90% fewer CD44~/~ macrophages were detected in atherosclerotic lesions of apoE~/~ com-
pared with CD44*/* macrophages. *P < 0.05; **P < 0.01.
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nism (5, 6). This rolling event is a requisite step for
migration of leukocytes to sites of inflammation.
While the role of specific adhesion molecules in gran-
ulocyte and lymphocyte trafficking have been demon-
strated through the use of blocking Ab’s, there have
been few studies examining the contribution of indi-
vidual adhesion proteins to monocyte/macrophage
recruitment. In this study we found that in addition
to T lymphocytes, CD44 promotes the recruitment of
inflammatory cells to sites of chronic inflammation.
This is consistent with the reduction in total lesion
size observed at both 20 and 24 weeks that correlates
with fewer total number of macrophages in these
lesions. In similar studies, Ab’s to ICAM-1 also inhib-
ited macrophage accumulation within atherosclerot-
ic lesions of apoE~~ mice by 65% (22). Furthermore,
anti-P-selectin-specific and anti-VCAM-1-specific
Ab’s reduced firm adhesion of macrophages to aorta
of apoE~~ mice under shear stress (35). Similar exper-
iments using aorta from hypercholesterolemic Watan-
abe rabbits demonstrated that CD43, leukosialin, may
also mediate macrophage adhesion (36). A role for
other adhesion molecules in atherosclerosis has also
been demonstrated using gene-deficient strains
including ICAM-1 (37, 38) and E- and P-selectin (37,
39). It is known that multiple adhesion/ligand pairs
contribute to the recruitment of leukocytes, and
therefore it is not surprising that no one pair of adhe-
sion receptors is responsible for recruitment of mono-
cytes/macrophages to atherosclerotic lesions. These
studies identify CD44 as an additional adhesion
receptor that plays a critical role in the accumulation
of macrophages in the vessel wall. Importantly, CD44
is not required for migration of lymphocytes (23) or
macrophages (this study) to secondary lymphoid
organs demonstrating a selective role for CD44 in
leukocyte trafficking to chronic sites of inflamma-
tion. We therefore suggest that targeting of CD44/HA
interactions may provide a strategy for preventing
progression of atherosclerosis and other chronic
inflammatory diseases without disrupting homeo-
static recirculation of immune cells.

CD44 and HA have also been shown to regulate
parenchymal cell function. A characteristic feature of
atherosclerotic lesions is transition of SMCs from a
contractile to a synthetic phenotype. The synthetic phe-
notype is characterized by changes in gene expression
(increased adhesion molecule and decreased o-smooth
muscle actin) (4), as well as proliferation and migration
of medial SMCs into the neointima (3, 26, 40). Impor-
tantly, CD44 was shown to promote human SMC pro-
liferation (14). Furthermore, it was recently reported
that expression of high levels of CD44 on cultured
murine vascular SMCs is maintained by the production
of endogenous endothelin and that an endothelin-con-
verting enzyme inhibitor blocked HA-induced vascular
SMC proliferation (41), further supporting CD44/HA
interactions in SMC activation. In this study we
demonstrated that LMW-HA also induced increased

expression of VCAM-1 on SMCs in vitro and that CD44
is required for the maximal upregulation of VCAM-1
on SMCs in murine atherosclerotic lesions. HA-medi-
ated induction of VCAM-1 expression on SMCs may be
induced, at least in part, through the activation of
NF-xB, which also mediates activation of macrophages
following ligation of CD44 (42).

Similar to the findings in human SMCs (14), we now
report that LMW-HA induces the proliferation of
murine SMCs through a CD44-dependent mecha-
nism. Of particular interest is our finding that the
ability of HA to stimulate SMC activation is depend-
ent upon the form of HA. Thus, the LMW-HA that
accumulates during an inflammatory response
through either degradation of HMW-HA by
hyaluronidase or oxygen/nitrogen radicals (43) or
through de novo synthesis by HA synthase (44), acti-
vated SMC VCAM-1 expression and proliferation,
while HMW-HA had no effect on VCAM-1 expression
and was a potent inhibitor of serum-induced prolifer-
ation. Taken together, these data suggest that HMW-
HA may contribute to maintenance of the contractile
state of SMCs while LMW-HA may promote dediffer-
entiation to the synthetic state. However, although HA
is upregulated within atherosclerotic lesions, it is
unclear whether all or part of the proatherogenic
effects of CD44, which has affinity for additional lig-
ands, including osteopontin (45) and fibronectin (46),
are mediated through interaction with HA. Similarly,
while we have demonstrated that the effects of HA on
SMC differentiation and activation are mediated to a
substantial degree by CD44-dependent mechanisms,
other HA-binding proteins, including Rhamm (47)and
TSG-6 (48), may also contribute to these processes. It
will be of particular interest to characterize the form
of HA that is present in normal versus atherosclerotic
vessels in view of the distinct biologic activities of
LMW-HA and HMW-HA.

In this report, we demonstrate a profound impact of
CD44 deficiency on atherosclerotic lesion formation.
Two mechanisms by which CD44 promotes athero-
genesis are the recruitment of macrophages to ather-
osclerotic lesions and regulation of the phenotypic
dedifferentiation of vascular SMCs. However, it is
important to note that CD44 may promote atheroge-
nesis through additional mechanisms, including the
activation of macrophages. Thus, ligation of CD44 by
HA on macrophages is known to induce production
of soluble inflammatory mediators including IL-12
(8), MCP-1 (9), and iNOS (10), all of which have been
implicated in the pathogenesis of atherosclerosis
(49-54). Furthermore, since CD44 is known to medi-
ate the rolling of T lymphocytes on endothelium,
CD44 may also mediate recruitment of T lymphocytes
to lesions where they are known to play a role during
atherogenesis (55-57). Furthermore, although CD44
can directly activate SMCs, CD44-dependent activa-
tion of SMCs may also be mediated in part through
indirect pathways. We showed that CD44 mediates
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T cell adherence to airway SMCs that induce DNA
synthesis (7). Furthermore, CD44 acts as a costimula-
tory molecule on T lymphocytes (58). Therefore, some
HA-induced activation events in vivo may be due to
T cell-mediated signals. In atherosclerotic lesions,
both T lymphocytes and macrophages are in contact
with SMCs, and it will be important to determine the
contribution of these potential interactions toward
regulation of SMC function.

In conclusion, these studies suggest that inhibitors of
CD44 function and CD44/HA (59) interactions may
provide an effective means for inhibiting chronic
inflammatory diseases, including atherosclerosis.
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