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Abstract

 

Evidence suggests a possible role for human cytomegalovi-

rus (HCMV) in the development of arteriosclerosis. One of

the earliest events in plaque formation is the accumulation

of lipid-laden foam cells, derived from macrophages and

smooth muscle cells (SMCs). The lipid accumulation that

occurs depends upon the uptake of oxidized LDL (Ox-

LDL), a process in which the scavenger receptor (SR) has

been postulated to play an important role. We therefore ex-

amined the effects of HCMV on this process. We demon-

strate that HCMV infection of human SMCs increases mod-

ified LDL uptake and stimulates class A SR gene (SR-A)

mRNA expression. In addition, infection of rat SMCs with

HCMV, which causes immediate early gene expression

(IE72/IE84), but no early or late HCMV gene products and

no cytopathic effects, also increases SMC uptake of Ox-LDL

and acetylated LDL, with either effect blocked by an excess

of either cold Ox-LDL or acetylated-LDL, and by fucoidin,

an SR competitor. Cotransfection of an IE72, but not an

IE84, expression plasmid and a plasmid containing a Class

A SR promoter/reporter gene construct enhances SR pro-

moter activity. Since increased Ox-LDL uptake is believed

to play an important role in arteriosclerosis, these results

provide a link between HCMV infection and arteriosclerotic

plaque formation. (

 

J. Clin. Invest. 

 

1996. 98:2129

 

–

 

2138.)

 

 

 

Key

words: atherosclerosis

 

 

 

• 

 

transfection 

 

• 

 

reverse transcriptase

polymerase chain reaction 

 

• 

 

immediate-early genes 

 

• 

 

immu-

nohistochemistry

 

Introduction

 

Several lines of evidence suggest that infection with human cy-
tomegalovirus (HCMV),

 

1

 

 a herpesvirus, may play a role in

the development of atherosclerosis. For example, HCMV is
widely distributed in the population in an age-related pattern
similar to that of atherosclerosis, HCMV DNA sequences
have been detected in the wall of atherosclerotic vessels, and
accelerated coronary atherosclerosis is much more common in
cardiac transplant patients exposed to HCMV than in those
who have had no such exposure (1–7). Moreover, atheroscle-
rotic lesions develop in chickens infected with Marek’s disease
virus, an avian herpesvirus (8, 9).

Lipid accumulation is one of the critical mechanisms con-
tributing to atherogenesis, and it has been shown that Marek’s
disease virus induces cholesterol accumulation in the aorta of
infected animals. A virus-induced defect in the enzyme re-
sponsible for esterifying free cholesterol was thought to con-
tribute to this effect (10, 11).

The importance of lipids in initiating the atherosclerotic
process is exemplified by the characteristic feature of the earli-
est lesion of atherosclerosis, accumulation of lipid-laden foam
cells, which are derived from macrophages and smooth muscle
cells (SMCs) (12). Native LDL does not in itself predispose to
foam cell development, in part because its receptor, the LDL
receptor, downregulates in response to increasing intracellular
levels of LDL (13, 14). LDL, however, is oxidized in the subin-
timal space to oxidized LDL (Ox-LDL), which is transported
into the cell via the scavenger receptor (SR) (12, 15). Most im-
portantly, this receptor, unlike the LDL receptor, does not
downregulate as intracellular cholesterol levels rise, thereby
providing a mechanism for large amounts of cholesterol to ac-
cumulate (16). This presumably leads to the development of
foam cells and thereby may contribute to the atherosclerosis
process (17–20).

It was therefore the purpose of the present investigation to
determine whether HCMV possesses the genetic program to
induce molecular alterations in its host cell that might contrib-
ute to the lipid component of atherogenesis. Specifically, we
investigated (

 

a

 

) whether HCMV infection of SMCs increases
Ox-LDL accumulation; and, if so, (

 

b

 

) whether this effect can
be induced by expression of HCMV’s immediate-early (IE)
gene products in the absence of viral replication (as would oc-
cur with an abortive, as opposed to a permissive, HCMV infec-
tion); and (

 

c

 

) whether this effect is associated with and caused
by increased SMC scavenger receptor expression.

 

Methods

 

Cell culture. 

 

Primary human aortic smooth muscle cells were ob-

tained from Clonetics Corp. (San Diego, CA). Cells were maintained

in SmGM2 (smooth muscle growth medium, supplemented with 5%

fetal bovine serum, 10 ng/ml human epidermal growth factor, and 2.0

ng/ml human fibroblast growth factor) and used from passage 3–5.

Passage 3–10 primary rat aortic smooth muscle cells were isolated

and cultured as previously described (21). Their identity was con-

firmed by the typical morphology of slight “hill and valley” arrange-

ment and by positive fluorescent staining with antimuscle 
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 Abbreviations used in this paper:

 

 Ac-LDL, acetylated LDL; CPE,

cytopathic effect; DiI-Ac-LDL, 1,1

 

9

 

-dioctadecyl-3,3,3

 

9

 

,3

 

9

 

-tetrameth-

ylindocarbocyanine perchlorate; HCMV, human cytomegalovirus;

HGH, human growth hormone; IE, immediate early; Ox-LDL, oxi-

dized LDL; RT-PCR, reverse transcriptase PCR; SMC, smooth mus-

cle cell; SR, scavenger receptor; SR-A, class A SR gene products

(types I and II).
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tibody. Human embryonic lung fibroblast cell line (HEL-299), THP-1

cell line, and HeLa cells were obtained from American Type Culture

Collection (Rockville, MD); primary human peripheral monocytes

were separated by Ficoll-Hypaque sedimentation method from fresh

heparinized blood of normal donors and incubated for 2 h at 37

 

8

 

C in

5% CO

 

2

 

. Nonadherent cells were removed by three washes with PBS

(22). Adherent cells were then cultured for 10 d with RPMI 1640 sup-

plemented with 10% FBS and 30 ng/ml monocyte-colony stimulate

factor (Sigma Chemical Co., St. Louis, MO).

 

Virus. 

 

Towne strain HCMV was obtained from American Type

Culture Collection and was propagated on passage 8–20 HEL-299

cells in an MOI of 0.01 for virus stock. Briefly, 70–90% confluent

HEL-299 cells were inoculated with HCMV for 2 h, with rocking ev-

ery 15 min. After HCMV adsorption, the inoculum was aspirated and

cells were washed twice with serum free medium, then refed with

growth medium (containing 10% FBS). HCMV-infected monolayers

were observed daily by inverted light microscopy for cytopathic effect

(CPE). 3–7 d later, when the cells reached 100% CPE, the medium

was collected and centrifuged to remove cell debris. The supernatant

was collected and stored at 

 

2

 

80

 

8

 

C as the viral stock. The titer of

HCMV stock was determined by standard TCID

 

50

 

 (50% tissue cul-

ture infective doses) assay (23).

 

Acetylated LDL (Ac-LDL) uptake by human aortic smooth mus-

cle cells. 

 

To determine whether HCMV infection increases uptake of

modified LDL by SMCs, human aortic SMCs (80% confluent) were

infected with HCMV at 5 MOI. On day 4 after infection, the cells

were incubated for 4 h in normal growth medium supplemented with

5 

 

m

 

g/ml acetylated low density lipoprotein, which was fluorescently

labeled with 1,1

 

9

 

-dioctadecyl-3,3,3

 

9

 

,3

 

9

 

-tetramethylindocarbocyanine

perchlorate (DiI-Ac-LDL; Biomedical Technologies, Inc., Stoughton,

MA), and then washed three times with media and once with PBS,

followed by fixation in freshly made 4% paraformaldehyde/PBS for

20 min at room temperature. Cells were then rinsed for 5 s in distilled

water, drained, and mounted with 90% glycerol and 10% PBS. SMC

uptake of DiI-Ac-LDL was analyzed by fluorescence microscopy us-

ing standard rhodamine excitation. A similar procedure was used for

rat SMCs infected with HCMV, except that a higher MOI (200) was

used for the initial infection.

 

Determination of scavenger receptor mRNA expression by reverse

transcriptase PCR after HCMV infection. 

 

Human aortic SMCs, at

 

z

 

 80% confluence, were infected with HCMV at 1, 5, and 10 MOI. 4 d

later, total RNA was isolated by using RNAzol

 

TM

 

 B (Biotecx Labora-

tories Inc., Houston, TX) according to the manufacturer’s recommen-

dations. The isolated RNA (1 

 

m

 

g) was used as a template for reverse

transcriptase PCR (RT-PCR; Perkin-Elmer Corp., Norwalk, CT), us-

ing either random primers or a specific 3

 

9

 

 scavenger receptor (class A,

types I and II) primer (SR2). The cDNA produced was used for two

rounds (35 cycles each) of the polymerase chain reaction using sets of

nested primers from the known sequence of the human scavenger re-

ceptor gene (24). Primer set 1: SR1–5

 

9 .

 

 ATG GAG CAG TGG

GAT CAC TT 

 

, 

 

3

 

9

 

, SR2–5

 

9 .

 

 GGA GGA CCT TGA ATT AAA

GT 

 

, 

 

3

 

9

 

; primer set 2: SR3–5

 

9 .

 

 GAC ACT GAT AGC TGC TCC

GA, SR4–5

 

9 .

 

 AAT GTT CCC AAT CTT TCA GT 

 

, 

 

3

 

9

 

. The pre-

dicted amplified product is 700 bp. As a positive control, RNA was

isolated in parallel from the THP-1 cell monocytic line stimulated

with 12-

 

O

 

-tetradecanoylphorbol-13-acetate, which induces scavenger

receptor expression (25), and from differentiated human peripheral

monocytes.

 

Immunohistochemical analysis of IE gene expression of HCMV-

infected rat SMCs. 

 

Primary cultured rat SMCs were seeded and cul-

tured in eight-well chamber glass slides for 3–5 d before infection

with HCMV (200 MOI). Cells were exposed to virus in serum free

medium. 2 h after viral inoculation, the cells were washed twice with

serum free medium and then returned to normal growth medium.

The infected and noninfected control rat SMCs were checked for

HCMV antigen expression at day 1, 2, 3, 5, 7, 9, and 11 after HCMV

inoculation by using standard immunoperoxidase staining. Briefly,

eight-well chamber slides of infected or uninfected cells were fixed

with acetone for 5 min at room temperature, transferred to TBS (pH

7.6), and then immersed in 5% normal horse serum in buffer for 20

min. Primary monoclonal antibodies to HCMV IE72 and IE84 (Van-

couver Biotech, Vancouver, Canada) were used at a concentration of

1 

 

m

 

g/ml. After incubation in a moist chamber at room temperature

for 1 h, the slides were washed in TBS and biotinylated goat anti–

mouse IgG secondary antibody (Vector Laboratories, Burlingame,

CA) was added. After a 1-h incubation in a moist chamber, the slides

were washed in TBS, overlaid for 45 min with avidin-biotin-peroxi-

dase, washed again in TBS, and developed in DAB solution. Slides

were counterstained with 1% methyl green (in 0.1 M sodium acetate,

pH 4.0) for 10 min before routine dehydration and mounting.

To determine whether the cells that took up acetylated LDL were

the same cells that expressed the IE gene products of HCMV, we per-

formed colocalization immunohistochemistry. 4 h after incubation

with DiI-Ac-LDL, the cells were washed three times with media and

fixed with 4% formaldehyde/PBS for 10 min at room temperature.

After fixation, cells were washed three times with PBS, and then im-

mersed for 20 min in PBS supplemented with 5% normal horse se-

rum. Antibody to IE72 (Vancouver Biotech) at 10 

 

m

 

g/ml was added

for a 1-h incubation in a moist chamber at room temperature. Slides

were then washed in PBS and an FITC-conjugated horse anti-mouse

IgG antibody (Vector Laboratories, Inc.) at 1:50 dilution was added

for 1 h. Slides were then washed in PBS and mounted with Aqua-

Poly/Mount (Polysciences Inc., Warrington, PA).

 

Quantification of 

 

125

 

I-Ox-LDL and 

 

125

 

I-Ac-LDL uptake. 

 

To quan-

tify HCMV-mediated effects on scavenger receptor activity, 

 

125

 

I-

labeled oxidized LDL and 

 

125

 

I-labeled acetylated LDL (Biomedical

Technologies, Inc.) was incubated with either infected or noninfected

rat SMCs. Human LDL was oxidized using 5 

 

m

 

M Cu

 

2

 

SO

 

4

 

 in PBS at

37

 

8

 

C for 24 h. The reaction was terminated by adding EDTA to

achieve a concentration of 50 

 

m

 

M. Ox-LDL was subsequently dia-

lyzed overnight in TBS with 0.3 mM EDTA. Human LDL was acety-

lated with acetic anhydride at 1.5 times the protein weight of LDL.

Ac-LDL was then purified by agarose gel electrophoresis. Both Ox-

LDL and Ac-LDL were 

 

125

 

I labeled by the Iodine Monochloride

method to a specific activity of 0.134 and 0.143 

 

m

 

Ci/

 

m

 

g, respectively.

Cells were seeded and cultured in six-well culture plates and infected

with HCMV (200 MOI). 3 d after infection, the cells were changed

to serum free medium. 24 h later, for the uptake studies, the infected

and noninfected cells were incubated for 4 h with 5 

 

m

 

g/ml human

 

125

 

I-Ox-LDL or 

 

125

 

I-Ac-LDL. Cells were washed three times with

serum-free media and once with PBS, and then dissolved in 0.1 N NaOH

before counting. For competition studies, unlabeled oxidized or

acetylated LDL (Biomedical Technologies Inc.), or native LDL

freshly isolated from random donors as described previously (26) (all

at 40-fold excess), or fucoidin (Sigma Chemical Co.) 25 

 

m

 

g/ml were

added. For lipoprotein degradation assays, cells were incubated with

 

125

 

I-Ox-LDL as described and allowed to incubate for 8 h. The cell

medium was then collected, centrifuged, and the trichloroacetic acid–

soluble lipoprotein degradation products quantitated as described (27).

 

Binding of acetylated LDL at 4

 

8

 

C. 

 

We next sought to ascertain

whether the increased uptake of modified LDL observed in infected

cells was a result of increased surface binding. Rat SMCs were either

infected or not infected with HCMV (200 MOI). 4 d after infection,

the cells were incubated with fluorescently labeled DiI-Ac-LDL at

4

 

8

 

C, with or without an excess of unlabeled Ac-LDL, for 2 h, and

then washed and fixed using the same procedures as above. Binding

was visualized using a scanning confocal microscope (Leica Inc.,

Deerfield, IL).

 

Transfection and SR promoter activity. 

 

HeLa cells were cotrans-

fected with a plasmid (FXH, a gift of C.K. Glass, Department of Med-

cine, University of California, San Diego, CA, reference 28) of 

 

z

 

 5 kb

containing the promoter and regulatory elements of the scavenger re-

ceptor class A gene upstream of a human growth hormone (HGH)

reporter gene, along with an expression vector containing either IE72

(a gift of J.A. Nelson, Department of Immunology, The Scripps Re-

search Institute, La Jolla, CA, reference 29), or IE 84 (a gift of E.S.
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Huang, Department of Immunology and Microbiology, University of

North Carolina at Chapel Hill, Chapel Hill, NC, reference 30) or, as a

control, the expression vector (pRC/RSV) without an insert. For

transfection, HeLa cells were grown to 80% confluence in 10-cm di-

ameter culture dishes, and then transfected with the Calcium Phos-

phate Transfection System (GIBCO BRL, Gaithersburg, MD) ac-

cording to the manufacturer’s recommendations. Briefly, cells were

transfected with 10 

 

m

 

g of FXH DNA and 10 

 

m

 

g of either the pRC/

RSV-IE72 DNA, pRC/RSV-IE84, or the control pRC/RSV plasmid.

On days 3, 5, and 8 after transfection, 100-

 

m

 

l aliquots of medium were

taken from the transfected cells. Culture medium was changed on day

4. Relative HGH activity was determined with a radioisotopic assay

kit (Human Growth Hormone Transient Gene Expression System;

Nichols Institute Diagnostics, San Juan Capistrano, CA) according to

the manufacturer’s recommendation. The highest level of HGH in

the medium was observed 8 d after transfection. A 

 

32

 

P-labeled plas-

mid was added in one experiment to normalize for transfection effi-

ciency (31); no change in the fold increase of IE72 transactivation was

observed.

 

Results

 

Effect of HCMV infection on modified LDL uptake and SR

mRNA expression by human aortic SMCs. 

 

Noninfected human
SMCs demonstrated low grade background uptake of DiI-
Ac-LDL (Fig. 1 

 

A

 

); a similarly low basal rate of modified LDL
uptake has been previously observed in SMCs from other spe-
cies (32). In contrast, 4 d after infection with HCMV (5 MOI),
uptake of DiI-Ac-LDL was markedly increased (Fig. 1 

 

B

 

). We
next sought to determine whether the increased uptake of DiI-
Ac-LDL observed after HCMV infection was accompanied by
changes in the level of transcripts encoding the scavenger re-

Figure 1. Acetylated LDL uptake of 

human aortic SMCs. (A) Fluorescent 

micrography of uninfected human 

SMCs incubated with DiI-Ac-LDL. 

(B) Fluorescent micrography of hu-

man SMCs infected 4 d earlier with 

HCMV (5 MOI) and incubated with 

DiI-Ac-LDL.
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ceptor. RNA was isolated from infected and noninfected hu-
man aortic SMCs and RT-PCR was performed by using
unique primers derived from the known human macrophage
scavenger receptor gene (class A, types I and II). The appro-
priate size product was detected in SMCs infected at 5 and 10
MOI (Fig. 2), and confirmed as scavenger receptor mRNA by
DNA sequencing. No signal was observed in either nonin-
fected SMCs or in cells infected at 1 MOI. A similar size prod-
uct was observed in the monocyte cell line THP-1 stimulated
by phorbol esters, and in human peripheral monocytes in-
duced to differentiate. The predicted fragment requires the ad-
dition of reverse transcriptase, consistent with amplification
from RNA. Three bands were routinely seen on amplification
of macrophage and SMC cDNA. The upper band was the ex-
pected size and was subcloned and sequenced to confirm its
identity. The lower bands of 

 

z

 

 650 and 450 bp are thought to
represent uncharacterized splice variants of the scavenger re-
ceptor gene.

 

HCMV infection of rat SMCs. 

 

Human SMCs are permis-
sive for HCMV; hence, infection is soon followed by CPE. We
therefore sought to develop a model of abortive HCMV infec-
tion, in which only IE gene products are expressed in the ab-
sence of viral replication and CPE. We found that infection of
rat SMCs with HCMV provided us with the model we desired.
Approximately 30–40% of the rat SMCs expressed HCMV
IE72 (Fig. 3, 

 

A

 

 and 

 

B

 

) and IE84 (data not shown) protein.
However, no early or late gene products were identified at this
or later time points and no cytopathic effects were noted.

Experiments assessing the time course of IE gene expres-
sion, determined by examining the results of individual experi-
ments performed at different times after infection, demon-
strated that peak expression occurred on day 3, gradually
decreasing to baseline over the next 2 wk (Fig. 4). This model,
HCMV infection of rat SMCs, therefore allowed us to investi-

gate, in the absence of cytopathic effects, the effects of HCMV
on scavenger receptor activity of SMCs; it also permitted us to
determine whether expression of IE gene products alone are
sufficient to produce the HCMV-induced increase in SMC
scavenger receptor activity.

 

Effects of HCMV infection on DiI-Ac-LDL uptake of rat

SMCs and colocalization of DiI-Ac-LDL and IE gene prod-

ucts. 

 

HCMV-infected rat cells markedly increased uptake of
DiI-Ac-LDL (Fig. 5 

 

A

 

), compared with the usual background
staining seen in noninfected SMCs (Fig. 5 

 

B

 

). Fluorescence in-
tensity peaked at 3–5 d and gradually decreased over the fol-
lowing days. This particular pattern is comparable to the tim-
ing of IE viral gene expression (Fig. 4). Analysis of the doubly
immunofluorescent labeled cells revealed that cells showing
intense uptake of DiI-Ac-LDL were the same cells that ex-
pressed IE72 (Fig. 5, 

 

C–E

 

).

 

Quantitation of modified LDL uptake of rat SMCs after

HCMV infection. 

 

125

 

I-Ox-LDL uptake was consistently higher
(in four separate experiments, each performed in triplicate) in
infected vs. noninfected SMCs (Fig. 6 

 

A

 

). The difference ob-
served underestimates the effects of HCMV infection on an in-
dividual cell since, under the experimental conditions em-
ployed, only 30–40% of the cells were expressing IE gene
products (Fig. 3 

 

A

 

). The uptake was blocked by the fungal
polysaccharide fucoidin, a known scavenger receptor competi-
tive inhibitor, and by a 40-fold excess of unlabeled oxidized
LDL or unlabeled acetylated LDL, but not by native LDL.
Similar results were observed for 

 

125

 

I-Ox-LDL degradation
(Fig. 6 

 

B

 

), a finding confirming that the Ox-LDL was actually
internalized and metabolized by the SMCs. 

 

125

 

I-Ac-LDL up-
take was also higher in infected than in noninfected SMCs and
was blocked by 40-fold excess of unlabeled Ac-LDL or unla-
beled Ox-LDL by fucoidin, but not by native LDL (Fig. 6 

 

C

 

).
It is worth noting that the increase in Ox-LDL degradation

Figure 2. Scavenger receptor (class A, 

types I and II) mRNA expression in 

human SMCs infected with HCMV. 

RT-PCR was performed using scaven-

ger receptor primers and template 

cDNA derived from differentiated pe-

ripheral monocytes, stimulated THP-1 

cells, and HSMCs (with or without 

infection at 1, 5, and 10 MOI of 

HCMV). HPM, human peripheral 

monocyte; THP-1, human monocyte 

cell line; HASMC, human aortic 

smooth muscle cell.
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was considerably greater than the increase in Ox-LDL uptake
after CMV infection of SMCs. Among the possible explana-
tions for this finding is that the abortive CMV infection could
affect intracellular cholesterol metabolism, as has been dem-
onstrated to occur with other herpesviruses during permissive
infection of SMCs (10, 11).

A dose–response relation of 

 

125

 

I-Ox-LDL and 

 

125

 

I-Ac-LDL
uptake of rat SMCs was found when cells were infected with
HCMV at 50, 100, and 200 MOI (Fig. 6 

 

D

 

).

 

Binding of Ac-LDL at 4

 

8

 

C. 

 

4 d after infection with HCMV,
infected and noninfected cells were incubated at 4

 

8

 

C with DiI-
Ac-LDL, and subsequently visualized by fluorescence micros-
copy. In infected cells, binding at 4

 

8

 

C was similar to what we
observed with uptake of DiI-Ac-LDL at 37

 

8

 

C, in that 

 

z

 

 20–

25% of infected rat SMCs demonstrated activity (Fig. 7 

 

B

 

).
There was little binding to noninfected cells (Fig. 7 

 

A

 

), or to
infected cells in the presence of excess unlabled Ac-LDL (Fig.
7 

 

C

 

).

 

Effect of HCMV immediate-early gene products on scav-

enger receptor promoter activity. 

 

We next sought to assess
whether the immediate-early genes of HCMV (IE72 or IE84)
could directly transactivate the scavenger receptor promoter.
Transient cotransfection of the scavenger receptor promoter-
HGH reporter gene plasmid and an IE72 expression vector
into HeLa cells led to a 3.7-fold increase of secreted HGH
activity over that obtained from cells transfected with the re-
porter gene construct and the expression vector alone (Fig. 8).
Cotransfaction of an IE84 expression vector with the reporter

Figure 3. Expression of HCMV IE 

gene products in rat SMCs. (A) Im-

munoperoxidase staining 3 d after in-

fection demonstrating the nuclear lo-

calizing IE72 gene product of CMV. 

Immunonegative cells are indicated 

by methyl green counterstain. (B) 

Lack of positive IE72 staining in un-

infected cultures.
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gene construct did not increase baseline transcriptional ac-
tivity.

 

Discussion

 

Human cytomegalovirus is a ubiquitous virus, with a majority
of the adult population exhibiting evidence of prior infection
(33). HCMV, like other herpesviruses, remains in the host in a
latent state for life (34). It is generally believed that, with the
exception of immunocompromised subjects such as patients
with AIDS or patients on immunosuppressive therapy,
HCMV does not cause serious disease. Such a belief may be
incorrect, however, as an increasing body of information is
accumulating suggesting that HCMV may participate in the
development of atherosclerosis (35) and of restenosis after
coronary angioplasty (36–38). The results of the present inves-
tigation, demonstrating that HCMV infection of human aortic
SMCs increases uptake of Ox-LDL (Fig. 1) provide further
data suggesting that HCMV may indeed contribute to the pro-
cesses leading to atherosclerosis.

Human SMCs are permissive for HCMV; IE, early, and
late gene products are expressed, followed by viral replication
and cytopathic effect. However, with human CMV infection of
rat SMCs, only IE genes of CMV are expressed. In this model,
we found that IE gene expression alone is sufficient to increase
uptake of both Ox- and Ac-LDL (Fig. 6). The causal role of IE
gene expression on increased modified LDL uptake in this
model was further suggested by the observation that the time
course of modified LDL uptake coincides with the time course
of IE viral gene expression (Fig. 4), and that the cells taking up
modified LDL were the same cells that expressed the IE gene
products of HCMV (Fig. 5, 

 

C–E

 

). HCMV infection of rat
SMCs also increased 

 

125

 

I-Ox-LDL degradation, and caused an
increase in Ac-LDL binding at 4

 

8

 

C (Fig. 7), findings confirm-

ing that HCMV-induced increase in Ox-LDL uptake actually
reflects Ox-LDL internalized and metabolized by the SMCs,
and that the effects are most likely receptor mediated.

Although active viral infection and viral replication can ex-
ert important pathophysiologic effects, herpesviruses, such as
herpes zoster, herpes simplex, and Ebstein-Barr viruses, also
contribute to disease processes during abortive infections,
which are characterized by viral gene expression limited to IE
gene products and the absence of viral replication (39). A sim-
ilar role of abortive infection in human disease has been sug-
gested for HCMV. In particular, HCMV IE gene products are
known to affect the expression of many human cellular genes
involved in inflammatory and immune responses, and our find-
ing that IE84 binds to and inhibits p53 (36) further suggests
that an abortive HCMV infection may, in itself, cause critical
cellular changes that could contribute to atherogenic-related
processes. The current findings provide futher evidence sup-
porting the concept that abortive infection with HCMV may
contribute to atherogenesis.

Modified LDL is taken up by cells via receptors initially
refered to as “the scavenger receptor” (16). cDNAs encoding
two related forms of bovine scavenger receptor were first
cloned in 1990 (40, 41), followed in several years by the cloning
of the human homologues (42). The two homologous isoforms,
arising from alternative splicing of a single gene, consist of
novel, highly conserved, trimeric membrane–spanning pro-
teins. These proteins have more recently been termed class A
SR gene products (types I and II), hereafter referred to as SR-A
(40–45).

Recently, additional receptors capable of binding and in-
ternalizing Ox-LDL have been identified, including CD36 (46),
Fc

 

g

 

RII-B2 (47), a 94-kD protein (48) and SR-B1 (a class B
scavenger receptor that has recently been identified as also
having the capacity to bind high density lipoprotein, reference
49). The biological roles of these more newly described recep-
tors, and how their roles compare with that of the SR-A are as
yet undefined. However, the receptors are sufficiently differ-
ent in structure and physiologic function so that experimental
strategies may be used to distiguish which of these particular
receptors are likely to be playing a role under specific experi-
mental conditions. Thus, whereas class A SRs recognize both
oxidized and acetylated LDL, the more newly described recep-
tors are relatively specific for Ox-LDL. This accounts for the
observation that, although excess acetylated LDL can block
uptake of Ox-LDL by class A SRs, it does not efficiently block
Ox-LDL uptake by the other receptors (47, 50).

We therefore undertook additional studies to further char-
acterize the HCMV-induced increase in modified LDL up-
take. HCMV infection of rat SMCs increased both 

 

125

 

I-ox-LDL
and 

 

125

 

I-Ac-LDL uptake; the increased uptake of each ligand
was blocked by an excess of either cold Ox- or Ac-LDL (Fig.
6). It was also blocked by fucoidin (an SR ligand that competes
for SR binding with other SR ligands) but not by native LDL
(Fig. 6). Thus, the receptor involved in the increase in SR ac-
tivity after CMV infection has the functional characteristics of
the class A (types I and II) SR. That this particular SR partici-
pates in the increased uptake of modified LDL after CMV in-
fection is further evidenced by our RT-PCR experiments.
Using primers derived from SR-A mRNA, although undetect-
able in noninfected SMCs, was present in infected human
SMCs (Fig. 2).

It should also be pointed out that under baseline conditions

Figure 4. Time course of HCMV IE72 and IE84 expression in rat 

SMCs. Cells were seeded, cultured, and infected in eight-well cham-

ber slides and assayed for IE72 and IE84 gene expression by immu-

noperoxidase staining at days 1–3, 5, 7, 9, and 11 after HCMV infec-

tion. Three different high power fields were examined in each of 

three separate slides obtained at each time point to determine the ex-

pression of IE72 and IE84. Approximately 50 cells per high power 

field were counted and the data were expressed as percent positive 

cells (mean6SD).
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a scavenger receptor with the functional characteristics of SR-A
is active in rat SMCs, a situation that appears to differ from
that of human SMCs, insofar as in human SMCs, no SR-A
mRNA can be detected under baseline conditions, even with
RT-PCR.

Although expression of the SR-A was initially believed to
be limited to macrophage-related cell types, cDNAs of SR-A
have been cloned from a cDNA library prepared from phor-
bolester-treated rabbit SMCs (51, 52). Their expression in rab-
bit SMCs is induced by cytokines, phorbolesters, serum,
thrombin, and platelet-secretory products, and expression in
human and rabbit SMCs is synergistically enhanced by expo-
sure to PDGF BB, EGF, IGF-I, and TGF-

 

b

 

1

 

 (53, 54). In addi-
tion, considerable information is accumulating regarding regu-
lation of SR-A expression. Thus, Wu et al. (28) have shown

that the scavenger receptor A gene that encodes these recep-
tors is upregulated during differentiation of monocytes to mac-
rophages, considerable progress has been made in identifying
factors that bind to upstream regulatory sequences.

In the course of our studies, we demonstrated that after
CMV infection of SMCs, IE gene expression peaks on day 3
and subsides to baseline within 1–2 wk. If viral IE gene expres-
sion is relevant to the long term progression of atherosclerosis,
the question arises as to whether there is a mechanism
whereby latent CMV infection of a host results in either sus-
tained IE gene expression or repeated episodes of gene ex-
pression over time. Although there is no direct evidence that
this occurs with latent CMV infection, there is a large body of
data that at least indirectly suggests that this is indeed the case.
Thus, CMV is reactivated from latency when the immune sys-

Figure 5. Effects of HCMV infection on modified LDL uptake (A and B), 

and the colocalization of modified LDL and IE72 expression (C–E) in in-

fected rat SMCs. (A) DiI-Ac-LDL uptake in HCMV-infected rat SMCs. 

(B) DiI-Ac-LDL in uninfected rat SMCs. (C) Field of z 10 cells with 1 cell 

showing nuclear immunofluorescence for IE72. (D) DiI-Ac-LDL uptake 

in the same field as C, showing cytoplasmic localization of fluorescence. 

(E) Double immunofluorescence of the same field as in C and D, demon-

strating colocalization of IE72 (green) and DiI-Ac-LDL (red).
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tem of the host is compromised, such as in AIDS and in trans-
plantation patients undergoing immunosupressive therapy. It
is possible that less extreme conditions can also reactivate the
virus from latency, as occurs with other herpesviruses such as
herpes simplex, herpes zooster, and Ebstein-Barr viruses.
These viruses reside in the host in a latent state and are period-
ically reactivated by unknown stimuli to produce clinically evi-
dent disease.

We have recently demonstrated that reactive oxygen spe-
cies cause activation of the major immediate early promoter of
the virus and are necessary for viral replication in infected
SMCs (55). We have also recently shown that Ox-LDL, in the
presence of SMCs or endothelial cells, activates the immediate

early promoter of the virus (56). These observations lend fur-
ther credence to the hypothesis that CMV, present in a latent
state in cells of the vessel wall, is periodically reactivated and,
through several putative mechanisms, including the one pro-
posed in the present investigation, may thereby contribute to
the long term progression of atherosclerosis.

In conclusion, our results indicate that HCMV infection in-
creases uptake of Ox-LDL by vascular SMCs. The increased
uptake appears to be caused by increased class A scavenger re-
ceptor gene expression, an effect mediated, at least in part, by
the virus’s immediate-early gene product, IE72. Thus, HCMV
can increase the capacity of SMCs to incorporate Ox-LDL,
and can do so in the absence of viral replication. This finding is

Figure 6. Increased uptake of 125I-Ox-LDL and 125I-Ac-LDL after HCMV infection. (A) Uptake of 125I-Ox-LDL in uninfected and infected rat 

SMC cultures in the presence or absence of a 40-fold excess of unlabeled oxidized LDL (1 Ox-LDL), unlabeled acetylated LDL (1 Ac-LDL), 

or of unlabeled native LDL, and in the presence of the scavenger receptor competitive inhibitor fucoidin. (B) Degradation of 125I-Ox-LDL in 

infected and uninfected cultures. (C) Uptake of 125I-Ac-LDL in uninfected and infected rat SMC cultures in the presence or absence of a 40-fold 

excess of unlabeled acetylated LDL (1 Ac-LDL), unlabled oxidized LDL (1 Ox-LDL), or of unlabeled native LDL, and in the presence of the 

scavenger receptor competitive inhibitor fucoidin. (D) Effects of HCMV infection of rat SMC at different MOI on uptake of oxidized (left) or 

acetylated (right) LDL. All experiments were performed in triplicate and expressed as mean6SD.
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consistent with the known propensity of herpesviruses to exert
cellular effects during abortive, nonpermissive infections. Be-
cause HCMV also encodes an IE protein (IE84) that, by inter-
fering with the inhibitory actions of p53, can predispose to
SMC accumulation, it appears that HCMV possesses the ge-
netic programs that can alter the function of infected SMCs so
that two of the major mechanisms underlying atherogenesis
are activated, increased SMC accumulation, and increased up-
take of Ox-LDL. Given the epidemiologic and experimental
data outlined above, the results of the present investigation

provide mechanistic support for the hypothesis that HCMV
predisposes to the development of atherosclerosis.
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