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Atherosclerosis is a major pathogenic factor in cardiovascular diseases, which are the leading cause of mortality in developed
countries. While risk factors for atherosclerosis tend to be systemic, the distribution of atherosclerotic plaques within the vascu-
lature is preferentially located at branch points and curves where blood flow is disturbed and shear stress is low. It is now widely
accepted that hemodynamic factors can modulate endothelial gene expression and function and influence the pathophysiologi-
cal changes associated with atherosclerosis. Human cytomegalovirus (HCMV), a ubiquitous pathogen, has long been proposed
as a risk factor for atherosclerosis. To date, the role of HCMV in atherogenesis has been explored only in static conditions, and it
is not known how HCMV infection is influenced by the physiological context of flow. In this study, we utilized a parallel-plate
flow system to simulate the effects of shear stresses in different regions of the vasculature in vitro. We found that endothelial
cells cultured under low shear stress, which simulates the flow condition of atheroprone regions in vivo, are more permissive to
HCMV infection than cells experiencing high shear stress or static conditions. Cells exposed to low shear stress show increased
entry of HCMV compared to cells exposed to high shear stress or static conditions. Viral structural gene expression, viral titers,
and viral spread are also enhanced in endothelial cells exposed to low shear stress. These results suggest that hemodynamic
factors modulate HCMV infection of endothelial cells, thus providing new insights into the induction/acceleration of atheroscle-
rosis by HCMV.

Cardiovascular diseases represent the leading cause of death in
industrialized nations. Atherosclerosis is understood to be the

major underlying cause of cardiovascular diseases, particularly in
myocardial infarction and stroke. Atherosclerosis is widely recog-
nized as an inflammatory disorder characterized by endothelial
dysfunction, increased smooth muscle cell proliferation, and in-
filtration of macrophages and lymphocytes into the artery wall
(18, 25, 32, 35). Identification of the pathophysiological events
that occur to induce and maintain these inflammatory and prolif-
erative responses will be critical for treatment and ultimately pre-
vention of cardiovascular disease. Since the 1970s, there has been
increasing interest in the possible role of viral infection in the
pathogenesis of atherosclerosis.

Human cytomegalovirus (HCMV) is a widely disseminated
pathogen that establishes a lifelong persistent infection and is typ-
ically asymptomatic in the immunocompetent host (29). HCMV
infection can cause life-threatening complications in immuno-
compromised individuals and is the leading viral cause of birth
defects. Transmission of HCMV can occur during gestation or
throughout life by direct contact with infected bodily fluids. In the
United States, the seroprevalence of HCMV in children age 6 to 11
is 37% and then gradually increases to nearly 100% by the ninth
decade of life (2).

While HCMV infection has traditionally been thought of as
inconsequential to the immunocompetent host, its potential in-
volvement in cardiovascular disease highlights the need for fur-
ther investigation. Cells that are important for atherosclerosis,
including vascular endothelial cells, smooth muscle cells, and
monocyte/macrophages, are targets of HCMV infection in vivo

(19, 21, 27). Based on results from in vitro studies, HCMV has
been proposed to be involved in the pathogenesis of atherosclero-
sis, possibly by the activation of inflammatory pathways (3, 15) or
by promoting the migration and proliferation of smooth muscle
cells (33, 41). This has been supported by work in rodent models,
which have shown that infection with CMV increased aortic ex-
pression of proatherosclerotic genes and lesion size (8, 22), leuko-
cyte infiltration (45), and intimal thickening (9, 24).

A strong support for the causative link between HCMV infec-
tion in atherosclerosis in humans has been provided by studies
following organ transplantation, and antiviral therapies have
proven to be effective at improving allograft survival in transplant
patients (28, 43). The link between HCMV infection and induc-
tion and/or promotion of atherosclerosis in immunocompetent
individuals has been more controversial, in part due to apparent
contradictions in clinical data. One particular complication in the
interpretation of clinical data is that the age at which the individ-
ual acquired HCMV infection is typically unknown. Like HCMV
infection, atherosclerosis increases with age, and the extent by
which HCMV promotes atherosclerosis may differ depending on
the health of the vascular system at the time of infection or simply
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the amount of time HCMV is present within the vascular system.
Some clinical studies have reported that atherosclerotic and
healthy individuals have equal association of HCMV genomes in
the vascular system as well as seropositivity (21, 34). However,
when the severity of infection, viral gene expression, and/or anti-
body titer are taken into account, it has been reported that there is
a very strong association between HCMV infection and athero-
sclerosis (1, 5, 26, 31, 49). These findings suggest that simple ex-
posure to HCMV does not put one at risk for cardiovascular dis-
ease, but rather having a high level of HCMV disease and/or a
robust immunological response increases the risk of developing
atherosclerosis.

In healthy blood vessels, the endothelium acts as a physical
barrier in addition to performing functions that maintain vessel
homeostasis. In general, risk factors that promote atherogenesis
are systemic, while atherosclerotic lesions occur principally in
large- and medium-sized arteries in regions that are exposed to
disturbed blood flow and low wall shear stress. Interaction be-
tween hemodynamic forces and the endothelium has emerged as a
critical regulator of normal cardiovascular function, develop-
ment, and pathology (11). Surprisingly, the role of blood flow
patterns and fluid shear stress has never been studied in the con-
text of infection with HCMV or even with other blood-borne
viruses. Like other risk factors, it is possible that HCMV infection
promotes atherosclerotic lesions only in atheroprone regions of
the vascular system.

Given the prevalence of HCMV in the human population and
the mortality associated with atherosclerosis, there is a great need
to understand the bidirectional interactions of HCMV and the
endothelium in the physiological and pathophysiological condi-
tions that occur in the human artery. To our knowledge, the stud-
ies presented here are the first to address this question. Utilizing a
parallel-plate flow chamber, we have investigated the effects of
variation in shear stress on HCMV infection of primary endothe-
lial cells in vitro. We have found that exposure of endothelial cells
to low shear stress enhances the dynamics of HCMV infection
from entry to viral gene expression and spread. Our results suggest
that endothelium located in the low-shear atheroprone regions
has increased permissivity to HCMV infection. If HCMV infec-
tion can act to promote atherosclerotic lesions, its predilection for
atheroprone regions of the vascular system may have a significant
impact on the pathogenesis of atherosclerosis.

MATERIALS AND METHODS
Cells and viruses. Human aortic endothelial cells (ECs) were purchased
from Cell Applications. Human foreskin fibroblasts (HFFs) were ob-
tained from the Medical Center of the University of California, San Diego.
The endotheliotropic HCMV strain TB40/E was a gift from Christian
Sinzger, Eberhard-Karls-Universität, Tübingen, Germany. An additional
clinical isolate from a deidentified patient was obtained from the Medical
Center of the University of California, San Diego. To produce high-titer
stocks, infectious supernatants from ECs were passaged a single time on
HFFs. Supernatants from viral or mock infections were centrifuged at
1,000 � g to remove cells and debris. The titers of cell-free supernatants
were determined by plaque assay on HFFs, and endothelial tropism was
confirmed by immunofluorescence in ECs.

Tissue culture. ECs were cultured in 25% endothelial cell growth me-
dium (ECGM; Cell Applications) and 75% M199 medium (Mediatech)
supplemented with 20% inactivated fetal bovine serum (FBS), 2 mM L-
glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 �g/ml strep-
tomycin, and 1.5 �g/ml amphotericin B. HFFs were cultured in minimal

essential medium (MEM; Gibco) supplemented with 10% FBS, 1.5 �g/ml
amphotericin B, 2 mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml
streptomycin. Cells were incubated at 37°C with 5% CO2 for ECs or 7%
CO2 for HFFs. During infection, heparin-containing ECGM was removed
from the EC medium.

Flow system and chambers. EC monolayers on gluteraldehyde-fixed
gelatin-coated glass slides were cultured in parallel-plate flow chambers
(17). The flow rate through the channel was regulated by a peristaltic
pump equipped with a syringe damper. The flow rate (32 ml/min), chan-
nel width (2.5 cm), and length (5 cm) were kept constant, while the chan-
nel height was varied by using silicone gaskets of different thicknesses
(0.25, 0.5, and 1 mm) to impose different shear stresses (14, 3.5, and 0.9
dyn/cm2, respectively). The system was kept in a constant-temperature
hood at 37°C, and the recirculating medium was ventilated with humid-
ified 5% CO2-95% air. ECs were exposed to flow for the indicated times
(mostly 24 h) and then infected by replacing the medium reservoir with
virus-containing medium. After circulating through the system for 6 h,
the virus-containing medium was collected and replaced by fresh me-
dium.

Immunofluorescence. EC monolayers on glass slides were washed
with phosphate-buffered saline (PBS), fixed 15 min with 2% formalde-
hyde in PBS, and permeabilized 5 min with 0.2% Triton X-100 in PBS.
Cells were blocked with 10% normal goat serum in PBS, incubated with
primary antibodies against IE1/IE2 (clone CH160), UL99 (clone CH19),
and UL83 (clone CH12) purchased from Virusys, and then incubated
with isotype-specific tetramethyl rhodamine isocyanate (TRITC)- or flu-
orescein isothiocyanate (FITC)-conjugated secondary antibodies (South-
ern Biotech) with Hoescht 33342 (Calbiochem) to stain nuclei. Coverslips
were mounted on slides with Prolong gold antifade (Invitrogen). No
staining was observed in mock-infected cells.

Entry assay. ECs were exposed to flow for 24 h and infected with
TB40/E (3 PFU/cell) for the indicated times. Cells were washed with ice-
cold PBS to remove unbound virus. For total virus, cells were collected
with a cell scraper. For internalized virus, cells were incubated 1 min with
ice-cold 40 mM sodium citrate (pH 3) in PBS to inactivate adsorbed virus.
Control cells were incubated on ice for 1 h prior to infection and main-
tained on ice until after virus inactivation. Cells were then trypsinized,
quenched in medium, washed with PBS, and then incubated 5 min with
pronase E (0.5 mg/ml, Calbiochem) in PBS. Following pronase treatment,
cells were quenched in medium and washed extensively with PBS.

Quantitative PCR. Cellular and viral genomic DNA was isolated from
ECs with the QiaAmp DNA blood minikit (Qiagen). Cellular RNA was
isolated from ECs using TRIzol (Invitrogen) according to the manufac-
turer’s instructions. Purified RNA was treated with RQ1 DNase (Pro-
mega) to remove contaminating genomic DNA. Reverse transcription
was performed on 1 �g of RNA per sample using Thermoscript reverse
transcriptase (Invitrogen). To detect viral DNA, quantitative PCR (qPCR)
analysis was performed in an Applied Biosystems ABI Prism 7700 se-
quence detection system with 50 ng of genomic DNA per reaction using
TaqMan universal PCR master mix (Applied Biosystems). Primers and
TaqMan dually labeled probes (5=-6-carboxyfluorescein [FAM] and 3=-
black hole quencher) were directed against the GAPDH promoter for
cellular DNA and the unspliced UL77 gene for viral DNA. Viral DNA was
normalized to cellular genomic DNA. To analyze viral mRNA expression,
qPCR was performed as stated above with either TaqMan universal PCR
master mix or Power SYBR PCR master mix (for UL32, UL55, and tubu-
lin). Expression levels of viral genes were normalized to cellular �-tubulin.
See Table 1 for PCR primers and probes.

Western blotting. ECs were lysed in Triton lysis buffer containing 50
mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA
(pH 8.0), 50 mM NaF, 1 mM NaVO4, 10 mM Na pyrophosphate, 10 mM
�-glycerophosphate, 100 mM phenylmethylsulfonyl fluoride (PMSF),
and 1� protease inhibitor cocktail (Sigma). Lysates were sonicated to
shear genomic DNA, quantified by Bradford assay, run on 8 or 10% poly-
acrylamide gels, and transferred to nitrocellulose membranes. Mem-
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branes were probed with the following antibodies: IE1/2 (clone CH160),
UL44 (clone CH13), UL55 (clone 2F12), UL57 (clone CH167), UL83
(clone CH12), UL84 (clone MAb84), UL99 (clone CH19), all purchased
from Virusys; IE1/2 (clone 8140; Chemicon); �-tubulin (clone DM 1A;
Sigma-Aldrich); and UL32, UL85, and UL86 (gifts from Bill Britt).

Analysis of cell-associated and released virus. For cell-associated vi-
rus, glass slides were collected at 96 h postinfection (p.i.), washed with
PBS, trypsinized, quenched in medium, and centrifuged at 500 � g for 4.5
min. Cell pellets were washed in PBS and then snap-frozen in liquid N2

and stored at �80°C. Cell pellets were resuspended in ice-cold HFF me-
dium and sonicated for a total of 3 min on ice with a Misonix Sonicator
3000 at power level 10 using a cup horn attachment. Complete cell lysis
was evaluated by staining cell sonicate with trypan blue. For released virus,
medium was collected at 48 and 96 h p.i. and centrifuged at 500 � g for 4.5
min to remove cell debris. Cell-free supernatant was removed and di-
methyl sulfoxide (DMSO) was added to a final concentration of 1% before
freezing and storing at �80°C. The titer of cell-associated and released
virus was determined on HFFs by plaque assay.

Transmission electron microscopy. After 96 h p.i., glass slides were
placed directly into 2% glutaraldehyde and 0.1 M cacodylate buffer (pH
7.4) for 2 min at room temperature, followed by 4°C for at least 4 h. Cell
pellets were postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer
for 1 h on ice, stained en bloc in 2% uranyl acetate for 1 to 2 h on ice,
dehydrated in ethanol on ice, embedded in epoxy resin, sectioned at 60
nm, and collected onto 200 mesh copper grids. Grids were viewed using a
JEOL 1200EX II transmission electron microscope and photographed us-
ing a Gatan digital camera.

Statistical analysis. Data represent means � standard deviations (SD)
of a minimum of three independent experiments. Significance was deter-
mined by analysis of variance (ANOVA) with Tukey-Kramer’s post hoc
test.

RESULTS
Exposure to low shear stress enhances entry of HCMV into en-
dothelial cells. To investigate the effect of shear stress on HCMV
entry, primary human aortic endothelial cells (ECs) were exposed
to three levels of laminar shear stress in parallel-plate flow cham-
bers prior to infection with HCMV endotheliotropic strain
TB40/E at a multiplicity of 3 PFU per cell. The three levels of shear
stress were generated by keeping flow rate and channel width con-
stant while varying the channel height. Cells were exposed to static
conditions (STAT; 0 dyn/cm2), low shear stress (LSS; 0.9 dyn/
cm2), moderate shear stress (MSS; 3.5 dyn/cm2), and high shear
stress (HSS; 14 dyn/cm2) for 24 h prior to infection to allow cells to
acclimate to flow conditions. During the 6 h of infection, the res-
ervoir volume was reduced to 35 ml; thus, the flow rate of 32
ml/min allowed essentially the entire medium reservoir volume to
recirculate through each channel every minute. Cells maintained
in STAT were infected at the same multiplicity in an equivalent

volume as cells exposed to shear stress. At 6 h postinfection (p.i.),
the virus-containing medium was replaced with fresh medium.
Infected ECs were analyzed by immunofluorescence assay (IFA)
for expression of immediate-early (IE) proteins at 24 h p.i.
(Fig. 1A). There was no statistically significant difference in the
percentage of IE-positive cells (IE�) when exposed to STAT or
HSS (P � 0.05), while cells exposed to MSS and LSS had increasing
percentages of IE� cells (Fig. 1B). This shear-stress-dependent
variation in IE expression was not unique to TB40/E, as we ob-
tained similar results with another HCMV clinical isolate
(Fig. 1C).

One possible explanation for the reduced number of IE� cells
in ECs exposed to increasing shear could be that the increased
friction on the cell surface interfered with HCMV adsorption.
Alternatively, it was also possible that cellular adaptation to shear
stress altered permissivity to HCMV entry or IE expression. To
test these possibilities, we exposed cells to shear or STAT for 0, 6,
or 24 h prior to infection with TB40/E (3 PFU/cell). For this ex-
periment, low-, moderate-, and high-shear chambers were run in
the same channel and perfused with the same virus-containing
medium. We reasoned that if friction alone damaged the virus or
reduced adsorption, we would see a difference in infectivity im-
mediately upon application of shear stress. We found that when
ECs were infected concurrently with their exposure to shear stress
(Fig. 1D, 0 h), there was no significant difference (NS) in the
percentage of IE� cells (P 	 0.19) in the different shear condi-
tions. The percentage of IE� cells increased over time in ECs
exposed to MSS and LSS, reaching a maximum at 24 h p.i., while
there was no change in infectivity of ECs exposed to HSS or STAT
(Fig. 1D). These results suggest that friction alone does not impair
HCMV entry, but rather a cellular adaptation to LSS and MSS
increases permissivity of ECs to HCMV entry or IE expression.

In order to determine whether HCMV adsorption/penetration
or IE expression was affected in ECs exposed to shear stress, we
used quantitative PCR (qPCR) to measure the adsorption and
internalization of viral genomes. ECs were exposed to LSS or HSS
for 24 h and then infected with TB40/E (3 PFU/cell). To isolate
internalized viral DNA, cells were trypsinized, treated with pro-
tease, and washed extensively to facilitate removal of external vi-
rus. For each experiment, control cells were allowed to adsorb
virus at 4°C, thus preventing internalization, and protease treat-
ment effectively removed at least 90% of the bound virus from the
cell surface (data not shown). When ECs were exposed to virus for
6 h, as in Fig. 1A and B, we found that the amount of internalized
viral DNA was comparable to IE expression (Fig. 1E, black bars,
and B). The analysis of variance (ANOVA) failed to achieve sta-

TABLE 1 Primers and probes for quantitative real-time quantitative PCR and RT-PCR

Transcript Forward primer Reverse primer Probea

IE2 86 TGACCGAGGATTGCAACGA CGGCATGATTGACAGCCTG TGGCAGAACTCGGTGACATCCTCGCC
IE2 exon 5 GCGCAATATCATGAAAGATAAGAAC GATTGGTGTTGCGAAACATG TCGGCGGGGTGGC
UL32 GGTTTCTGGCTCGTGGATGTCG CACACAACACCGTCGTCCGATTAC SYBR green
UL55 AGCTGCGTGACCATCAACCAAACC CTGCGAGTAAAGTTCCAGTACCC SYBR green
UL77 CGTTGCCCGGGAACG GGTGTGAAAGCGGATAAAGGG ACCTAGCTACTTTGGAATCACGCAGAACGA
UL83 TCTTCCTGGAGGTACAAGCCA CAGCCACGGGATCGTACTG ACGCGAGACCGTGGAACTGCG
UL84 AGACATTGGGACCCTCCGTC GCGGTGATTCGTTCGGG TGGACGATTGGAGCTAG
�-Tubulin AGATGCCAAGTGACAAGACC TCCAACACAAGGTCAATGATCTC SYBR green
GAPDH promoter TTTCATCCAAGCGTGTAAGGG CAGGACTGGACTGTGGGCA CCCCGTCCTTGACTCCCTAGTGTC
a All TaqMan probes have a 5= 6-carboxyfluorescein (FAM) and 3= black hole quencher (BHQ) modification.
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tistical significance (P 	 0.14) when comparing the amount of
external viral genomes after 6 h of incubation with the virus (Fig.
1E, white bars), suggesting that adsorption levels of virus are
equivalent under all conditions after 6 h. We then measured total
and internal viral DNA content in ECs exposed to LSS and HSS
after 1 h p.i, and we found no statistically significant difference
(P � 0.05) in the total amount of viral DNA associated with cells
(Fig. 1F, white bars). This suggests that there is no difference in
viral adsorption in ECs exposed to both LSS and HSS after 1 h.
However, ECs exposed to LSS internalized nearly 3-fold more
viral genomes than HSS (P 
 0.001) over the first hour of expo-
sure to the virus, suggesting that viral penetration is much more
efficient in ECs in LSS (Fig. 1F, black bars). Taken together, these
results suggest that ECs exposed to varied shear stress have an
equal propensity to adsorb HCMV virions, while ECs adapted to
low and moderate shear stress have an increased permissivity to
viral penetration.

Early phases of viral gene expression and viral DNA replica-
tion are comparable under HSS and LSS. After the virus enters a
permissive cell, HCMV gene expression proceeds in a highly reg-
ulated fashion. The first genes expressed are the IE genes, which
promote transcription of early genes and prime the host cell for
viral replication. In order to investigate whether shear stress influ-
ences the HCMV replicative cycle, we reduced the amount of in-
put virus in the LSS channel so that the percentages of initially
infected cells (%IE� by IFA) at 24 h p.i. were equal among STAT,
LSS, and HSS. ECs were infected 24 h after exposure to STAT, LSS,

and HSS with TB40/E (3 PFU/cell for STAT and HSS, 0.75 PFU/
cell for LSS). Cells were collected at various times p.i., and IE
protein expression was analyzed by Western blotting (Fig. 2A). A
single transcript from the major IE region is alternatively spliced
to produce the major IE proteins IE1 72 and IE2 86, which share
coding exons 2 and 3. At late times in the infection, additional
unspliced transcripts are produced from exon 5 of IE2, producing
IE2 60 and IE2 40 proteins (40). We used two antibodies to detect
the IE proteins: one recognizing an N-terminal epitope specific for
IE1 72 and IE2 86, and the other recognizing a C-terminal epitope
specific for IE2 86, IE2 60, and IE2 40. We found that there was a
slight lag in IE protein expression in ECs exposed to LSS early in
the infection (Fig. 2A, 24 h p.i.). By 48 h p.i., however, the expres-
sion of IE1 and IE2 were comparable among all groups; at 72 h p.i.
the level of IE2 40, which is expressed at late times, was enhanced
in cells exposed to LSS. We analyzed the levels of IE2 RNA by
quantitative reverse transcriptase PCR (RT-PCR) and found that
there was no significant difference (P � 0.05) in the level of IE2
86-specific RNA at any time point in all three conditions (Fig. 2B).
At 72 h p.i., when we performed quantitative RT-PCR specific for
IE2 exon 5 (IE2 86, 60, and 40), we found a significant increase in
exon 5-containing transcripts in ECs exposed to LSS compared
to that in cells exposed to HSS (P 
 0.05) or STAT (P 
 0.01) (Fig.
2C). Taken together, these data suggest that LSS enhances the
expression of IE2 late transcripts leading to increased expression
of IE2 40 and 60 proteins.

In the next phase of the viral replicative cycle, viral early genes

FIG 1 Penetration of HCMV varies inversely with the applied shear stress. (A) ECs were infected with TB40/E (3 PFU/cell) and assayed for IE expression (red)
by IFA at 24 h p.i., and nuclei were stained with Hoechst (blue). (B) The fold difference (relative to LSS) in the percentage of IE-positive cells (%IE�) at 24 h p.i.,
as shown in panel A. The %IE� was calculated by counting approximately 1,000 cells per condition and averaging the results from 3 independent experiments.
For LSS, the percentage of IE� cells was an average of 59% � 3%. (C) ECs were infected with an additional HCMV clinical isolate (3 PFU/cell) and assayed for
IE expression by IFA at 24 h p.i. Cells were counted as stated for panel A, and the fold difference (relative to LSS) in the %IE� is shown. For LSS, the percentage
of IE� cells was an average of 44% � 6%. (D) Cells were infected following exposure to shear stress for the indicated amount of time. Slides were assayed for IE
expression at 24 h p.i. by IFA and counted as stated for panel B. The fold change in %IE� cells is relative to LSS at 0 h for all conditions. For LSS, the percentage
of IE� cells at 0 h p.i. was an average of 26% � 6%. (E) The fold difference in the abundance of viral DNA (vDNA) at 6 h p.i., measured by qPCR. External vDNA
(white bars) was calculated by subtracting the internal vDNA (black bars) from the total vDNA. All values are relative to the total vDNA from ECs exposed to LSS.
(F) The fold difference in the abundance of vDNA at 1 h p.i. was measured by qPCR and is relative to LSS total vDNA. All data (B to F) represent the means �
SD from three independent experiments (*, P 
 0.05; **, P 
 0.01; ***, P 
 0.001).
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mediate viral DNA replication and act to further subvert host cell
function to promote viral replication. We followed the expression
of three early genes, the UL44, UL57, and UL84 genes, which are
essential for viral DNA replication. Similar to the IE proteins,
there was a slight lag in early protein expression in cells exposed to
LSS at 24 h p.i. (Fig. 2A). However, by 48 h p.i., early protein

expression in cells exposed to LSS is comparable to that of the HSS
group, with even slightly higher levels of UL44 and UL84 proteins
at 72 h p.i. We analyzed the expression of UL84 mRNA by quan-
titative RT-PCR and found at 72 h p.i., there was enhanced UL84
mRNA expression in ECs exposed to LSS compared to STAT (P 

0.01) and HSS (P 
 0.05) (Fig. 2D). To determine whether shear
stress had an impact on viral DNA replication, cells were infected
as stated in the legend to Fig. 2A and collected 6, 48, and 72 h p.i.
Viral DNA was isolated and measured by quantitative PCR
(Fig. 2E). We found no statistically significant difference in the
synthesis of viral DNA at 48 h (P 	 0.30) or 72 (P 	 0.16) h p.i.,
indicating that shear stress has little effect on the early phase of the
infection, including viral DNA replication, once the virus has en-
tered the cell.

Late gene expression and spread are enhanced in ECs ex-
posed to LSS. After viral DNA replication, expression of late viral
genes (primarily encoding structural proteins) is initiated. To de-
termine if shear stress had an effect on late gene expression, we
probed the same lysates as those shown in Fig. 2A for viral late
proteins (Fig. 3A). We analyzed the expression of genes in all
classes of structural proteins: capsid proteins (UL86 and UL85),
tegument proteins (UL83, UL99, UL32), and glycoproteins
(UL55). With the exception of UL83, each of these proteins is
essential for HCMV replication in vitro (38). At 72 h p.i., the
expression of all of the late proteins tested increased in ECs ex-
posed to shear stress, with LSS having the highest expression
(Fig. 3A). ECs maintained in STAT began to express each of the
late proteins by 96 h p.i., while the enhanced expression in ECs
exposed to LSS continued to increase. We analyzed the expression
of several late viral genes by quantitative RT-PCR to determine if
the differences in expression levels were due to a translational
effect or were at the mRNA level. Transcript levels of UL32, UL55,
and UL83 correlated with protein expression (Fig. 3B to D), sug-
gesting that the increased protein levels were likely due to an in-
crease of the mRNA, possibly through increased transcription.

To further evaluate late viral gene expression in ECs exposed to
shear stress, we used IFA to monitor late gene expression at the
cellular level. ECs were infected as described in Fig. 2, collected at
24 and 96 h p.i., and each slide was stained with antibodies di-
rected against the N terminus of IE1/IE2, UL99, and UL83. Figure
4A shows representative images of one of four independent exper-
iments. At 24 h p.i., the number of IE� cells (red) is equivalent
among all conditions, averaging 25% � 5% across all four exper-
iments (Fig. 4A, top). At 96 h p.i., juxtanuclear staining of UL99
protein (green) indicates its appropriate localization to the cyto-
plasmic viral assembly compartment under each condition, with
the number of cells expressing UL99 being significantly higher in
ECs exposed to LSS (Fig. 4A, bottom). We counted approximately
1,000 cells per condition for each of 4 independent experiments
and found that the number of ECs that expressed UL99 at 96 h p.i.
was comparable to the number of ECs that expressed IE proteins
at 24 h p.i., suggesting that under LSS, all of the initially infected
cells expressed UL99 by 96 h p.i. In contrast, the numbers of ECs
exposed to STAT and HSS that expressed UL99 at 96 h p.i. were
only 31 and 40%, respectively, of the initially infected cells, sug-
gesting that a large number of cells were significantly delayed or
failed to express UL99. In addition to UL99, we analyzed by IFA
the expression of UL83, which is a tegument protein that under-
goes a nuclear-to-cytoplasmic translocation late in the infection.

FIG 2 Viral IE and early gene expression. (A) ECs were infected 24 h after
exposure to STAT, LSS, and HSS with TB40/E (3 PFU/cell for STAT and HSS;
0.75 PFU for LSS). At the indicated times p.i., cell lysates were assayed for viral
protein expression by Western blotting (S, STAT; L, LSS; H, HSS). Here, we
show representative blots from five independent experiments. Multiple blots
were required to probe for all the proteins. Comparable loading on each blot
was confirmed by amido black staining, while one blot was probed for �-tu-
bulin. (B to D) ECs were infected as stated for panel A and collected at the
indicated times. Viral mRNA expression was measured by quantitative RT-
PCR with primers specific for IE2 86 (B), IE2 exon 5 (C), and UL84 (D). Viral
mRNAs were normalized to �-tubulin, and each time point is relative to ex-
pression of LSS at 24 h p.i. Data represent the means � SD from three inde-
pendent experiments. (E) ECs were collected at the indicated times p.i., and
vDNA was measured by qPCR. The fold increase in vDNA was calculated
relative to input vDNA (at 6 h p.i.). Data represent means � SD from 3 inde-
pendent experiments.
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We found that UL83 was able to correctly localize to the cytoplasm
in all three conditions, but similar to UL99, there were far more
ECs with cytoplasmic UL83 when exposed to LSS compared to
STAT and HSS (Fig. 4B). When we compared the number of ECs
with cytoplasmic UL83 relative to initially infected cells, we found
that ECs exposed to LSS expressed significantly more cytoplasmic
UL83 than STAT and HSS did (P 
 0.001). We counted approx-
imately 1,000 cells per condition for each of 4 independent exper-
iments and found that nearly all of the initially infected cells ex-
pressed cytoplasmic UL83 in ECs exposed to LSS, while only 16
and 27% of initially infected ECs exposed to STAT and HSS, re-
spectively, expressed UL83 in the cytoplasm. Taken together,
these data suggest that after viral DNA replication, the late phase
of the infection proceeds at a higher rate in ECs exposed to LSS.

HCMV has a lengthy replicative cycle, and it takes days to pro-
duce the first viral progeny. In ECs exposed to shear stress, cell-
free virus was detected in the tissue culture medium by 72 h p.i.,
and cells with small foci of IE proteins in their nuclei were detected
by IFA, indicating that spread was starting to occur (data not
shown). After 96 h p.i. the percentage of IE� cells increased in all
three conditions, indicating that the infection was able to spread
to adjacent cells (Fig. 4A, bottom). In ECs exposed to LSS, the
expression of IE proteins spreads throughout the culture at a
much higher rate than ECs exposed to STAT and HSS. Plotting of
the percentage of IE� cells at 96 h p.i. relative to the number of
initially infected cells (%IE� at 24 h p.i.) shows a significantly
higher rate of spread of HCMV IE proteins in ECs exposed to LSS
than that of ECs exposed to HSS (P 
 0.01) and STAT (P 
 0.05)
(Fig. 4C). The increased late viral gene expression in ECs exposed
to LSS (Fig. 3) may have resulted in an overall higher production
of viral progeny to lead to increased spread, although the en-
hanced entry of HCMV into ECs exposed to LSS (Fig. 1) may also
be a contributing factor.

LSS enhances production of HCMV infectious progeny. In
order to determine whether ECs exposed to LSS produced higher

FIG 3 LSS enhances late gene expression. (A) The same lysates as those shown in Fig. 2A were assayed for late viral protein expression by Western blotting.
Multiple blots were required to probe for all the proteins, and even loading on each blot was confirmed by amido black staining. One blot for all samples
was probed for �-tubulin, as shown in Fig. 2A. (B to D) ECs were infected as stated for Fig. 2A and collected at the indicated times. Viral mRNA expression
was measured by quantitative RT-PCR with primers specific for UL83 (B), UL32 (C), and UL55 (D). Viral mRNAs were normalized to �-tubulin, and each
time point is relative to expression of LSS at 24 h p.i. Data represent the means � SD from three independent experiments. (*, P 
 0.05; **, P 
 0.01; ***,
P 
 0.001).

FIG 4 LSS enhances late gene expression and spread of IE expression. (A) ECs
were infected with TB40/E as stated for Fig. 2. Slides were collected at the
indicated times, and IFA was performed with antibodies directed against IE1/2
(red) and UL99 (green), and nuclei were stained with Hoechst (blue). (B) IFA
was performed with antibodies directed against UL83 (red). Nuclei were
stained with Hoechst (blue). (C) The fold change in the percentage of IE� cells
relative to initially infected cells (%IE at 24 h). The %IE� was calculated by
counting approximately 1,000 cells per condition and averaging the results
from 4 independent experiments. For LSS, the percentage of IE� cells was
25% � 5% at 24 h p.i. and increased to 79% � 9%. (*, P 
 0.05; **, P 
 0.01;
***, P 
 0.001).
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titers of virus, we collected cell-free supernatants and infected ECs
to analyze the released and cell-associated viral progeny by plaque
assay. ECs were infected as described in Fig. 2. Cell-free superna-
tants and infected ECs were collected at 96 h p.i. in order to ana-
lyze the production of viral progeny from a single cycle of infec-
tion. The titer of released virus (in PFU/cell) in ECs exposed to LSS
was 58-fold greater than that for STAT and 2-fold greater than that
for HSS (Fig. 5A). Analysis of the titers of cell-associated virus
shows that ECs exposed to LSS produced nearly 8- and 4-fold
more PFU/cell than ECs exposed to STAT and HSS, respectively
(Fig. 5B). Analysis of the total amount of PFU produced per in-
fected cell indicates that ECs exposed to LSS produced 17- and
2-fold more PFU/cell than ECs exposed to STAT and HSS, respec-
tively (Fig. 5C). ECs exposed to shear stress, regardless of magni-
tude, released the majority of PFU, while the PFU remained
mostly cell associated in ECs exposed to STAT (Fig. 5D). It should
be noted that the total PFU released into the medium by ECs
exposed to LSS resulted in a concentration of circulating virus in
the medium perfusing the cells that was at least 1,000 times lower
than the concentration of virus during the initial infection, sug-
gesting that under these conditions, the majority of spread oc-
curred through cell-to-cell transmission rather than through cell-
free virus released into the medium. The enhanced late gene
expression in ECs exposed to LSS shown in Fig. 3 and 4 may
contribute to the overall increased titers in LSS. However, since
the levels of the late proteins that were analyzed were comparable

in the ECs exposed to HSS and STAT, a global difference in late
protein expression is not likely responsible for the 8-fold increase
in the total amount of virus produced in ECs exposed to HSS.

Assembly of virions occurs more rapidly in ECs exposed to
both LSS and HSS, relative to STAT. One possible explanation for
the higher levels of virus produced at 96 h p.i. when ECs were
exposed to shear stress was that assembly of the virus particles was
more efficient under shear. To address this possibility, we used
transmission electron microscopy to visualize the assembly of
HCMV virions in the nuclear and cytoplasmic compartments.
ECs were infected as stated in Fig. 2, collected at 96 h p.i., and
processed for electron microscopy. Electron micrographs of the
cytoplasm of ECs exposed to shear stress showed numerous vesi-
cles, dense bodies, intact virions, and noninfectious enveloped
particles (NIEPs; Fig. 6A for LSS and 6D for HSS). ECs under
STAT conditions contained dense bodies and vesicles. However,
greater than 95% of infected cells (Fig. 6G and H) did not contain
intact virions or NIEPs. Higher magnifications of the intact viri-
ons and NIEPs in the cytoplasm of cells exposed to LSS (Fig. 6B)
and HSS (Fig. 6E) clearly show C- and B-type capsids with a sur-
rounding tegument and envelope. Inside the nucleus of infected
cells, all three types of capsids are visible, but there are more cap-
sids present in infected ECs exposed to LSS (Fig. 6C) and HSS (Fig.
6F) than in infected ECs exposed to STAT (Fig. 6I). We counted
approximately 500 capsids per condition, averaging the results
from three independent experiments, and did not see a significant
difference (P 	 0.24) in the percentages of A (9% � 3%)-, B (76%
� 5%)-, and C (15% � 3%)-type capsids among STAT, LSS, and
HSS, suggesting that capsid assembly and viral DNA packaging
occur normally in all three conditions.

To determine if there was a delay in viral assembly and produc-
tion of infectious virus in ECs exposed to STAT, we analyzed the
titers of virus produced and electron micrographs of these cells at
120 h p.i. We found that the released and cell-associated titers
increased to within 2-fold of ECs exposed to LSS at 96 h p.i. (data
not shown) and that the electron micrographs appeared compa-
rable to ECs exposed to HSS or LSS at 96 h p.i. (Fig. 6J to L).
Together, these results suggest that viral assembly occurs more
rapidly in ECs exposed to shear stress by approximately 24 h in
comparison to ECs under STAT condition.

DISCUSSION

In this report, an in vitro parallel-plate flow chamber was used to
study the interactions of HCMV and ECs in the physiological
context of flow. To our knowledge, this is the first report of EC
infection by a blood-borne virus under physiological conditions
of flow. Here, we show that exposure of ECs to different magni-
tudes of laminar shear stress modulates the permissivity to HCMV
entry, specifically at the step of viral penetration. LSS, which exists
in the atheroprone regions of the arterial tree, enhanced the entry
of HCMV in ECs. HCMV entry into the host cell begins with a
tethering step to cell surface heparan sulfate proteoglycans (12).
Following this initial binding, the virus is thought to engage a cell
surface protein receptor, leading to fusion with the cell membrane
in fibroblasts (12) or endocytosis in ECs (6). Viral entry into en-
dothelial cells is mediated by the viral envelope glycoprotein com-
plex gH/gL/UL128-131 in a process that requires endocytosis and
low-pH-dependent fusion (36, 37). Cell surface proteins that have
been proposed to be involved in viral entry include epidermal
growth factor receptor (EGFR) (47), platelet-derived growth fac-

FIG 5 LSS enhances production of infectious viral progeny. ECs were infected
with TB40/E as stated for Fig. 2. Slides were collected at 24 h p.i. to determine
the number of initially infected cells by IFA against IE proteins. Cell-free su-
pernatants and infected cells were assayed by plaque assay. Cell-free titers at 48
h p.i. were used to determine the number of PFU remaining from the initial
infection and subtracted from the titers at 96 h p.i. The PFU/cell was calculated
from the number of PFU divided by the number of initially infected cells. For
LSS, the total PFU was an average of 1.4 PFU/cell � 0.4 PFU. Fold difference in
the PFU/cell relative to LSS at 96 h p.i. was plotted for released virus (A),
cell-associated virus (B), and total virus (C). (D) Ratio of released versus cell-
associated virus PFU/cell. Values are means � SD from at least three indepen-
dent experiments. (*, P 
 0.05; **, P 
 0.01; ***, P 
 0.001).
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tor receptor alpha (PDGFR�) (39), and multiple integrins (16,
46). A simple explanation for the increased HCMV penetration
into ECs exposed to LSS is that LSS induced expression of one of
the potential HCMV receptor proteins. We measured the cell sur-
face expression of heparan sulfate and candidate receptor proteins
integrins �2, �6, �v�3, and �1 both before and after 1 h of expo-
sure to HCMV (data not shown). We found no change in expres-

sion upon HCMV exposure; however, we detected a small increase
in cell surface heparan sulfate and �6 integrin in cells exposed to
HSS. EGFR and PDGFR� have also been implicated in HCMV
entry, although we did not detect expression of those proteins in
aortic ECs by flow cytometry or Western blotting (data not
shown). Another possible explanation for the increased penetra-
tion of HCMV in ECs exposed to LSS is that LSS increased the rate

FIG 6 Transmission electron micrographs of infected ECs. ECs were infected with TB40/E as stated for Fig. 2. ECs were fixed for electron microscopy at 96 h p.i.
Electron micrographs of infected cell cytoplasm at a magnification of �2,000 are shown for cells exposed to LSS (A), HSS (D), and STAT (G and J). Nuclei (Nuc),
cytoplasm (Cyto), dense bodies (DB), intact virions (black arrows), and noninfectious enveloped particles (white arrows) are indicated. Electron micrographs of
infected cell cytoplasm at a magnification of �10,000 are shown for cells exposed to LSS (B), HSS (E), and STAT (H and L). Electron micrographs of infected cell
nuclei at a magnification of �10,000 for cells exposed to LSS (C), HSS (F), and STAT (I and L). Arrowheads show A capsids (white), B capsids (gray), and C
capsids (black).
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of endocytosis. To determine whether shear stress had an effect on
the endocytosis of virus-sized particles, we monitored the endo-
cytosis of 200 nm fluorescently labeled microspheres both before
and after 1 h of exposure to HCMV. There was no significant
increase in endocytosis of microspheres in ECs exposed to LSS
compared to HSS. This suggests that shear stress does not affect
the overall rate of fluid-phase endocytosis; however, this may not
reflect the rate of receptor-mediated endocytosis of HCMV parti-
cles. Taken together, this suggests that the level of expression of
these candidate receptors and the rate of general endocytosis are
not likely to contribute to increased penetration of HCMV in ECs
exposed to LSS. Comparison of the cell surface proteome of ECs in
both LSS and HSS and identification of the HCMV receptor will
be required in order to further understand the mechanism of en-
hanced HCMV entry into ECs exposed to atheroprone flow con-
ditions.

While it is well established that atherosclerotic lesions occur
preferentially in branch points and curves (areas of LSS), it is
currently not known whether HCMV preferentially infects ECs
located in atheroprone regions of the arterial tree during acute
infection in vivo. However, an important clinical study has re-
ported an accumulation of persistently infected ECs in the tho-
racic aorta adjacent to branch points of the intercostal arteries
(31). In this study, in situ hybridization and immunohistochemi-
cal staining were used to determine the frequency of cells contain-
ing the viral genome and of those expressing viral immediate-early
gene products in the layers of human aortas with or without visible
atherosclerotic lesions. The viral genome could be detected in the
majority of both normal (even from young trauma victims) and
lesioned vessels, but viral antigen was present only in cells from
aortas with lesions. The positive cells were in the endothelial layer
lining the lumen and in clusters in the intima/media area adjacent
to artery branch points (atheroprone areas of disturbed flow and
low shear stress). Interestingly, HCMV antigen was expressed pre-
dominantly in lesioned vessels, and in these vessels the HCMV
antigen expression was primarily localized to fatty streaks and
early atherosclerotic lesions rather than advanced plaques (31).
These results suggest that HCMV gene expression may be associ-
ated with early events in the pathogenesis of atherosclerosis.
Taken together, these data support the hypothesis that direct in-
fection of ECs in atheroprone areas is associated with early athero-
sclerotic events and may also act as an initiating event in lesion
formation.

Atherosclerosis develops over the course of many years, and it
has been suggested that early pathogenic events, including hyper-
cholesterolemia in utero, may influence susceptibility to athero-
genesis later in life (30). In the United States, the seroprevalence of
HCMV is 60 to 70% between years 40 to 49 of age (2). While it is
impossible to know for certain the average age of HCMV acquisi-
tion of this population, the current seroprevalence of children
under 10 years of age suggests that approximately half of all
HCMV-seropositive adults at age 50 initially acquired HCMV in
early childhood. It is currently not known how the age of HCMV
acquisition might affect lesion formation and progression. It
would be interesting to examine the progression of atherosclerotic
lesions and immunological responses in individuals infected in
early childhood compared to those who are infected much later in
life. The results might provide insight into some of the differences
that are observed in clinical studies.

Increased susceptibility of ECs to HCMV in atherosclerosis-

prone sites might have significant implications for the role of
HCMV in pathogenesis of atherosclerosis. Several studies have
used normal and hypercholesterolemic mouse models to examine
the role of mouse cytomegalovirus (MCMV) infection in athero-
sclerosis and have documented that MCMV infection accelerates
lesion formation (8). Infection of mice with MCMV has also been
shown to increase expression of proatherosclerotic genes in the
aorta as well as serum levels of interleukin 6 (IL-6), monocyte
chemoattractant protein 1 (MCP-1), and tumor necrosis factor
alpha (TNF-�) (22). In one study, it was also reported that
MCMV infection alone of C57BL/6 wild-type (wt) mice on a nor-
mal diet causes an increase in arterial blood pressure (9). More-
over, viral DNA and immediate-early mRNA were found in the
aortic root, thoracic aorta carotid artery, and post cava vein at 3
weeks postinfection, and viral DNA could still be detected at 6
weeks postinfection. Only mice that were fed a high-cholesterol
diet for 10 weeks as well as infected with MCMV for 6 weeks
developed atherosclerotic plaques in the aortas. Neither high cho-
lesterol alone nor MCMV infection alone induced atherosclerosis
during this time period.

In addition to the effects on HCMV entry, we have shown that
shear stress also modulates HCMV gene expression, production of
viral progeny, and spread of the virus. Compared to STAT and
HSS, ECs exposed to LSS expressed the highest levels of late viral
gene products, produced the highest titers of viral progeny, and
spread most efficiently throughout the culture. Taken together,
our results suggest that conditions in atheroprone regions of the
vascular tree (areas of LSS) promote HCMV lytic infection, which
may have a significant impact on pathogenesis in vivo. For exam-
ple, increased production and spread of the virus in these sites
might promote dissemination of the virus within the artery wall,
promoting further pathophysiological changes in neighboring
smooth muscle cells. CMV infection of smooth muscle cells in the
artery walls of rodents has been associated with intimal hyperpla-
sia, increased inflammation, and recruitment of lymphocytes in
the artery wall (4, 20, 24). In humans, HCMV has been found to be
associated with sites of intimal thickening, even in young trauma
victims, supporting the hypothesis that HCMV infection may play
a role in early atherosclerotic lesions (48).

We also found that regardless of magnitude, exposure of ECs to
shear stress increased the kinetics of virion assembly compared to
that of ECs exposed to STAT. One possible explanation for the
increase is that the cellular environment in ECs exposed to shear
stress is more primed to facilitate viral replication than ECs main-
tained in static conditions. Work by the McIntire group highlights
the differences in ECs cultured in flow versus static conditions.
Using a whole-genome microarray, they compared global gene
expression of human umbilical vein ECs cultured under STAT,
LSS, and HSS. Surprisingly, they found that most of the differen-
tially expressed genes (approximately 3,000) were between ECs
exposed to STAT and shear stress, regardless of magnitude (13).
Differentially expressed genes fell into a number of functional
groups, including cytoskeleton, cell cycle, and metabolism, any of
which may have an effect on the kinetics of viral assembly and late
protein expression. There were much fewer differentially ex-
pressed genes between ECs exposed to LSS and those exposed to
HSS (approximately 200). Many of these genes fell into functional
classes that have been implicated in pathogenesis of atherosclero-
sis, such as inflammation, matrix metalloproteases, and cell cycle
regulation (13). A number of the transcription factors that have
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been shown to be differentially regulated in LSS versus HSS have
also been implicated in regulation of HCMV gene expression. For
example, in cells exposed to LSS, activation of NF-�B and AP-1
promotes expression of proinflammatory and prothrombotic
genes, while ECs exposed to HSS activate KLF2 and NRF2 to pro-
mote expression of anti-inflammatory and vasoprotective genes
(7). During HCMV infection, NF-�B and AP-1 have been sug-
gested to promote viral IE expression (14, 23). NRF2 has been
shown to be sequestered to the cytoplasm during infection in fi-
broblasts, implicating other viral-infection-specific mechanisms
to protect the cell from reactive oxygen species (42). Differences in
the concentration and/or activation of these transcription factors,
cell cycle components, or metabolic intermediates may all con-
tribute to the differences we observed in viral protein expression
and viral assembly in different flow conditions. More work will be
needed to decipher how differences in the cellular environment of
ECs cultured under different flow conditions affect the produc-
tion of HCMV progeny during acute infection and reactivation.

How might HCMV infection contribute to the induction or
progression of atherosclerosis? There are at least five mechanisms
that are not mutually exclusive. First, infection of the cell could
lead directly to cell death or irreparable damage. Second, the in-
tracellular environment of the endothelial cell could be altered to
change its phenotype from atheroprotective to atheroprone.
Third, the production of cytokines could either have a local or
systemic effect on endothelial cell function. Fourth, the immuno-
logical response to HCMV infection either at a localized site in the
artery or at distal sites may result in inflammation. Finally, based
on very recent studies, it is possible that the CMV-specific T cell
has distinct properties that can contribute to endothelial cell dys-
function and vessel damage (44).

Our studies suggest that atheroprone areas of the vessels are
significantly more permissive to HCMV infection, while clinical
and animal studies indicate that CMV antigen is associated with
both early and more advanced atherosclerotic lesions (4, 10, 31,
49). Taken together, these results support the hypothesis that
HCMV infection in atheroprone regions promotes pathogenesis
of atherosclerosis at the site of lesion formation. Proof of a caus-
ative relationship in humans will require the existence of an effec-
tive vaccine against HCMV, but given that clinically significant
atherosclerosis is a disease of the aged, it may be many years before
this question is answered. Use of the flow model system will allow
us to further assess how HCMV infection in atheroprone areas
affects inflammatory cytokine secretion and leukocyte adhesion.
An understanding of the mechanism of induction/acceleration of
atherosclerosis by HCMV will be required in order to identify new
viral targets and improve interventions for HCMV-related cardio-
vascular disease.
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