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We previously revealed that human cytomegalovirus (HCMV) infection can cause aberrant expression of
the chemokine IL-8/CXCL8. We first examined the effects of HCMV infection on the expression of another
chemokine, CCL2. HCMV infection induced CCL2 expression at the mRNA and protein levels in human
embryonic lung fibroblasts cells (HEL). Moreover, HCMV induced the mRNA expression of CCR2, a specific
receptor for CCL2. CCL2 siRNA treatment reduced HCMV virion production, and this reduction was
reversed by the addition of CCL2. We further observed that CCL2 siRNA, but not control siRNA, reduced
the expression of HCMV immediate early gene (IE1) and HCMV UL54 gene (DNA polymerase) in a dose-
dependent manner. Thus, HCMV infection is able to activate the CCL2-CCR2 interactions to further
enhance HCMV infection and/or replication.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Several lines of evidence indicate the aberrant expression of
chemokines in human cytomegalovirus (HCMV) infection. HCMV,
herpes simplex virus and influenza A virus dampen the expression
of chemokines against dendritic cells to evade immune response
[1-4]. HCMV further enhances the expression of the CXC chemo-
kine IL-8/CXCL8, and the CC chemokines CCL2 and CCL5 [5-7].
Moreover, HCMV is able to increase CCL2 expression indirectly
by inducing the expression of tumor necrosis factor (TNF)-o. and
IL-1B [8,9]. Furthermore, CCL2 levels are increased in the cerebro-
spinal fluid of HCMV encephalitis patients co-infected with HIV
[10,11].

HCMYV is a ubiquitous betaherpesvirus, which is present in a
majority of the population worldwide [12-14]. HCMV infection is
presumed to contribute to atherosclerosis, in which chemokines
may have a pathogenic role. The HCMV-encoded CC chemokine
receptor US28 can exacerbate atherosclerosis in the presence of
CCL2 or CCL5, by inducing smooth muscle cell migration [15].

Abbreviations: HCMV, human cytomegalovirus; HIV, human immunodeficiency
virus; HEL, human embryonic lung fibroblasts cells; IE, immediate early gene; TNF,
tumor necrosis factor; DMEM, Dulbecco’s modified Eagle’s minimal essential
medium.
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Elevated levels of CCL2 are observed in atherosclerotic plaques,
where macrophages showing expression of a specific receptor for
CCL2, CCR2, abundantly infiltrate [11,16]. Thus, HCMV and CCL2
may cooperatively contribute to atherosclerosis.

It still remains elusive on the effects of CCL2 on HCMV gene
expression and replication. Hence, we addressed this question
and confirmed that HCMV-induced CCL2 expression can further
augment HCMV infection.

2. Materials and methods
2.1. Cell line and virus

Human embryonic lung fibroblast cells (HEL) were grown in
Dulbecco’s modified Eagle’s minimal essential medium (DMEM;
Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) as described previ-
ously [17]. The Towne strain of HCMV was used throughout these
experiments. The history of this strain has been described else-
where [18,19]. HCMV was propagated in HEL cells. Viral infectivity
was determined by plaque assay as described previously [19]. In
some experiments, the stock virus suspensions were filtered
through a 0.1-um or 0.45-pm filter (Millex, syringe-driven filter
unit #SLVV033RS, #SLHV033RS; Millipore Corporation, Billerica,
MA) to remove virions. In other experiments, 2 ml of stock virus
suspension was placed in a 3-cm dish (Falcon #3001; Becton
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Dickinson, Franklin Lakes, NJ) and was irradiated with ultraviolet
(UV) light for 5 min at 1.2 J/cm? to inactivate virions.

2.2. Compounds

siRNAs targeting CCL2 were purchased from Ambion through
Life Technologies (Carlsbad, CA). Recombinant human CCL2
(MCP-1) was purchased from R&D Systems Inc. (Minneapolis, MN).

2.3. Viral production assay

The conditions used for viral production assay were essentially
those described previously [20]. Plaque reduction rates were calcu-
lated based on the mean plaque numbers in the control cells.

2.4. Western blot analysis

The conditions used for Western blot analysis were essentially
those described previously [17]. Primary antibodies were rabbit
polyclonal anti-human CCL2 antibodies (ab9669; Abcam Inc.,
Tokyo, Japan) and rabbit polyclonal anti-b-actin (C4; Chemicon
International Inc., Temecula, CA). Anti-CCL2 and anti-b-actin anti-
bodies were diluted at 1:5000 and 1:2000 in TBS-T, respectively.
Membranes were washed 3 times in TBS-T and incubated with per-
oxidase-conjugated secondary antibody diluted 1:10,000 in TBS-T
for 1h at room temperature. After washing 3 times in TBS-T,
immune complexes were detected using the ECL system
(Amersham Pharmacia Biotech AB) according to the manufac-
turer’s instructions.

2.5. Transient transfection of siRNA

The conditions used for transient transfection of siRNA were
essentially those described previously [17]. Double-stranded siR-
NAs targeting CCL2 sequences were prepared (SiRNA ID# s12567;
Ambion through Life Technologies, Carlsbad, CA). A non-targeting
siRNA (Ambion through Life Technologies) was used as a negative
control, and was confirmed not to affect CCL2 expression when
compared with non-transfected controls. Sequences were as fol-
lows: s12567 sense, UGU UAU AAU UUC ACC AAU Att, antisense,
UAU UGG UGA AGU UAU AAC Agc. At 24 h after transfection with
CCL2 siRNA, cells were infected with HCMV at an MOI of 1.0. Total
RNAs were extracted at 72 h after infection, and were subjected to
quantitative RT-PCR, in order to assess CCL2 mRNA expression.
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2.6. Analysis of gene expression

The conditions used for analysis of gene expression were essen-
tially those described previously [17]. PCR primers were as follows:
CCL2 primers (forward: 5-GAC CAG GAA AGA ATG TGA AAG-3,
reverse: 5-GCT CTG CCA ATT GAC TTT CCT T-3’) [21,22]; CCR2
primers (forward: 5-GAC CAG GAA AGA ATG TGA AAG TGA-3/,
reverse: 5-GCT CTG CCA ATT GAC TTT CCT T-3') [21]; HCMV IE1
primers (forward: 5-TAT ACC CAG ACG GAA GAG AAA TTC-3/,
reverse: 5-CTG CAG TGC ACC CCC CAA CTT G-3’) [23]; HCMV
UL54 primers (forward: 5'-TTG CGG GTT CGG TGG TTA-3/, reverse:
5-CGG CCA TAG TGT TGA GCT TAT AGT T-3') [24]; and b-actin
primers (forward: 5-ATC ATG TTT GAG ACC TTC AAC-3/, reverse:
5'-CAG GAA GGA AGG CTG GAA GAG-3') [25]. Results were normal-
ized against b-actin mRNA levels.

2.7. Statistical analysis

After means and SD were calculated, all data were analyzed
using Student’s t-test.

3. Results
3.1. Gene expression analysis in HCMV-infected cells

We first examined the effects of HCMV infection on the expres-
sion of CCL2 and its specific receptor, CCR2. HCMV infection
increased the mRNA expression of CCL2 and CCR2, starting from
24 h after infection, reaching a maximal level at 72 h and decreas-
ing thereafter (Fig. 1A). HCMV infection enhanced CCL2 and CCR2
mRNA expression in a dose-dependent manner, reaching a peak
after infection at an MOI of 0.5 (Fig. 1B). Moreover, HCMV infection
markedly increased CCL2 protein expression beyond 24 h after
infection (Fig. 2A). Furthermore, UV-irradiated HVMV infection
increased CCL2 protein expression (Fig. 2B). Filtration at 0.1 um
removed HCMV particles (unpublished data) and abrogated
enhanced CCL2 protein expression, while filtration at 0.45 pum
did not reduce enhanced CCL2 protein expression (Fig. 2B). These
observations indicate that HCMV-induced CCL2 protein expression
is directly mediated by viral particles.

3.2. Effects of CCL2 siRNA on HCMV infection

In order to examine the roles of CCL2 expression in HCMV infec-
tion, we transfected HCMV-infected cells with specific siRNA
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Fig. 1. Induction of CCL2 or CCR2 gene expression by HCMV infection. (A) HEL cells were infected with HCMV at an MOI of 1 and were incubated for the indicated time
intervals. Total RNA was then extracted for qRT-PCR to detect CCL2 or CCR2 mRNA expression, as described in Section 2. Means + SD was calculated from three independent
experiments and are shown here. (B) HEL cells were infected with HCMV at the indicated MOI and were incubated for 72 h. Total RNA was then extracted for qRT-PCR to
detect CCL2 or CCR2 mRNA expression, as described in Section 2. Means + SD of three independent experiments were calculated and are shown here.
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Fig. 2. HCMV infection-induced CCL2 protein synthesis in HEL cells. (A) HEL cells were infected with HCMV at an MOI of 1 and were incubated for the indicated time intervals.
Proteins were then extracted for Western blotting analysis to detect CCL2 protein as described in Section 2. B-actin was determined as a control. Representative results from
three independent experiments are shown here. (B) HEL cells were subjected to mock infection, or infection with HCMV, UV-irradiated HCMV or filtered (0.45 or 0.1 pm)
HCMV, and were further incubated for 72 h. Proteins were then extracted for Western blotting analysis to detect CCL2 protein, as described in Section 2. B-actin was
determined as a control. Representative results from three independent experiments are shown here.
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Fig. 3. Effects of CCL2 siRNA on HCMV IE1 and UL54 expression. HEL cells were infected with HCMV at 24 h after cells were transfected with CCL2 siRNA or negative control
siRNA (NC). Total RNA was extracted at 72 h after HCMV infection and was subjected to qRT-PCR to detect CCL2 mRNA (A) or IE1 or UL54 mRNA (B) as described in Section 2.
Means + SD were calculated from three independent experiments and are shown here. *p < 0.05.

against CCL2. CCL2 siRNA, but not control siRNA, reduced HCMV-
induced CCL2 expression in a dose-dependent manner (Fig. 3A).
Similarly, CCL2 siRNA, but not control siRNA, reduced IE1 and
UL54 expression in a dose-dependent manner (Fig. 3B). Moreover,
CCL2 siRNA reduced HCMV infectious virion production in a dose-
and time-dependent manner (Fig. 4A and B). To exclude the possi-
bility that the effects of CCL2 siRNA are off-target effects, we fur-
ther examined the effects of CCL2 on CCL2 siRNA-treated cells.
CCL2 reversed CCL2 siRNA-mediated inhibition of HCMV virion
production in a dose-dependent manner, but heat-treated and
inactivated CCL2 failed to reverse the effects of siCCL2 (Fig. 4C).
These observations indicate that HCMV infection enhances the
expression of CCL2, which can further augment HCMV infectious
virion production.

4. Discussion

Several groups have demonstrated that HCMV is able to induce
the expression of CCL2 [26,27]. In contrast, other groups have
observed that HCMV infection decreased CCL2 mRNA expression
[7]. Hence, we first examined the effects of HCMV infection on
CCL2 expression. We demonstrated that HCMV infection aug-
mented CCL2 expression at the mRNA and protein levels in HEL

cells, consistent with these reports [26,27]. Moreover, heat-inacti-
vated virus or viral inocula filtered at 0.1 um lost the ability to
enhance CCL2 expression in HEL cells. Thus, enhanced CCL2
expression requires infection with viable virus. These discrepan-
cies may be explained by differences in host cell subpopulation,
viral strain or virus stock concentration. However, considering that
CCL2 expression was aberrantly augmented in various pathological
conditions with HCMV infection, HCMV infection is able to
increase CCL2 expression in most cases.

We revealed that CCL2 siRNA treatment significantly reduced
HCMV infection in HEL cells. These observations suggest that
CCL2 is able to directly support HCMV infection and/or replication.
By acting on its specific receptor, CCR2, CCL2 is able to induce the
migration of target cells such as monocytes/macrophages and den-
dritic cells [28,29]. These CCR2-expressing cells are able to sustain
HCMV infection and replication [3,30,31]. Thus, enhanced expres-
sion of CCL2 may help to facilitate the spread of the virus, particu-
larly during the initial stages of reactivation from latent infection,
indirectly by recruiting these target cells.

The importance of IE function prompted us to speculate
[17,25,32,33]. It is necessary, therefore, to identify novel anti-
cytomegaloviral agents that can block HCMV gene expression in
very early stages without causing major adverse side effects. The
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Fig. 4. Effects of CCL2 siRNA on HCMV virion production. (A) HEL cells were transfected with either the indicated concentrations of CCL2 siRNA or negative control siRNA
(NC). Cells were then infected with HCMV at an MOI of 1. At 6 days after infection, supernatants were collected to determine virus titer by using plaque assay. Means + SD
were calculated from three independent experiments and are shown here. *p < 0.05. (B) HEL cells were transfected with either CCL2 siRNA or negative control siRNA (NC).
Cells were then infected with HCMV at an MOI of 1. At the indicated time intervals after infection, supernatants were collected in order to determine virus titer by plaque
assay. Means + SD were calculated from three independent experiments and are shown here. *p < 0.05. (C) Effects of CCL2 on HCMV replication in HEL cells transfected with
CCL2 siRNA. HEL cells were infected with HCMV at 24 h after CCL2 siRNA transfection. Cells were then treated in the absence or presence of the indicated concentrations of
CCL2 or heat-inactivated CCL2 (100 °C, 5 min, indicated by *). Viral titers in culture supernatants were determined by plaque assay on day 6 after infection. Means * SD were

calculated from three independent experiments and are shown here.

present observations raise the possibility that CCL2 represents an
additional candidate molecule targeting HCMV infection, particu-
larly at early stages.
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