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Abstract

Multiple studies suggest an association between cytomegalovirus (CMV) infection and
atherogenesis; however, the molecular mechanisms by which viral infection might exacerbate
atherosclerosis are not well understood. Aortas of MCMV-infected and uninfected Apo E
knockout (KO) mice were analyzed for atherosclerotic lesion development and differential gene
expression. Lesions in the infected mice were larger and showed more advanced disease compared
to the uninfected mice. Sixty percent of the genes in the MAPK pathway were upregulated in the
infected mice. p38 and ERK 1/2 MAPK genes were 5.6- and 2.0-fold higher, respectively, in
aortas of infected vs. uninfected mice. Levels of VCAM-1, ICAM-1, and MCP-1 were ~2.0-2.6-
fold higher in aortas of infected vs. uninfected mice. Inhibition of p38 with SB203580 resulted in
lower levels of pro-atherogenic molecules and MCMV viral load in aortas of infected mice.
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MCMV-induced upregulation of p38 may drive the virus-induced acceleration of atherogenesis
observed in our model.

Keywords

MCMV; Atherosclerosis; MAPK; p38; ERK1/2; Inflammation

Introduction

Atherosclerosis is a chronic multifactorial inflammatory disease of the vascular system and
the major cause of myocardial infarction and stroke. The initial steps of atherosclerosis
involve the accumulation of monocytes from the circulation in the subendothelial layer
followed by differentiation of monocytes into macrophages. Macrophage uptake of oxidized
low density lipids (oxLDL) leads to the formation of foam cells. The products of these cells
(cytokines, chemokines, and growth factors) constitute fatty streaks, the earliest
atherosclerotic lesions. Local vascular production of cytokines, chemokines, and growth
factors contributes to the subsequent local inflammatory response resulting in the formation
of atherosclerotic lesions [1-3].

CMV is a B-herpes virus for which there is evidence of previous infection in 40-95 % of
adults worldwide. Primary human CMV (HCMV) infection is followed by a lifelong
persistence of the virus in a latent state in the immunocompetent host; subclinical
reactivation occurs frequently leading to a chronic and probably intermittent viremic state.
Host responses to HCMV infection are characterized by the production of pro-inflammatory
cytokines (including TNF-a, IFN-y, and IL-6) which correlate with severity of the disease
and with viral loads [4-6]. Even though there is accumulating evidence suggesting an
association between HCMYV infection and atherogenesis [7-9] the role of HCMV in
atherosclerosis is controversial. HCMV DNA has been detected in atherosclerotic lesions,
and it has been suggested that HCMV is a possible etiologic co-factor in the atherosclerotic
process [10-12]. Despite these findings, the molecular mechanisms underlying this
association are not well understood. HCMV infection triggers activation of many
transcription factors in the host including mitogen-activated protein kinases (MAPK).
MAPK are cellular signaling kinases that activate numerous transcription factors. Three
major groups of MAPK are identified: ERK1/2, p38, and INK. HCMV infection induces
expression of host p38 and ERK1/2 which results in increased viral replication [13-15]. It
has been shown that HCMV infection alters the p38 and ERK1/2 MAPK pathways by
attenuating cellular phosphatases resulting in prolonged activation of these kinases [15].
Phosphorylation of these genes is essential for HCMV gene expression. Activation of p38
and ERK 1/2 affects downstream transcription factors including activator protein 1 (AP-1).
AP-1 upregulates macrophage migration inhibitory factor (MIF) promoting foam cell
formation and secretion of pro-inflammatory mediators (cytokines and chemokines)
involved in atherogenesis [16, 17].

The goal of this study was to determine the impact of CMV infection on atherogenesis and
to define molecular pathways/cellular genes altered by the virus which are relevant in
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atherosclerosis. We hypothesized that MCMV infection accelerates atherosclerosis by
activating the MAPK gene, p38, leading to an increase in pro-inflammatory, pro-
atherosclerotic molecules, and foam cell formation.

Materials and Methods

Mice

Pathogen-free female 5-6-week-old Apo E KO (C57BL/6 background) mice were
purchased from Jackson Laboratories (Bar Harbor, ME, USA). Pathogen-free female 5-6-
week-old wild type (WT) C57BL/6 were obtained from Harlan-Sprague—Dawley
(Indianapolis, IN, USA), and were used as the WT (baseline) strain in the DNA microarray
studies. All mice were housed in American Association for Assessment and Accreditation of
Laboratory Animal Care-approved specific pathogen-free facility at our institution and had
free access to food and water. Mice were fed a standard diet (PicoLab Mouse Diet 5058,
Purina Lab Diet, Framingham, MA). Animal studies and protocols were approved by the
University of California, Davis Institutional Animal Care and Use Committee.

Virus and Infection

The Smith strain of MCMV was obtained from the American Type Culture Collection
(Manassas, VA, USA) and maintained by salivary gland passage in BALB/c mice. Salivary
gland homogenates were prepared in RPMI 1640 (Gibco Laboratories, Grand Island, NY,
USA) as previously described [18]. The sublethal dose to establish a clinical infection was
determined using standard protocols [18]. Mice were infected intraperitoneally (i.p.) with a
sublethal dose containing ~10° plaque forming units (PFU) of MCMYV as determined by the
plaque assay. At 4 and 8 weeks post-infection, mice were challenged with a sub-clinical
dose containing ~103PFU of MCMV to mimic CMV reactivation. In all studies, control
(uninfected) mice received the same volume (0.2 ml) of RPMI i.p. at the designated time
points. RVG-102, a recombinant MCMYV derived from the Smith strain and expressing
enhanced green fluorescence protein (EGFP) [19] was kindly provided by Dr. J. Shanley.
The recombinant virus was used in experiments to visualize the presence of MCMV in
atherosclerotic lesions. RVG-102 was propagated by salivary gland passage as described
above. To determine if viable MCMV was required for acceleration of atherosclerosis lesion
development, an inactivated MCMV was prepared by UV irradiation as described [20]. No
viable plaque forming units were detected using the plaque assay after three rounds of viral
irradiation (10 min each). A group of Apo E KO mice was infected and challenged with the
inactivated MCMYV as described above for the viable MCMV. UV-killed (inactivated)
MCMV was only used in the DNA microarray studies to compare mMRNA expression profile
in aortas of mice infected with live MCMV vs. killed MCMV.

Nucleic Acid Extraction and cDNA Synthesis

Two and a half months after infection, groups of mice were killed by terminal anesthesia
and hearts perfused with phosphate-buffered saline. Aortas from MCMV-infected and
uninfected Apo E KO mice (n=10 for each) were microscopically dissected and placed in
nucleic acid purification lysis solution (Applied Biosystems, Foster City, CA, USA) for
RNA extraction. RNA extraction and cDNA synthesis were performed at the Molecular

J Cardiovasc Transl Res. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang-Feldman et al.

Page 4

Core Facility, School of Veterinary Medicine at our institution using a 6700 RNA extraction
apparatus (Applied Biosystems, Foster City, CA, USA). DNA from aortas was extracted
with the DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, USA) following the
manufacturer’s instructions.

Real-Time Polymerase Chain Reaction (QRT-PCR) of Adhesion Molecules

Transcription profiles of the adhesion molecules ICAM-1 and VCAM-1 and of MCP-1, as
well as transcription of the housekeeping genes GAPDH and HPRT were determined by
quantitative real-time PCR (qRT-PCR) using gene expression assay kits (Applied
Biosystems) with the respective primers/fluorogenic probe mix specific for each gene. qRT-
PCR reactions were set up in duplicate for each gene. Amplification conditions were
identical and consisted of 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C, and 60
s at 60 °C. Final quantification was performed using the comparative Ct method as
described [5, 21]. Briefly, for each experimental sample, the difference between the target
Cr value and the Cy value of the most stable housekeeping gene for each tissue type was
used to normalize for differences in the amount of total nucleic acid added to each reaction,
and the efficiency of the RT step (ACy). For relative quantification by the comparative Ct
method, values are expressed relative to a reference sample, called the calibrator, which is
the weakest signal from the normalized values or ACt The ACt from each aorta sample was
subtracted from the AC+ of the calibrator (AACy). The amount of target (linear value)
normalized to an internal control or housekeeping gene and relative to the calibrator was
determined by 224C. The linear value represents the linear expression of each gene in
infected mice minus that in uninfected mice.

Quantification of MCMV DNA in Aortas

MCMYV DNA was quantified in aortas as previously described [5]. Amplification and
cloning of the immediate early gene 1 (IE1), sequences of the primers and fluorogenic
probe, amplification conditions, and final quantification are described elsewhere [5].

Assessment of Atherosclerotic Lesions in the Aorta of MCMV-Infected vs. Uninfected Apo

E KO Mice

At 2.5 months after infection, mice were sacrificed by terminal anesthesia, the hearts
exposed and perfused with PBS and aortas dissected free from the aortic arch to the iliac
bifurcation, and trimmed of external fat. Aortas were then embedded in OCT compound,
and 7-um thick sections were cut consecutively on a Leica CM3050 cryostat at —20 °C and
placed on a SuperPlus Frost microscopic slide (Fisher Scientific, Pittsburgh, PA, USA) and
stored at —80 °C until ready for histologic staining with H&E. Atherosclerotic lesions in the
aortic root (proximal segment), mid segment (proximal to the renal arteries), and distal aorta
(proximal to the iliac bifurcation) were visualized with Oil Red O stain (ORO). Lesion
analysis was performed by a trained pathologist blinded to the treatment of the mice. Lesion
areas were quantified with the Axio Vision computer software (Carl Zeiss, New York, NY,
USA) and expressed as square micrometers.
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RNA Isolation, Microarray Hybridization, and Microarray Analysis

RNA was extracted from aortas of Apo E KO mice infected with a live MCMV, a UV-killed
MCMV, and from uninfected control mice at the Molecular Core Facility, School of
Veterinary Medicine at our institution using the Qiagen RNeasy extraction kit (Qiagen).
Amplification and labeling of mMRNA was performed using the Ovation© RNA
amplification kit and Encore Biotin© module (NUGEN Technologies, Inc., San Carlos, CA).
Hybridization to Mouse Genome 430 2.0 GeneChip®© arrays (Affymetrix, Santa Clara, CA),
staining, and scanning were carried out according to protocols in the Affymetrix Gene
Expression Analysis Technical Manual. Analyses of microarray data were performed using
dChip (http://biosunl.harvard.edu/complab/dchip/) software. A minimum 2.0-fold
difference between groups (p value<0.05) was used as criteria for identifying differentially
expressed genes. Pathway analysis of differentially expressed genes was accomplished using
The Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 [22,
23] and Ingenuity Pathway Analysis software. The entire microarray data set is deposited at
the Gene Expression Omnibus at the National Center for Biotechnology Information.

Validation of p38 Differential Gene Expression by RT-PCR and Western Blot

Quantitative real-time PCR was used to confirm differential gene transcription of p38 and
ERKZ1/2 in aortas of MCMV-infected (live) and uninfected control Apo E KO mice. Gene-
specific primers and fluorogenic probes for p38 and ERK 1/2 were obtained from Applied
Biosystems (inventoried primer/probe kits). gRT-PCR and analyses of data were performed
as described above for adhesion molecules. For Western blot studies, proteins from aortas of
MCMV-infected (n=5) and uninfected Apo E KO mice (n=5) were extracted using the
Qiagen Q proteome Cell Compartment kit (Qiagen) following the manufacturer’s
instructions. Protein quantity was determined spectrophotometrically at 260 nm. Twelve
percent polyacrylamide Mini-PROTEAN TGX gels for SDS-PAGE electrophoresis were
obtained from BIO RAD (Hercules, CA, USA). Protein samples (~13 pg) were loaded per
well. Biotinylated Protein Ladder (Cell Signaling Technology, Danvers, MA, USA) was
loaded in two lanes of the gels for size markers. Samples were transferred to a PVDF
membrane (BIO RAD) and subjected to Western blot analysis. Membranes were incubated
with a rabbit monoclonal phospho-p38 MAPK antibody (Cell Signaling Technology, #4511)
overnight at 4 °C, then subjected to incubation with a horseradish peroxidase-linked anti-
rabbit secondary antibody (Cell Signaling Technology) for 1 h at room temperature.
Detection of protein was performed using LumiGLO reagents (Cell Signaling Technology)
on a Kodak Image Station 4000 MM PRO (Carestream Health Inc., Rochester, NY, USA).
Analysis was done using the Carestream Molecular Imaging Software. Protein fold-increase
was the average of five samples for the infected and five samples for the uninfected Apo E
KO mice.

Visualization of Green Fluorescence Protein (gfp)-Labeled MCMV and of Co-localization
with p38in Atherosclerotic Lesions

For detection of gfp-MCMYV, samples of aorta were embedded in OCT compound (VWR
Scientific, San Francisco, CA, USA) and stored at —80 °C until ready to section.
Consecutive sections (5 um) were cut on a cryostat and mounted on positively charged
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slides as described above. Sections were visualized under standard fluorescence microscopy.
Visualization of p38 and gfp-MCMYV in atherosclerotic lesions was done using a phospho-
p38 MAPK mouse monoclonal antibody (mAb) to the phosphorylated form of the protein
(Thr 180/Tyr 182; Cell Signaling Technology #9216S) and an anti-gfp rabbit mAb,
respectively (Cell Signaling Technology) incubated at 4 °C overnight. Samples were then
incubated with an anti-mouse IgG conjugated to Alexa-Fluor 555 and an anti-rabbit 1gG
conjugated to Alexo-Fluor 488 (Cell Signaling Technology) for 1 h at room temperature.
Prolong Gold Anti-fade reagent with DAPI for nuclear staining (Invitrogen, Carlsbad, CA,
USA) was placed on all sections, and sections were cover-slipped. Slides were visualized on
a Nikon E800 fluorescence microscope in conjunction with the Q-Capture Pro software
(Nikon, Melville, NY, USA).

p38 Inhibition Studies

In studies designed to confirm the role of p38 activation in atherogenesis and MCMV
replication, MCMV-infected Apo E KO mice were treated with the p38 inhibitor SB203580-
HCL (EMD Biosciences, Hayward, CA). Briefly, mice were treated with 50 mg/kg of the
inhibitor via intraperitoneal injection 15 min after MCMYV infection and every 8 h thereafter,
for 24 h. After four treatments with SB203580, mice (n=8) were sacrificed, aortas dissected,
and analyzed for MCMV DNA viral load; mRNA expression levels of p38, ICAM-1,
VCAM-1, and MCP-1; and pro-inflammatory cytokines (IL-1a, IL-1f, IL-6, IFN-y, and
TNF-a) using real-time PCR. Assays were performed in duplicate on aortas from eight mice
per time point. Control mice included: a group of MCMV-infected, untreated Apo E KO
mice, and uninfected-p38 inhibitor treated Apo E KO mice.

Statistical Analyses

Results

Statistically significant differences in mRNA transcription profile in aortas of MCMV-
infected and uninfected Apo E KO mice were determined using the Student t test with
significance defined as p<0.05. For DNA microarray analyses, a minimum 2.0-fold
difference between groups was used as criteria for identifying differentially expressed genes.
Data was analyzed using the dChip software.

Differential mMRNA Expression in Aortas of Apo E KO Mice Compared to WT, C57BL/6 Mice

Differences in mMRNA expression patterns in aortas of Apo E KO mice and the WT,
C57BL/6 mice were determined by DNA microarray analysis. Genes that were differentially
expressed were categorized according to their functional activity and/or metabolic pathways.
Significant differences were identified in the expression profile of aortas from Apo E KO
mice compared to the wild type in genes involved in immune response (T-cell
differentiation, lymphocyte activation, innate immune response, and B-cell receptor
signaling pathway) and inflammatory pathways (Supplemental Figure 1). In contrast, genes
associated with regulation of neurogenesis, hormone activity, and mitotic cell cycle were
downregulated in aortas of Apo E KO vs. the WT, C57BL/6.
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Transcriptional Profiles at Early Stages of Atherosclerosis in Aortas of MCMV-Infected
(live and UV-killed) vs. Uninfected Apo E KO Mice

To identify genes altered by MCMV infection, and those that may be involved in viral-
induced acceleration of atherogenesis, we analyzed transcriptional profiles in aortas from
Apo E KO mice infected with live MCMV and with UV-killed MCMV compared to
uninfected Apo E KO mice and the WT, C57BL/6, at 2.5 months after infection. Aortas of
Apo E KO mice infected with live MCMV showed upregulation of all (100 %) the studied
genes (included in the microarray chip) involved in T-cell differentiation, innate immune
response, lymphocyte activation, B-cell receptor signaling, and inflammatory responses
(Fig. 1a and d), while only 60-80 % of genes in these categories were induced in uninfected
mice (Fig. 1b) or mice infected with a UV-killed MCMV (Fig. 1c). Infection with live
MCMV also resulted in significant changes in the expression of genes in the mitogen-
activated protein kinase and interferon-gamma-related pathways. Sixty percent of the genes
in these pathways were upregulated by infection with live MCMYV compared to only about
40 % of genes in mice infected with UV-killed or uninfected mice. Among the genes in the
MAPK pathway, p38 and ERK 1/2 showed over 2-fold increases in the aortas of mice
infected with live MCMV vs. those infected with UV-killed MCMV or uninfected mice. We
therefore chose to study these two genes in further depth, as they are known to be involved
in both MCMV viral gene expression and in atherogenesis. Because no significant
difference in expression of the MAP kinase genes of interest was observed between the mice
infected with the UV-killed MCMV and the uninfected controls, no further molecular
experiments were performed with the UV-killed MCMV.

Over-Expression of p38 mRNA in Aortas of MCMV-Infected Apo E KO Mice at 2.5 Months
Post-Infection

Because of the significant upregulation shown in the DNA microarray analysis of p38 and
ERK 1/2 MAPK genes, we validated the results using quantitative real-time PCR (qRT-
PCR) in aortas from MCMV-infected and uninfected Apo E KO mice (n=10 each).
Expression of mRNA transcripts of p38 and ERK 1/2 averaged ~5.6-fold and ~2-fold higher
(p<0.01), respectively, in aortas of MCMV-infected Apo E KO compared to uninfected mice
at 2.5 months post-infection (Fig. 2a). p38 was activated in aortas of both MCMV-infected
and uninfected mice, but by Western blot analysis MCMV-infected mice showed a ~1.7-fold
increase in phosphorylated p38 levels compared to uninfected mice (Fig. 2b). There was no
significant difference in levels of activated ERK1/2 between the infected and uninfected
mice (data not shown).

MCMV-Induced Upregulation of p38 MAP Kinase Results in Elevated Transcript Levels for
ICAM-1, VCAM-1, and MCP-1 in Aortas of Apo E KO Mice

MCMYV infection of Apo E KO mice was associated with elevated transcription levels of
adhesion molecules known to be involved in the atherosclerotic process. Levels of
transcripts for the adhesion molecules ICAM-1 and VCAM-1, and of MCP-1 were 2-fold
(p=0.008), 2.5-fold (p=0.001), and 2.2-fold (p<0.05) higher, respectively, in aortas of
MCMV-infected compared to uninfected Apo E KO mice (Fig. 2). Serum levels of IFN-y
were ~4.5-fold higher (p<0.05) in MCMV-infected Apo E KO mice (average of 27.6 vs. 6
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pg/ml in uninfected mice). We also observed a trend toward an increase in levels of other
pro-inflammatory cytokines (IL-1a and IL-1B) in the MCMV-infected vs. uninfected mice
(data not shown).

Inhibition of p38 Results in Downregulation of Adhesion Molecules (ICAM-1, VCAM-1),
MCP-1, Pro-Inflammatory Cytokines, and a Reduction of MCMV DNA Viral Load in Aortas

Inhibition of p38 MAP kinase following four treatments with the p38 inhibitor SB203580
resulted in a significant decrease in mRNA levels of VCAM-1 and MCP-1 but not ICAM-1
(Fig. 3a). mRNA levels of VCAM-1, MCP-1, and ATF-2, a downstream signaling factor,
were 2-, 3.5-, and 1.5-fold lower, respectively, in aortas of SB203580 treated compared to
untreated mice (p<0.05). We also observed significant decreases in the pro-inflammatory
cytokines IFN-y and TNF-a in aortas of MCMV-infected, p38 inhibitor-treated Apo E KO
mice compared to MCMV-infected, untreated mice (Fig. 3b). Viral load in aortas of the
treated mice were 12-fold lower after four treatments with the p38 inhibitor (Fig. 3c). No
significant difference in transcription levels of genes in the ERK1/2 pathway (c-Raf,
MEKZ1/2, and ERK1/2) was observed in aortas of mice treated with SB203580 or untreated
mice (Supplemental Figure 2).

Detection of gfp-MCMV and Co-Localization of p38 and MCMV in Atherosclerotic Lesions
of MCMV-Infected Apo E KO Mice

In order to determine the presence of MCMV in atherosclerotic lesions, we used a
recombinant MCMV expressing EGFP (RVG-102). We detected localized areas of
fluorescence in atherosclerotic lesions of Apo E KO mice infected with RVG-102 (Fig. 4a—
c). No fluorescence was observed in atherosclerotic lesions from uninfected mice, as
expected (data not shown). To further confirm that the fluorescence observed was due to
gfp-MCMV, an anti-gfp antibody was used in co-localization studies of gfp-MCMV and
p38. A monoclonal antibody specific to p38 was used to identify p38 in atherosclerotic
lesions. As shown in Fig. 5, gfp-MCMV and p38 were detected and co-localized in aortic
lesions of MCMV-infected Apo E KO mice. Using qRT-PCR, MCMV DNA (175 IE1 gene
copies/100 mg of aorta) was also detected in aortas of the infected mice (data not shown).

MCMYV Infection Accelerates Atherosclerotic Lesion Progression in Aortas of Apo E KO

Mice

Quantification of lesion area in the aortic valves and aortic arch revealed a significant
increase in lesion size in MCMV-infected Apo E KO mice compared to uninfected mice. At
2.5 months after infection, total lesion area in the aortic valve leaflets was ~30 % greater in
the infected vs. uninfected Apo E KO mice (p=0.03; Fig. 6¢). Characterization of lesions
demonstrated that MCMV-infected Apo E KO mice had more advanced lesions compared to
uninfected mice or mice infected with the UV-killed MCMV of the same age (Fig. 6a—c).
Atherosclerotic lesions were also observed in the mid aortic segment of 60 % of the
MCMV:-infected but not in the uninfected Apo E KO mice (data not shown).

In our studies, MCMV infection had no effect on serum cholesterol or triglycerides levels.
Cholesterol (54877 mg/DL) and triglycerides (104+£18 mg/DL) levels in MCMV-infected
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mice were comparable to those in uninfected mice (597+174 and 13562 mg/DL for
cholesterol and triglycerides, respectively; p>0.1).

Discussion

Using transcriptional profiling of genes in aortas of MCMV-infected vs. uninfected Apo E
KO mice, we demonstrate that (1) MCMV infection accelerates lesion development early
during atherogenesis; (2) MCMV infection upregulates genes in the host mitogen activated
protein kinase pathway, specifically p38, which is used for viral genome replication; and (3)
upregulation of p38 promotes foam cell formation and expression of pro-inflammatory, pro-
atherosclerotic molecules resulting in acceleration of atherosclerosis. These data provide
new insights into molecular mechanisms involved in CMV-induced acceleration of
atherosclerosis.

The role of CMV infection in cardiovascular disease has been controversial. Results from a
population-based study evaluating cardiovascular risk factors and seropositivity to various
pathogens [24] showed that antibody titers against CMV were not a marker for prevalence
or incidence of atherosclerosis. However, evidence from animal studies points to an active
role of CMV in cardiovascular disease including atherosclerosis [12, 25-30]. It has been
suggested that the contribution of CMV to atherosclerosis is through the initiation and
sustainment of inflammatory processes [26—28] induced by the virus. In a review on CMV
and cardiovascular disease, Stassen et al. [30] suggested that besides inflammation, other
processes such as autoimmunity due to cross-reactivity between human and viral proteins,
may exacerbate atherosclerosis.

Despite these numerous studies addressing a link between CMV infection and atherogenesis,
the molecular mechanisms underlying this association are not completely understood. In this
study, we present evidence that one of the mechanisms by which MCMV infection
accelerates atherosclerosis is through activation of the mitogen-activated protein kinase
pathway, specifically p38 MAP kinase. p38 MAP kinase is essential for and plays an
important role in the efficiency of HCMV DNA replication [13, 15, 31]. CMV infection
upregulates transcription of MAP kinases in host tissues resulting in increased viral genome
expression and viral replication. We found significant upregulation of p38 in aortas of
MCMV-infected vs. uninfected Apo E KO mice. Furthermore, immunostaining of sections
of aortas of gfp-MCMV-infected Apo E KO mice with antibodies to phosphorylated p38
showed co-localization of MCMV and p38 in atherosclerotic lesions at 2.5 months after
infection. In concert with MCMV-induced upregulation of p38 MAP kinase, levels of
adhesion molecules (ICAM-1 and VCAM-1) and MCP-1 were significantly elevated in
atherosclerotic lesions of the infected mice, and these lesions were larger, more complex,
and more advanced in infected compared to uninfected Apo E KO mice.

We found that mice infected with UV-killed MCMV had elevated mRNA expression of
some of the genes in the MAPK and immune response pathways analyzed in our DNA
microarray system, suggesting that viral proteins/antigens might also activate these
pathways. It is likely that continuous MCMYV antigen exposure may be a contributing factor
in atherogenesis. These observations are supported by the studies of Vliegen et al. [29] in

J Cardiovasc Transl Res. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang-Feldman et al.

Page 10

which infection with a UV-inactivated MCMV was found to increase T-cell numbers in
atherosclerotic lesions as did infection with viable MCMYV. These authors suggested that
MCMYV infection may aggravate atherosclerosis via an immune-mediated effect and that
autoimmunity could be involved in this process. In our study, we did not observe a
significant difference in lesions size in the mice infected with a UV-inactivated MCMV vs.
uninfected mice, possibly due to the different time points and age of the mice used in the
two studies.

Among the multiple roles that p38 plays in cardiovascular disease are: stimulation of cell
migration and proliferation, upregulation of expression of MCP-1 attracting monocytes to
the endothelium, differentiation of monocytes to macrophages, and endothelial migration
[32-34]. More recently, Mei et al. [35] reported a direct role for p38 in foam cell formation
through promoting cholesterol ester accumulation and inhibiting autophagy [35]. Johnson et
al. [15] showed that p38 is activated for extended periods of time after HCMV infection and
that phosphorylation of p38 is essential for CMV replication and completion of the viral life
cycle. These authors demonstrated that one of the mechanisms by which HCMV induces
prolonged activation of p38 is by inhibition of dephosphorylation of p38. Our data showed
that inhibition of p38 with the p38 inhibitor SB203580-HCL resulted in reduced MCMV
viral load in aortas of infected mice. We did not find activation of the Raf-MEK-ERK
pathways in aortas of SB203580 treated mice as has been reported by others [36]. These
differences may be due to the experimental approach and methodology of both studies
(mouse Swiss 3T3 fibroblasts and human 293 cells in the study of Hall-Jackson et al. [36]
vs. our in vivo studies of atherosclerotic lesions in Apo E KO mice). Our results imply that
p38 may be one of the predominant pathways used by MCMV for replication as is the case
with HCMV.

The decline in MCMYV in aortas of p38 inhibitor treated mice was associated with
downregulation of MRNA expression of pro-inflammatory cytokines (IL-1-a, IL-10, IL-6,
IFN-y, TNF-a, and IL-6) and the adhesion molecules ICAM-1, VCAM-1, and also MCP-1,
p38, and downstream transcription factor ATF-2. In support of our results, p38 inhibitors
have been shown to inhibit TNF-a and collagen-induced arthritis in mice and rat models
[37]. The p38 MAPK pathway plays a major role in inflammatory processes and in the
development of inflammatory disorders and diseases (Crohn’s disease, rheumatoid arthritis,
chronic inflammation, and chronic obstructive pulmonary disease) including atherosclerosis
[37-39]. p38 MAP kinase is also required for platelet-derived growth factor-induced cell
responses such as aortic endothelial cell migration [40]. The data presented in this study
strongly suggest that upregulation of p38 MAP kinase is one of the molecular mechanisms
involved in MCMV-induced acceleration of atherosclerosis, and that this pathway may be a
useful target for therapeutic development for both CMV infection and atherosclerosis.

A limitation of our study is that the Apo E KO model may not reflect the process of
atherogenesis in wild-type mice (or humans). However, this model has been well studied to
understand the fundamental mechanisms of atherogenesis. Another limitation is that
microarray analysis identified a number of candidate genes to study. Our results identified
the MAPK pathway as important, but future studies are planned to assess additional
candidate genes which may play a role. Also, the co-localization of p38 and gfp-MCMV in
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lesions does not prove a causative role; however, the studies documenting a SB203580-
induced decrease in pro-inflammatory mediators suggests a potential biologic basis for the
accelerated plaque formation. Longer-term studies of p38 blockade may provide additional
evidence.

Despite these limitations, the results presented in this study have significant clinical
implications and suggest a potentially important role of signaling pathways in
atherosclerosis, including the possibility that co-stimulation of these pathways aggravates
the atherogenic process. Importantly, we identified genes that are involved in atherosclerosis
and thus may be potential therapeutic targets for prevention and intervention of
atherosclerotic disease. A number of drugs which inhibit these pathways are already
available, and our studies provide a foundation for designing human therapeutic trials.

Collectively, our findings demonstrate that MCMV infection activates p38 MAP kinase
resulting in over-expression of downstream transcription factors such as ATF-2, one of the
components of activator protein-1 (AP-1). Activation of AP-1 leads to upregulation of
macrophage inhibitory factor (MIF) which promotes foam cell formation and secretion of
pro-inflammatory, pro-atherogenic mediators (cytokines and chemokines) involved in
atherogenesis [16, 34, 35].

In conclusion, these studies provide new insights into a molecular mechanism linking CMV
infection, MAPK pathway, inflammation, and atherosclerosis. We propose the following as
one of the mechanism by which MCMYV infection accelerates atherosclerosis:
atherosclerotic lesions are primarily composed of LDL-rich macrophages and monocytes
both of which are target cells infected by MCMV. These MCMV-infected cells travel from
the circulation to the vascular endothelium where they adhere; once leukocyte migration
occurs, there is viral upregulation of host MAPK proteins with subsequent induction of
leukocyte adhesion molecules (ICAM-1, VCAM-1). These molecular events lead to
increased and accelerated foam cell and fatty streak formation with progression of
atherosclerosis including the development of more advanced and complex plaque lesions.

Taken together, our results suggest that MCMYV infection contributes to atherosclerosis by
modulating genes in host pathways which are involved both in viral replication and in
atherogenesis. Prolonged activation of p38 is one of the molecular mechanisms by which
MCMYV infection may accelerate progression of atherosclerosis. Further studies are in
progress in our laboratory to define differences in gene profiling patterns at different stages
of atherosclerosis in MCMV-infected Apo E KO mice. Our studies provide the basis for
exploring treatment of CMV to limit atherosclerosis, either directly with antivirals or by
modulation of the inflammatory mediators induced by the virus.
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Fig. 1.
Percent of genes up/downregulated in aortas Apo E KO mice (MCMV-infected, UV-killed

MCMV-infected, and uninfected) vs. wild-type C57BL/6 at 2.5 months post-infection. a
MCMV-infected Apo E KO mice vs. wild-type C57BL/6; b uninfected control vs. wild-type
C57BL/6; ¢ UV-killed MCMV-infected vs. wild-type C57BL/6; d MCMV-infected vs.
uninfected Apo E KO mice
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Fig. 2.
MRNA transcripts in aortas of MCMV-infected vs. uninfected Apo E KO mice (value is

average of n=10 mice) at 2.5 months post-infection. a Real-time PCR was performed on
cDNA using primers/fluorogenic probes specific for each gene and analysis done as
described in “Materials and Methods” section; b validation of phosphorylated p38
expression by Western blot at 2.5 months post-infection: lanes 1, 3, and 5 protein patterns
from aortas of uninfected Apo E KO mice; lanes 2, 4, and 6 protein patterns from aortas of
MCMV-infected Apo E KO mice. Figure is representative of n=5 MCMV:-infected and five
uninfected control Apo E KO mice. Average levels of phosphorylated p38 protein were
~1.7-fold higher in aortas from MCMV-infected vs. uninfected Apo E KO mice.
Significance (*) at p<0.05
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Fig. 3.
Effect of p38 inhibitor, SB203580, on pro-atherogenic molecules and MCMV viral loads in

aortas of MCMV-infected Apo E KO mice. a mRNA levels of adhesion molecules, MCP-1,
p38, and ATF-2 in aortas of MCMV-infected, SB203580-treated vs. untreated mice; b
mRNA levels of pro-inflammatory cytokines in aortas of MCMV-infected, SB203580-
treated vs. untreated mice; c MCMV IE1 gene copies in aortas of MCMV-infected,
SB203580-treated vs. untreated mice. Mice were treated four times, every 8 h for 24 h with
SB203580. Values are average of n=10 mice per group. Significance (*) at p< 0.05
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Fig. 4.
Atherosclerotic lesions in aortas of gfp-MCMV-infected Apo E KO mice at 2.5 months

post-infection. a Lipid ORO-stained section; b consecutive section under fluorescence
microscopy; c section B superimposed over section A, showing localization of GFP staining
in the atherosclerotic plaque. Magnification x20
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Fig. 5.
Co-localization of gfp-labeled MCMYV and p38 in atherosclerotic lesions (figure is

representative of eight samples). a Cross-section of an aorta showing an atherosclerotic
lesion in a MCMV-infected Apo E KO mouse. MCMV is labeled with gfp (green), p38 with
Alexafluor 555 (red), and nuclei with DAPI (blue). Magnification is x100; b cross-section
of an aorta showing an atherosclerotic lesion in an uninfected mouse stained as in (a). Note
that only DAPI-stained nuclei are observed (magnification is x40)
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Fig. 6.
Representative figures of atherosclerotic lesions in aortic sinus of MCMV-infected and

uninfected Apo E KO mice at 2.5 months post-infection. a Lesions in aortas of uninfected
mice (n=8); b lesions in aortas of mice infected with a UV-killed MCMV (n=6; average
lesion size 89,928+13,700 u%; p<0.05 compared to lesions in mice infected with live
MCMV); ¢ Lesions in aortas of mice infected with a live MCMV (n=8); d lesion area
(UM2£STD) in aortas of MCMV-infected vs. uninfected Apo E KO mice. Values represent
average of n=8 mice (MCMV-infected and uninfected), p=0.038. Arrows show
atherosclerotic lesions
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