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Abstract: Human Cytomegalovirus (HCMV) is a widespread pathogen that causes lifelong latent
infection and is associated with the exacerbation of chronic inflammatory diseases in seropositive
individuals. Of particular impact, HCMV infection is known to worsen many cardiovascular dis-
eases including myocarditis, atherosclerosis, hypertension, and transplant vasculopathy. Due to its
similarity to HCMV, murine CMV (MCMV) is an appropriate model to understand HCMV-induced
pathogenesis in the heart and vasculature. MCMV shares similar sequence homology and recapit-
ulates much of the HCMV pathogenesis, including HCMV-induced cardiovascular diseases. This
review provides insight into HCMV-associated cardiovascular diseases and the murine model of
MCMV infection, which has been used to study the viral pathogenesis and mechanisms contributing
to cardiovascular diseases. Our new functional studies using echocardiography demonstrate tachy-
cardia and hypertrophy in the mouse, similar to HCMV-induced myocarditis in humans. For the first
time, we show long term heart dysfunction and that MCMV reactivates from latency in the heart,
which raises the intriguing idea that HCMV latency and frequent virus reactivation perturbs long
term cardiovascular function.

Keywords: cytomegalovirus; viral pathogenesis; co-morbidity; host-pathogen interaction; organ
manifestation; cardiovascular diseases

1. Introduction

Human cytomegalovirus (HCMV) is a ubiquitous pathogen that infects 50–90% of
the world’s population and causes lifelong infection which, similar to other herpesviruses,
can reactivate to produce infectious virus. The prevalence of HCMV is associated with
socioeconomic status, nationality, and population density [1–4]. Unlike infection dur-
ing immunodeficiency, HCMV infection of immunocompetent individuals is generally
asymptomatic but can result in mild febrile illness during primary infection. Despite the
lack of symptoms during acute infection, studies point to an association between HCMV
seropositivity and an exacerbation of chronic inflammatory diseases later in life [5]. HCMV
seropositivity was shown to significantly increase in all-cause mortality in individuals
age 25–45 and reduce life expectancy by 4 years in elderly participants when compared
to HCMV-seronegative control subjects [6,7]. Long-term HCMV infection stimulates a
pro-inflammatory environment, which in turn supports the induction and exacerbation of
chronic inflammatory diseases such as autoimmune diseases, some cancers, and cardiovas-
cular diseases [5].

Of particular importance, HCMV seropositivity increases the risk of cardiovascular-
induced mortality by 8% in the United States [8,9]. This review will focus on the cardiovas-
cular diseases associated with HCMV infection and will discuss the murine model used
to study HCMV-induced cardiovascular pathogenesis. Our lab has recently conducted
heart functional studies that demonstrate tachycardia and hypertrophy in MCMV-infected
animals during acute and latent infection, further implicating the mouse model of CMV
infection with potential to shed new insights on HCMV-induced cardiovascular diseases.

Pathogens 2021, 10, 619. https://doi.org/10.3390/pathogens10050619 https://www.mdpi.com/journal/pathogens

https://www.mdpi.com/journal/pathogens
https://www.mdpi.com
https://www.mdpi.com/article/10.3390/pathogens10050619?type=check_update&version=1
https://doi.org/10.3390/pathogens10050619
https://doi.org/10.3390/pathogens10050619
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pathogens10050619
https://www.mdpi.com/journal/pathogens


Pathogens 2021, 10, 619 2 of 11

2. HCMV and Cardiovascular Diseases

In the early 1970s, HCMV was shown to infect the heart [10]. Since that time, HCMV
DNA and proteins have been identified within the heart and vasculature [11]. In vitro,
HCMV infects the majority of cell types that reside within the heart and vasculature [12,13].
Seropositivity has been associated with many diseases of the cardiovascular system, in-
cluding myocarditis, transplant vasculopathy, hypertension, restenosis, and atherosclero-
sis [11,14,15].

Myocarditis is a heart condition characterized by inflammation of the cardiac muscle
that can be caused by infectious agents. While HCMV-induced myocarditis is rare, it can
cause life-threatening disease if untreated [9,11]. Sinus tachycardia, ventricular overload,
and cardiac hypertrophy can occur in response to tissue damage caused by HCMV in-
fection of the heart [16,17]. Daily treatment with valganciclovir diminishes infection and
inflammation within the heart and has been shown to return normal cardiac function
within one month of treatment [18].

HCMV infection is a leading cause of morbidity and mortality in transplant recipients
for both solid organ and stem cell transplantation [19,20]. This is particularly problematic
within the heart where HCMV infection is associated with accelerated cardiac vasculopathy,
which significantly reduces allograft survival [21–24]. This is due to bidirectional damage,
in part caused by lytic replication and/or reactivations which damage the tissue, and partly
by the indirect cellular response, which stimulates the endothelial and smooth muscle cell
proliferation within the heart [25]. Prophylactic HCMV antiviral drug treatment improves
survival and reduces transplant rejection; however, drug resistance and toxicity are lim-
itations that can occur during long-term treatment [19,26–28]. In addition to the heart,
the rejection of many other transplant organs can occur due to HCMV-induced vascular
dysfunction [29,30]. In a study of renal transplant recipients, HCMV was associated with
higher endothelial stress, carotid intima-media thickness, and integrin expression which
resulted in increased cases of atherosclerosis and arteriosclerosis within the kidney [29].

HCMV infection may also impact blood pressure levels. Multiple studies demonstrate
a link between HCMV and hypertension, and this correlation seems to be most significant
in women and elderly patients [31,32]. In elderly patients over 70, HCMV seropositivity
increased systolic blood pressure by 3 mmHg over that seen in HCMV seronegative control
patients [33]. Environmental factors and diet may also be factors to consider that increase
hypertension during HCMV infection, but further studies are needed to validate this
association and determine the viral mechanisms involved.

HCMV also increases the risk of vascular sclerosis including atherosclerosis, arte-
riosclerosis, and restenosis of the vessels [34–38]. Elevated HCMV-specific IgG antibodies
and a loss of naïve T cell populations are known risk factors for HCMV-associated vascu-
lar sclerosis [36,38]. HCMV alters wound healing, immune cell infiltration, and induces
overactive cell proliferation in the walls of the vasculature, which may contribute to the
narrowing of vessels and reduction in blood flow [39–43]. Restenosis is the narrowing
of an artery or valve after a corrective surgery has been performed to return blood flow
to the vessel. HCMV DNA has been found in approximately one third of restenosis le-
sions [36,44]. This narrowing is generally stimulated by wound healing and smooth muscle
cell proliferation [37]. In addition, immediate-early protein IE84 suppresses p53 function in
smooth muscle cells, causing excessive cell proliferation in the areas of damage [34,36].

Overall, there is extensive evidence to support the association of HCMV seropositivity
and increased risk of cardiovascular diseases. However, since HCMV is a host restricted
pathogen that can only infect humans and human-derived cell lines, mechanistic studies
focused on the viral pathogenesis involved are limited. Fortunately, four animal models
recapitulate various aspects of the mechanisms of HCMV infection which have contributed
a great deal of knowledge on HCMV pathogenesis [45]. Of those four, both rat CMV
(RCMV) and murine CMV (MCMV) serve as good small animal models and have been
utilized to study HCMV-associated cardiovascular diseases. RCMV shares a great deal of
genetic similarity to HCMV and shares many aspects of HCMV-associated atherosclerosis
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and transplant vasculopathy [30,45–47]. However, for the purpose of this review, we will
focus on MCMV infection as a model for HCMV-associated cardiovascular diseases.

3. MCMV and Cardiovascular Research

Murine models mimic cardiovascular diseases well and have provided a great deal of
insight into the pathogenesis of HCMV in the heart and vasculature [48–50]. Of the animal
models for HCMV, MCMV is the most well-studied and has been used to interrogate
viral pathogenesis, immune responses, viral immune evasion, latency, drug discovery, and
disease mechanisms, including cardiovascular diseases. MCMV shares ~78% amino acid
similarity with HCMV and recapitulates many of the functional aspects of HCMV [51].
Similar to HCMV, MCMV naturally produces acute and latent or persistent infection, as
well as causes severe infection in immunocompromised mice [52,53]. Since the heart and
vasculature are naturally permissive to MCMV infection, mice are useful tools to study
myocarditis, cardiac transplant rejection, hypertension, and vascular sclerosis in the context
of infection [48,49,54,55].

Unlike the other HCMV-associated cardiovascular diseases which develop over time,
myocarditis onset is sudden and can be associated with primary or persistent infection [48].
Intraperitoneal MCMV inoculation induces acute and chronic myocarditis in immuno-
competent mice [48]. In addition, the use of immunocompromised mice has expanded
our understanding of chronic myocarditis in immunocompromised populations such as
HIV patients [56]. Furthermore, murine IgG antibodies cross react with viral proteins and
cardiomyocytes from both wild caught mice and inbred mice, demonstrating that MCMV
infection of the heart occurs naturally in the environment, as well as in the laboratory
setting [56].

MCMV replication within the heart appears early following intraperitoneal inocula-
tion, with the virus detectable at 3 days post infection (dpi), and peak replication levels
occurring at 6–7 dpi. By 10 to 14 dpi, MCMV replication is undetectable in BALB/c
mice [48,57]. While viral DNA persistence was shown up to 100 dpi, viral glycoprotein B
gene expression was only detectable until 35 dpi, suggesting that the virus enters latency
within the heart [58]. Though the exact cell types infected in vivo are unknown, MCMV
infection is detected sporadically throughout the heart tissue during replication, as shown
by studies using GFP-expressing MCMV viruses [50].

Both HCMV- and MCMV-associated myocarditis results in immune cell infiltration,
hypertrophy, and fibrosis [17,18,57,59]. However, it remains unclear whether this damage
is predominantly due to viral mechanisms or cellular responses to infection. Both proin-
flammatory cytokine expression and T cell-mediated killing occurs in vivo, which suggests
damage may be associated with the immune response [50]. However, treatment with the
antiviral drugs ganciclovir and cidofovir reduces myocarditis in mice similar to humans,
suggesting that reduced viral load limits inflammation within the tissue [58]. In addition,
MCMV infection within the heart causes a significant increase in IL-2, IL-4, IL-6, IL-10,
IL-18, IFN-γ, and TNF-α gene expression early during infection of BALB/c and C57Bl/6
mice [50,60]. However, prolonged IL-18, IFN-γ, and IL-10 expression occurs up to 21 dpi,
suggesting that the proinflammatory environment is maintained well after viral replication
has ended, and this continued expression is cellular and immune-mediated [50,60]. Fur-
thermore, pre-immunization with viral glycoprotein B inhibits myocarditis development
in BALB/c mice indicating that the development of immune memory to MCMV may pro-
tect the heart from MCMV-induced myocarditis [61]. Overall, CMV-induced myocarditis
results in a proinflammatory environment and damage within the heart that is associated
with viral mechanisms and immunological responses to infection.

In transplant patients, HCMV infection is associated with accelerated cardiac vascu-
lopathy, which significantly reduces allograft survival over a five-year period [23]. Similarly,
MCMV infection resulted in approximately 80% cardiac allograft rejection by 100 days post
transplantation in BALB/c mice [54]. In the transplant recipient mice, MCMV infection
caused significantly more fibrosis, immune infiltration, myocyte necrosis, and intimal
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damage in the heart [54,62]. Although the authors were unable to detect virus reactivation
and virus replication by a plaque assay, the use of a focused expansion assay demonstrated
increased MCMV DNA levels, suggesting that limited viral reactivation occurred within
the grafts. Furthermore, at 21 and 45 dpi, proinflammatory cytokine mRNA expression
and a loss of regulatory T cell function were observed in MCMV-infected hearts [54].
In addition to fibrosis-induced damage, vascular sclerosis is a hallmark of cardiac graft
rejection [62]. As seen in the development of atherosclerosis, MCMV causes increased
intimal cell proliferation, immune cell infiltration, cytokine, and adhesion molecule gene
expression within transplanted hearts when compared to uninfected control grafts [62].

Similar to hypertension in elderly HCMV seropositive patients, MCMV infection is
sufficient to induce increased blood pressure [55]. This study found that MCMV infection
increased levels of IL-6, TNF-a, and MCP-1 proteins in the serum of MCMV-infected mice,
and angiotensin 2 protein expression was upregulated in both the serum and venous
endothelium [63,64]. Angiotensin 2 regulates renal function as well as blood pressure,
and MCMV induction of this hormone may be the mechanism by which hypertension
is caused. These studies suggest that CMV-associated inflammation is involved in the
increase of blood pressure via the renin-angiotensin pathway, and that both HCMV and
MCMV induces high blood pressure by similar mechanisms [55,63,64].

Atherosclerosis, arteriosclerosis, and restenosis are all diseases of the vessels with
similar etiology and pathology. Pockets of increased inflammation, immune cell infiltration,
and smooth muscle cell proliferation occur within the cellular linings of the vascular walls,
which can reduce blood flow and, if ruptured, may cause thrombosis in a downstream
vessel. The role of MCMV infection and its link to vascular sclerosis have been studied
extensively [65]. In wildtype mice, MCMV, along with a hypercholesterolemic diet, induces
arteriole dysfunction and exacerbates lymphocyte and platelet recruitment in the venules.
MCMV infection has also been shown to increase P-selectin expression in the heart and
lungs of infected mice, which affects lymphocyte recruitment to venules and arteriolar
function [65]. Additional studies using IFN-γ knockout mice demonstrated more severe
pathology in the vasculature and an inability to maintain latency, suggesting that IFN-
γ regulates latency within the vessels and is a major component to controlling MCMV
reactivation within the vasculature [66].

Importantly, MCMV infection alters the development of atherosclerosis. Apo E-/- mice
have greatly furthered our understanding of the link between MCMV and atherosclerosis
and have provided an invaluable tool to study atherosclerosis in the absence of a high
cholesterol diet [49,55,67]. Wildtype C57Bl/6J mice develop atherosclerosis on a high
cholesterol diet over time, whereas uninfected Apo E-/- mice develop mild atherosclerotic
lesions spontaneously by 10 weeks of age without dietary intervention [49]. MCMV-
infected wildtype C57Bl/6J mice on a high cholesterol diet had increased severity and
kinetics of lesion development. This phenotype is also seen in the Apo E-/- mice infected
with MCMV, but with significantly larger and increased number of lesions; however, the
lesions were not dependent on a high cholesterol diet. In Apo E-/- mice, MCMV infection
induces T cell influx into the aorta. In addition, MCMV infection within the arteries causes
macrophage differentiation to a proinflammatory phenotype [67]. These macrophages
have increased IL-18 and IFNγ secretions and increased expression of antigen presenting
molecules, such as MHC class II, CD40, CD80, and CD86, which further stimulates T cell
infiltration [67].

MCMV infection in the arteries also induces MCP-1 gene expression, which increases
the infiltration of activated arterial monocytes and T cells. Other atherogenic genes, such
as IP-10 and MIG, are upregulated during acute infection in both Apo E-/- mice and
wildtype C57Bl/6J mice [68,69]. This suggests that MCMV contributes to the initiation
of atherosclerosis through upregulation of inflammatory genes and induces cellular in-
filtration into the vessels. One pathway that is upregulated by MCMV and appears to
play a role in atherosclerosis is the p38 MAP kinase pathway. In MCMV-infected Apo
E-/- mice, p38 MAP kinase is upregulated compared to that observed in uninfected Apo
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E-/- mice and MCMV-infected wildtype C57Bl/6J mice [70]. The p38 protein induces the
expression of adhesion molecules, including ICAM-1 and VCAM-1, which increases cell
infiltration into the aorta. The inhibition of p38 downregulates adhesion molecules, MCP-1,
and proinflammatory cytokines, suggesting this pathway as an important regulator of
MCMV-associated atherosclerosis development in these mice.

Apo E-/- mice with and without MCMV infection have also been used in pharma-
ceutical drugs studies to identify medications that reduce atherosclerosis. For example,
MCMV-infected Apo E-/- mice treated with COX2 inhibitors would be predicted to reduce
atherosclerotic progression due to a reduction of inflammation. Instead, COX2 treatment
increased MCMV susceptibility and worsened atherosclerosis [71]. This study found
that inhibiting COX2 caused a proliferative effect in the vasculature and increased lipid
accumulation in the aorta, thus suggesting that COX2 inhibitors in HCMV-seropositive
patients could result in similar consequences. Due to this result, it may be necessary to test
individual drugs for unexpected effects that could occur during MCMV infection.

Together, these studies demonstrate that MCMV infection of the heart and vessels
results in damage within the tissue that may promote cardiovascular diseases, including
myocarditis, transplant vasculopathy, hypertension, and vascular sclerosis. Through these
studies, many cellular, immune, and viral factors that contribute to the progression of
these diseases have been identified, making MCMV a useful model for HCMV-associated
cardiovascular diseases.

4. MCMV and Cardiac Dysfunction

HCMV-associated cardiac dysfunction has clearly been shown in patients with my-
ocarditis, which can present with sinus tachycardia, ventricular overload, and
cardiomegaly [18]. All of the studies described above led us to hypothesize that MCMV
infection could also cause functional abnormalities in the heart. Thus, we inoculated
mice with MCMV and performed echocardiography at acute and latent time points after
infection [57]. Echocardiography is a technique performed in clinical practice to assess
heart function by using sound waves to visualize the heart beating in real time. This allows
for quantitative measurements pertaining to heart rate and left ventricular function based
on parameters, including internal diameter, posterior wall thickness, end volume, stroke
volume, ejection fraction, and fraction shortening during diastolic and systolic phases of
beating [72].

To measure MCMV-induced dysfunction, BALB/c mice were inoculated i.p. with
1 × 106 PFU and evaluated by echocardiography at 14 dpi, an acute time point, and 50 dpi,
a time when MCMV has established latency [57,73]. At both time points, MCMV-infected
mice had significantly higher heart rates (437 and 447 beats per minute, respectively)
than uninfected control animals (350–375 beats per minute) [57]. Strikingly, an aberrant
rhythm of heart beating was also observed in the MCMV-infected animals. At 50 dpi,
MCMV infection also resulted in significantly increased left ventricular posterior wall
thickness. This parameter, along with fibrosis seen in the hearts by Masson’s Trichrome
staining, suggested hypertrophy of the left ventricle. Since none of the other parameters
analyzed by echocardiography were altered, MCMV-infected animals were still able to
maintain cardiac output. However, tachycardia, hypertrophy, and fibrosis are known
compensatory mechanisms of the heart in response to tissue damage [74,75]. In order to
preserve cardiac structure and function, interstitial fibrosis replaces dead cells in damaged
areas to ensure necessary blood flow throughout the body. This, however, results in
increased heart rate and muscle thickness. Over time, these changes, which are used to
maintain pressure, stroke volume, and ejection fraction, result in replacement fibrosis,
which is more rigid and reduces the heart’s capacity to expand and contract [74,75]. This
suggests that tissue damage observed early following MCMV infection also persists long
after the primary disease.

In addition to dysfunction, macroscopic alterations on the outer epicardium of the
MCMV-infected hearts was observed at both 14 and 50 dpi [50,57,76]. These areas were
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previously determined to be calcification although no assays were performed to verify
this [50]. In our study, Masson’s trichrome staining revealed collagen accumulation in these
areas [57]. Additional histology analysis on the hearts using Alizarin red solution, which
stains areas containing calcium, revealed that calcium and collagen appear to co-localize
at these locations (data in preparation) [77]. In uninfected BALB/c mice, small amounts
of calcification occurs spontaneously throughout the course of their lifespan, however,
MCMV infection significantly exacerbates this phenotype [57,76].

Since MCMV establishes long term latent infection in a number of tissues, cardiac
damage in the heart could occur when virus reactivates from latency [48,54]. Viral DNA
maintenance and increased viral DNA levels have been detected by PCR during latency;
however, progeny virus production due to MCMV reactivation has not been demon-
strated [48,54]. Therefore, we asked whether MCMV can undergo reactivation in the
heart. We hypothesized that the cardiac dysfunction during infection was exacerbated
in latently infected mice by repeated reactivations in the heart throughout the life of the
animal. Following echocardiography at 50 dpi, MCMV-infected hearts were evaluated by
an explant reactivation assay. This assay consists of culturing primary tissues ex vivo for
6 weeks to evaluate MCMV reactivation in the explanted tissue culture [78]. Herpesvirus
latency is defined as detection of viral DNA with no virus progeny production and the
ability to reactivate from latency [79]. Using this assay, we demonstrated that, despite the
low viral replication shown in the heart during acute infection, MCMV readily reactivated
from the heart at 50 dpi, similar to other latently infected tissues such as the spleen or
lung [58]. This data, along with the exacerbated fibrosis and dysfunction that is found
at 50 dpi, suggests that repeated reactivations could contribute to long term damage and
dysfunction in the heart.

In our studies, mice did not die from MCMV infection; thus, we questioned whether
this dysfunction was merely transient or continued beyond 50 dpi. For these studies, mice
were evaluated by echocardiography at 90 dpi. At this time point, there were no longer
significant differences in calcification or heart rate when compared to control animals,
suggesting that some features of damage and dysfunction resolve over time (data in
preparation) [77]. Conversely, the significant increase in fibrosis and hypertrophy was
still observed at 90 dpi. In addition, left ventricular internal diameter was significantly
reduced in MCMV-infected animals at this time point. This suggests that the hypertrophy
had progressed and muscle had expanded into the ventricle, thus decreasing the diameter
(data in preparation) [77]. While cardiac output was still being maintained, a reduction in
internal diameter suggests that less blood was moving in and out of the ventricle during
each heartbeat. Reactivation at 90 dpi also showed similar percent reactivation and viral
progeny production as detected at 50 dpi (data in preparation) [77]. Together, these results
suggest that cardiac dysfunction is not a transient effect during MCMV infection and that
damage and dysfunction continues long term within the heart.

5. Conclusions

HCMV causes lifelong latent infection that has been associated with many morbidities
in humans, including diseases of the cardiovascular system. Long term HCMV seropositiv-
ity is associated with an 8% increased risk in cardiovascular-induced mortality in the United
States [9]. Primary HCMV infection in immunocompetent individuals or in immunocom-
promised patients can result in life threatening functional abnormalities within the heart,
including sinus tachycardia, ventricular overload, and hypertrophy [16–18]. Given the
current knowledge, we postulate that CMV reactivates within the heart and vasculature,
which induces repeated changes within the microenvironment of the tissue that, over time,
exacerbate cardiovascular diseases. Using the MCMV model, we show similar dysfunction
and now point perhaps to a role for latent infection and reactivation events in the involve-
ment of long term heart dysfunction [57]. As shown in Figure 1, MCMV infection and
reactivation could stimulate chronic changes and tissue damage in the heart, contributed
by altered inflammatory cytokine expression, modulation of signaling pathways, induction
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of immune cell infiltration, or activation of virus-specific tissue resident memory T cells.
Additionally, the proinflammatory environment could trigger CMV reactivation within
the tissue, creating a vicious cycle of repeated virus activity and cellular responses which
promotes and exacerbates disease. Based on the sequence homology between HCMV and
MCMV and the similar dysfunction observed within the heart, MCMV is an ideal model
for future studies evaluating HCMV-associated cardiovascular diseases and dysfunction.
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Further studies are needed to determine which in vivo cell types become infected
in the heart, especially to identify those cell types which harbor latent genomes. The
mechanisms involved in cardiac damage and dysfunction are largely unknown. It is
possible that both viral and host factors contribute to the associated damage within the
heart and, to fully understand this pathology, extensive experimental analysis of both
is required. However, since HCMV infection induces both cellular and extracellular
remodeling, it is likely that viral genes contribute to altering the microenvironment of the
heart [41,42,80]. This could include virally encoded G-protein coupled receptor (vGPCR)
homologs, as they have been shown to modulate cytokine expression, alter cell signaling,
and influence cellular migration. Both the HCMV-encoded vGPCR, US28, and the MCMV-
encoded functional homolog, M33, activate multiple signaling pathways, which could
modulate downstream cellular functions and contribute to the changes that occur in the
heart [81]. A recent publication demonstrated in aortic allograft transplants that the absence
of M33 during MCMV infection results in altered cell proliferation, adhesion molecule
expression, and immune cell infiltration, thus suggesting that the vGPCRs could influence
cardiac damage and dysfunction [82]. Current studies in our lab are underway to determine
various viral and host factors which contribute to cardiac dysfunction following MCMV
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infection. Our preliminary results indicate that modulation of the heart microenvironment,
e.g., cytokines, extracellular matrix, and growth factors, occurs differentially following
wildtype MCMV vs. M33-deficient virus infection. Therefore, we propose studies focusing
on the cell types infected in vivo, the immune responses occurring in the heart, and the viral
mechanisms at play as future directions that could improve our understanding of damage
and dysfunction in the heart and contribute to the development of novel therapeutic
strategies to treat heart disease in HCMV-seropositive individuals.
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