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Abstract

Human cytomegalovirus (HCMV) is associated with increased risk of chronic diseases of the heart and vasculature,
including myocarditis, atherosclerosis, and transplant vasculopathy. To investigate CMV infection of the heart,
murine cytomegalovirus (MCMV) was used to evaluate both acute and latent infection and the subsequent phe-
notypic and functional consequences of infection. Female BALB/c mice were intraperitoneally (i.p.) inoculated with
1 x 10° pfu of MCMYV and evaluated at 14 and 50 days postinfection (dpi). At each time point, echocardiography was
used to evaluate cardiac function and histology was conducted for phenotypic evaluation. MCMYV replication in the
heart was detected as early as 3 dpi and was no longer detectable at 14 dpi. Infected animals had significant cardiac
pathology at 14 and 50 dpi when compared to uninfected controls. Histology revealed fibrosis of the heart as early as
14 dpi and the presence of white fibrous deposits on the surface of the heart. Functional evaluation showed sig-
nificantly increased heart rate and muscle thickening in the latently infected animals when compared to the control
animals. At 50 dpi, latent virus was measured by explant reactivation assay, demonstrating that MCMYV establishes
latency and is capable of reactivation from the heart, similar to other tissues such as spleen and salivary glands.
Collectively, these studies illustrate that MCMYV infection results in phenotypic alterations within the heart as early
as 14 dpi, which progress to functional abnormalities during latency. These findings are similar to sinus tachycardia
and hypertrophy of the heart muscle observed in cases of HCMV-induced acute myocarditis.

Keywords: cytomegalovirus, murine cytomegalovirus, heart function, myocarditis, viral pathogenesis,
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Introduction

H UMAN CYTOMEGALOVIRUS (HCMV), a beta-herpesvirus,
is a ubiquitous pathogen that infects 50-90% of the
world population and results in lifelong latent infection
characterized by frequent reactivations. While infection is
generally asymptomatic in immunocompetent populations,
increasing evidence shows a correlation between HCMV se-
ropositivity and chronic diseases (34). HCMV has long been
associated with cardiovascular complications (17). HCMV-
associated cardiovascular dysfunction includes increased
morbidity during atherosclerosis, myocarditis, and transplant
vasculopathy (20,32,34,41). Myocarditis is defined as in-
flammation of the heart muscle caused by infiltrating immune
cells, which results in dysfunction of the heart. While HCM V-

induced myocarditis is rare in immunocompetent adults, acute
myocarditis can occur and is life-threatening if untreated (40).

In HCMV-seropositive individuals, studies have identi-
fied viral DNA and protein expression within the heart as
well as detectable serum IgM and IgG (31). Acute HCMV
infection can result in myocarditis with symptoms of si-
nus tachycardia, ventricular overload, and hypertrophy
(18,24,27). Administration of the HCMV antiviral drug
valganciclovir reduces complications associated with in-
fection and returns the heart to normal function within
1 month of treatment (27). A related beta-herpesvirus, human
herpesvirus-6 (HHV-6), infects endothelial cells of the aorta
and heart, increasing their proinflammatory secretions as well
as contributing to complications following heart transplant
(5,15,16,19).
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Due to the life-threatening complications of acute HCMV
infection in the heart and association with chronic cardio-
vascular dysfunction, understanding the viral mechanisms at
play within the heart is crucial. Murine cytomegalovirus
(MCMV) shares close homology with HCMV and recapit-
ulates most characteristics of infection (11). As such,
MCMV can be used to model HCMV pathogenesis of the
heart and vasculature (6,21,22,28,30,38,39). Previous stud-
ies have shown that MCMYV replication in the heart peaks at
6 days postinfection (dpi) and clears within 14 days; how-
ever, viral DNA has been detected as late as 100dpi (21).

MCMV infection of the heart leads to CD8" T cell in-
filtration at early times and expression of proinflammatory
cytokines, including interferon gamma (IFNYy), interleukin-6
(IL-6), and tumor necrosis factor alpha (TNFo) (30). Infection is
not isolated to a single region of the heart, but is found spo-
radically in the entire tissue (30). Ganciclovir and cidofovir
treatment reduces myocarditis during MCMYV infection, similar
to HCMV (22). In addition to modeling HCMV-induced myo-
carditis, MCMV exacerbates atherosclerotic plaque size and
plaque instability in APOE knockout mice (6,38,39). Transplant
vasculopathy from transplantation of a latent MCM V-infected
heart allograft also results in widespread fibrosis and increased
rejection of the organ, similar to HCMV (8,35).

Previous MCMYV studies have been used to determine the
cell types infected, the response of the immune system, and
cytokines that contribute to inflammation in the heart
(6,21,22,28,30,38,39). However, to the best of our knowl-
edge, this is the first study that has evaluated functional
changes in the heart following MCMYV infection, which
show similarities to HCMV-induced myocarditis. We hy-
pothesized that MCMYV infection of the heart would result in
acute phenotypic changes that could potentially lead to heart
dysfunction. In this study, we use echocardiography to mea-
sure the heart rate, wall motion abnormalities (heartbeat), and
histological changes in the heart following MCMV infection.
Interestingly, our results indicate that persistent MCMV in-
fection of the heart may lead to continued dysfunction.

Materials and Methods
Cell culture conditions and virus preparation

NIH 3T3 cells (Cell Line Services, Eppelheim, Germany)
were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 4.5 g/LL glucose and L-glutamine without so-
dium pyruvate (Corning, NY), supplemented with 10% fetal
bovine serum (HyClone), 7.5% sodium bicarbonate, 4 mM
HEPES, and 2mM L-glutamine, and 1% gentamicin. Cells
were incubated in 5% CO, at 37°C. Stocks of MCMV strains,
K181+ Stanford and RM427+, were originally obtained from
Edward Mocarski (35), and K181 Perth (KP) was provided by
Hellen Farrell (4). Virus stocks were prepared from salivary
gland-derived stocks in NIH 3T3 fibroblasts, as previously
described (9). The virus stock titer was determined by plaque
assay and stocks were stored at —80°C.

Mice and infection

Five-week-old female BALB/c mice were purchased
from Jackson Laboratory, Bar Harbor. For MCMV infec-
tion, mice were uninfected or intraperitoneally (i.p.) inocu-
lated with 1x10° pfu of the MCMV strain KP unless
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otherwise stated. At 3, 7, 14, and 50dpi, animals were
sacrificed and evaluated. Mice were maintained under spe-
cific pathogen-free conditions at Louisiana State University
School of Veterinary Medicine, Baton Rouge, LA. All an-
imal protocols were approved by the Institutional Animal
Care and Use Committee at Louisiana State University.

Virus replication

Virus replication in the hearts, spleens, livers, lungs, and
salivary glands from infected mice was evaluated by plaque
assay at 3, 7, and 14dpi. Hearts were weighed and 10%
homogenates (w/v) were prepared and sonicated (1). Tissue
samples were titered by plaque assay in NIH 3T3 cells.
After incubation at 37°C in 5% CO,, monolayers were
stained with Giemsa stain and plaques were counted. Virus
titers are represented as log;o PFU/mL. Group mean and
standard error of the mean were calculated and significance
was determined by Student’s ¢ test. Studies were conducted
in duplicate (n=10) (GraphPad, San Diego, CA).

Quantitative polymerase chain reaction

The presence of viral DNA within the hearts was evaluated
by quantitative polymerase chain reaction (qQPCR). From each
heart, 0.2 mL of tissue homogenate was collected and DNA was
isolated using the QIAamp DNA extraction kit (Qiagen, Hil-
den, Germany). The E1 gene was amplified using E1-specific
primers, (F-5TCGCCCATCGTTTCGAGA-3’) and (R-5'TCT
CGTAGGTCCACTGACGGA-3"), and a probe (6FFAM-ACT
CGAGTCGGACGCTGCATCAGAAT-TAMRA), which
amplified a 106-bp fragment (1). DNA samples were diluted to
the lowest concentration sample (~ 180ng), and PCR was
conducted with Promega master mix (Promega, Madison, WI),
1 nmol of primers, and 2 pmol of probe in a 10-uL. volume.
MCM V-infected NIH 3T3 cells were used as a positive control
as well as a minus template control. qPCR was conducted using
a AB7000 machine (Applied Biosystems, Foster City, CA)
with the temperature profile of 50°C for 2 min, 95°C for 10 min,
and 40 cycles at 95°C for 15 sec, 60°C for 1 min, and 70°C for
1 min. Viral DNA was visualized by electrophoresis on a 2%
agarose gel.

Pathological score

Hearts were collected, washed with phosphate-buffered
saline (PBS), and photographed to document the presence of
white deposits. Pathology scores were determined based on
the estimated percentage of white deposits visible on the
surface of the heart: (0) no visible changes to the heart; (0.5)
hearts with no visible white deposit, but altered pale ap-
pearance; (1) 0-25% of the heart containing white deposit;
(2) 25-50% of the heart containing white deposit; (3) 50—
75% of the heart containing white deposit; and (4) 75-100%
of the heart containing white deposit. White deposits were
assessed on both the front and back of the heart. Scores were
averaged, standard error of the mean was calculated, and
significance was determined by the Mann—Whitney U test
(GraphPad).

Echocardiography

At 14 and 50dpi, uninfected or MCMV-infected mice
were evaluated for functional alterations of the heart by



HEART DYSFUNCTION FOLLOWING MCMV INFECTION

echocardiography (Toshiba Aplio 80, Tokyo, Japan). Mice
were sedated with 2% isoflurane inhalation through a nose
cone, their chest walls were shaved, covered in transmission
gel, and echocardiography was conducted on the anterior
chest wall (9). Heart rate and wall motion abnormalities
were assessed using the following parameters: left ventric-
ular internal diameter diastolic/systolic, left ventricular poste-
rior wall thickness diastolic/systolic, end-diastolic/systolic
volume, stroke volume, ejection fraction, and fractional
shortening. Group means and standard errors of the mean
were calculated and Student’s 7 test was used to determine
significance. Studies were conducted in duplicate at 14 dpi
(n=10) and in triplicate at 50dpi (n=15).

Histology

At 14 and 50dpi, mice were evaluated for phenotypic
changes of the heart. Two hearts from each group analyzed
by echocardiography were fixed in 10% formalin and his-
tology was performed. Hearts were stained with Masson’s
trichrome to assess fibrotic changes and collagen accumu-
lation and haemotoxylin and eosin (H&E) to evaluate
immune cell infiltration. Images where analyzed with Na-
noZoomer Digital Pathology 2 software. Studies were con-
ducted in triplicate (n=06).

Latency evaluation

At 50 dpi, mice were evaluated for viral reactivation using a
primary explant reactivation assay, as previously described (1).
Briefly, three hearts and spleens were collected following
echocardiography, minced, and cultured in DMEM for 6
weeks. Every 7 days, the supernatant was collected and in-
fectious virus was evaluated by plaque assay to determine re-
activation from latency. Latency within the tissues is defined by
the absence of infectious virus in the tissue at the time of ex-
plant and at 7 days post explant (dpe). Plaques detected after 7
dpe indicate infectious virus due to reactivation of MCMV
within the cultured tissue. The spleen is a well-characterized
tissue for this assay and was included as a viral reactivation
control. Studies were conducted in triplicate (n=9) and
graphed as the percent of animals reactivating from latency.

Statistics

All results were analyzed using group mean, standard error
of the mean, and Student’s ¢ test or Mann—Whitney U test.
Statistics and figures were produced using Prism 8 software.
Significance was set as p=0.01%, 0.001**, 0.0001***, and
<0.00001#*** (GraphPad).

Results
Infection of the heart and replication kinetics

Infection of the heart was assessed following i.p. inocu-
lation with 1x 10° pfu of MCMYV, KP strain. At 3, 7, and
14 dpi, heart homogenates were analyzed by plaque assay.
Figure 1 shows MCMYV infection kinetics of the heart. Si-
milar to previous studies, infectious virus was detected at
3dpi, but at 14 dpi, it was below the limit of detection by
plaque assay (21,30). Infection of the heart resulted in a
peak titer of ~1 log;y PFU/mL at 7 dpi, much lower com-
pared with other tissues such as the spleen, liver, lung, and
salivary gland. In addition to evaluating the infectious virus
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FIG.1. MCMYV infection of the heart. Mice were MCMV
infected with 1x 10° pfui.p. At 3, 7, and 14 dpi, hearts were
collected and analyzed by plaque assay. The dotted line in
this figure is the limit of detection of the plaque assay. The
study was conducted in duplicate, n=8. Group mean and
standard error of the mean were calculated and significance
was assessed by Student’s ¢ test (p=ns). dpi, days postin-
fection; i.p., intraperitoneally; MCMYV, murine cytomega-
lovirus; ns, not significant.

by plaque assay, viral DNA levels in the heart were assessed
by qPCR. The presence of viral DNA was visible at all time
points in the MCMV-infected animals, with peak levels at
7dpi and reduced viral DNA detected at 14 dpi (data not
shown). To ensure there was no strain variability, the
MCMYV strain K181+ was also evaluated and results were
similar at each time point (data not shown). These results are
in agreement with previous results (21,30).

Phenotypic alterations of the heart

The presence of white deposits on the pericardium of the
heart following MCMYV infection has previously been re-
ported (30). Similarly, in our studies, white deposits were
detected on hearts following inoculation with 1x 10° pfu of
KP as early as 3 dpi. As shown in Figure 2A, white deposits
were generally first observed in the right atrial region, fol-
lowed by development at additional locations across the
pericardium. Some deposits were heavily concentrated in
one region, whereas other deposits occurred as small iso-
lated spots across the surface of the heart. In rare instances,
small deposits were observed on uninfected hearts; however,
MCMV infection greatly exacerbated this phenotype. To
determine whether white deposits were transient and resolve
after active virus replication or persist into latent infection,
mice were inoculated i.p. with 1x10° pfu of KP and sac-
rificed at 14 and 50dpi. Hearts were washed in PBS and
photographed to assess pathology using a score (0 to 4)
estimating the percentage of the heart that contained white
deposits. Figure 2B shows a significant increase in white
deposits on infected hearts compared with uninfected
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FIG. 2. White fibrous deposits on the surface of the pericardium. (A) Photographs of white deposits at 14 and 50 dpi from
representative uninfected and MCMV-infected hearts. (B) Hearts were assessed for white deposits at 14 and 50 dpi and
assigned a pathology score based on the percentage of white deposits on the pericardium. Studies were conducted in
duplicate at 14 dpi (n=10) and in triplicate at 50dpi (n=15). Group mean and standard error of the mean were calculated
and significance was determined by the Mann—Whitney U test (***p=0.0001 and *p=0.01).

controls. Surprisingly, the average score in infected animals
was similar at both time points, although a slight increase in
both uninfected and KP-infected mice was detected at 50 dpi
(not significant). To ensure this was not a strain-specific
effect, mice were infected with the K181+ and RM427+
viruses and similar results were observed (data not shown).
In addition, the inoculum dose was reduced to 1x 10> pfu of
MCMV and white deposit formation was still observed,
although at a lower score and frequency (data not shown).
This result suggests that the deposits correlate with infec-
tion, although the white deposits persist until 50 dpi, a time
when MCMYV is latent in BALB/c mice (1), suggesting that
active infection may not be required to maintain the pres-
ence of white deposits on the pericardium.

Next, phenotypic changes within the heart were evaluated
by histology. At each time point, hearts were washed with
PBS, formalin-fixed upon collection, embedded in paraffin,
sectioned, and stained with Masson’s trichrome. Masson’s
trichrome is used to assess fibrosis, as shown by blue
staining of collagen accumulation within the tissue. Figure 3
shows the accumulation of collagen in MCMV-infected
animals over time. At 14dpi (Fig. 3A), uninfected hearts
have little to no blue staining, while infected animals ex-

A

hibited interstitial fibrosis in the epicardium of the heart
located where the white deposits were observed (36). By
50dpi (Fig. 3B), substantially increased fibrosis was de-
tected throughout the inner layers of infected hearts, unlike
uninfected control animals that exhibited very little collagen
accumulation. In addition, the interstitial fibrosis visible
within the heart at 14 dpi had progressed to replacement fi-
brosis at 50 dpi, suggesting persistent damage within the heart
tissue (36). Hearts were also stained with H&E to evaluate
immune cell infiltration; however, results showed no detect-
able infiltration at 14 and 50 dpi, although it has been reported
at 5-7dpi (30). This result agrees with previous studies of
MCMV-induced fibrosis, including allograft transplant hearts,
which exhibit fibrosis 45 days after transplantation (30,35). In
addition, several in vitro studies demonstrate HCMV induc-
tion of profibrotic factors (3,7,10,25,29,37).

Heart function studies

Based on the phenotypic alteration detected within the
infected hearts, we hypothesized that the acute phenotypic
changes in the heart may be maintained during latency and
could result in long-term functional deficiencies. To assess

FIG. 3. Histology of the heart. Uninfected and MCMV-infected hearts at (A) 14dpi and (B) 50dpi were stained with
Masson’s trichrome to detect areas of collagen accumulation (blue staining and arrows). Images are representative of

studies conducted in triplicate with n==6.
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this hypothesis, echocardiography was performed to evalu-
ate heart function at 14 and 50 dpi. Echocardiography uses
ultrasound waves to visualize the heart in real time and
allows the assessment of functional features such as heart
rate, muscle thickness, and wall motion abnormalities.
Figure 4 shows that MCM V-infected mice have significantly
higher heart rates than the uninfected control mice at both
14 and 50dpi, ~437 and ~447 beats per minute, respec-
tively, whereas the uninfected control mice exhibit a con-
sistent heart rate of approximately 350-375 beats per minute
at both time points. Despite the increased fibrosis at 50 dpi,
the heart rate does not differ between time points in MCMV-
infected hearts, suggesting that perhaps the initial damage
caused by infection is enough to maintain the heart rate
abnormality. This result mimics sinus tachycardia seen in
humans during HCMV-induced myocarditis, which requires
valganciclovir treatment to return the heart to normal
function (18,24,27). These similarities between HCMV and
MCMV further suggest that the murine model of cardio-
vascular dysfunction could reveal HCMV-associated car-
diovascular complications.

In addition to the heart rate, other functional parameters
of the heart were evaluated, including left ventricle internal
diameter, left ventricle posterior wall thickness, end-diastolic
volume, stroke volume, ejection fraction, and fraction short-
ening. Left ventricular internal diameter and left ventricular
posterior wall thickness are measurements of the chambers
and walls of the left ventricle during the systolic and diastolic
phases of beating, which are used to determine muscle
thickness and chamber capacity. End-systolic and diastolic
loads are measurements of the volume of blood inside the left
ventricle at the end of each phase and how much blood is
ejected during each heartbeat and are used to determine
cardiac output. Ejection fraction and fraction shortening
measure heart contractibility and are used as metrics for
cardiac function evaluation in humans (14). All of these
metrics together are used in human and animal medicine to
evaluate heart performance and overall health. These func-
tional parameters at 14 and 50dpi are shown in Figure 5.
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FIG. 4. Heart rate of uninfected and MCMV-infected
mice at 14 and 50dpi. The heart rate was assessed by
echocardiography. The group mean and standard error of the
mean were calculated and significance was determined by
Student’s ¢ test, ***p=0.0001 and ****p <(0.00001. Studies
were conducted in duplicate at 14 dpi, (n=10) and in trip-
licate at 50dpi (n=15).
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Unlike the heart rate, there were no significant differences in
any of these parameters at 14dpi. However, at 50dpi,
Figure 5B shows that the left ventricular posterior wall
thickness was significantly increased in both diastolic and
systolic phases in MCMV-infected animals when compared
with uninfected control mice. This result suggests hypertro-
phy of the heart muscle at 50 dpi and likely resulted from the
fibrosis shown in Figure 3. Increased fibrosis within the tissue
most likely requires the muscle to increase to function as
efficiently as before the damage occurred. In addition to hy-
pertrophy, Figure SA shows a slight decrease in the left
ventricular internal diameter during the diastolic phase, sug-
gesting that less blood is ejected out of the ventricle during
each systole. This may also be due to the fibrosis in the heart.
Significantly, when visualizing the rhythm of contraction, the
hearts of MCMV-infected mice had a slight spasm during
each beat compared with uninfected control hearts. This
suggests that electrical contraction signals may have a slight
delay due to fibrosis within the heart at 50dpi. Previous
studies have shown that viral infection of the heart can cause
abnormal ventricular ejection in humans (23). The remaining
parameters were not affected in these mice at either time
point, which might be expected since the infected mice did
not exhibit overt signs of distress or heart failure. Together,
Figures 4 and 5 demonstrate functional changes in the heart at
14 and 50dpi, with more significant changes during latent
infection.

Ex vivo reactivation study

As our data show, continued cardiac damage and func-
tional abnormalities persist long after systemic MCMV
replication has ended (1). Therefore, latency status and ca-
pacity for virus reactivation were evaluated in hearts and
spleens of infected mice, which were cultured ex vivo by the
explant reactivation assay (4). Reactivation of MCMYV from
salivary glands, lungs, and liver has been characterized by
our laboratory previously (1). However, to the best of our
knowledge, this is the first study to evaluate virus re-
activation from the heart using this assay. The presence of
viral DNA at 100 dpi has been shown, suggesting long-term
maintenance of MCMV within the heart (21). However, the
presence of viral DNA does not differentiate between low-
level replication and establishment of latency in the heart.
Thus, the explant reactivation assay was used to evaluate
latent MCMYV infection and whether MCMV can reactivate
from the heart. Following echocardiography at 50 dpi, hearts
and spleens were cultured ex vivo for 6 weeks to assess
MCMV reactivation. Figure 6 demonstrates that both spleens
and hearts were latently infected at the time of explant,
which is illustrated by the absence of replicating virus at 7
dpe, as determined by plaque assay of culture supernatant.
The majority of infected mice (89%) reactivated virus from
both the hearts and spleens. Despite having a pathology score
of 1; one animal did not reactivate the virus from either
tissue. Interestingly, virus reactivation from the heart ap-
peared to occur more readily than from infected spleens.
Further studies are required to fully characterize this phe-
nomenon. However, this novel result suggests that latent
virus in the heart at 50dpi is capable of reactivation, which
may explain the exacerbation of fibrosis and hypertrophy.
Repeated reactivations would likely result in host-induced
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FIG. 6. Ex vivo heart reactivation at 50dpi. MCMV-
infected hearts were cultured ex vivo and evaluated weekly by
plaque assay for viral reactivation. The spleen was evaluated
as an assay control. Data are presented as percent reactivation
per animal. Studies were conducted in triplicate (n=9).

inflammation and wound healing, which is often charac-
terized by collagen accumulation (36), the major cause of
fibrosis.

Discussion

Cytomegalovirus has been associated with cardiovascular
dysfunction (34). While viral myocarditis is infrequent in
immunocompetent individuals, these cases do occur and can
be life-threatening without drug intervention (27). There-
fore, understanding the viral mechanisms at play is crucial
for improving diagnosis and treatment of future patients. In
this article, we have shown that MCMYV infection of the
heart results in phenotypic alteration and dysfunction that
persist during latent infection. MCMYV infection in the heart
is detectable at 3 dpi, peaks at 7 dpi, and is below the limit of
detection by 14dpi, similar to previous studies (21,30).
When comparing the heart with other MCMV-infected tis-
sues, such as the spleen, liver, lungs, and salivary glands,
virus replication is relatively low, suggesting that either the
infection is limited or the virus does not efficiently replicate
in the heart. Very little is known about MCMYV infection in
the heart and additional studies are required to evaluate
which cell types are acutely infected and which cells harbor
the latent virus.

Following MCMV infection, white deposits develop on
the surface of the heart. This observation has been shown
previously; however, the authors identified the visible white
deposits in the pericardium as calcification, but no assay
confirmed the presence of calcium (13,30). Cardiac calci-
fication has been identified in coxsackievirus B infection of
the heart (12,26,33). However, no reports have documented
that HCMV or MCMV increased calcium in the heart.
The results of this study show accumulation of collagen
around the pericardium at 14 dpi, as shown by Masson’s tri-
chrome staining, which suggests that the deposits are fibrotic.
However, additional studies are needed to fully character-
ize the components of white deposits. Pathology scoring of
the white fibrous deposits allowed for a qualitative assess-
ment and demonstrated that infected animals resulted in sig-
nificantly more deposits compared with uninfected controls.
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Surprisingly, the fibrotic pathology score was consistent
across both the early and later time points, suggesting that the
deposits may be caused by the initial infection and do not
appear to worsen over time. HCMYV infection has been shown
to rearrange the extracellular matrix of fibroblasts and smooth
muscle cells in vitro and alter the expression of collagen (29).
It is possible a similar mechanism is at play during infection
with MCMV.

Interestingly, in addition to white deposits on the heart,
MCMYV infection resulted in fibrosis of the heart at 14 dpi,
which was significantly exacerbated at 50 dpi. MCMV in-
fection induces fibrosis in a number of tissues (7), including
the heart (8), which further supports the observations of this
study. However, unlike the white deposits, which did not
change, long-term infection resulted in exacerbation of fi-
brosis. The development from interstitial fibrosis at 14 dpi to
replacement fibrosis at 50 dpi suggests that the damage was
progressive (8). This phenomenon suggests that MCMV
infection may continually stimulate the microenvironment
of the tissue, perhaps due to repeated viral reactivation
events. A previous study showed that in lungs of MCMV-
infected mice, stochastic iel expression is enough to induce
resident CD8 T cell function (33). Latent MCMV, similar to
other herpesviruses, would be expected to occasionally re-
activate from latency, thus stimulating repeated MCMV-
specific CD8" T cell responses (33). The hearts were shown
to reactivate MCMV by ex vivo culture, suggesting that
in vivo reactivation is possible and could result in tissue
damage by factors such as cytokine expression, extracellular
matrix remodeling, or immune response.

Due to phenotypic alterations observed in the heart, we
evaluated whether MCMV infection causes cardiac dys-
function. Echocardiography was used for real-time eval-
uation of the heart rate, muscle thickness, and rhythm of
beating. Our data show that MCMV infection causes in-
creased heart rate at 14 and 50dpi when compared with
uninfected controls. Interestingly, unlike the exacerbation
of fibrosis at 50 dpi, the heart rate remained consistent be-
tween time points. This suggests that the increase in heart
rate is associated with damage from the initial infection.
Our analysis revealed significant hypertrophy of the left
ventricle in MCMV-infected animals at 50 dpi, most likely
due to fibrosis found in the hearts, which would require the
muscle to work harder to maintain the same efficiency as
before infection. Hypertrophy is initially compensatory and
maintains normal cardiac output; however, long-term dis-
tress can result in ventricular overload and heart failure (2).
A previous study showed that mice lacking expression of
IL-6 within the myocardium were unable to induce mus-
cular hypertrophy and progress directly to cardiomyopathy,
suggesting that long-term IL-6 expression could contribute
to significant hypertrophy (2,36). Both HCMV and MCMV
have been shown to increase IL-6 expression during in-
fection (30,34). When evaluating the rhythm of beating, a
momentary, but easily detected, spasm was observed during
diastole in many of the infected animals. This suggests that
there was a slight lag in the electrical signal sent through
the heart, which could result from fibrosis. This correlates
with other viral infections in humans, which also cause
abnormal ventricular ejection (14). Both heart rate and
hypertrophy results shown here mimic HCMV-induced
myocarditis (18,24,27).
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Our data show phenotypic and functional alterations,
which are exacerbated during latency. We hypothesized that
this could be due to frequent MCMV reactivation events,
which promote damage. To test this, hearts were cultured
ex vivo and evaluated for viral reactivation. In this study, we
showed that MCMYV is capable of reactivation from the
heart, as shown by ex vivo culture. Surprisingly, at 14 dpe,
the hearts reactivated the virus with higher frequency than
the spleen (1). To further understand MCMV latency in the
heart, additional studies are needed to evaluate the cell types
harboring latent MCMV as well as viral gene expression
during latency within the heart. Repeated viral reactivation
would likely result in changes within the microenvironment
of the heart due to CD8 T cell responses and chronic cy-
tokine expression such as IL-6, TGFf}, and TNFg, resulting
in exacerbated dysfunction of the tissue over time. Simi-
larly, reactivation of HCMV from latently infected trans-
plant hearts increases organ rejection (34).

In conclusion, this article illustrates a high degree of
phenotypic and functional deficiencies caused by MCMV
infection at 14 and 50 dpi, at times when the heart and most
other tissues (excluding salivary glands) do not harbor
replicating virus. Increased heart rate, hypertrophy, and
vascular spasms occur during both HCMV- and MCMV-
induced myocarditis. The exacerbated injury at 50 dpi was
most likely due to fibrosis, which caused the compensatory
hypertrophy to maintain cardiac output and resulted in
vascular spasms. Our results indicate that MCMV infection
induces changes in the microenvironment of the heart that
lead to phenotypic alteration and long-term cardiac dys-
function and may shed insights into HCMV-associated
cardiovascular diseases.

Author’s Note

The hot topic at the time was T cell exhaustion...Peter
was interested in studying the CD8" T cell response to a
persistent herpesvirus called murine gamma herpesvirus-68
(MHV-68) and he was looking for a herpes virologist to join
his laboratory. My postdoc in the Mocarski laboratory at
Stanford University on MCMYV pathogenesis and latency
provided me with the relevant in vivo herpesvirus training,
so I left Palo Alto and moved to Memphis. Herpesviruses,
such as cytomegalovirus, herpes simplex virus, or Epstein—
Barr virus, employ multiple immune evasion strategies to
persist or establish latency for the lifetime of the host. Those
early days of MHV-68 research shed new insights into the
immunological control of long-term latent infection, in-
cluding a highly cited article, where we showed that long-
term infection was not controlled by CD8* T cells without
the help of CD4" T cells. My time in Peter’s laboratory
provided a strong foundation for studying immune mecha-
nisms controlling herpesvirus pathogenesis and latency. It
was a privilege to be mentored by Peter, and 1996 was an
exciting time in the Doherty laboratory!
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