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ABSTRACT

Adenoviruses are frequent causes of pediatric myocarditis. Little is known about the pathogenesis of adenovirus myocarditis,
and the species specificity of human adenoviruses has limited the development of animal models, which is a significant barrier to
strategies for prevention or treatment. We have developed a mouse model of myocarditis following mouse adenovirus 1
(MAV-1) infection to study the pathogenic mechanisms of this important cause of pediatric myocarditis. Following intranasal
infection of neonatal C57BL/6 mice, we detected viral replication and induction of interferon gamma (IFN-v) in the hearts of
infected mice. MAV-1 caused myocyte necrosis and induced substantial cellular inflammation that was composed predomi-
nantly of CD3™ T lymphocytes. Depletion of IFN-y during acute infection reduced cardiac inflammation in MAV-1-infected
mice without affecting viral replication. We observed decreased contractility during acute infection of neonatal mice, and persis-
tent viral infection in the heart was associated with cardiac remodeling and hypertrophy in adulthood. IFN-vy is a proinflamma-
tory mediator during adenovirus-induced myocarditis, and persistent adenovirus infection may contribute to ongoing cardiac
dysfunction.

IMPORTANCE

Studying the pathogenesis of myocarditis caused by different viruses is essential in order to characterize both virus-specific and
generalized factors that contribute to disease. Very little is known about the pathogenesis of adenovirus myocarditis, which is a
significant impediment to the development of treatment or prevention strategies. We used MAV-1 to establish a mouse model of

human adenovirus myocarditis, providing the means to study host and pathogen factors contributing to adenovirus-induced
cardiac disease during acute and persistent infection. The MAV-1 model will enable fundamental studies of viral myocarditis,

including IFN-y modulation as a therapeutic strategy.

Acute myocarditis is a significant cause of morbidity and mor-
tality in childhood. Myocarditis has been identified in 16 to
21% of sudden deaths in children (1). The course of viral myocar-
ditis is often more severe in neonates and infants than in older
patients, with up to 67% mortality in newborns and 55% in in-
fants less than 1 year of age, compared to 20 to 25% in older
children and 38% in adults (2, 3). Associations between myocar-
ditis and adenovirus infection are well established (3-5). Persis-
tent human adenovirus (HAdV) infections of the myocardium
have been implicated in the development of dilated cardiomyop-
athy and cardiac dysfunction (6-8). Detection of HAdV genomes
in myocardial biopsy specimens of pediatric heart transplant re-
cipients is predictive of coronary artery vasculopathy and trans-
plantloss (9). The histopathology of hearts in patients with HAdV
myocarditis can be milder than that in patients with myocarditis
caused by other viruses (3), suggesting that mechanisms underly-
ing HAdV-mediated disease may differ from those involved in
myocarditis caused by other viruses.

Much of what is known about viral myocarditis has come from
the study of myocarditis resulting from coxsackievirus B3 (CVB3)
and reovirus. The pathogenesis of viral myocarditis involves many
interrelated processes. Direct damage to cardiac myocytes can oc-
cur by viral lysis, inhibition of host protein synthesis, or cleavage
of host proteins such as dystrophin by viral proteases (10). Im-
mune responses to acute infection contribute to the clearance of
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virus but can also cause further damage, either directly or due to
cross-reaction between viral and cardiac antigens that leads to
autoimmune myocardial injury (11). Interferon alpha (IFN-a)
and IFN-B, the type I IFNS, are essential for limiting viral replica-
tion in cardiac myocytes and are protective in a neonatal mouse
model of reovirus myocarditis (12). IFN-v, the type II IFN, is
upregulated and is often protective in models of viral myocarditis
(12-14), although other reports suggest that it can promote myo-
carditis associated with CVB3 (15, 16), and prolonged expression
of IFN-y may lead to a chronic inflammatory cardiomyopathy
(17). Myocyte apoptosis induced by viral infection and virus-in-
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TABLE 1 Primers and probes used for real-time PCR analysis

Interferon Gamma in Adenovirus Myocarditis

TABLE 2 Primers used for nested PCR analysis

Target Oligonucleotide  Sequence (5’ to 3") Target and round Oligonucleotide Sequence (5’ to 3")
MAV-1E1A Forward primer ~GCACTCCATGGCAGGATTCT MAV-1E1A
genomic Reverse primer ~ GGTCGAAGCAGACGGTTCTTC 1 Forward primer ATGTCGCGGCTCCTACG
Probe TACTGCCACTTCTGC Reverse primer CAACGAACCATAAAAAGACATCAT
2 Forward primer ATGGGATGGTTCGCCTACTT
GAPDH Forward primer ~ TGCACCACCAACTGCTTAG Reverse primer CACCGCAGATCCATGTCCTCAA
Reverse primer ~ GGATGCAGGGATGATGTTC
Actin Forward primer CCTAAGGCCAACCGTGAAAAGATG
IFN-’y Forward primer AAAGAGATAATCTGGCTCTGC Reverse primer ACCGCTCGTTGCCAATAGTGATG
Reverse primer GCTCTGAGACAATGAACGCT
TNF-a Forward primer ~ CCACCACGCTCTTCTGTCTAC
Reverse primer  AGGGTCTGGGCCATAGAACT 10 pl of sterile phosphate-buffered saline (PBS). Adult mice were anes-
MAV-1 E1A Forward primer  AATGGGTTTTGCAGTCTGTGTTAC thetized_with ketaminc? and xylazine anc! infected i.n. With 105.PFU.of
Reverse primer  CGCCTGAGGCAGCAGATC MAV.—.I in 40 pl qfsterlle PBS. Cpntrol mice were moc.k infected Ln. with
conditioned medium at an equivalent dilution in sterile PBS. Mice were
MAV-1 hexon  Forward primer ~ GGCCAACACTACCGACACTT euthanized by pentobarbital overdose at the indicated time points. Blood
Reverse primer ~ TTTTGTCCTGTGGCATTTGA was collected from the posterior vena cava of euthanized animals and

duced inflammation can also contribute to progressive cardiac
damage (18). Ongoing injury can lead to myocardial remodeling
and fibrosis accompanied by ventricular dilation and cardiac dys-
function.

We have previously established intranasal (i.n.) mouse adeno-
virus 1 (MAV-1) infection of C57BL/6 and BALB/c mice as a
model to study the pathogenesis of adenovirus respiratory infec-
tion (19). One previous report demonstrated that intraperitoneal
(i.p.) MAV-1 infection of neonatal outbred Swiss Webster mice
led to cardiac inflammation, myocardial fibrosis, and calcification
(20), and a related virus (MAV-3) was detected in the heart fol-
lowing intravenous infection of adult C57BL/6N mice (21). How-
ever, MAV-1 and MAV-3 have yet to be used in detailed studies of
myocarditis pathogenesis. Here, we demonstrate that intranasal
MAV-1 infection of neonatal mice led to viral replication and
induction of IFN-y expression in the heart that correlated with
cellular inflammation and acute myocyte necrosis. Depletion of
IFN-v during acute infection reduced cardiac inflammation in
MAV-1-infected mice without affecting viral replication. Long-
term persistence of viral DNA was associated with increased heart
mass and cellular hypertrophy.

MATERIALS AND METHODS

Cardiac myocyte primary culture and infection. Cardiac myocytes were
isolated as previously described (22), plated on laminin-coated coverslips,
cultured in the presence of a 25 WM concentration of the contraction
inhibitor S-(—)-blebbistatin (Toronto Research Chemicals), and infected
at a multiplicity of infection (MOI) of 5. At 24 or 48 h, supernatant was
collected and the cells were incubated in 0.5 ml of TRIzol (Invitrogen) for
5 min. RNA and DNA were isolated according to the manufacturer’s
protocol and resuspended in high-pressure liquid chromatography
(HPLC)-grade water. Infectious virus in supernatant was quantified by
plaque assay as previously described (23).

Mice. All work was approved by the University of Michigan Commit-
tee on Use and Care of Animals. C57BL/6 mothers with litters of neonatal
mice and male C57BL/6 mice (4 to 6 weeks of age) were obtained from
The Jackson Laboratory. All mice were maintained under specific-patho-
gen-free conditions.

Virus and infections. MAV-1 was grown and its titers determined on
NIH 3T6 fibroblasts as previously described (23). Neonates (7 days old)
were manually restrained and infected intranasally (i.n.) with 10° PFU in
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incubated on ice for 15 to 30 min. Samples were centrifuged in a tabletop
microcentrifuge at 17,000 X g for 10 min at 4°C. Serum was transferred to
a new microcentrifuge tube and stored at —80°C until assayed. After
blood collection, hearts were harvested, snap-frozen in dry ice, and stored
at —80°C until processed further. One-third to one-half of each heart
(~20 mg) was homogenized in 1 ml of TRIzol (Invitrogen) using sterile
glass beads in a mini-Beadbeater (Biospec Products) for 30 s. RNA and
DNA were isolated from the homogenates according to the manufactur-
er’s protocol.

Analysis of viral loads by PCR. MAV-1 viral loads were measured in
organs and in cardiac myocytes infected ex vivo using quantitative real-
time PCR (qPCR) as previously described (24). The primers and probe
used to detect a 59-bp region of the MAV-1 E1A gene are listed in Table 1.
Five microliters of extracted DNA was added to reaction mixtures con-
taining TaqgMan II universal PCR mix with uracil N-glycosylase (UNG)
(Applied Biosystems), forward and reverse primers (each ata 200 nM final
concentration), and probe (20 nM final concentration) in a 25-pl reaction
volume. Analysis on an ABI Prism 7300 machine (Applied Biosystems)
consisted of 40 cycles of 15 s at 90°C and 60 s at 60°C. Standard curves
generated using known amounts of plasmid containing the MAV-1 E1A
gene were used to convert threshold cycle values for experimental samples
to copy numbers of EIA DNA. Results were standardized to the nanogram
amount of input DNA. Each sample was assayed in triplicate.

Nested PCR detection of viral DNA. Primers used in nested PCR to
detect a final 246-bp region of MAV-1 E1A are listed in Table 2. Five
hundred nanograms of extracted DNA was added to reaction mixtures
containing 10X standard Taq buffer (New England BioLabs), 4 mM
MgCl,, 0.8 mM deoxynucleoside triphosphate (Promega), Taq polymer-
ase (New England BioLabs), and 100 nM forward and reverse primers in a
100-pl reaction volume. The first PCR amplification was carried out with
1 cycle at 94°C for 10 min, 35 cycles of 94°C for 30 s, 55°C for 30 s, and
72°Cfor 30s,and 1 cycle at 72°C for 7 min on an Eppendorf thermocycler.
After the initial round of PCR, 20 pl of primary PCR product was added to
a fresh PCR mixture and amplified in a second round of PCR. The second
PCR round was conducted under the same conditions with the exception
0f 200 nM primer concentrations instead of 100 nM and 30 cycles instead
of 35.

Real-time PCR analysis of gene expression. Cytokine gene expression
was quantified using reverse transcriptase QPCR (RT-qPCR) as previously
described (25, 26). First, 2.5 pg of RNA was reverse transcribed using
Moloney murine leukemia virus (MMLV) reverse transcriptase (Invitro-
gen) in 20-p.l reaction mixtures according to the manufacturer’s instruc-
tions. Water was added to the cDNA product to bring the total volume to
50 pl. cDNA was amplified using duplexed gene expression assays for
mouse CCL5 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
(Applied Biosystems). Five microliters of cDNA was added to reaction
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mixtures containing TagMan universal PCR mix and 1.25 pl each of 20X
gene expression assay mixtures for the target cytokine and GAPDH. Prim-
ers used to detect IFN-y, tumor necrosis factor alpha (TNF-a), GAPDH,
early region 1A (E1A), and hexon are listed in Table 1. For these measure-
ments, 5 pl of cDNA was added to reaction mixtures containing Power
SYBR green PCR mix (Applied Biosystems) and forward and reverse
primers (each at a 200 nM final concentration) in a 25-pl reaction vol-
ume. In all cases, RT-qPCR analysis consisted of 40 cycles of 15 s at 90°C
and 60 s at 60°C. Quantification of target gene mRNA was normalized to
GAPDH and expressed in arbitrary units as 2~ 27, where C,.is the thresh-
old cycle and AC;. = C(target) — C{GAPDH).

IFN-y neutralization. Rabbit anti-mouse IFN-y (a-IFN-vy) poly-
clonal antibody (27) and nonimmune rabbit serum were generously pro-
vided by Steven Kunkel (University of Michigan) and purified using pro-
tein A column purification (Thermo Scientific). Beginning on the first day
postinfection (p.i.), mice were treated with 50 g of a-IFN-+y antibody or
nonimmune rabbit IgG given i.p. every other day beginning at 1 day p.i.
Neutralizing activity of a-IFN-y was confirmed by its capacity to block
IFN-vy-mediated repression of MAV-1 replication in vitro (data not
shown).

Measurement of IFN-y Protein. In some experiments, heart tissue
(approximately half of a neonatal heart) was homogenized in PBS con-
taining protease inhibitor (complete, Mini, EDTA-free tablets; Roche Ap-
plied Science) and 1% Triton X-100 (Fisher Scientific) at a concentration
of 50 mg lung tissue per 1 ml homogenization buffer. Tissue was homog-
enized using sterile glass beads in a mini-Beadbeater (Biospec Products)
for 2 30-s cycles, with resting on ice between cycles. After homogenization,
tissue was spun twice at 17,000 X g for 15 min at 4°C, and supernatant was
stored at —80°C until assayed. IFN-y protein concentrations in heart
homogenates were determined by enzyme-linked immunosorbent assay
(ELISA) (Duoset kits; R&D Systems) according to the manufacturer’s
protocol.

Histology. Hearts were fixed in 10% formalin and embedded in par-
affin. Five-micrometer sections were stained with hematoxylin and eosin
to evaluate cellular infiltrates. Separate sections were stained with anti-
CD3 antibody (Thermo Scientific). CD3™ cells were quantified at a mag-
nification of X40, using the average from at least three independent fields
per sample. Results are expressed as the number of CD3™ cells per high-
power field (HPF). In some experiments, hearts were removed and im-
mediately frozen in Tissue-Tek OCT compound (Sakura Finetek), and 5
pm sections were stained with antibodies to CD4 and CD8 (Serotec and
BD Pharmingen, respectively). Sectioning and immunohistochemical
staining were performed by the University of Michigan Unit for Labora-
tory Animal Medicine Pathology Cores for Animal Research. Heart sec-
tions were viewed through a Laborlux 12 microscope (Leitz). Digital
images were obtained with an EC3 digital imaging system (Leica Micro-
systems) using Leica Acquisition Suite software (Leica Microsystems).
Images were assembled using Adobe Illustrator (Adobe Systems). To
quantify cellular inflammation in the hearts, slides were examined in a
blinded fashion to determine a pathology index score for the size/intensity
of cellular infiltrate and the extent of involvement in the heart (Table 3).

To visualize cardiomyocyte cell membranes, paraffin-free left ventric-
ular (LV) heart sections were incubated with 100 g/ml fluorescein iso-
thiocyanate (FITC)-conjugated wheat germ agglutinin (Sigma) in PBS for
2 h and then washed 3 times with PBS. Slides were mounted using Prolong
Gold Antifade reagent with DAPI (4,6-diamidine-2-phenylindole) (Invit-
rogen). Fluorescent images were viewed through an Olympus BX41 mi-
croscope, and digital images were processed using Olympus DP Manager
software. Cross-sectional areas were calculated from fluorescent images
using NIH Image] software (28).

Determination of serum cardiac troponin levels. Cardiac troponin I
(cTnl) concentrations were measured using the Ultra Sensitive Mouse
Cardiac Troponin-I ELISA kit (Life Diagnostics) according to the manu-
facturer’s instructions. Samples were assayed in duplicate.
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TABLE 3 Quantification of cellular inflammation in histological
specimens

Score Description
Severity?
0 No inflammatory infiltrates
1 Inflammatory cells present without discrete foci
2 Larger foci of 10 to 100 inflammatory cells
3 Larger foci of >100 inflammatory cells
Extent
1 Mild (<25% of section involved)
2 Moderate (~25-75% of section involved)
3 Severe (>75% of section involved)

@ A score from 0 to 3 was given for the size/intensity of cellular infiltrates. The score was
then multiplied by a number reflecting the extent of involvement in the specimen to
reach a single final severity score, resulting in a total score that could range from 0 to 9.

Echocardiography. In vivo echocardiography was performed as pre-
viously described (29), consistent with guidelines of the American Society
of Echocardiography. Mice were anesthetized by inhaled isoflurane, chest
hair was removed with Nair (Church & Dwight), and imaging was per-
formed using a Vevo770 ultrasound system (Visual Sonics Inc.). Trans-
ducers used were an RMV707B (15 to 45 MHz) for adult mice or an
RMV706 (20 to 60 MHz) for neonatal mice. Imaging and analysis were
performed by a single blinded sonographer. Left ventricular (LV) mass
was calculated by measuring the LV internal diameter (LVID), the LV
posterior wall thickness (LVPW), and interventricular septal thickness
(IVS) in diastole (d), using the following formula: LV mass = 1.053 X
[(LVIDd + LVPWd + IVSd)® — LVIDd’. LV end systolic (LVs) and LV
end diastolic (LVd) dimensions, as well as systolic and diastolic wall thick-
ness, were measured from M-mode tracings to calculate fractional short-
ening and ejection fraction, assuming a spherical LV geometry [(LVd®> —
LVs®)/LVd® X 100)].

Statistics. Analysis for statistical significance was conducted using
Prism 6 for Macintosh (GraphPad Software, Inc.). Differences between
more than two groups at a single time point were analyzed using one-way
analysis of variance (ANOVA). Differences between groups at multiple
time points were analyzed using two-way ANOVA followed by Bonferro-
ni’s multiple-comparison tests. For viral load data, differences in log-
transformed viral loads between groups at a given time point were ana-
lyzed using the Mann-Whitney test. Survival analysis was performed
using the log rank (Mantel-Cox) test. P values of less than 0.05 were
considered statistically significant.

RESULTS
MAV-1 infects primary cardiac myocytes ex vivo and hearts in
vivo. To determine whether MAV-1 can productively infect car-
diac myocytes, we isolated cardiac myocytes from adult mice and
inoculated them with MAV-1. We used RT-qPCR to quantify the
expression of the MAV-1 E1A and hexon genes and qPCR to
quantify viral DNA in infected myocytes. Expression of E1A, a
nonstructural protein expressed early in infection, and hexon, a
virion structural protein expressed late, increased between 24 and
48 h p.i. (Fig. 1A). Likewise, viral DNA increased between 24 and
48 h p.i. (Fig. 1B), further suggesting productive viral replication
in these cells. To confirm that infectious progeny were produced
from cardiac myocytes, we performed plaque assays with super-
natants of infected cardiac myocyte cultures. Viral titers in the
supernatants of infected cells increased slightly over time (Fig.
1C), further indicating that cardiac myocytes were productively
infected by MAV-1.

To verify that MAV-1 replicates in hearts in vivo, we infected
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FIG 1 MAV-1 infects cardiac myocytes ex vivo and neonatal hearts in vivo. (A) Primary cardiac myocytes from adult C57BL/6 mice were infected with MAV-1
(MOI = 5), and expression of the viral E1A and hexon genes was measured by RT-qPCR, shown standardized to GAPDH in arbitrary units (A.U.). (B) DNA was
extracted from primary cardiac myocytes, and qPCR was used to quantify copies of MAV-1 genome. (C) Supernatants were harvested from infected primary
cardiac myocytes and viral titers measured by plaque assay. Data are shown as means * standard errors of the means (SEM) for three samples per time point. (D)
Neonatal mice were infected with MAV-1. qPCR was used to quantify viral loads in hearts. DNA viral loads are expressed as copies of MAV-1 genome per 100
ng of input DNA. Individual circles represent values for individual mice, and horizontal bars represent means for each group. (E and F) Expression of the viral
E1A (E) and hexon (F) genes in the heart was measured by RT-qPCR, shown in arbitrary units and standardized to GAPDH. Combined data from 4 to 9 mice

per group are presented as means * SEM.

7-day-old C57BL/6 mice i.n. with MAV-1. We harvested hearts at
multiple time points and used qPCR to quantify DNA viral loads.
MAV-1 DNA was readily detectable at 4 days p.i. (Fig. 1D). Viral
loads in the heart increased to peak levels between 7 and 10 days
p.i.and were reduced at 21 days p.i. We also detected expression of
MAV-1 E1A and hexon genes in the hearts of infected mice using
RT-qPCR (Fig. 1E and F). Expression of both E1A and hexon
peaked at 7 and 10 days p.i. and then decreased over time, al-
though we detected persistent expression at 21 days p.i. The pres-
ence of viral gene expression and the logarithmic increases and
subsequent decreases in heart viral loads over the time course
suggest that MAV-1 replicates in the hearts of mice following i.n.
infection.

MAV-1 induces cellular inflammation in the heart. Cardiac
inflammation was reported following i.p. MAV-1 infection of
neonatal outbred Swiss Webster mice (20), but this inflammatory
response was not characterized in detail. We evaluated the histo-
logical appearance of hearts obtained from inbred mice at various
times postinfection. We observed no differences between hearts of
mock-infected and infected mice at 4 days p.i. (data not shown) or
at 7 days p.i. (Fig. 2A). By 10 days p.i., numerous focal accumula-
tions of inflammatory cells were present, scattered throughout the
myocardium (Fig. 2A). In many areas, these foci were associated
with necrotic cardiac myocytes. Cellular inflammation was less
severe at 14 and 21 days p.i., although hearts of infected mice
contained scattered focal accumulations of mononuclear inflam-
matory cells and necrotic cardiac myocytes (Fig. 2A and data not
shown).

We used immunohistochemistry to evaluate and quantify re-
cruitment of inflammatory cells to hearts following MAV-1 infec-
tion. Increased numbers of CD3™" T lymphocytes were first de-
tected in hearts of infected mice at 7 days p.i. (Fig. 2B). By 10 days
p.i., we observed further increases in the number of CD3 ™ cells. At

January 2015 Volume 89 Number 1

Journal of Virology

this time, recruited CD3™ cells were clustered around blood ves-
sels and distributed throughout the myocardium (Fig. 2A and B).
Fewer CD3™ cells were detected at later times, but they were still
present in greater numbers in the hearts of infected mice than in
those of mock-infected mice at 14 and 21 days p.i. (Fig. 2B). Both
CD4" and CD8™ cells were detected in the hearts of infected mice
at 10 days p.i., although CD8™ cells were more abundant than
CD4™" cells (Fig. 2C). We also observed recruitment of F4/80™"
macrophages to the heart after MAV-1 infection (data not
shown).

Histological evaluation suggested that MAV-1 infection
and/or MAV-1-induced cardiac inflammation induces myocyte
necrosis. To determine whether the histological findings de-
scribed above correlated with other markers of cardiac injury dur-
ing acute infection, we measured cTnl in the sera of mice after
infection. We detected increased concentrations of ¢Tnl in the
sera of infected mice at 10 days p.i. (Fig. 2D) but not at other times
or in mock-infected mice.

IFN-vy and other proinflammatory cytokines are upregu-
lated in hearts of infected neonatal mice. Because we observed
recruitment of T cells to the heart following MAV-1 infection, we
used RT-qPCR to measure expression of proinflammatory
chemokines and cytokines in the heart. We detected increased
expression of IFN-vy in the hearts of infected mice beginning at 7
days p.i. (Fig. 3A). IFN-v upregulation peaked at 10 days p.i. and
then decreased in magnitude but persisted in infected mice at 21
days p.i. We observed no significant changes in expression of
IFN-B, interleukin-4 (IL-4), or IL-17 (data not shown). We de-
tected increased expression of the chemokine CCL5 starting at 10
days p.i., which persisted in infected mice until 21 days p.i. (Fig.
3B). Expression of TNF-a (Fig. 3C) and IL-1f (Fig. 3D) was also
increased in infected mice, whereas we detected no significant
changes in expression of IL-6 (data not shown).
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and eosin-stained or CD3-stained sections were prepared from paraffin-embedded sections. Scale bars, 100 wm. (B) CD3 staining was quantified by counting the
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SEM. (C) CD4- and CD8-stained sections were prepared from hearts of infected neonatal mice at 10 days p.i. Scale bars, 100 wm. (D) Serum cTnl levels were
measured by ELISA. Combined data from 4 to 6 mice per group are presented as means = SEM. ***, P < 0.001, comparing mock to MAV-1 infection.

MAV-1-induced cardiac disease is less pronounced in adult
mice. We have previously described increased susceptibility to
MAV-1 respiratory infection and blunted lung IFN-vy responses in
neonatal mice compared to adults (26). To determine whether
this is also the case in the heart, we compared viral loads and
inflammatory responses in the hearts of neonates and adult mice.
We detected peak viral loads in the hearts of adults at 10 days p.i.
(Fig. 4A). There were no statistically significant differences be-
tween heart viral loads in neonates and adults at any time point.
There was substantially less cellular inflammation and evidence of
myocyte necrosis (data not shown) and fewer CD3™ cells (Fig. 4B)
in adult hearts. cTnl was not detected in the sera of infected adult
mice at any time point (data not shown). IFN-vy (Fig. 4C), CCL5
(Fig. 4D), and TNF-a (Fig. 4E) were upregulated in the hearts of
infected adult mice, but the magnitudes of these responses were
substantially lower than and the kinetics were delayed compared
to those in neonates, in contrast to our previous findings in the
lungs (26). We detected marked increases in the expression of
both IL-1B (Fig. 4F) and IL-6 (Fig. 4G) in adult mice at 14 days
p-i., but expression of both had decreased to baseline levels by 21
days p.i. Peak levels of IL-13 and IL-6 were greater in adults than
in neonates at 14 days p.i. However, there was a minimal differ-
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ence between neonates and adults when comparing the fold
change in mRNA levels relative to those in mock-infected animals
at 14 days p.i. for IL-1B (neonates, 1.83 * 0.29; adults, 4.64 =
2.26; P = 0.44) or IL-6 (neonates, 1.56 * 0.67; adults, 4.92 *+ 2.67;
P =0.34).

MAV-1 infection is associated with cardiac dysfunction in
neonatal mice. Acute viral myocarditis often results in decreased
cardiac function (30, 31). To determine whether our histological
observations correlated with measurements of cardiac function,
we assessed heart function by echocardiography. In mice infected
as neonates, there were no differences in the left ventricular ejec-
tion fraction or cardiac output between mock- and MAV-1-in-
fected mice at 5 days p.i. (Fig. 5A and B). However, the left ven-
tricular ejection fraction and cardiac output were significantly
lower in infected neonates than in mock-infected controls at 10
days p.i. MAV-1 infection of neonatal mice did not cause left
ventricle dilation (Fig. 5C), and the heart rate did not differ be-
tween groups (Fig. 5D). MAV-1 infection of adult mice had no
effect on the left ventricular ejection fraction, cardiac output, left
ventricle dilation, or heart rate at 10 days p.i. (Fig. 5E to H).

IFN-v is proinflammatory during MAV-1 myocarditis. Type
ITEN (IFN-a and IFN-B) and type II IEN (IEN-v) are upregulated
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FIG 3 Induction of cytokines in hearts. Mice were infected with MAV-1 or mock infected with conditioned medium. RT-qPCR was used to quantify IFN-y (A),
CCL5 (B), TNF-a (C), and IL-1B (D) expression, shown standardized to GAPDH in arbitrary units (A.U.). Combined data from 4 to 13 mice per group are
presented as means = SEM. ***, P < 0.001; **, P < 0.01 (comparing mock to MAV-1 infection at a given time point).

and are often protective in other models of viral myocarditis (12—
14). Although we did not observe virus-induced changes in IFN-3
expression (data not shown), we did detect significant upregula-
tion of IFN-v in hearts after MAV-1 infection (Fig. 3). To further
define the role of IFN-y during MAV-1 myocarditis, we depleted
IFN-v beginning on the day after infection. Due to accelerated
mortality in the infected IFN-y-depleted mice beginning at 9 days
after infection (Fig. 6A), mice were euthanized at 9 days p.i. Heart
viral loads did not differ between IFN-vy-depleted and control
mice at 9 days p.i. (Fig. 6B). The severity of myocarditis was quan-
tified by blinded scoring of histological sections of hearts. As be-
fore, substantial cellular inflammation was present in the hearts of
control mice infected with MAV-1. In contrast, virus-induced car-
diac inflammation was significantly lower in IFN-vy-depleted
mice, equivalent to that in mock-infected animals (Fig. 6C).
Likewise, IFN-vy depletion reduced virus-induced CCL5,
TNF-a, and IL-1B upregulation (Fig. 6D to F). We confirmed
IEN-vy depletion using ELISA to measure IFN-y protein in
heart homogenate (Fig. 6G).

Persistent MAV-1 infection is associated with cardiac hyper-
trophy. Both HAdV and MAV-1 establish persistent infections
(32, 33). To determine whether MAV-1 persists in the heart, we
infected mice at 7 days of age and harvested hearts from surviving
mice at approximately 9 weeks postinfection, when the mice had
grown into adulthood. We detected viral genome in all infected
mice by both nested PCR (Fig. 7A) and qPCR (data not shown).
To determine whether persistent MAV-1 infection affects cardiac
function, we performed echocardiography at 9 weeks postinfec-
tion. Although there was a trend toward a lower left ventricle
ejection fraction in mice that were infected as neonates than in
mock-infected mice (data not shown), the difference was not sta-
tistically significant, suggesting that the acute functional deficits of
MAV-1 infection were at least partially recovered. We observed a
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significant increase in the ratio of left ventricle mass (as measured
by echocardiography) to tibia length in MAV-1-infected mice
compared to mock-infected mice (Fig. 7B). There were no statis-
tically significant differences between groups in tibia length (data
not shown). To further assess long-term effects of infection, we
quantified the cardiomyocyte cross-sectional area in cardiac sec-
tions stained with wheat germ agglutinin. Mice that were infected
as neonates displayed a significant increase in cardiomyocyte size,
consistent with cellular hypertrophy (Fig. 7C).

DISCUSSION

HAdVs are common causes of viral myocarditis (3, 4). They are
implicated in the development of dilated cardiomyopathy (7) and
cardiac dysfunction (6, 34). The present study is the first to exam-
ine the pathogenesis of adenovirus myocarditis in detail, using
MAV-1 to study an adenovirus in its natural host. We demon-
strated that in. MAV-1 infection of neonatal C57BL/6 mice
caused myocardial inflammation and tissue damage. Maximal vi-
ral loads, induction of IFN-v, and recruitment of CD3™ T cells
correlated with markers of cardiomyocyte damage and cardiac
dysfunction. Neutralization of IFN-vy during acute MAV-1 infec-
tion reduced cardiac inflammation without affecting viral replica-
tion. Long-term persistence of MAV-1 in hearts was associated
with increased LV mass and cellular hypertrophy.

Although it is possible that virus present in residual blood in
hearts harvested from mice contributed to the measured viral
loads in our study, increases in viral gene expression and logarith-
mic increases in viral loads between 4 and 7 days p.i. strongly
suggest that MAV-1 replicates in hearts of mice after infection.
Further, our in vitro data showing MAV-1 replication in primary
cardiac myocytes suggest that cardiac myocytes are a likely cellular
target of the virus in vivo, consistent with a previous report dem-
onstrating the presence of MAV-1 in cardiac myocytes using elec-
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tron microscopy (20). In that study, virions appeared to be present
in other cell types as well, including cardiac fibroblasts and endo-
thelial cells. Cardiac fibroblasts may serve as another target of
MAV-1 replication in vivo, and we are currently investigating this
possibility. HAdV DNA is often detected at high levels in lympho-
cytes of human tonsillar and adenoid tissue (35), and MAV-1 has
been reported to replicate in macrophages (36), raising the possi-
bility that MAV-1 could also infect resident or recruited immune
cells in the heart.

CD3™ T cells and F4/80" macrophages were recruited to the
hearts of neonatal mice after MAV-1 infection. This is consistent
with observations that hearts of patients with HAdV myocarditis
are infiltrated with T cells and macrophages (34, 37). The T cell
infiltrates following MAV-1 infection were mainly CD8™" T cells,
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although CD4™ T cells were also present. Following i.p. MAV-1
infection of adult mice, either CD4™ or CD8™ T cells are required
for viral clearance from brain, and perforin (Pfn) contributes to
signs of acute encephalomyelitis (38). A previous study demon-
strated a role for both CD4 " and CD8™ T cells in the development
of CVB3 myocarditis (39), and Pfn is a major contributor to severe
tissue damage during CVB3 myocarditis (40). T cells likely con-
tribute to both tissue damage and control of viral replication in the
heart during acute MAV-1 infection. Specific mechanisms regu-
lating the effects of T cells in the heart during MAV-1 myocarditis
have not yet been defined.

CD8™ T cells may play both inflammatory and cytolytic roles
during infection, either by secretion of cytokines, such as IFN-vy or
TNF-q, or through release of cytolytic granules such as Pfn (41).
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were infected with MAV-1, and echocardiography was performed to measure

ejection fraction (A and E), cardiac output (B and F), left ventricle internal diameter (C and G), and heart rate (D and H). Combined data from 4 to 11 mice per
group are presented as means = SEM. *, P < 0.05, comparing mock to MAV-1 infection at a given time point.

Both type I and type II IFN can play protective roles in other
models of viral myocarditis (12—14). IFN-y and Pfn play antago-
nistic roles during chronic myocarditis caused by Trypanosoma
cruzi, with Pfn™ CD8™ T cells implicated in causing tissue damage
and IFN-y* CD8™ T cells preventing tissue damage (41). In the
current study, we identified robust induction of IFN-vy in the heart
after MAV-1 infection, consistent with previous studies showing
induction of IFN-y in MAV-1-infected lungs (25, 26). During
acute MAV-1 respiratory infection of adult mice, CD4" and
CD8™ T cells are the primary producers of IFN-vy in the lung (24).
IFN-vy induced during MAV-1 myocarditis is likely produced by

infiltrating CD4 " and/or CD8™ T cells, because the robust IFN-y
induction that we observe correlates closely with recruitment of
these cells to the myocardium. Cells not evaluated in this study,
such as natural killer cells, may also contribute to early IFN-vy
production in the heart during MAV-1 myocarditis.

Although IFN-v is induced in the lung during MAV-1 respira-
tory infection, it is not essential for control of MAV-1 replication
in the lungs or for survival of adult mice following i.n. inoculation
(26). Similarly, IFN-y does not appear to be critical for control of
MAV-1 replication in the hearts of neonatal mice, since IFN-y
depletion did not lead to increased viral replication in the heart.
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IFN-v-depleted mice developed significantly less cardiac inflam-  virus models, respectively. However, this effect is likely due to the
mation after MAV-1 infection, suggesting that IFN-y plays a pro-  direct suppression of viral replication by IFN-y or IFN-y-medi-
inflammatory role in the heart, as it does in some studies of CVB3  ated activation of natural killer cells (46).

myocarditis (15, 16). At the same time, IFN-y-depleted mice be- Acute MAV-1 infection caused cardiac dysfunction in neonatal
came moribund sooner than controls following infection. In ad-  mice, similar to decreased cardiac function seen after infection
dition, we detected equivalent viral loads in neonates and adults ~ with influenza A virus or CVB3 (30, 31). The significantly de-
despite substantially greater IFN-y induction in neonates. MAV-1  creased cardiac function in MAV-1-infected mice that we ob-
can be detected in many different organs following both i.n. and  served at 10 days p.i. correlated with the greatest degree of virus-
i.p. inoculation (42). We speculate that IFN-y has organ-specific ~ induced IFN-y expression and also with peak levels of viral
effects on MAV-1 pathogenesis. IFN-vy depletion might lead to  replication and cellular inflammation. It may be that cardiac dys-
increased viral loads and/or increased immunopathology in other ~ function observed during MAV-1 myocarditis is due to direct car-
organs, in particular the lungs, due to the inoculation route used  diomyocyte damage caused by MAV-1 infection itself or by cyto-
in this study, and brain, as central nervous system disease isa cause  toxic effects of virus-induced immune responses. However,
of mortality in susceptible mouse strains followingi.p. inoculation  because viral replication in hearts of adult mice was not associated
(43, 44). Our findings indicate that IFN-y exerts an important  with substantial inflammation, evidence of cardiac myocyte dam-
proinflammatory effect in the heart during MAV-1 myocarditisin ~ age, or echocardiographic changes, it seems likely that host re-
neonatal mice and that inflammation induced by IFN-+y signaling  sponses to viral infection are the most important contributors to
rather than direct antiviral effects of IFN-y may be important for ~ cardiac dysfunction following MAV-1 infection. For instance,
survival. Similarly, IFN-y overexpression (13) or administration ~ IFN-v itself contributes to contractile dysfunction in immune-
(45) ameliorates myocarditis in CVB3 and encephalomyocarditis mediated myocarditis (47). Given its pronounced upregulation
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during MAV-1 myocarditis, it seems possible that IFN-vy contrib-
utes to the physiological abnormalities that we detected in infected
mice. Other cytokines induced in the heart by MAV-1 infection,
including TNF-a, IL-1(3, and IL-6, have also been reported to
impair cardiac contractility (48—52) and may therefore also con-
tribute to cardiac dysfunction during MAV-1 infection.

Our results suggest that MAV-1 replicates equally well in hearts
of neonatal and adult mice, but only neonatal mice are susceptible
to MAV-1-induced myocarditis. Immune responses to many dif-
ferent pathogens differ between neonates and adults. Neonates are
generally thought to mount inefficient Thl responses (53, 54),
although there is evidence that neonatal T cells can mount protec-
tive CD8™ T cell responses equivalent to those of adults (55). We
have recently observed differences between neonatal and adult
BALB/c mice in susceptibility to MAV-1 respiratory infection that
correlated with less exuberant IFN-vy responses in neonatal lungs
(26). Our results in the present study using neonate and adult
C57BL/6 mice, however, demonstrate that neonatal mice have an
exaggerated IFN-vy response in heart tissue compared to adult
mice after MAV-1 infection that correlates with infiltration of
CD3™ T cells and cardiac myocyte damage. This suggests that the
response to acute MAV-1 infection is both age and organ specific.
Supporting this possibility, a previous study demonstrated that
susceptibility of mice to group B coxsackieviruses differs by age of
mice, organ, and virus type (56).

The exuberant immune response observed in the hearts of neo-
natal mice, but not adult mice, after MAV-1 infection could be
due to organ- and age-specific differences in cytokine receptor
expression levels or function of antigen-presenting cells. Age-
based differences in the activity of intracellular signaling pathways
could also lead to the age-specific outcomes we observe during
MAV-1 myocarditis. For instance, a previous study demonstrated
high expression of components of the IL-1 receptor (IL-1R)/Toll-
like receptor (TLR) signaling pathway in the neonatal period that
is rapidly downregulated by 12 months of age (57). Another study
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demonstrated hypersensitivity of neonatal mice to TLR stimula-
tion compared to adult mice, which may increase susceptibility of
neonates to infection (58). Interestingly, we detected a different
pattern in overall levels of IL-13 and IL-6 mRNA late during in-
fection, both of which were higher in adults than in neonates at 14
days p.i. (Fig. 4). Contributions of these cytokines to the control of
MAV-1 replication and to MAV-1-induced disease in the heart or
in other organs have not yet been described. These cytokines
may serve to limit viral replication in adult mice, minimizing
deleterious virus-induced inflammation and subsequent car-
diac dysfunction. Our data emphasize both the complicated
interplay of various immune responses that is likely to occur
during MAV-1 myocarditis and the changes in immune func-
tion that occur with age.

Persistent HAAV infections have been implicated in the devel-
opment of dilated cardiomyopathy (DCM) and cardiac dysfunc-
tion (6-8, 34). A wide range of viral genomes (enterovirus, HAdV,
parvovirus B19, or human herpesvirus 6) were detected in en-
domyocardial biopsy specimens from patients with clinically
suspected myocarditis or dilated cardiomyopathy (6). We dem-
onstrated that MAV-1 DNA persisted to at least 9 weeks postin-
fection in hearts of mice infected with MAV-1 as neonates, and
MAV-1 persistence was associated with cardiac hypertrophy. It is
unclear whether long-term persistent MAV-1 replication occurs
in the heart and in which cells MAV-1 persists. Using RT-qPCR,
we were unable to detect viral gene expression in hearts at 9 weeks
postinfection (data not shown), although it is possible that this
technique is not sensitive enough to detect isolated replication in a
very small number of cells. Long-term effects of MAV-1 infection
on cardiac remodeling could be due to chronic inflammation in-
duced by persistence of virus in the absence of active replication.
Long-term effects of infection on cardiac function can be caused
by an autoimmune process, as occurs with autoreactive T cells that
arise following CV3B infection (59). To our knowledge, no re-
ports document this type of response during HAdV or MAV-1
infection, but we are in the process of characterizing virus-specific
and autoreactive T cells in the context of MAV-1 myocarditis.

In summary, our findings demonstrate that IFN-vy is a proin-
flammatory mediator during adenovirus-induced myocarditis,
and they suggest that persistent adenovirus infection may contrib-
ute to ongoing cardiac dysfunction and cardiac remodeling. The
MAV-1 model will enable fundamental studies of adenovirus
myocarditis and facilitate investigation of therapeutic strategies
such as modulation of IFN-vy and other host responses.
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