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Viral myocarditis is an important human disease, and reovirus-induced murine myocarditis provides an
excellent model system for study. Cardiac myocytes, like neurons in the central nervous system, are not
replenished, yet there is no cardiac protective equivalent to the blood-brain barrier. Thus, cardiac myocytes
may have evolved a unique antiviral response relative to readily replenished cell types, such as cardiac
fibroblasts. Our previous comparisons of these two cell types revealed a conundrum: reovirus T3D induces
more beta-interferon (IFN-f3) mRNA in cardiac myocytes, yet there is a greater induction of IFN-stimulated
genes (ISGs) in cardiac fibroblasts. Here, we investigated possible underlying molecular determinants. We
found that greater basal expression of IFN-f in cardiac myocytes results in greater basal activated nuclear
STAT1 and STAT2 and greater basal ISG mRNA expression and provides greater basal antiviral protection
relative to cardiac fibroblasts. Conversely, cardiac fibroblasts express greater basal IFN-a/f3 receptor 1
(IFNAR1) and greater basal cytoplasmic Jakl, Tyk2, STAT2, and IRFY, leading to a greater increase in
reovirus T3D- or IFN-induced nuclear activated STAT1 and STAT2 and greater induction of ISGs for a greater
IFN-induced antiviral protection relative to cardiac myocytes. Our results suggest that high basal IFN-f3
expression in cardiac myocytes prearms this vulnerable, nonreplenishable cell type, while high basal expres-
sion of IFNAR1 and latent Jak-STAT components in adjacent cardiac fibroblasts renders these cells more
responsive to IFN and prevents them from inadvertently serving as a reservoir for viral replication and spread
to cardiac myocytes. These studies provide the first indication of an integrated network of cell-type-specific

innate immune components for organ protection.

Viral myocarditis affects an estimated 5 to 20% of the hu-
man population. It can be fatal in infants and, although usually
resolved in adults, can progress to chronic myocarditis and/or
dilated cardiomyopathy with concomitant cardiac failure (11,
28). Recent clinical studies have indicated that alpha inter-
feron (IFN-a) (11, 21, 35, 36) and IFN-B (29) can reduce the
severity of viral myocarditis, inhibiting viral replication and
improving cardiac function. Nonetheless, viral myocarditis re-
mains a disease without reliable treatment, and the prognosis
remains poor for more than half of patients presenting with
clinical symptoms (45).

A wide variety of viruses have been implicated in human
myocarditis, with the majority of cases being associated with
enteroviruses and adenoviruses (4, 30, 34). While enteroviruses
induce both immune-mediated damage to (10, 41) and a direct
cytopathogenic effect on (8, 23) the heart, adenovirus-induced
myocarditis is most likely not immune mediated (34). Reovi-
rus-induced myocarditis is not immune mediated (47, 48) but
instead reflects virally induced apoptosis of cardiac cells (13).
Thus, reovirus infection in a mouse model provides an excel-
lent model for investigating the cardiac response to viral in-
fection.
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Previously, we demonstrated that nonmyocarditic reoviruses
induce more IFN-B and/or are more sensitive to the antiviral
effects of IFN-B than myocarditic reoviruses in primary cardiac
myocyte cultures (49). In addition, nonmyocarditic reoviruses
induce myocarditis in mice pretreated with anti-IFN-o/p anti-
body, demonstrating directly that IFN-o/B is a determinant of
protection against viral myocarditis (49). Interestingly, addi-
tion of anti-IFN-o/B antibody enhances reovirus spread in pri-
mary cardiac myocyte cultures but not in differentiated C2C12
(skeletal muscle) cell cultures (49), suggesting a unique role for
IFN-a/B in the heart.

IFN-a/B exerts its antiviral effects through the induction
of IFN-stimulated genes (ISGs), whose promoters are acti-
vated through a signal transduction pathway following binding
of IFN-a/B to the IFN-a/B receptor, composed of IFNAR1
and IFNAR?2 subunits. Receptor binding activates tyrosine ki-
nases, Jakl and Tyk2, which in turn phosphorylate signal trans-
ducers and activators of transcription (STATs), STATI1
(STATI1a and STAT1B) and STAT2 (22, 39, 44, 52). Upon
phosphorylation, STAT1 and STAT2 heterodimerize and as-
sociate with p48/IRF9, forming the multimeric protein com-
plex ISG factor 3 (ISGF3) (17, 57). ISGF3 complexes translo-
cate to the nucleus and initiate the transcription of many ISGs,
including ISG561 and the transcription factor IRF7, leading to
the induction of an antiviral state (12).

Cardiac myocytes, like neurons in the central nervous sys-
tem, are not replenishable. However, there is no cardiac equiv-
alent to the blood-brain barrier, leaving the heart uniquely
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vulnerable to damage from viral infection. Accordingly, we
have hypothesized that cardiac myocytes may have a unique
antiviral protective response, and indeed, we have found dif-
ferences in responses between cardiac myocytes and cardiac
fibroblasts, a readily replenished cardiac cell type. Specifically,
in comparing the two cardiac cell types, reovirus T3D induces
more IFN-B mRNA in cardiac myocytes, yet there is a greater
induction of ISG561 and IRF7 mRNA in cardiac fibroblasts
(53). This conundrum led us to our current study: to identify
the molecular differences between cardiac myocytes and car-
diac fibroblasts that determine their protective responses to
viral infection. Here, we report that cardiac myocytes rely on
greater basal expression of IFN-B, resulting in greater basal
activated nuclear ISGF3 components and greater basal ISG
mRNA expression, as a prearming mechanism for protection.
In contrast, cardiac fibroblasts express higher basal IFNAR1
and cytoplasmic Jak-STAT components, rendering them better
prepared to respond to IFN induced by T3D infection, leading
to the observed greater increase in nuclear activated STAT1
and STAT2 and providing a mechanism for greater induction
of ISGs in this cell type. The results of this study suggest that
nonreplenishable cardiac myocytes express an innate basal
protective response, while adjacent cardiac fibroblasts are
highly responsive to IFN, limiting their use as a reservoir for
viral replication in this essential organ.

MATERIALS AND METHODS

Viruses and cell lines. Mouse 1.929 cells were maintained in minimal essential
medium (SAFC Biosciences, Denver, PA), supplemented with 5% fetal calf
serum (Atlanta Biologicals, Atlanta, GA), and 2 mM L-glutamine (Mediatech,
Inc., Herndon, VA). Reovirus type 3 Dearing (T3D) and type 1 Lang (T1L) were
plaque purified and amplified in 1929 cells, purified on a CsCl gradient (50), and
stored in diluted aliquots at —80°C. Reovirus T3D was chosen for study because
of its strong induction of IFN-B in cardiac myocytes (49). Not surprisingly, it does
not induce myocarditis in mice (48). In contrast to T3D, reovirus T1L was chosen
for study due to its low or negligible induction of IFN- in cardiac myocytes (49).

Mice and primary cell cultures. Timed pregnant Cr:NIH(S) mice were ob-
tained from the National Cancer Institute. IFN-o/B-receptor-null mice (IFN-o/
B-RKO mice [38]) were maintained as a colony and used for timed matings as
necessary. Mice were housed according to the recommendations of the Associ-
ation for Assessment and Accreditation of Laboratory Animal Care, and all
procedures were approved by the North Carolina State University institutional
animal care and use committee.

To generate primary cardiac myocyte and fibroblast cultures from Cr:NIH(S)
or IFN-o/B-RKO mice, full-term fetuses or 1-day-old neonates were euthanized
and the apical two-thirds of the hearts were excised and trypsinized (3). Cells
were plated at a density of 1.25 X 10° per well in six-well clusters (Costar,
Cambridge, MA) and incubated for 2 h at 37°C in 5% CO, in order to separate
cardiac myocytes from cardiac fibroblasts by rapid adherence of the latter. Car-
diac myocytes were resuspended in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco BRL, Gaithersburg, MD) supplemented with 7% fetal calf
serum, 0.06% thymidine (Sigma Co., St. Louis, MO), and 10 pg of gentamicin
(Sigma Co.) per ml. Cardiac myocytes were plated at 10° cells per well in 24-well
clusters (for RNA and protein harvests, enzyme-linked immunosorbent assay
[ELISA], and fluorescence-activated cell sorting [FACS]) or 1.5 X 10° cells per
well in 96-well clusters (for viral replication studies). Cardiac fibroblasts were
trypsinized from six-well clusters and resuspended in DMEM supplemented with
7% fetal calf serum and 10 pg of gentamicin per ml. Fibroblasts were then plated
at 5 X 10° cells per well in 24-well clusters (for RNA and protein harvests,
ELISA, and FACS) or 7.5 X 10* cells per well in 96-well clusters (for replication
studies). Fibroblasts plated at these densities were confluent by the day of
infection and were assumed to have doubled from the initial plating density.
Immunofluorescence microscopy of these primary cultures using antimyomesin
and antivimentin antibodies (as described below) revealed <5% fibroblast con-
tamination in myocyte cultures and <1% myocyte contamination in fibroblast
cultures (data not shown). Cells were never passaged before use.
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Infections for viral replication studies. In studies to determine relative repli-
cation in wild-type and IFN-a/B-RKO cells (see Fig. 3), cardiac myocyte and
cardiac fibroblast cultures were generated from Cr:NIH(S) and IFN-o/B-RKO
mice. Two days post-plating in 96-well clusters, cells were infected with T3D or
TIL at 10 PFU per cell for the indicated times postinfection. In studies to
determine relative sensitivity to IFN-B (see Fig. 9), cells were plated in 96-well
clusters, and 24 h later IFN-B (10, 100, or 1,000 U/ml; PBL Biomedical Labo-
ratories, Piscataway, NJ) was added to half of the wells. Two days postplating,
cells were infected with T3D at 5 PFU per cell, and rabbit anti-mouse IFN-B
antibody (1,000 neutralizing units/ml; PBL Biomedical Laboratories) was added
to “control” wells (to neutralize virus-induced IFN-B and thereby provide cul-
tures devoid of IFN-B for comparison). In studies to determine protective effects
of uninfected myocytes on infected fibroblasts (see Fig. 11), cardiac fibroblasts
(7.5 % 10* cells per well) were plated in 96-well clusters, and 48 h later 10 PFU
per cell of T3D was added. After 1 h of incubation at 4°C or 37°C, inoculum was
removed and cultures were washed three times. Medium, IFN-B (dose indi-
cated), or uninfected cardiac myocytes (cell number indicated) were added, and
cultures were incubated for an additional 18 h before harvest. Light microscopy
confirmed that cardiac myocytes had adhered to the fibroblast layer and were
beating. In all studies, cell cultures were frozen at —80°C at the indicated times
postinfection and then subjected to two additional freeze-thaw cycles. Cultures
were then lysed in 0.5% Nonidet P-40, and titers were determined by plaque
assay on mouse 1929 cell monolayers as previously described (46).

Infections for RNA and protein harvests and for ELISA. Two days post-plating
in 24-well clusters, primary cardiac myocyte and cardiac fibroblast cultures were
washed twice with supplemented DMEM and then immediately infected with
reovirus T3D or T1L at 10 PFU per cell in 700 pl of supplemented DMEM.
After 1 h at 37°C, 1 ml of supplemented DMEM was added, and cultures were
harvested at the indicated times. “Mock-infected” cultures received medium
only, were washed with supplemented DMEM, and were harvested immediately
after addition of 1 ml of supplemented DMEM.

IFN-o/f treatment for RNA and protein harvests. Two days post-plating in
24-well clusters, primary cardiac myocyte and cardiac fibroblast cultures were
washed twice with supplemented DMEM and treated with IFN-a/B (Access
Biomedical, San Diego, CA) at the indicated doses. “Mock-treated” cultures
received medium only and were washed with supplemented DMEM.

Real-time reverse transcription-PCR (RT-PCR). At the indicated times
postinfection, supernatants were removed and saved for ELISA. Total RNA was
harvested by direct lysis of cells from culture plates using an RNeasy kit (Qiagen,
Inc., Valencia, CA). Contaminating genomic DNA was removed using RNase-
free DNase I (Qiagen, Inc.). One-third of the RNA from each well was then
converted to cDNA by reverse transcription in a total reaction volume of 100 pl
containing 5 uM oligo(dT); 1X Tagq buffer; 7.5 mM MgCl,; 1 mM dithiothreitol;
1 mM (each) deoxynucleoside triphosphate, 0.67 U/ul RNasin (Promega Corp.,
Madison, WI); and 0.40 U/pl of avian myeloblastosis virus reverse transcriptase
(Promega Corp.). Approximately 5% of the reverse transcription reaction prod-
uct was then amplified by real-time PCR to determine the relative abundances of
specific mRNA sequences by comparison to a standard curve generated from
serial dilutions of a DNA standard and normalized to the expression of glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). Real-time PCR experiments
were performed in duplicate 25-pl reaction mixtures in 96-well plates using
Quantitech master mix (Qiagen, Inc.) spiked with 10 nM fluorescein (Invitrogen
Corp., Carlsbad, CA) to optimize fluorescence data quality and analysis. Ampli-
fication, quantification, and melting curve analysis (validation of a single ampli-
fication product) were performed on an iCycler iQ fluorescence thermocycler
(Bio-Rad Laboratories, Hercules, CA) according to the manufacturer’s recom-
mended protocol. Primer sequences for reactions were as published previously
(53).

ELISA. IFN-B in cardiac myocyte and cardiac fibroblast culture supernatants
was measured using a commercially available IFN-B ELISA (PBL Biomedical
Laboratories). Samples (100 pl each) were analyzed in accordance with the
manufacturer’s instructions. All samples taken at different times postinfection
were analyzed on the same ELISA plate in duplicate. Quantified mouse IFN-B8
(PBL Biomedical Laboratories) was used as a standard, and IFN-B concentra-
tions were calculated based upon a standard curve. Mock-infected cultures and
medium alone generated equivalent values and were therefore interpreted as
background and subtracted from the values indicated for infected cultures.

Antibodies for Western blot analysis. Primary antibodies were purchased from
the following suppliers and used at the indicated final dilutions: mouse mono-
clonal anti-STAT1a/B (1:1,000; no. 610186; BD Biosciences, San Jose, CA),
rabbit polyclonal anti-phospho-STAT1 Tyr701 (1:1,000; no. 07-307; Millipore
Corp., Billerica, MA), rabbit polyclonal anti-STAT2 (1:1,000, no. 07-140; Milli-
pore Corp.), rabbit polyclonal anti-phospho-STAT2 (1:1,000; no. 07-224; Milli-
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pore Corp.), rabbit polyclonal anti-IRF9 (1:100; sc-10793; Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA), rabbit polyclonal anti-Tyk2 (1:100; sc-169; Santa
Cruz Biotechnology, Inc.), rabbit polyclonal anti-Jakl (1:1,000; no. 44-400G;
Invitrogen), goat polyclonal antiactin conjugated to horseradish peroxidase
(HRP) (1:500; sc-1615-HRP; Santa Cruz Biotechnology, Inc.), and goat poly-
clonal HRP-conjugated anti-GAPDH (1:200; sc-20357-HRP; Santa Cruz Bio-
technology, Inc.).

SDS-PAGE and Western blot analysis. Total cellular protein extracts were
prepared using RIPA lysis buffer (50 mM Tris HCI [pH 7.4], 1% NP-40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) containing a cocktail of
protease and phosphatase inhibitors (Sigma Co.; P8340 and P2850), by incuba-
tion on ice for 30 min and centrifugation at 10,000 X g for 10 min to remove
cellular debris. Cytoplasmic and nuclear extracts were obtained using the NE-
PER kit (Pierce, Rockford, IL) following the instructions provided by the man-
ufacturer. Protein concentrations were quantified using a bicinchoninic acid
protein assay kit (Pierce), and 20 g of protein from each lysate was boiled for
5 min in 1X Laemmli sample buffer and subjected to 7.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Following protein
transfer, the nitrocellulose membranes were blocked for 60 min with 5% milk in
Tris-buffered saline (20 mM Tris [pH 7.6], 137 mM NaCl) containing 0.05%
Tween 20 (TBS-T) and probed with the indicated primary antibodies overnight
at 4°C. Blots were washed three times with TBS-T buffer, followed by 90 min of
incubation with the appropriate HRP-conjugated, species-specific secondary an-
tibodies at room temperature. The membranes were washed in TBS-T buffer,
and antibody-labeled proteins were detected using protocols and reagents con-
tained in the enhanced chemiluminescence (ECL Plus) kit (GE Healthcare,
Buckinghamshire, United Kingdom). Immunoblots were exposed to film and
converted to digital format using an HP Scanjet 5470c.

Immunohistochemistry. Formalin-fixed, paraffin-embedded hearts from Cr:
NIH(S) and IFN-o/B-RKO mice were sectioned (5 pum) and then deparaffinized
in xylene and rehydrated in descending grades of alcohol to distilled water
(dH,0O). Antigen retrieval was accomplished by immersing slides in target re-
trieval solution, citrate buffer, pH 6.1 (Dako, Carpinteria, CA), in a pressure
cooker. After slides were rinsed in dH,O, endogenous peroxidase activity was
blocked in 3% hydrogen peroxide in dH,O for 20 min at room temperature.
After being rinsed in dH,O for 2 min, the sections were incubated overnight at
4°C with anti-phospho-STAT1 Tyr701 (no. 9167; Cell Signaling Technology, Inc.,
Danvers, MA) diluted 1:500 in common antibody diluent (BioGenex, San
Ramon, CA). For a negative control, supersensitive rabbit negative control
(normal rabbit immunoglobulin [Ig]; BioGenex) was used in place of the primary
antibody. Following three washes in wash buffer (Dako), sections were incubated
with EnVision-Plus polymer conjugated to HRP (Dako) for 30 min at room
temperature. To identify positive staining, 3,3’-diaminobenzidine (DAB; Vector
Laboratories Ltd., Burlingame, CA) was used as a substrate to visualize the
bound Ig-peroxidase complexes in brown. Tissue sections were washed in dH,O
and counterstained with methyl green-alcian blue, dehydrated in ascending
grades of alcohol, and mounted from xylene using Permount (Fisher Scientific
Co., Suwanee, GA) mounting medium. Sections were imaged digitally by light
microscopy. Positive nuclei were characterized by brown DAB labeling, whereas
negative nuclei displayed only the methyl green-alcian blue staining.

Indirect immunofluorescence. Hearts from Cr:NIH(S) mice were excised,
snap frozen in liquid nitrogen-cooled isopentane (Fisher Scientific Co.), and
stored at —80°C. Tissue samples were mounted frozen on a metal chuck using a
small volume of Tissue-Tek OCT (Ted Pella, Inc., Redding, CA) compound in
a cryostat (Leica CM1850) running at —20°C. Transverse cryosections (1 pm)
were collected on SuperFrost/Plus slides (Fisher Scientific) and stored at —80°C.
Sections were thawed and blocked for 1 h at room temperature in 10% rabbit
serum (Sigma Co.)-10% donkey serum (Sigma Co.) in phosphate-buffered saline
(PBS) containing 0.1% Triton X-100. Primary and secondary antibodies were
diluted in PBS containing 0.3% IgG-free, protease-free bovine serum albumin
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). After blocking,
samples were incubated with a mix of goat antimyomesin (1:50; Santa Cruz
Biotechnology, Inc.) and chicken antivimentin (1:5,000; Affinity Bioreagents Inc.,
Golden, CO) antibodies overnight at 4°C, washed three times in PBS, and then
incubated with a combination of Alexa 594-conjugated rabbit anti-goat IgG
(1:1,000; Invitrogen) and fluorescein isothiocyanate-conjugated donkey anti-
chicken IgG (1:1,000; Jackson ImmunoResearch Laboratories, Inc.) secondary
antibodies for 2 h at room temperature. Following a final wash in PBS, coverslips
were mounted with Prolong Gold reagent (Invitrogen) and analyzed using a
Nikon TE-200 inverted epifluorescence microscope equipped with the proper
optics and filter blocks. Images taken using a 100X objective under oil immersion
were collected digitally (SPOT, Jr.; Diagnostics Instruments, Inc., Sterling
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Heights, MI) and processed using the manufacturer’s instructions and Adobe
Photoshop.

FACS assessment of IFNAR1 and IFNAR2 expression. Two days post-plating
in 24-well clusters, primary cardiac myocyte and cardiac fibroblast cultures were
washed with PBS and treated with trypsin-EDTA (50 wl/well; BioWhittaker) for
5 min at 37°C in 5% CO,. Cells were removed from the plate by being washed
with PBS containing 0.5 mM EDTA to prevent aggregation (PBS-EDTA). All
washes unless otherwise indicated were completed using PBS-EDTA. Myocytes
or fibroblasts from approximately 12 wells were combined, washed, and centri-
fuged at 250 X g for 10 min at 16°C. Myocytes and fibroblasts were aliquoted into
individual tubes and washed again at 250 X g for 10 min. Samples were fixed for
20 min on ice, and primary, secondary, and isotype control antibodies were
stained according to the manufacturer’s instructions using the BD Cytofix/Cyto-
perm kit. The antibodies used were those against an intracellular epitope of
IFNARTI (sc-7391; Santa Cruz Biotechnology) and an extracellular epitope of
IFNAR2 (BAF1083; R&D Systems). Secondary and control antibodies were
goat anti-mouse IgGl-allophycocyanin (APC) (no. 1070-11), streptavidin-APC
(no. 7100-11), and APC-conjugated isotype control (clone 15H6; Southern Bio-
technology). After the final wash, all samples were resuspended in PBS-2% fetal
calf serum and run immediately on a BD LSRII flow cytometer. All samples were
stained and run in duplicate with 50,000 to 100,000 gated events collected for
each sample. Analysis and histograms were completed using FACS Diva and
FCS Express software.

Statistical analysis. A Student one-tailed ¢ test and pooled variance were used
for statistical analysis using Systat 9.0. In all cases, differences were considered
significant when P was <0.05.

RESULTS

Basal IFN-B mRNA, nuclear activated ISGF3 components,
and ISG expression are higher in cardiac myocytes than in
cardiac fibroblasts. Basal expression of genes involved in the
innate response to viral infection may be critical for initial
antiviral protection. To determine whether cardiac cell type
specificity exists in this basal expression, we compared mock-
infected primary cultures of cardiac myocytes and cardiac fi-
broblasts. Basal IFN-B mRNA was sixfold higher (Fig. 1A, P =
0.007) and basal ISG561 mRNA was 4.7-fold higher (Fig. 1B,
P < 0.001) in cardiac myocytes than in cardiac fibroblasts,
consistent with our previous results (53). To determine
whether basal nuclear activated ISGF3 components are also
higher in cardiac myocytes, protein extracts were harvested for
Western blot analysis. Basal nuclear phosphorylated STAT1
(Tyr701) and phosphorylated STAT2 were higher in cardiac
myocytes than in cardiac fibroblasts (Fig. 1C), consistent with
higher IFN-B and ISG expression in cardiac myocytes. Greater
basal nuclear IRF9 in cardiac fibroblasts suggests that IRF9 is
not a limiting ISGF3 component in those cells. Not unexpect-
edly, basal nuclear phosphorylated STAT1 (Tyr701) and phos-
phorylated STAT?2 were undetectable in cardiac myocytes pre-
pared from IFN-a/B-receptor-null (IFN-o/B-RKO) mice,
confirming that basal activation of these components is depen-
dent on type I IFN signaling. To verify basal IFN expression in
vivo, nuclear STAT1 phosphorylation in both wild-type and
IFN-o/B-RKO mice was evaluated by immunohistochemical
analysis (Fig. 2). STAT1 phosphorylation was observed in nu-
clei of cardiac sections from wild-type mice (Fig. 2A and B)
but, as expected, not in cardiac sections from IFN-a/B-RKO
mice (Fig. 2C). These results confirm that basal nuclear
STAT1 phosphorylation in cardiac sections, as in cardiac myo-
cyte cultures, is dependent on type I IFN signaling and there-
fore confirm basal expression of IFN in the heart.

Basal expression of IFN provides greater protection for car-
diac myocytes than for cardiac fibroblasts. To determine the
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FIG. 1. Cardiac myocytes express higher basal IFN-B mRNA and nuclear activated ISGF3 components and have higher ISG561 mRNA
expression than cardiac fibroblasts. RNA and nuclear protein extracts were harvested from primary cardiac myocyte (Myo) and cardiac fibroblast
(Fib) cultures at 2 days postplating. Cultures were generated from wild-type mice, unless indicated otherwise (IFN-o/B-RKO mice). RNA was
analyzed by real-time RT-PCR, and copy number was normalized to GAPDH. (A) Basal IFN-B mRNA. (B) Basal ISG561 mRNA. Graphs are
representatives of three independent experiments from three independently derived myocyte and fibroblast cultures = standard deviations. The
asterisk indicates a difference at P < 0.05. (C) Western blot analysis of basal nuclear activated ISGF3 components.

biological significance of basal IFN in cardiac myocytes relative plating, cultures were infected with T3D or T1L at 10 PFU per
to cardiac fibroblasts, viral replication in primary cardiac cell cell. At the indicated times postinfection, viral titers were
cultures generated from IFN-o/B-RKO mice was compared to quantitated by plaque assay (Fig. 3A). Both T1L and T3D
that in cultures generated from wild-type mice. Two days post- replicated to higher titers in cardiac myocytes than in cardiac

FIG. 2. Basal expression of phosphorylated STAT1 in cardiac sections. Inmunohistochemical analysis of paraffin-embedded cardiac tissue from
uninfected wild-type mice (A, B, and D) or uninfected IFN-o/B-RKO mice (C), using phospho-STAT1 Tyr701 (A, B, and C) or normal rabbit Ig
(D). Positive nuclei displayed brown DAB labeling, whereas negative nuclei displayed only methyl green-alcian blue staining.
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FIG. 3. Basal expression of IFN provides greater protection for
cardiac myocytes than for cardiac fibroblasts. Cardiac myocyte (Myo)
and cardiac fibroblast (Fib) cultures were generated from either wild-
type or IFN-a/B-RKO mice. Two days postplating, cultures were in-
fected with T3D or T1L at 10 PFU per cell. At the indicated times
postinfection, cultures were frozen and titers were determined by
plaque assay. (A) Viral titers from a subset of experiments, expressed
as PFU per well * standard deviations. (B and C) Data from panel A
and additional experiments are expressed as a ratio of titers: viral titers
from IFN-o/B-RKO cultures relative to viral titers from wild-type
cultures.

fibroblasts. Because these differences in replication could re-
flect any parameter of the virus-host interaction, titers in IFN-
o/B-RKO cells were normalized to those in wild-type cells, to
directly determine the role of IFN in restricting viral replica-
tion (Fig. 3B and C). Between 6 and 18 h postinfection, viral
replication in cardiac myocytes derived from IFN-o/B-RKO
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mice was 3.7-fold to 10-fold higher for T3D and 4.9-fold to
10.5-fold higher for T1L than in wild-type cardiac myocytes.
These data suggest a protective role for basal expression of
IFN in cardiac myocytes for two reasons. First, while T3D
induces significant IFN-B in cardiac myocytes during this time
period, T1L does not (Fig. 4A), leaving only basal expression
as the possible mediator of expression. Second, given the rel-
atively high multiplicity of infection used for this infection and
the early times of harvest, viral replication reflected primary
infections rather than secondary infections, providing minimal
opportunity for induced IFN to be protective. In contrast to
the case in cardiac myocytes, viral replication in cardiac fibro-
blasts was approximately equivalent for IFN-«/B-RKO and
wild-type cultures, suggesting that basal IFN does not play a
significant antiviral role in cardiac fibroblasts.

Cardiac fibroblasts are more responsive than cardiac myo-
cytes to IFN: induction of ISG mRNA. Higher basal expression
of IFN-B mRNA, activated ISGF3 components, and ISGs sug-
gest an overall greater protective response in cardiac myocytes
than in cardiac fibroblasts. Indeed, when primary cardiac myo-
cyte and cardiac fibroblast cultures were infected with reovirus
T3D and supernatants were harvested for ELISA, cardiac
myocytes produced more IFN-B than did cardiac fibroblasts
(Fig. 4A), consistent with our previous IFN-B mRNA results
(53). In contrast to T3D induction of IFN-B, the induction of
ISG561 mRNA was greater in cardiac fibroblasts than in car-
diac myocytes (Fig. 4B). Similar results were seen for IRF7
(data not shown). Induction (n-fold) of ISG561 is more rele-
vant here than absolute copy number, because it reflects the
effects of IFN-B on the cell (the difference between initial and
final states) rather than only the outcome. Together these data
suggest that cardiac fibroblasts are more responsive than car-
diac myocytes to IFN. To directly test this, cardiac myocyte and
cardiac fibroblast cultures were treated with increasing doses
of IFN-o/B, and ISG561 and IRF7 mRNAs were quantitated
by real-time RT-PCR (Fig. 4C). Cardiac fibroblasts required
only 33 U/ml IFN-«/B to achieve approximately the same in-
duction (n-fold) of ISG561 mRNA as that for cardiac myocytes
treated with 1,000 U/ml IFN-«/B, and at that highest IFN dose,
induction was ~9-fold greater in cardiac fibroblasts than in
cardiac myocytes. Similar results were obtained for IRF7, with
~5-fold-greater expression in cardiac fibroblasts than in car-
diac myocytes at the highest dose of IFN. Therefore, cardiac
fibroblasts are more responsive than cardiac myocytes to IFN
induction of ISGs.

Basal expression of IFNAR and basal cytoplasmic expres-
sion of multiple Jak-STAT components are higher in cardiac
fibroblasts than in cardiac myocytes. The Jak-STAT pathway
is an essential signaling cascade for the transcription of many
ISGs. To determine whether the heightened cardiac fibroblast
responsiveness to IFN reflects greater basal cytoplasmic ex-
pression of components in the Jak-STAT signaling pathway,
cytoplasmic protein extracts were harvested from primary car-
diac myocyte and cardiac fibroblast cultures for Western blot
analysis. Basal cytoplasmic expression of Jakl, Tyk2, STAT?2,
and IRF9 was higher in cardiac fibroblasts than in cardiac
myocytes (Fig. 5). The equivalent expression of basal cytoplas-
mic STAT1 in the two cell types suggests that STATT is not a
limiting factor in cardiac myocytes. It is worth noting that while
equivalent protein concentrations were loaded in each lane,
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FIG. 4. Cardiac fibroblasts are more responsive than cardiac
myocytes to IFN for induction of ISG561 mRNA. Supernatants and
RNA were harvested from primary cardiac myocyte and cardiac
fibroblast cultures at 2 days postplating at the indicated times
postinfection or at 1 h post-IFN-«/B treatment. (A) T3D and T1L
induction of IFN-B. Supernatants were evaluated by ELISA for
secreted IFN-B (mean of two samples = standard deviation). At
every time point, differences between myocytes and fibroblasts were
statistically significant (P < 0.05). Data are representative of mul-
tiple independent experiments. (B) T3D induction of ISG561
mRNA. RNA was analyzed by real-time RT-PCR and normalized
to GAPDH expression. Results are expressed relative to mock-
infected cultures (average of two samples). Statistical significance is
as for panel A. (C) IFN-«/B induction of ISG561 and IRF7 mRNA.
Increasing doses of IFN-o/p were administered to primary cardiac
cultures, and RNA was harvested at either 1 h (ISG561) or 6 h
(IRF7) post-IFN-a/B treatment. Analysis is as for panel B, and
statistical significance is as for panel A.
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FIG. 5. Multiple basal cytoplasmic Jak-STAT components are ex-
pressed at higher levels in cardiac fibroblasts than in cardiac myocytes.
Cytoplasmic protein lysates were harvested from mock-treated cardiac
myocytes and cardiac fibroblasts, separated by SDS-PAGE, transferred
to a nylon membrane, and probed using the indicated antibodies.
Results are for duplicate samples and are representative of multiple
experiments.

cytoplasmic GAPDH and actin expression is cell type specific
and therefore cannot be used for normalizations. In sum, the
greater cytoplasmic expression of multiple Jak-STAT compo-
nents in cardiac fibroblasts provides a mechanism for the
greater IFN responsiveness observed in the cardiac fibroblasts.

To determine basal IFNAR1 and IFNAR2 expression in
cardiac myocyte and cardiac fibroblasts, primary cell cultures
were harvested and examined by flow cytometry (Fig. 6). Over
99% of cardiac fibroblasts expressed an intracellular IFNAR1
epitope, whereas it was detected in only 53% of the cardiac
myocytes. Mean fluorescence intensities for cardiac fibroblasts
and cardiac myocytes were 14,800 and 3,628, respectively, in-
dicating that IFNARI1 was expressed at higher levels in cardiac
fibroblasts than in cardiac myocytes. Our strategy for identify-
ing IFNAR?2 was to stain for the extracellular epitope as it is
the only portion of the receptor expressed by all three splice
variants. By utilizing an intracellular staining technique, both
the soluble intracellular form (serving as a reservoir for later
interactions with IFNAR1 on the cell surface [40]) and the
membrane-bound form of the IFNAR2 receptor would be
identified. Approximately 11% of cardiac myocytes expressed
IFNAR2, whereas 38% of cardiac fibroblasts expressed IFNAR2,
with similar overall mean fluorescence intensities. The smaller
fraction of cardiac myocytes than cardiac fibroblasts expressing
IFNAR2 could limit the IFN responsiveness of cardiac myo-
cytes as a population. Together, greater IFNAR1 basal expres-
sion in cardiac fibroblasts than in cardiac myocytes and
IFNAR2 basal expression in a greater fraction of cardiac fi-
broblasts than cardiac myocytes provide an additional mecha-
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FIG. 6. Basal IFNAR expression in cardiac fibroblasts and in cardiac myocytes. Basal levels of IFNAR1 (A and B) and IFNAR2 (C and D)
were assessed 2 days postplating in cardiac myocytes (A and C) and cardiac fibroblasts (B and D). Cell suspensions were fixed, permeabilized, and
stained with control (solid black line) or with the indicated monoclonal antibody (filled gray histogram). Representative histograms are shown; all

samples were stained and run in duplicate.

nism for the heightened IFN responsiveness of cardiac fibro-
blasts.

Cardiac fibroblasts are more responsive than cardiac myo-
cytes to IFN: induction of STAT phosphorylation. To deter-
mine whether higher basal cytoplasmic Jak-STAT components
in cardiac fibroblasts result in their greater activation upon
IFN stimulation, STAT1 and STAT2 phosphorylation was
evaluated by Western blot analysis. Primary cardiac myocyte
and fibroblast cultures were treated with increasing doses of
IFN-«/B, and total protein extracts were harvested at the in-
dicated times (Fig. 7). Not unexpectedly, basal STAT phos-
phorylation was undetectable in these total cell lysates (in
contrast to high levels of basal phosphorylated STAT in nu-
clear extracts [Fig. 1]). STAT phosphorylation was greater in
cardiac fibroblasts than in cardiac myocytes at most doses and
time points. For example, at 30 min posttreatment, both 100
U/ml and 1,000 U/ml induced significantly more STAT1 phos-
phorylation in cardiac fibroblasts than in cardiac myocytes, and
the same was true for STAT2 phosphorylation. The difference

between these cell types at 2 h posttreatment was most pro-
nounced at 100 and 1,000 U/ml for STAT1 phosphorylation
and at 10 and 100 U/ml for STAT2 phosphorylation. As ex-
pected, GAPDH expression was higher in myocytes than in
fibroblasts, while the converse was true for actin expression
(although not as pronounced in these total cell extracts as in
cytoplasmic cell extracts [Fig. 5]).

Reovirus activation of multiple nuclear ISGF3 components
is higher in cardiac fibroblasts than in cardiac myocytes.
Given that reovirus induces IFN- poorly in cardiac fibroblasts
(Fig. 4A) but that cardiac fibroblasts are highly responsive to
IFN (Fig. 4C and 7), subsequent activation of ISGF3 compo-
nents in the nucleus of cardiac fibroblasts was investigated
relative to that in cardiac myocytes. Primary cardiac cultures
were infected with reovirus (T3D) at 10 PFU per cell, and
nuclear protein extracts were harvested at the indicated times
postinfection. T3D-induced STAT1 and STAT2 phosphoryla-
tion was greater in cardiac fibroblasts than in cardiac myocytes
and most clearly evident at 4 h postinfection in comparison to
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FIG. 7. Cardiac fibroblasts are more responsive than cardiac myocytes to IFN for induction of STAT phosphorylation. Two days postplating,
primary cardiac cell cultures were treated with increasing doses of IFN-o/B and at 30 min and 2 h post-IFN treatment total protein extracts were
harvested. Proteins were separated by SDS-PAGE, transferred to a nylon membrane, and probed using the indicated antibodies. Results are

representative of multiple experiments.

mock infections (Fig. 8). T3D failed to induce STAT1 and
STAT?2 phosphorylation in IFN-a/B-RKO cardiac myocytes
and cardiac fibroblasts, indicating that the phosphorylation in
wild-type cells was mediated thru IFN-o/f signaling (data not
shown). Although T3D induces less IFN-B in cardiac fibro-
blasts than in cardiac myocytes, reovirus-induced IFN results in
a more robust activation of multiple nuclear ISGF3 compo-
nents in cardiac fibroblasts, thus providing further evidence
that cardiac fibroblasts are more responsive to IFN-o/f.
IFN-B inhibition of viral replication is greater in cardiac
fibroblasts than in cardiac myocytes. To investigate the bio-
logical significance of cell-type-specific responsiveness to
IFN-B, we evaluated viral replication in primary cardiac cell
cultures after treatment with increasing doses of IFN-B. One

day postplating, cultures were pretreated with the indicated
doses of IFN-B for 24 h, followed by T3D infection at 5 PFU
per cell for 12 or 24 h. At the indicated times postinfection,
viral titers were evaluated by plaque assay. At every dose and
time tested, IFN-B inhibited T3D replication in cardiac fibro-
blasts more than in cardiac myocytes (Fig. 9). For example, at
10 U/ml IFN-B, 50% of PFU remained in cardiac fibroblasts
compared to 80% of PFU remaining in cardiac myocytes at
12 h post-T3D infection.

Myocytes and fibroblasts are intimately associated in the
heart. Data presented here suggest that cardiac myocytes and
cardiac fibroblasts respond uniquely to reovirus infection and
that while cardiac myocytes secrete more IFN-B (Fig. 4A),
cardiac fibroblasts are more responsive to IFN (Fig. 4C and 7).
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FIG. 8. Reovirus activation of multiple nuclear ISGF3 components is greater in cardiac fibroblasts than in cardiac myocytes. Nuclear protein
extracts were harvested from primary cardiac cell cultures at the indicated times post-T3D infection (10 PFU/cell), resolved by SDS-PAGE,
transferred to a nylon membrane, and probed with the indicated antibodies. Results are representative of multiple experiments.
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FIG. 9. IFN-B-dependent inhibition of T3D replication is greater
in cardiac fibroblasts than in cardiac myocytes. One day postplating,
primary cardiac cell cultures were pretreated with IFN-B (10, 100, or
1,000 U/ml). Twenty-four hours post-IFN-f treatment, cultures were
infected with T3D at 5 PFU per cell. Control-treated cultures received
1,000 neutralizing units/ml of rabbit polyclonal anti-mouse IFN-B an-
tibody. At 12 h and 24 h postinfection, cell cultures were frozen and
titers were determined by plaque assay. (A) Viral titers, expressed as
PFU per well * standard deviations. (B) Data from panel A are
expressed as percentages of PFU in IFN-B-treated cultures relative to
control (anti-IFN-B)-treated cultures * standard deviations. At every
time point, differences between myocytes and fibroblasts were statis-
tically significant (P < 0.05).
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To determine whether these cells are likely to interact in vivo,
we performed indirect immunofluorescence on normal mouse
myocardium using cell-specific markers to detect cardiac myo-
cytes (antimyomesin) and cardiac fibroblasts (antivimentin)
simultaneously. Cardiac fibroblasts are abundant and lie di-
rectly adjacent to cardiac myocytes (Fig. 10). This dense net-
work of cells is consistent with efficient communication be-
tween the two cell types, both as a threat (spread of virus) and
as a protective mechanism (secretion of IFN-B).

Basal IFN expression in myocytes is insufficient to protect
adjacent fibroblasts. Given the high basal expression of IFN-
in cardiac myocytes (Fig. 1) and the autocrine protection that
it provides (Fig. 3) and given the sensitivity of cardiac fibro-
blasts to low levels of IFN (Fig. 9) and their intimate associa-
tion with cardiac myocytes in the heart (Fig. 10), it seemed
possible that basal expression of IFN in cardiac myocytes might
also provide paracrine protection for adjacent fibroblasts. To

J. VIROL.

FIG. 10. Association of myocytes and fibroblasts in normal mouse
myocardium. Immunofluorescence microscopy of cross sections (A
and B) of mouse myocardium, immunostained with antimyomesin to
identify cardiac myocytes (red) and antivimentin to mark cardiac fi-
broblasts (green).

determine whether uninfected cardiac myocytes could inhibit
viral replication in adjacent cardiac fibroblasts, cells were
cocultured as follows. Cardiac fibroblasts were incubated with
T3D for 1 h at 37°C or on ice to prevent viral penetration, and
then inoculum was removed and cultures were washed exten-
sively. Medium, IFN, or uninfected cardiac myocytes were
added; cultures were incubated for an additional 18 h; and
then viral replication was determined by plaque assay (Fig. 11).
While IFN reduced viral replication in cardiac fibroblasts 3.2-
to 15.1-fold even though it was added post-viral attachment,
cardiac myocytes failed to reduce viral replication in cardiac
fibroblasts even when present at a ratio of 10 myocytes to one
fibroblast. These data suggest that even though cardiac fibro-
blasts are highly sensitive to the antiviral effects of IFN, basal
IFN secreted by adjacent cardiac myocytes provides only au-
tocrine and not paracrine protection.

DISCUSSION

Cardiac myocytes are continually exposed to viruses, are not
replenished, and yet are critical to survival, suggesting that this
differentiated cardiac cell type may have evolved a unique
intrinsic protective response against viral infection. In partic-
ular, cardiac myocytes may be more dependent on the innate
immune response than cell types that are rapidly replenished,
such as cardiac fibroblasts. We have previously shown that the
innate IFN response is a critical determinant of viral spread in
cardiac myocyte cultures but not in differentiated skeletal mus-
cle cells, suggesting a cell-type-specific role for IFN-$ in anti-
viral protection against reovirus-induced myocarditis (49).

The traditional view of IFN-B in antiviral protection begins
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FIG. 11. Cardiac myocytes do not inhibit viral replication in adja-
cent cardiac fibroblasts. Two days post-plating of cardiac fibroblasts, 10
PFU per cell of T3D was added. After incubation for 1 h on ice (left
panel) or at 37°C (right panel), inoculum was removed, cultures were
washed extensively, and the indicated reagent or cells were added.
Each well contained 1.5 X 10° fibroblasts; 1.5 X 10° or 1.5 X 10°
myocytes were added as indicated for a 1:1 or 10:1 ratio, respectively.
Cultures were incubated for an additional 18 h and then harvested for
viral titration by plaque assay. Results are expressed as PFU per well +
standard deviation. Supernatants from cultures contained no IFN-@ that
was detectable by ELISA (data not shown), indicating that myocytes were
not inadvertently infected and secreting IFN-f for modulation of viral
replication in fibroblasts during the 18-hour coculture.

with viral induction of this cytokine for subsequent induction
of ISGs expressing direct antiviral activity. Our results strongly
suggest that basal expression of IFN- plays an important
protective role as well. Specifically, basal IFN-B mRNA, basal
nuclear expression of phosphorylated STAT1 (Tyr701) and
phosphorylated STAT?2, and basal ISG561 mRNA were higher
in cardiac myocytes than in cardiac fibroblasts (Fig. 1). The
absence of basal nuclear STAT1 and STAT?2 phosphorylation
in IFN-a/B-RKO cultures indicates that their basal activation
in wild-type cardiac myocytes is dependent on signaling
through the IFN-a/B receptor. Together, the data suggest that
basal IFN-B in cardiac myocytes, but not in cardiac fibroblasts,
is sufficient for activation of the Jak-STAT pathway and induc-
tion of ISGs. Surprisingly however, basal secreted IFN-B in
cardiac myocyte cultures was no greater than medium alone in
ELISA (data not shown), suggesting that IFN-f was bound to
receptors on the cells from which it was secreted and was
therefore unavailable for detection by ELISA. Indeed, unin-
fected cardiac myocytes failed to inhibit viral replication in
cocultured infected cardiac fibroblasts, even when present at a
ratio of 10 myocytes to one fibroblast (Fig. 11). This suggests a
model (Fig. 12, part 1) where basal IFN-f expressed in cardiac
myocytes is sufficient for autocrine, but not paracrine, activa-
tion of the Jak-STAT pathway. To our knowledge, this is the
first report of high basal STAT activation in a normal cell type.

Basal STAT activation is not uncommon in diseased cells
and tissues. Several studies have demonstrated basal activation
of STATS, in particular STAT1, STAT3, and STATS, in a
number of diverse human tumor cell lines (5, 7, 19, 56). In
addition, a wide variety of human tumors have been shown to
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FIG. 12. Model for cell-type-specific IFN responses in the heart.

display basal phosphorylation of STATS, including both hema-
tologic malignancies (leukemias, lymphomas, and multiple my-
elomas) and solid tumors (head and neck, breast, and prostate)
(5,9, 18, 24, 33, 37, 51). Basal activation of STATSs has also
been shown to be cell type specific. For example, basal phos-
phorylation of STAT1 was observed selectively in airway epi-
thelial cells brushed from asthmatic subjects, while in contrast,
bronchoalveolar macrophages from the same subjects showed
no evidence of basal STAT1 activation. The biological rele-
vance of constitutive activation of epithelial STATI in asth-
matic subjects was linked to the pathogenesis of this inflam-
matory disease (42). Here, we provide evidence that basal
nuclear phosphorylation of STATs in cardiac myocytes likely
serves a functional role, too, as a prearming mechanism for
protection. Specifically, viral replication was increased to a
greater extent in IFN-o/B-RKO cardiac myocytes than in IFN-
a/B-RKO cardiac fibroblasts relative to their wild-type coun-
terparts (Fig. 3). Therefore, basal IFN expression in cardiac
myocytes provides partial autocrine protection against viral
infection. As discussed above, however, this basal IFN expres-
sion is insufficient to protect adjacent cardiac fibroblasts from
infection (Fig. 11). Therefore, cardiac myocyte basal IFN ex-
pression provides autocrine, but not paracrine, protection (Fig.
12, part 1).

Induction of IFN-B involves a positive feedback loop (32).
Cells primed with small amounts of IFN-o/B and then virally
infected express more IFN-o/B than nonprimed cells (43),
most likely reflecting IFN-B induction of the transcription fac-
tor IRF7 during priming and subsequent viral activation of
IRF7 for further induction of IFN-B (54). Cardiac myocytes
have higher basal IRF7 (53), consistent with basal IFN-B ac-
tivating the Jak-STAT pathway for induction of IRF7 as a
second component of the prearming protective mechanism
(Fig. 12, part 1). The role of basal IFN-B expression in deter-
mining basal IRF7 expression and subsequent viral amplifica-
tion of IFN-B has been investigated previously (20). In those
studies of primary cultures of mouse embryo fibroblasts and
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splenocytes, differences in basal IFN-B and IRF7 expression
between cell types dominated the innate response to viral
infection, determining cell-type-specific differences in viral
induction of IFN in the absence of the critical transcription
factor IRF3. However, they found that basal IRF7 expression
was not completely IFN dependent, as cells expressing similar
IFN-B levels expressed significantly different IRF7 levels. This
is in contrast to cardiac myocytes and cardiac fibroblasts, where
basal IFN-B expression determines basal IRF7 expression (53).
The greater expression of basal IRF7 in cardiac myocytes ren-
ders these cells poised for greater induction of IFN-B upon
viral infection, resulting in paracrine protection of adjacent
fibroblasts (Fig. 12, part 2). The direct proximity of myocytes
and fibroblasts in the heart (Fig. 10) supports this model of
efficient paracrine communication.

High basal expression of IFN-f would appear to be benefi-
cial to cells, providing high basal antiviral ISGs and high IRF7
for rapid amplification of IFN-B upon viral infection. IFN-B,
however, induces a large number of genes (14, 15), many of
which have antiproliferative functions (52). Therefore, high
basal IFN-B expression sufficient for autocrine, but not para-
crine, effects may be an effective strategy only for nondividing
cells such as cardiac myocytes. The lack of high basal IFN-8 in
splenocytes (20) and other lymphoid cells that express high
IRF7 (2) in contrast to cardiac myocytes suggests a possible
divergence of mechanisms regulating the innate response de-
pending on cell potential for proliferation. Components of the
innate response have been shown to differ in basal expression
and in response to type I IFN in cells arrested in different
stages of the cell cycle (31), suggesting an additional complex-
ity to their regulation.

While cardiac myocytes may benefit from basal autocrine
stimulation, this relatively low level of protection would likely
be inadequate for protection against a flood of progeny virus
from adjacent infected cardiac fibroblasts. Therefore, cardiac
fibroblasts must have a strong innate response as well, to pre-
clude their serving as a reservoir for viral replication. Yet
cardiac fibroblast proliferation would likely be compromised
by high basal IFN-f expression, interfering with their repara-
tive role following cardiac tissue damage (6). We demonstrate
here that cardiac fibroblasts are more responsive than cardiac
myocytes to IFN signaling, supporting a model where IFN
secreted from cardiac myocytes efficiently protects neighboring
cardiac fibroblasts from infection (Fig. 12, part 2). Specifically,
cardiac fibroblasts have higher basal IFNAR1 (Fig. 6) and
higher basal cytoplasmic Jakl, Tyk2, STAT2, and IRF9 (Fig.
5), resulting in greater activation of STAT1 and STAT?2 fol-
lowing IFN stimulation (Fig. 7) or reovirus T3D infection (Fig.
8) and greater IFN-induced antiviral protection (Fig. 9). Basal
STAT1 expression determines responsiveness to type I IFN in
melanoma cells (59) and a breast tumor cell line (27), and
basal STAT1, STAT2, and IRF9 modulate responsiveness to
type I IFN in a melanoma cell line (59), implicating this as a
general mechanism for regulating the innate immune re-
sponse. The molecular mechanism for high basal expression of
IFNARTI and latent Jak-STAT components is likely specific to
each component.

Why might cardiac myocytes, the highly differentiated cells
essential for cardiac function, have evolved comparatively
lower basal cytoplasmic Jak-STAT expression and, conse-

J. VIROL.

quently, lower sensitivity to IFN stimulation? First, high basal
IFN-B expression in cardiac myocytes already induces rela-
tively high basal STAT activation and ISG expression. High
basal Jak-STAT components could increase basal ISG expres-
sion to detrimental levels. The relatively high basal expression
of activated STATS in cardiac myocytes, compared with the
relatively low basal expression of latent Jak-STAT components
in those cells, may reflect an optimal balance. Second, STAT1
is a critical component of angiotensin II-mediated signaling
(16), regulating responses ranging from cardiac myocyte hy-
pertrophy to apoptosis. High basal expression of Jak-STAT
components could render cardiac myocytes hyperresponsive to
angiotensin II, with likely damaging consequences. Finally,
STAT1 physically interacts with and modulates the function of
the cardiac transcription factor GATA-4 (58), which regulates
numerous pathways critical for cardiac development and stress
responses (55), as well as cardiac myocyte survival (1, 26). High
basal Jak-STAT components could interfere with signaling es-
sential for cardiac remodeling in myocardial infarction and
other pathological states.

By 24 h post-T3D infection, STAT1 and STAT2 phosphor-
ylation returned to basal levels or lower in cardiac myocytes
but not in cardiac fibroblasts (Fig. 8). Continued STAT phos-
phorylation in the face of sustained IFN stimulation can be
halted by suppressors of cytokine signaling (SOCS) (25), at
least two of which are known to function in cardiac myocytes
(60, 61). Data here suggest that SOCS or other inhibitors are
more rapidly activated in cardiac myocytes than in cardiac
fibroblasts, consistent with arguments above for the possible
detrimental effects of excessive STAT activation in cardiac
myocytes. Signaling in cardiac fibroblasts cannot be sustained
indefinitely, however, or their proliferation and contribution to
cardiac tissue repair would likely be impaired.

In sum, the data presented here support a model (Fig. 12)
whereby high basal IFN-B expression in cardiac myocytes pre-
arms this vulnerable and essential cell type, while high basal
expression of IFNAR1 and latent Jak-STAT components in
adjacent cardiac fibroblasts prevents them from inadvertently
serving as a reservoir for viral replication and spread to adja-
cent myocytes. The relatively high basal expression of two of
the three activated components of ISGF3 in cardiac myocytes
and four of the five latent components of the Jak-STAT path-
way and IFNARI in cardiac fibroblasts suggests a strong se-
lection for this strategic variation in cell-type-specific innate
responses to viral infection. These studies provide the first
indication of an integrated network of cell-type-specific innate
immune components for organ protection.
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