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V I R O L O G Y

Influenza virus replication in cardiomyocytes drives 
heart dysfunction and fibrosis
Adam D. Kenney1,2, Stephanie L. Aron3, Clara Gilbert3, Naresh Kumar1, Peng Chen4, 
Adrian Eddy1,2, Lizhi Zhang1,2, Ashley Zani1,2, Nahara Vargas-Maldonado1, Samuel Speaks1, 
Jeffrey Kawahara1,2, Parker J. Denz1,2, Lisa Dorn4, Federica Accornero4, Jianjie Ma5, Hua Zhu5, 
Murugesan V. S. Rajaram1, Chuanxi Cai5, Ryan A. Langlois3, Jacob S. Yount1,2*

Cardiac dysfunction is a common complication of severe influenza virus infection, but whether this occurs due to 
direct infection of cardiac tissue or indirectly through systemic lung inflammation remains unclear. To test the 
etiology of this aspect of influenza disease, we generated a novel recombinant heart-attenuated influenza virus 
via genome incorporation of target sequences for miRNAs expressed in cardiomyocytes. Compared with control 
virus, mice infected with miR-targeted virus had significantly reduced heart viral titers, confirming cardiac atten-
uation of viral replication. However, this virus was fully replicative in the lungs and induced similar systemic in-
flammation and weight loss compared to control virus. The miR-targeted virus induced fewer cardiac conduction 
irregularities and significantly less fibrosis in mice lacking interferon-induced transmembrane protein 3 (IFITM3), 
which serve as a model for influenza-associated cardiac pathology. We conclude that robust virus replication in 
the heart is required for pathology, even when lung inflammation is severe.

INTRODUCTION
Seasonal influenza virus remains a major contributor to human 
mortality, and the potential for emergence of new pandemic strains 
is an ever-present worldwide concern (1–3). In addition to the lung 
damage traditionally associated with these infections, influenza vi-
rus can also cause or exacerbate cardiac dysfunction (4–10). Ample 
evidence exists for the role of cardiac dysfunction in influenza- 
associated morbidity and mortality, including the following: (i) 
Myocarditis is observed in a substantial portion of hospitalized in-
fluenza patients (11–13), (ii) heart damage at autopsy has been re-
ported for fatal seasonal influenza cases (13–16), (iii) severe cardiac 
damage was described in nearly all patients who died from infection 
with the 1918 pandemic influenza virus (17), and (iv) cardiac events 
increase annually during flu season, especially among the unvacci-
nated (18, 19). Despite the implications for public health, little is 
known about the underlying mechanisms by which influenza virus 
causes heart pathology (11–16).

There is a debate within the clinical literature as to whether in-
fluenza virus directly or indirectly causes cardiac complications 
(6–11). Although live virus has been detected in human and nonhu-
man primate heart samples, direct infection of the heart has rarely 
been investigated (20–24). Instead, current dogma states that se-
verely infected lungs produce a cytokine storm with systemic car-
diotoxic inflammation, which indirectly drives cardiac dysfunction 
(6–11,  25). Attempts to resolve this fundamental question have 
been hindered by the lack of tractable animal model systems for 
influenza-mediated cardiac pathology (26, 27).

Laboratory mouse strains generally show minimal cardiac dys-
function upon influenza virus infection, even with high doses of 

virus (26–28). Overcoming this obstacle, we recently reported that 
mice lacking the interferon-induced transmembrane protein 3 
(IFITM3) suffer from severe cardiac electrical dysfunction and fibrosis 
upon influenza virus infection, thus providing a long-sought model 
for influenza-associated cardiac complications (29). IFITM3 is an 
innate immunity protein that blocks the fusion of viruses with cell 
membranes, and deficiencies in IFITM3 are among the only known 
genetic risk factors in humans for developing severe influenza (30–36). 
We observed that severe influenza virus–induced cardiac pathology 
in IFITM3 knockout (KO) mice correlates with markedly increased 
and sustained viral loads in heart tissue when compared with rapid 
virus clearance in wild-type (WT) mice (29). These results suggested 
a direct role for influenza virus replication in the heart in driving 
cardiac dysfunction, but the observed cardiac phenomena could not 
be decoupled from the severe lung infection and heightened inflam-
mation that also occurs in IFITM3 KO mice (29, 32, 37).

Here, we sought to address the fundamental question of whether 
severe lung infection is sufficient to drive influenza-associated 
cardiac dysfunction, or whether virus replication in heart cells is 
required. To decouple lung inflammation and the direct infection of 
cardiomyocytes that both occur in IFITM3 KO mice, we designed, 
rescued, and validated a recombinant influenza virus that is attenu-
ated for replication in cardiomyocytes while being fully replication 
competent and inflammatory in the lungs. We accomplished this 
cardiomyocyte attenuation via incorporation of target sites for muscle- 
specific microRNAs (miRNAs) miR133b and miR206 into the viral 
genome in a manner similar to previous engineering of a virus with 
blunted replication specifically in hematopoietic cells (38–44). miRNAs 
are short (<25 nucleotides), noncoding RNAs that interact with 
complementary sequences of target RNAs to suppress their transla-
tion or target them for degradation (45, 46). While some miRNAs 
are expressed ubiquitously, others are limited to specific tissue or 
cell types, which allows for tissue-specific gene silencing (45, 46). 
Using this novel heart-attenuated influenza virus, we found that 
severe lung inflammation during influenza virus infection, even in 
highly infected IFITM3 KO mice, was not sufficient to drive cardiac 
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dysfunction in the absence of virus replication in cardiomyocytes. 
Thus, direct infection and replication of influenza virus in cardio-
myocytes is a primary determinant of cardiac pathology associated 
with severe influenza.

RESULTS
Generation of influenza virus with  
cardiomyocyte-specific attenuation
To disentangle systemic lung inflammation from cardiac infection 
in IFITM3 KO mice, we sought to selectively attenuate influenza virus 
in cardiomyocytes. Influenza virus strain A/Puerto Rico/8/1934 (H1N1) 
(PR8) is a pathogenic mouse-adapted virus that we previously showed 
disseminates from the lungs to the hearts of WT and IFITM3 KO 
mice (29). Hence, we chose this virus for an miRNA-based heart- 
specific attenuation strategy. Using a previously established miRNA- 
targeting strategy in conjunction with reverse genetics techniques, 
we inserted into the influenza virus nucleoprotein (NP) gene segment 
two copies each of target sequences for miR133b and miR206, two 
miRNAs that are expressed specifically in muscle cells, including 
cardiomyocytes, and that were used in a previous study to achieve 
cardiac attenuation of coxsackievirus B3 (Fig. 1A) (38–44). The NP 
gene segment was chosen for target site insertion because of its high 
amino acid conservation among circulating virus strains as well as 
its relatively high RNA plasticity that together allow recombinant 

viruses to be generated while limiting reversion mutants (39). Like-
wise, we included two copies of each of the two distinct miRNA 
target sites to limit effects of any individual point mutation that 
might occur during viral replication. Following miRNA target site 
insertions, we added a duplicated NP packaging sequence flanking 
the inserted target sequence. We rescued this novel recombinant 
virus in cell culture and herein refer to it as PR8-miR133b/206. A 
control virus (PR8-miRctrl) containing a length-matched, non-
targeted sequence at the same NP gene segment insertion site was 
described previously (Fig. 1A) (40). Both engineered viruses grew 
to similar high titers [>107 median tissue culture infectious dose 
(TCID50)/ml] in embryonated chicken eggs, indicating that relative 
replicative capacities of the engineered viruses were unaffected in 
the absence of specific miRNA targeting.

To validate that PR8-miR133b/206 is attenuated in cells express-
ing the relevant miRNAs, we infected a mouse myoblast cell line 
known as C2C12. Compared to the control virus, PR8-miR133b/206 
was significantly attenuated in C2C12 cells, suggesting that target-
ing by miRNAs 133b and 206 potently restricts infection of myo-
blasts (Fig. 1B). As a control, we observed no significant difference 
in infection by the two viruses in human embryonic kidney (HEK)–
293T cells, which do not express murine miR133b/206 (Fig.  1C). 
Overall, we established PR8-miR133b/206 as an infectious, replication- 
competent virus that is attenuated in myocyte-like cells.

Cardiomyocyte-specific miRNA targeting of influenza virus 
prolongs survival of IFITM3 KO mice
To measure the overall pathogenicity of PR8-miR133b/206 compared 
to control virus, we infected WT and IFITM3 KO mice and tracked 
their weight loss and survival. Consistent with enhanced disease se-
verity in IFITM3 KO mice, the KO animals lost significantly more 
weight than WT mice in infections with both viruses (Fig.  2A). 
Comparing the viruses within the individual mouse genotypes, we 
found that miR133b/206 targeting did not significantly alter the 
ability of influenza virus to induce weight loss (Fig. 2A). Since 
weight loss during influenza virus infection is generally driven by 
cytokine- induced inappetence (47–49), these data suggest that 
similar levels of lung-derived inflammation were induced by the 
two viruses. To test this, we infected an additional cohort of IFITM3 
KO mice with PR8-miRctrl or PR8-miR133b/206 and examined 
systemic inflammation via multiplex enzyme-linked immuno-
sorbent assay (ELISA) measurements of serum cytokine levels. We 
found that serum levels of canonical proinflammatory cytokines 
interleukin-6 (IL-6), IL-8, tumor necrosis factor– (TNF), and 
IL-1 were similar when comparing infections with the two viruses 
(Fig. 2, B to E).

Similarly, all WT mice recovered from infections with either virus 
strain, while both infections were lethal in IFITM3 KO mice (Fig. 2F). 
Despite similar weight loss in IFITM3 KO mice, infection with PR8-
miR133b/206 resulted in a modest, statistically significant benefit in 
terms of survival as compared to infection with PR8-miRctrl (medi-
an survival times of 10 days for PR8-miRctrl versus 12 days for PR8-
miR133b/206) (Fig. 2F). These data suggest that viral replication in 
cardiomyocytes may contribute to more rapid lethality in IFITM3 
KO mice but, not surprisingly, that cardiomyocyte infection is not 
the sole cause of death. Overall, these outcome data are consistent 
with the premise that our recombinant viruses can decouple the 
impact of lung inflammation from the development of influenza- 
associated cardiac dysfunction.

Fig. 1. PR8-miR133b/206 is attenuated in myoblast cells in vitro. (A) Schematic 
of miRNA-targeting strategy. Target sequences of two miRNAs expressed in cardiac 
cells, miR133b and miR206, or a length-matched random sequence were inserted 
into the influenza A PR8 NP gene, along with a duplicated NP packaging se-
quence, to generate replication-competent virus with heart-specific attenuation 
(PR8-miR133b/206) or control virus (PR8-miRctrl). (B) C2C12 cells or (C) HEK-293T 
cells were infected with PR8-miR133b/206 or PR8-miRctrl for 24 hours at a multi-
plicity of infection of 2.5, and percent infection was determined by flow cytometry. 
Graphs represent normalized infection values. *P < 0.05 by unpaired t test; NS, not 
significant.
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PR8-miR133b/206 is specifically attenuated 
in the heart in vivo
To further validate the utility of our engineered viruses in dissecting 
determinants for cardiac dysfunction, we first examined viral loads 
and lung inflammation after infection by PR8-miR133b/206 and 
PR8-miRctrl. As shown in Fig. 3A, lung replication of PR8-miR133b/206 
was comparable to that of PR8-miRctrl at both days 5 and 10 after 
infection in WT mice. As expected, viral titers were higher in IFITM3 
KO mice than in WT mice (Fig. 3A), but again were similar in the 
lungs when comparing PR8-miRctrl versus PR8-miR133b/206 (Fig. 3A). 
To further confirm that PR8-miR133b/206 lung infections were not 
attenuated, we measured interferon- (IFN) and IL-6 levels in lung 
homogenates and found no significant difference for these proin-
flammatory cytokines in the lungs of mice infected by control or 
miR-targeted virus (Fig. 3, B and C). We also observed that IFITM3 
KO mice, as expected, showed more severe lung histopathology 
than WT mice (Fig. 3D). Both viruses induced cellular consolidation 
of the airways at indistinguishable levels (Fig. 3E). Coupled with 
outcome data (Fig. 2, A and B), the comparable lung pathology and 
inflammation demonstrate that the novel PR8-miR133b/206 virus 
is not attenuated in the lungs.

Given the inclusion of muscle/cardiomyocyte-specific miRNA- 
targeting sequences, we predicted that PR8-miR133b/206 infections 
would be attenuated in cardiac tissues. To test this prediction, we 
quantified virus titers in the same experimental mice used to derive 
the data from lungs (5 and 10 days after infection). As expected for 
PR8-miRctrl, we observed primarily low or undetectable viral titers 
in WT mouse hearts and significantly higher titers in the cardiac 

tissue from IFITM3 KO mice at both time points (Fig. 4A). In PR8-
miR133b/206 samples, live virus was undetectable in WT hearts, and 
the mean titers were significantly lower in IFITM3 KO hearts com-
pared to control virus, confirming overall attenuation of replication 
in the heart for the miR-targeted virus (Fig. 4A). Cardiomyocyte- 
specific attenuation of the virus via miR targeting revealed an important 
role for the direct infection of cardiomyocytes in influenza-associated 
cardiac inflammation, as manifested in IFITM3 KO mice by (i) a roughly 
1- to 1.5-log decrease in mean cardiac viral titers, (ii) markedly reduced 
levels of inflammatory cytokines IFN and IL-6 (Fig. 4, B and C), and 
(iii) attenuated CD45-positive immune cell infiltration (Fig. 4, D and E).

Overall, we have established a controlled experimental system to 
interrogate roles of lung inflammation versus direct cardiac infec-
tion in influenza-associated cardiac dysfunction. Namely, IFITM3 
KO mice infected with PR8-miRctrl or PR8-miR133b/206 allow 
direct comparison of heart phenotypes in animals with equivalently 
severe lung infections, but with or without high virus replication in 
the heart.

Virus replication in the heart is required for robust induction 
of cardiac fibrosis and electrical dysfunction
Fibrosis is a broadly observed consequence of severe infectious in-
sults to cardiac tissue in humans. Because IFITM3 KO mice exhibit 
significant cardiac fibrosis following infection with influenza virus 
(29), and because lung inflammation is not attenuated for our 
heart-attenuated virus, we could test whether cardiac pathology re-
quires robust heart infection or is induced indirectly by severe lung 
inflammation. We thus collected hearts from WT and IFITM3 KO 

Fig. 2. Attenuation of influenza virus cardiac infection does not significantly alter morbidity but decreases mean survival time in IFITM3 KO mice. (A) WT and 
IFITM3 KO mice were intranasally infected with PR8-miR133b/206 or PR8-miRctrl (50 TCID50) and monitored daily for weight loss. Points depict mean values collected from 
at least three experiments, and error bars represent SD of the mean. Differences between WT and KO mouse weights were significant from day 4 onward with P < 0.05 by 
analysis of variance (ANOVA) with Tukey’s multiple comparison test. Differences in weight loss when comparing PR8-miRctrl and PR8-miR133b/206 within the individual 
mouse genotypes were not significant. (B to E) A separate cohort of IFITM3 KO mice was infected with PR8-miR133b/206 or PR8-miRctrl (50 TCID50). Serum was collected 
before infection and at days 5 and 10 after infection for multiplex quantification of (B) IL-6, (C) IL-8, (D) TNF, and (E) IL-1. Data points represent individual mice, and bars 
represent mean values. Error bars depict SD of the mean. Comparisons were analyzed by ANOVA followed by Tukey’s post hoc test. No statistically significant differences 
were observed between the two viruses at either time point. (F) Survival curves of mice as infected in (A). The indicated P value is for statistical comparison of the IFITM3 
KO survival curves (shown by double arrow) as calculated using a Gehan-Breslow-Wilcoxon test.
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mice at day 10 after infection and first performed histological anal-
ysis of fibrosis using Masson’s trichrome staining. Examination of 
heart sections revealed blue-stained fibrotic lesions that were most 
apparent in hearts from IFITM3 KO mice infected with PR8-miRctrl 
(Fig. 5A). Fibrotic lesions in WT samples and those from IFITM3 
KO mice infected with PR8-miR133b/206 were minimal (Fig. 5A). 
Quantitative analysis of images from multiple mice confirmed that 
fibrotic staining in heart samples from IFITM3 KO mice infected 
with miR-targeted virus was significantly decreased compared to 
infection with miRctrl virus (Fig. 5B). We also investigated circulating 
signs of cardiac damage in a cohort of IFITM3 KO mice by measur-
ing secretion of the heart-specific isoenzyme of creatine kinase 
(CK-MB) into the blood and found that this biomarker of myo-
cardial cell injury was reduced in mice infected with PR8-miR133b/206 
as compared to control virus (Fig. 5C) (50, 51). Thus, attenuation of 
virus replication in the heart correlates with less cardiac muscle 
damage and fibrosis following infection, indicating that direct virus 
replication in cardiomyocytes is required for the development of 
influenza-associated cardiac pathology.

Given that cardiac fibrosis is a well-established risk factor for 
cardiac electrical conduction irregularities (52, 53), and that fibrosis 
was significantly decreased in infection with PR8-miR133b/206 (Fig. 5), 
we tested whether cardiac electrical dysfunction induced by influ-
enza virus similarly requires direct infection of cardiomyocytes. We 

performed electrocardiogram (ECG) measurements on WT and 
IFITM3 KO mice before infection and at several time points after 
infection with PR8-miRctrl or PR8-miR133b/206. While cardiac 
function in WT mice was largely unchanged throughout infection, 
IFITM3 KO mice showed depressed heart rates during the course 
of infection with PR8-miRctrl (Fig. 6A). Likewise, RR intervals, a 
measurement of time between the major peaks (R peaks) on the 
ECG tracings and which are inversely correlated with heart rate, 
were commensurately elevated in IFITM3 KO mice infected with 
PR8-miRctrl (Fig. 6A). We also observed irregular ECG tracings 
in the KO animals infected with PR8-miRctrl, as defined by irregu-
larly timed subsequent RR intervals (Fig. 6B). This phenotype was 
largely absent in most of the IFITM3 KO mice infected with PR8-
miR133b/206 (Fig. 6B). Specifically, RR interval ranges (defined as 
the longest RR interval minus the shortest RR interval) (29) calcu-
lated from 5-min ECG recordings in multiple mice were signifi-
cantly lower in KO mice infected with PR8-miR133b/206 compared 
to PR8-miRctrl (Fig. 6C). Although variability in these values can 
arise from a diverse set of factors, the observed divergence from 
baseline values of noninfected mice and marked beat-to-beat differ-
ences in conjunction with heart rate depression suggest pathological 
changes in the cardiac function of IFITM3 KO mice following infec-
tion with PR8-miRctrl (Fig. 6, B and C) (54). Overall, the attenuation in 
heart viral titers observed for infections with PR8-miR133b/206 is 

Fig. 3. PR8-miR133b/206 is fully pathogenic in the lungs in vivo. WT and IFITM3 KO mice were intranasally infected with PR8-miR133b/206 or PR8-miRctrl (50 TCID50). 
(A to C) Mice were euthanized on day 5 or 10 after infection for measurement of virus titers (A) or ELISA quantification of IFN (B) and IL-6 (C) in the heart. Data points 
represent individual mice, and bars represent mean values. Error bars depict SD of the mean. Data points are from three independent experiments. Comparisons were 
analyzed by ANOVA followed by Tukey’s post hoc test. *P < 0.05. (D) Mice were euthanized on day 10 after infection for histological analysis of lung pathology. Boxed 
regions in the left image correspond to the magnified area depicted in the right image for each group. Scale bars, 1 mm and 400 m for the left and right images, respec-
tively. (E) Whole lung images as in (D) were quantified for overall airspace versus cells and other congestion using ImageJ. Data points represent individual mouse lung 
images, and bars represent mean values. Error bars depict SD of the mean. Comparisons were analyzed by ANOVA followed by Tukey’s post hoc test. *P < 0.05.
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Fig. 4. PR8-miR133b/206 is attenuated in the heart in vivo. WT and IFITM3 KO mice were intranasally infected with PR8-miR133b/206 or PR8-miRctrl (50 TCID50). (A to 
C) Mice were euthanized on day 5 or 10 after infection for TCID50 measurement of virus titers (D) or ELISA quantification of IFN (B) and IL-6 (C) and in the heart. Data points 
represent individual mice, and bars represent mean values. Error bars depict SD of the mean. Data points are from three independent experiments. Statistical comparisons 
were analyzed by ANOVA followed by Tukey’s post hoc test. *P < 0.05. (D) Mice were euthanized on day 10 after infection for histological analysis of CD45+ immune cell 
infiltration in the heart. Images shown depict areas of immune cell infiltration indicated by brown staining. Scale bars, 50 m. (E) Whole-heart images were quantified for 
CD45+ cells using ImageJ. Data points represent individual mouse heart images, and bars represent mean values. Error bars depict SD of the mean. Comparisons were 
analyzed by ANOVA followed by Tukey’s post hoc test. *P < 0.05.

Fig. 5. Virus replication in the heart is necessary to induce fibrosis during infection. WT and IFITM3 KO mice were intranasally infected with PR8-miR133b/206 or 
PR8-miRctrl (50 TCID50). (A) Hearts were collected on day 10 after infection, and sections were stained with Masson’s trichrome stain, in which blue staining is indicative 
of fibrotic collagen deposition. Histological processing and image acquisition were performed by the OSU Comparative Pathology and Mouse Phenotyping Core Facility 
on heart tissue samples provided by A.D.K. A representative heart section is shown for each genotype-virus combination. Boxed areas are regions magnified in the far-
right images. Scale bars, 1 mm and 200 m for the left and right images, respectively. (B) Percent fibrosis was calculated by quantifying ratio of blue pixel intensity to total 
pixel intensity for each heart section. Each point represents a heart from an individual mouse, and bars represent mean values. Error bars represent SD of the mean. 
Comparisons were analyzed by ANOVA followed by Tukey’s post hoc test. *P < 0.05. (C) Serum from IFITM3 KO mice was collected before infection and at days 5 and 10 
after infection with PR8-miRctrl or PR8-miR133b/206 for ELISA quantification of creatine kinase. Data points represent individual mice, and bars represent mean values. 
Error bars depict SD of the mean. Comparisons were analyzed by ANOVA followed by Tukey’s post hoc test. *P < 0.05.
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accompanied by decreased cardiac electrical dysfunction, despite 
the robust virus replication and inflammation in the lungs. We con-
clude that influenza-associated cardiac fibrosis and electrical dys-
function require direct virus replication in the heart.

DISCUSSION
Cardiac manifestations of influenza virus infection are widely at-
tributed to severe lung inflammation, which contributes to systemic 
tissue damage and exacerbates preexisting heart conditions (55–57). 
However, given that we lack noninvasive clinical tests to identify direct 
heart infection by influenza virus in living humans, it has been dif-
ficult to determine the relative contributions of lung inflammation 
versus direct virus-induced damage to the heart in cardiac dysfunc-
tion during severe infection. To address the fundamental question 
of whether severe lung and systemic inflammation alone is suffi-
cient to induce cardiac dysfunction, we turned to an animal model, 
specifically IFITM3 KO mice, which serve as a severe infection 
model to study influenza-induced cardiac dysfunction (29). IFITM3 
alters cell membranes to disfavor virus-to-cell fusion (58–62). 
IFITM3 KO mice thus experience increased cellular infection and 
viral spread in the lung, spleen, and heart (29), organs that are 
naturally susceptible to infection in WT mice. Viremic infection of 
other organs—such as the brain, liver, or kidneys—is not observed 
in IFITM3 KO mice (29), thus providing a severe infection model 
recapitulating the tissue-specific distribution of influenza virus dis-
semination. Further supporting its relevance in dissecting influenza 
pathologies, genetic deficiencies in IFITM3 associate with suscepti-
bility to severe disease in humans (30–36).

To manipulate the ability of influenza virus to replicate in car-
diomyocytes, we generated a novel recombinant virus strain with 
cardiomyocyte-specific miRNA target sites. We found that insertion 
of miRNA target sites for miR133b and miR206 into the NP genome 
segment of influenza A virus strain PR8 effectively attenuated infec-
tion specifically in murine myocyte-like cells in vitro and in the 
heart in vivo (Figs. 1 and 4). The reduction of virus load in the heart 
correlated with less severe cardiac fibrosis, inflammation, circulating 
creatine kinase levels, and electrical dysfunction, although lung virus 
replication and inflammation, as well as systemic inflammation, re-
mained robust and comparable to control virus (Figs. 3, 5, and 6). 
Thus, we identified that direct infection of heart cells is required for 
cardiac dysfunction during influenza virus infection in IFITM3 KO 
mice. Our findings refute the notion that severe lung inflammation 
alone is sufficient for influenza-associated cardiac pathologies, although 
it is plausible that systemic inflammation may compound effects of 
direct cardiac infection. Since cardiac complications of severe influenza 
are often seen in hospitalized patients (11–13), our results may sug-
gest that direct infection of the human heart is more common than 
currently appreciated. Continued study of both direct cardiac infec-
tion and lung pathology and inflammation in cardiac dysfunction, 
as well as their potential synchronous functions in the clinical setting, 
is warranted.

Both cardiac fibrosis and cardiac electric dysfunction were reduced 
in IFITM3 KO mice infected with PR8-miR133b/206 as compared 
to control virus, despite retention of residual virus in the heart 
(Figs. 5 and 6). This residual virus replication may be due to incom-
plete viral attenuation in cardiomyocytes or to replication in other 
cell types that lack expression of miR133b or miR206. Nonetheless, 

Fig. 6. Virus replication in the heart drives cardiac dysfunction during infection. WT and IFITM3 KO mice were intranasally infected with PR8-miR133b/206 or 
PR8-miRctrl (50 TCID50). (A) ECG measurements over the time course of infection. Data were collected over at least three independent experiments. Each point represents 
an individual mouse, and bars represent mean values. Error bars represent SD of the mean. Comparisons were analyzed by ANOVA followed by Tukey’s post hoc test. 
*P < 0.05. (B) Example ECG readings from each genotype-virus combination. Selected RR intervals of the infected KO mice are highlighted by gray (PR8-miRctrl) or purple 
(PR8-miR133b/206) double arrows. (C) RR interval ranges, defined as the difference between the longest and shortest RR intervals over an ECG measurement period of 
5 min, were calculated for individual mice on day 9 after infection. Each point represents an individual mouse, and bars represent mean values. Error bars represent SD of 
the mean. Comparisons were analyzed by ANOVA followed by Tukey’s post hoc test. *P < 0.05. BPM, beats per minute.
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these data suggest that a threshold of influenza virus in heart tissue 
is tolerated without producing significant pathology. This notion is 
strengthened by the fact that WT mice often have low, quickly cleared 
levels of influenza virus in the heart at early time points after infec-
tion but rarely exhibit significant cardiac dysfunction (27–29). Alter-
natively, infection of cell types in the heart, other than cardiomyocytes, 
may occur without major pathological outcomes. However, we ob-
served no protective advantage of reduced cardiac infection in 
IFITM3 KO mice in terms of weight loss (Fig. 2), a finding that under-
scores the severity of the lung infection and the accompanying 
systemic inflammation experienced by IFITM3 KO mice.

Several key issues remain to be addressed by future approaches 
in dissecting cardiac pathogenesis of influenza virus. Of particular 
interest is the mechanism by which the virus spreads from the pri-
mary site of infection (respiratory tract/lungs) to the heart and how 
productive infection in the heart is achieved thereafter. Single-cell 
analyses may prove useful for identifying cell subsets in the heart 
that are infected initially by influenza virus. In addition, virus 
strain–specific differences influencing not only overall virulence but 
also tissue tropism may influence cardiac infection and pathology. 
Certain strains of influenza virus have been shown to preferentially 
infect upper versus lower respiratory tract, and other sites of extra-
pulmonary tropism are noted for particular virus strains (63–67). 
Identifying viral factors that influence cardiac infection could prove 
crucial for predicting and treating cardiac manifestations of both 
circulating and emerging viruses. Last, there is much to be learned 
about the clinical role of cardiac infection in humans, particularly in 
individuals with deleterious IFITM3 single-nucleotide polymorphisms, 
who may have a greater risk for direct influenza virus infection of 
the heart and cardiac pathology. Overall, extrapulmonary manifes-
tations of respiratory virus infections are increasingly appreciated 
as important aspects of disease that will require continued research. 
Understanding the direct and indirect effects of respiratory viruses 
in extrapulmonary tissues, such as the direct effects of influenza 
virus on the heart as uncovered here, will be critical for combating 
these noncanonical disease pathologies.

MATERIALS AND METHODS
Virus generation, propagation, and titering
PR8-miRctrl and PR8-miR133b/206 were generated as previously 
described (38–44). Briefly, two copies each of target sequences for 
miR133b and miR206, or a length-matched untargeted sequence, 
were cloned and ligated into the 3′ untranslated region of the NP 
gene along with a duplicated 3′ NP packaging sequence. The re-
combinant viruses with modified NP segments were rescued using 
reverse genetic techniques and plaque-purified. Viruses were 
propagated in 10-day-old embryonated chicken eggs (Charles River 
Laboratories) for 48 hours at 37°C and titered on Madin-Darby 
canine kidney (MDCK) cells. For determining organ titers, tissues 
were collected and homogenized in 500 l of phosphate-buffered 
saline (PBS), flash-frozen, and stored at −80°C before titering on 
MDCK cells.

Mouse infections
Mice 8 to12 weeks of age were anesthetized with isoflurane (Henry 
Schein Animal Health) and intranasally infected with PR8-miRctrl 
or PR8-miR133b/206 (50 TCID50) in sterile saline. Mice were monitored 
daily for weight loss and morbidity and sacrificed if weight loss 

exceeded 30% of starting body mass or other end-point criteria 
(severe hunched posture and lack of ambulation) were met. All pro-
cedures were approved by the Ohio State University (OSU) Institu-
tional Animal Care and Use Committee (IACUC).

Cell lines, cell line infections, and flow cytometry
C2C12, HEK-293T, and MDCK cells were grown in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% EqualFETAL 
bovine serum (Atlas Biologicals) at 37°C with 5% CO2 in a humidified 
incubator. C2C12 and HEK-293T cells were infected with PR8- 
miRctrl or PR8-miR133b/206 at a multiplicity of infection of 1.0 for 
24 hours. For determination of influenza A virus (IAV) infection 
percentages via flow cytometry, cells were stained with anti-H1N1 
IAV NP (BEI Resources, clone 4F2) and Alexa Fluor 488–conjugated 
secondary antibody (Thermo Fisher Scientific). Flow cytometry was 
performed on a FACSCanto II flow cytometer (BD Biosciences) and 
analyzed using FlowJo software.

Enzyme-linked immunosorbent assay
IFN and IL-6 concentrations in organ homogenates were analyzed 
using mouse DuoSet ELISA kits (R&D Systems). Quantification of 
serum IL-6, IL-8, IL-1, and TNF was performed using a mouse 
V-PLEX Proinflammatory Panel 1 kit (Meso Scale Diagnostics) and 
was analyzed by the OSU Center for Clinical and Translational Science. 
Creatine kinase quantification was performed using the Mouse 
Creatine Kinase MB ELISA Kit (Novus Biologicals).

Electrocardiography
For subsurface ECG recordings, anesthesia was provided by isoflu-
rane in oxygen at a flow rate of 1.0 liter/min. Mice were placed in a 
prone position on a heated pad to maintain body temperature, and 
subcutaneous electrodes were placed under the skin (lead II config-
uration). ECGs were recorded for 5 min on a PowerLab 4/30 (AD 
Instruments). Anesthesia was maintained for the duration of the reading. 
Manual visual inspection of ECG tracings for artifacts or abnormalities 
was performed before data analysis. ECG traces were then analyzed 
using LabChart 8 Pro software (AD Instruments) wherein the analysis 
software performed automatic detection of P, Q, R, S, and T wave 
onsets, amplitudes, and intervals following data recording. The 
selections generated by the software were then manually optimized, 
and individual values and averages of 10-s intervals were recorded.

Immunohistochemistry
For immunohistochemistry, lungs and hearts were fixed in 10% formalin 
and maintained at 4°C until embedded in paraffin. Organs were 
sectioned by the OSU Comparative Pathology and Mouse Phenotyping 
Shared Resource. Masson’s trichrome staining was used to identify 
fibrotic replacement of cardiac tissue. Lungs were subjected to hema-
toxylin and eosin staining to measure gross pathology. Digital images 
of heart sections were generated using Aperio ImageScope software 
(Leica Biosystems). Fibrosis images were analyzed via ImageJ (version 
2.0.0) as previously described (29). Lung congestion scores were calcu-
lated using a color deconvolution-thresholding method in ImageJ.
View/request a protocol for this paper from Bio-protocol.
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