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Abstract

Type B coxsackieviruses (CVB) can cause myocarditis and dilated cardiomyopathy (DCM), a
potentially-fatal sequela that has been correlated to the persistence of viral RNA. Herein, we
demonstrate that cardiac RNA persistence can be established even after an inapparent primary
infection. Using an inducible Cre/lox mouse model, we ask: (i) Does persistent CVB3 RNA cause
ongoing immune activation? (ii) If TLIFN signaling into cardiomyocytes is ablated after RNA
persistence is established, is there any change in the abundance of persistent CVB3 RNA and/or
does cytopathic infectious virus re-emerge? (iii) Does this loss of TLIFN responsiveness by
cardiomyocytes lead to the recurrence/exacerbation of myocarditis? Our findings suggest that
persistent enteroviral RNAs probably do not contribute to ongoing myocardial disease, and are
more likely to be the fading remnants of a recent, possibly sub-clinical, primary infection which
may have set in mation the process that ultimately ends in DCM.
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Introduction

Myocarditis is a potentially very serious, and sometimes lethal, disease. Its exact prevalence
is uncertain; in routine necropsies, it has been reported as an incidental finding in as many as
~10% of cases (Abelmann, 1966). Although other estimates are lower (e.g., ~1%, Gravanis
and Sternby, 1991), even this remains striking, as it indicates that, at any given time, 1 in 100
people may have inflammatory lesions in their heart. This high prevalence of histologically-
identifiable myocarditis far exceeds the frequency with which the clinical disease is
diagnosed (Blauwet and Cooper, 2010), a discrepancy that is explained by the fact that most
individuals with acute myocarditis remain relatively non-symptomatic; consistent with this,
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acute myocarditis was identified as the cause of death in 39 of 2560 serial autopsies, but it
had been clinically suspected in only one of the cases (Carniel et al., 2004). Nevertheless,
symptomless myocarditis can cause catastrophic dysfunction of the electrical pathways in
the heart, particularly during exertion, and often explains the collapse and death of young
and vigorous individuals (Bendig et al., 2001; Eckart et al., 2004; Ward, 1978). Indeed, in
individuals <40 years of age, ~12% of sudden deaths have been attributed to myocarditis
(Blauwet and Cooper, 2010). Furthermore, the disease can have long-term sequelae,
including dilated cardiomyopathy (DCM), in which one or both ventricles dilate and
decompensate, with resulting cardiac failure (O’Connell, 1987; Sole and Liu, 1993). The
annual incidence of DCM is ~70 cases per million, and its prevalence is ~1/2500; in
developed countries, it is the commonest indicator for heart transplantation (Maron et al.,
2006; Rakar et al., 1997). Myocarditis has several different causes, non-infectious and
infectious; the latter most frequently involves a virus infection, often by type B
coxsackieviruses (CVB), and in particular by serotype 3 (CVB3) (Andreoletti et al., 2009;
Blauwet and Cooper, 2010; Corsten et al., 2012; Esfandiarei and McManus, 2008; Magnani
and Dec, 2006; Mahfoud et al., 2011; Marchant et al., 2008; Sagar et al., 2012). Patients
with proven enteroviral myocarditis are at a vastly increased risk of developing DCM, which
occurs in 10-20% of those cases, and a large study showed a strong correlation (p < 0.001)
between prior coxsackievirus infection & DCM (Riecansky et al., 1989); thus, it is
reasonable to argue a cause-and-effect relationship between coxsackievirus and many cases
of DCM.

CVB3, which is a member of the picornavirus family and the human enterovirus B genus,
has a positive-sense single-stranded RNA genome of ~7,500 bases. The virus infects mice
and replicates to high titers, causing diseases — including acute myocarditis — that faithfully
recapitulate those observed in humans. CVB RNA can persist /in vivo, ~40-66% of heart
biopsies from patients with healed myocarditis or DCM were reported positive for CVB
RNA signal (Archard et al., 1991; Kuhl et al., 2005). A 1994 study of the hearts of CVB3-
infected mice showed that infectious virus was rapidly cleared from all animals — by ~day 16
p.i., it was undetectable using a standard plaque assay — but viral RNA could be identified, in
some mice, as late as 34 days p.i. (Rabausch-Starz et al., 1994). The mechanism that
underpins this RNA persistence was identified in a landmark study by Chapman and
colleagues (Kim et al., 2005), who isolated viral variants from mouse heart and from murine
cardiomyocytes in culture, and showed that these variants could infect HeLa cells, but were
not cytopathic and, therefore, were undetectable using a standard plaque assay. These non-
cytopathic variants were identified in most at 21-28 days following infection with wt virus
but, by 53 days p.i., they were found only in ~10% of animals. Following inoculation into
mice, these variants could be identified in the heart, where they persisted but — mirroring
their behavior in tissue culture — they did not trigger any detectable pathology. Analyses of
the variants revealed 5" terminal deletions (TD) varying from 7 to 49 bases, and transfection
of HeL a cells with cloned RNA equivalents led to extremely limited RNA replication, no
overt cytopathology, and production of very few infectious virions. That these deletions
would impede viral RNA replication is consonant with the fact that the first ~100 bases of
the 5" noncoding region of CVB3 (and other enteroviruses) are folded into a structure that
visually resembles a clover leaf, and plays a vital role in the syntheses of both positive and
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negative strands. Some time ago, our laboratory reported that deletion of as few as 32 bases
atthe 5” end of the CVB3 cloverleaf had a profound negative impact on CVB3 replication,
but had minimal impact on the molecule’s suitability as a template for translation (Hunziker
et al., 2007), and more recent studies have shown that TD virus replication is ~10°-fold less
robust than that of the wt virus (Jaramillo et al., 2016; Leveque et al., 2017; Smithee et al.,
2015). TD CVBs also have been identified in humans. A 39 year old male was hospitalized
with fulminant myocarditis, and died 9 days after first experiencing severe symptoms (Oka
et al., 2005). Autopsy implicated an enteroviral infection, and subsequent studies revealed
the presence of TD variants of CVB2 (Chapman et al., 2008). Similar TDs (this time, of
CVB3) were identified by deep sequencing of nucleic acids extracted from cardiac biopsies
taken from a woman with a one month history of breathlessness, who was diagnosed as
having DCM; ~85% of the 5" noncoding sequences lacked 48 bases, ~15% lacked 15 bases,
and ~1% were genetically-intact (Bouin et al., 2016).

Thus, we now have a reasonable understanding of how enteroviral RNA persists in the heart.
However, the immunological and pathological consequences (if any) of this persistence is
uncertain, and is the focus of this short communication. During normal enteroviral infection,
production of type I interferons (T1IFNSs) is induced when viral RNAs activate any one of
several different cellular sensors. Might this also occur in response to persistent CVB3 RNA,
potentially driving an ongoing innate response that could contribute to chronic myocarditis,
and to the development or progression of DCM? Moreover, T1IFNs play a key role in
controlling these viruses. Mice deficient in molecules that are involved in T1IFN production,
such as MDAS (Huhn et al., 2010; Wang et al., 2010), MAVS (Wang et al., 2010) TRIF
(Abston et al., 2012; Mukherjee et al., 2011; Riad et al., 2011) and TLR3 (Abston et al.,
2012; Abston et al., 2013; Negishi et al., 2008) are more susceptible to CVB infection, and if
T1IFN signaling is blocked organism-wide, e.g., in TLIFNRKO mice, the animals rapidly
succumb to this virus (Wessely et al., 2001). Furthermore, the exogenous administration of
T1IFNs to mice can reduce CVB titers in several organs, including the heart (Deonarain et
al., 2004; Wang et al., 2007), and recent data indicate that IFN may be an effective
treatment of enteroviral myocarditis in humans (Kuehl et al., 2012). Since T1IFNs are so
important in controlling wt CVB3, it seemed worthwhile to ask if T1IFN also might limit
the abundance of persistent RNAs, whose existence appears to rely on ongoing — albeit slow
— replication of TD viruses. Herein, we address these issues using a Cre/lox based approach
that allows us to establish CVB3 RNA persistence in genetically-intact animals, and only
thereafter to interrupt T1IFN signaling into cardiomyocytes. We ask: are there molecular
signatures of T1IFN responses in hearts that carry persistent CVB3 RNA? After RNA
persistence has taken hold, does removal of T1IFN responsiveness from cardiomyocytes
have any effect on ISG expression in these hearts? Moreover, does this temporally-regulated
ablation of T1IFN signaling result in increased levels of persistent RNA, or even lead to the
re-emergence of cytopathic virus? And what is the effect, if any, on myocardial
inflammatory disease?
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Materials & Methods

Ethics Statement

All animal experiments were approved by The Scripps Research Institute (TSRI)
Institutional Animal Care and Use Committee and were carried out in accordance with the
National Institutes of Health’s Guide for the Care and Use of Laboratory Animals.

Mice strains, and Cre recombinase activation by tamoxifen

C57BL/6 mice were purchased from the TSRI rodent breeding colony. Most of the studies
reported herein rely on a transgenic mouse line in which tamoxifen administration disrupts,
specifically in cardiomyocytes, the expression of the T1IFN receptor (TLIFNR). We have
previously described this line (Althof et al., 2014) but, in brief, it was generated by crossing
two parental strains. The first encoded a tamoxifen-inducible form of Cre recombinase,
MerCreMer, which is expressed under the control of the murine alpha myosin heavy chain
(Myh6) promoter, limiting the protein’s expression to cardiomyocytes; consequently, we
termed animals that carry this transgene cardiomyocyte-MerCreMer (CMMCM) mice. These
mice were bred to the second line, IFNARfOX/floX mice (Kamphuis et al., 2006), herein
referred to as TLIFNR"f mice, and backcrossed to develop CMMCM T11ENR mice. Intra-
peritoneal (i.p.) administration of tamoxifen (Tam) to these mice leads to the rapid and near-
complete deletion of the floxed sequence specifically in cardiomyocytes, with no deletion
being observed in other tissues (Althof et al., 2014). In the present study, deletion was
achieved following a single i.p. inoculation of 2mg of Tam. The success of the Tam-initiated
deletion was determined using the following primers (both written 5°-3"): (JLWT1IFNR1)
AAGCTCCTTGCTGCTATCTG and (JLWT1IFNR3) CACACCAGGCTTCTAATGTC,
which together generate an 1144bp PCR band from floxed DNA, and a 309bp band from the
deleted allele.

Virus, plague assay, and quantitative PCR to determine CVB3 RNA load in the heart

The wt CVB3 used in these studies is a plaque purified isolate (designated H3) of the
myocarditic Woodruff variant of CVB3. Viral stocks were generated from the plasmid pH 3,
which encodes a full-length infectious clone of this virus (Knowlton et al., 1996). Mice were
infected i.p. with the indicated quantity of wt CVB3 and, at 2, 6 and 8 days p.i., feces were
collected, weighed, disrupted in 0.5 ml DMEM, briefly centrifuged to pellet debris, and the
supernatant was used for virus titration. After sacrifice, organs were collected, and divided
into segments for subsequent analyses. Plaque assays were performed on sub-confluent
HeLa cell monolayers as described (Hunziker et al., 2007), and the virus titers (PFU/g) were
calculated for each sample. Tissue destined for RNA analysis was immediately stored in
RNAIlater stabilization reagent (Ambion/LifeTechnologies). The tissue was weighed, and
RNA was isolated using an RNeasy Mini Kit (QIAGEN), following the manufacturer’s
instructions. 0.25 pg total RNA from the samples was reverse transcribed using SuperScript
I11 Reverse Transcriptase (Life Technologies, CA, USA) according to the manufacturer’s
protocol. For the data shown in Figure 1, two sets of primers were used, one termed “VP4”,
the other “3D”. The VP4 primers were: (i) 5 GAGTGAAATCCTGCCGATTG?, used as the
genome-complementary primer for the RT reaction, and as the reverse primer in the
subsequent PCR amplification; (ii) 5 AAAGACTGGGGCACATGAGA? as the forward
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PCR primer; and (jii) ¥ CTGAATGCTAGCGGCAATTCC?', as the FAM-TAMSP probe.
The 3D primers were: (i) 5 TGGTCCATCTGATTGATTCG?', used as the genome-
complementary primer for the RT reaction, and as the reverse primer in the subsequent PCR
amplification; (ii) > AGACAAAGGGGAGTGCTTCAS?’ as the forward PCR primer; and
(iii) ¥ TTACTTGGACTAACGTCACATTCCT?', as the FAM-TAMSP probe. For Figure 3,
(i) the CVvB3-specific genome complementary primer, used in the RT reaction and the PCR
ampification, was 5 GAACGCTTTCTCCTTCAACC?; (ii) the forward primer

was 5 CACACTCCGATCAACAGTCAS; and the FAM/TAMRA probe

was 5 CGTGGCACACCAGCCATGTTT?',

The RT reactions were carried out in a thermocycler as follows: 65°C for 5 min, 50°C for 45
min, 70°C for 15 min. Samples were then treated with 1ul Ribonuclease H (Life
Technologies, CA, USA) to remove RNA complementary to the cDNA. Next, Tagman
quantitative real time PCR was performed using the CVVB3-specific primers described above.
PCR amplification was done using Platinum Quantitative PCR SuperMix-UDG ready to use
cocktail (Life Technologies, CA, USA) as described by the manufacturer. Quantitative
analysis of viral RNA was carried out using a BioRad iQ5 Real-Time PCR System in 96
well optical reaction plates heated to 50°C for 2 min to digest dUTP-containing
contaminants, 95°C for 2 min to deactivate UNG and activate Platinum Tag DNA
polymerase, followed by 40 cycles of: denaturation at 95°C for 15s and annealing and
extension at 60°C for 30s. All samples were evaluated in triplicate amplification reactions.
In order to assign a genome copy number to the cycle threshold value, a standard curve was
generated: a known quantity of in vitro transcribed CVB genomic RNA was serially diluted,
and all dilutions were subjected to the above reverse transcriptase and gPCR reactions.
Additional control reactions were set up that omitted RT, and were invariably negative.
Values are expressed as the average number of CVB genome copies per gram of tissue.

The levels of interferon-related gene MRNAs in the hearts of mice carrying persistent CVB3
RNA were quantified by PCR array (Mouse Interferons & receptors PCR Array,
PAMM-064Z, SA Biosciences, Frederick, MD), carried out in accordance with the
manufacturer’s instructions. Data were uploaded to the Qiagen website (http://
www.giagen.com/us/shop/genes-and-pathways/data-analysis-center-overview-page/), where
they were normalized to housekeeping genes and analyzed. The resulting data were
downloaded in Excel format, and were analyzed using GraphPad Prism 7.

Segments of heart were fixed in neutral-buffered formalin, embedded in paraffin, and thin
sections were prepared and stained with Masson’s trichrome.

Statistical analysis

Significance was determined (Prism 7, Graphpad, San Diego, CA) via one way ANOVA,
unpaired, non-parametric ztests, or two way ANOVA where appropriate. Calculated p values
<0.05 were considered significant.
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Near full-length CVB3 RNA transiently persists in the hearts of C57BL/6 mice

In most cases, when assessed by a regular plaque assay, infectious CVB3 is lost from the
heart by ~2 weeks p.i., but CVB3 RNA can persist in the heart for many weeks thereafter;
one early study demonstrated that viral RNA remained detectable in 66% of mice at 34 days
p.i. (Rabausch-Starz et al., 1994). A subsequent analysis showed that 50% of mice were
positive at 90 days p.i., and data extrapolation suggested that complete clearance might take
5-6 months (Reetoo et al., 2000). Because the primary aim of our study was to determine (i)
the immunological consequences of CVB RNA persistence and (ii) the role of TLIFN
signaling into cardiomyocytes during RNA persistence, it was important to select a time
point after all mice have cleared infectious virus, but at which we could be confident that
many of their hearts would score positive for RNA. Thus, we first assessed, in our own
hands, the kinetics of CVB3 infection and RNA persistence in (and clearance from) the
heart. As shown in Figure 1A, C57BL/6 mice were infected with wtCVB3 (500 pfu, i.p.),
and surviving mice were sacrificed at days 13, 30, 62 or 112 p.i.; hearts were evaluated for
the presence of viral RNA and infectious virus. Consistent with other reports, RNA was
detected in all mice analyzed at d13, and at declining frequency thereafter (Figure 1B). For
selected mice (two at d13, one at d30, three at d62), genome-sense RNA content was
determined using two separate sets of primers, one set (VP4) detecting a region near the 5’
end of the viral open reading frame, and the other (3D) detecting a region close to the 3" end
(Figure 1C); in all cases, the numbers of RNA molecules identified were near-identical,
consistent with the majority of the molecules being near full-length. Infectious virus was
detected only in the hearts of d13 mice; using a standard plaque assay, no virus was detected
in any RNA-containing heart at d30 and later (Figure 1D). We chose not to further
characterize this persistent RNA because, as described in the Introduction, others have done
so, demonstrating that it consists of TD viral materials. We wished instead to determine the
biological consequences of RNA persistence and, to best do so, our subsequent experiments
focused on the d30 time point, when infectious virus was absent, but persistent RNA was
frequently found.

Deletion of T1IFNR from cardiomyocytes at 30 days p.i. does not lead to overt clinical
disease, nor to reactivation of infectious virus

As diagrammed in Figure 2A, seventy-three genetically-intact MCM* T1IFNRf mice
received an i.p. injection of 250 pfu of CVB3. This slightly lower dose was selected to
maximize mouse survival for at least 30 days. The early phase of the infection was
monitored by determining fecal titers on days 2, 6 and 8 p.i., and general health was
monitored by recording body weights. Ten of the mice died prior to d30, leaving a total of
63 mice to be used in our subsequent studies. On d30, 32 of these mice received a single
injection of 2mg of tamoxifen. Four days later, 33 mice (17 that had received Tam, 16 that
had not) were sacrificed, and the hearts, livers and pancreata were harvested. After a further
8 days (i.e., on d42) we sacrificed, and obtained organs from, the remaining 30 animals (15
of which had received Tam). The procedures outlined in the grey box in A were applied to
all samples and, with the exception of virus titers, the related data are presented in Figure 3
and Figure 4. At d2 p.i., only 13% of the mice scored positive by fecal titer (Figure 2B),
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although higher proportions were positive on days 6 and 8. There was significant variability
in fecal titers, and ~35% of the inoculated animals were negative at all three time points.
Although it is tempting to conclude that the infection had not taken hold in these mice, this
would not necessarily be correct (see below). The body weights of the mice remained
relatively stable over the 30-day period, and Tam injection did not cause any detectable
weight loss, or other overt signs of morbidity, over the subsequent 4 or 12 days (Figure 2C).
One study of a patient with DCM revealed that, at ~1 month after the appearance of
symptoms, ~1% of the persistent viral RNA was full-length (Bouin et al., 2016), causing us
to hypothesize that Tam-mediated removal of T1IFN signaling might permit the re-
emergence of full-length cytopathic virus; however, none of the 189 organ samples harvested
at 34 or 42 days p.i. — not even those from Tam-treated animals — contained infectious CVB3
that could be detected by a regular plaque assay (Figure 2D).

Deletion of the T1IFNR from cardiomyocytes at 30 days p.i. has no significant impact on
the prevalence or the quantity of persistent CVB3 RNA

Although no infectious virus was detected in any mouse heart by plaque assay, work from
other labs, and the data in Figure 1, indicated a high probability that some of the mice would
harbor persistent CVB3 RNA. Thus, the hearts of all 63 mice were evaluated by gPCR. As
shown in Figure 3A, ~54% of the hearts (34/63) contained viral RNA (>10° copies/gram of
tissue). This is consistent with Figure 1, and with data from other laboratories, but we
considered the possibility that, in these genetically-intact animals, the RNA-negative mice
might not be truly negative, and instead might have viral RNA that was being held at a
below-detectable level, perhaps by the action of T1IFNs. If that hypothesis were valid, one
would predict that the eradication of T1IFN signaling would increase the frequency at which
viral RNA was detected. The data in Figure 3A show that this was not the case: although
there was some variability among the four groups, none of the differences reached the level
of statistical significance and, more specifically, the Tam-mediated abrogation of T1IFN
signaling (red bars) did not significantly increase the frequency with which CVB3 RNA was
detected. This suggests that, at 30 days p.i., TLIFN is not actively suppressing the levels of
CVB3 RNA in mouse hearts to below detectable levels. Individual assessment of the 34
RNA-positive animals allows us to extend this conclusion. If TLIFN signaling played a role
in limiting the level of persistent CVB3 RNA, one would predict that, among all RNA-
positive animals, Tam-treated mice should have higher levels of viral RNA than their
untreated counterparts. However, when analyses were limited to the RNA-positive mice
(Figure 3B), there was no statistically-significant difference in genomic RNA levels between
Tam-treated and untreated groups. To exclude the possibility that Tam had been ineffective,
PCR analyses were carried out on genomic DNA isolated from hearts and livers of eight d42
mice, four of which had received Tam; these mice are individually labeled in Figure 3B.
Near-complete deletion of the floxed DNA was observed in the hearts of all four Tam-
treated animals, while their liver DNA was intact, demonstrating the cardiac specificity of
the CMMCM model (Figure 3C); as expected, no deleted DNA was present in mice that had
not received Tam. Thus, Tam administration successfully ablated the floxed DNA in
cardiomyocytes but, despite this, there was no increase in infectious virus (Figure 2) or in
the frequency or abundance of CVB3 RNA (Figure 3). Taken together, these data indicate
that T1IFNs do not play a major part in regulating the prevalence/abundance of viral RNAs,

Virology. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flynn et al.

Page 8

after they have become persistent. Finally, several mice that carried persistent RNA (m8,
m35, m38, m60) had had negative fecal titers on all three occasions, demonstrating that fecal
titers — perhaps surprisingly, for an enteric infection — are not an infallible means by which
to determine the existence, or the extent, of an enteroviral infection.

Neither the persistence of CVB3 RNA nor the disruption of T1IFNR expression has a
marked impact on IFN-related mRNA abundance or cardiac inflammation

Others have shown that, when present in abnormal amounts in the heart, single-stranded
DNA derived from endogenous retroelements can drive T1IFN-dependent myocarditis
(Stetson et al., 2008). This, together with the abundant evidence (see Introduction) that
T1IFNs play a key role during CVB infection, led us to hypothesize that persistent CVB
RNA - even at the levels generated by slowly-replicating deletion mutants — might stimulate
the innate immune system, possibly causing chronic inflammation and contributing to the
development of chronic sequelae including DCM. Therefore, using a PCR array approach,
we determined if the expression of 84 IFN-related genes in the hearts of the eight selected
viral RNA* mice was altered by (i) the presence of persistent CVB3 RNA and/or (ii) the
presence or absence of T1IFN on cardiomyocytes. We found that the expression of these
genes in CVB3 RNA™ hearts was very similar to that observed in RNA-negative hearts,
regardless of whether or not the mice had (Figure 4A) or had not (Figure 4B) received Tam.
A small number of mRNAs (green symbols) were present at marginally (~2-fold) lower
levels in the viral RNA-carrying hearts than in the control hearts, but none of the differences
reached the level of statistical significance. The Pearson correlation coefficients and their
related p values were extremely strong for both panels A and B, indicating that, with or
without Tam administration, persistent CVB3 RNA had little impact on the expression of
IFN-related genes. Moreover, the similarity between the two panels suggested that ablation
of the T1IFNR had minimal effect on the abundance of IFN-related mRNAs, and this was
confirmed by the direct comparison (Figure 4C) of RNA-positive mice that had (y axis) or
had not (x axis) received Tam. Most mRNAs were unaffected by the deletion, arguing
strongly that, at d30 p.i. and thereafter, there is no ongoing T1IFN-driven response in these
hearts. Only one mRNA, encoding IP10 (aka Cxcl10) was slightly higher (2.1-fold) in the
hearts of Tam-treated mice (Figure 4C). This was potentially interesting, as others have
reported that this chemokine is induced by CVB3, and inhibits viral replication by recruiting
natural Killer cells to the heart (Yuan et al., 2009); however, the small change in IP10 mRNA
content that we observed appears to be a side-effect of Tam treatment, because it also was
present following Tam administration to naive animals (Figure 4D). Our final comparison
was between mice that carry high viral RNA loads and those that carry low loads (Figure
4E); although the mean viral load in the y-axis group was >3,000-fold higher than the x-axis
group, there was no significant difference in IFN-related gene expression. In summary, there
is no indication that the persistence of viral RNA in the heart at d42 p.i. is accompanied by
an ongoing innate immune response that (i) up-regulates the cardiac expression IFN-
responsive genes, or (ii) is affected by T1IFN signaling in cardiomyocytes. Despite the
absence of evidence of an ongoing viral RNA-driven innate response, we thought it prudent
to carry out a histological evaluation of the hearts of these mice, and representative images
are presented in Figure 4F and G. We found no indication of ongoing myocarditis, even
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though some of these hearts (e.g., m46) contained >10° CVB3-related RNA molecules per
gram of tissue.

Discussion

Many viruses have long been known to establish persistent/latent infections; examples
include hepatitis B virus and several herpesviruses. In contrast, until relatively recently,
enteroviruses were thought to cause only acute infections, and to be completely eradicated
with ~2 weeks of the primary infection. However, over the past decade it has become clear
that these viruses can persist, in immunocompetent hosts, for at least several weeks, albeit in
a form that is not detectable using a standard plaque assay. These TD viruses are non-
cytopathic, and their inoculation 77 vivo does not initiate detectable disease. However, even
if unable to kill infected cells, or to trigger disease de novo, in principle these TD viruses
could exacerbate existing disease, e.g. by prolonging immunopathogenic responses to the
original infection.

Our study had several goals: first, all studies of TD viruses to date have employed hosts with
an intact immune system. We wished to assess the impact, if any, of disrupting the innate
immune response of cardiomyocytes after CVB3 RNA persistence was established: would
the viral RNA load increase? Would standard (cytopathic) infectious virus re-emerge?
Second, it has been proposed that these persistent TD viruses, or the RNAs, might contribute
to the gradual development of DCM. We wished to determine if, at >30 days following
infection, there is an interferon signature that correlates with the persistence of viral RNA.
Third, bringing these threads together, would the ablation of T1IFN signaling into
cardiomyocytes have any impact on T1IFN signatures, and/or myocarditis, at >4 weeks p.i.?
A total of 73 mice were infected with wtCVB3, and 63 survived until sacrificed. ~50% of
those mice received Tam at d30 p.i., and were sacrificed 4 or 12 days later. Consistent with
other studies, none of the hearts (or liver or pancreata) contained infectious virus, judged by
the criterion of a standard plaque assay. However, others have reported the presence of full-
length CVB3 RNA in a cardiac biopsy taken from a patient who reported ~1 month of
symptoms (Bouin et al., 2016), so we tested the hypothesis that ablation of T1IFN signaling
during the RNA persistence phase might permit the re-emergence of any full-length (and
presumably cytopathic) viruses. This did not happen; plaque assays remained negative at
both 4 and 12 days after Tam administration, suggesting that, at d30 after acute infection,
T1IFNs are not actively suppressing the replication of full-length viruses in cardiomyocytes.
Although our work focused on cardiomyocytes, it is important to note that tissue culture
studies of cardiac fibroblasts have shown that these cells, too, can be infected with CVB3
and thereafter produce various cytokines (Lindner et al., 2014).

Having demonstrated that no cytopathic virus was detectable, even after Tam administration,
we next evaluated the frequencies with which persistent CVB3 RNA was detected in the
various mouse groups. We note, in passing, that it would have been interesting to determine
if CVB RNA persistence is more readily established in cardiomyocytes that are unable to
respond to T1IFNSs, but that experiment is not feasible, because Tam-treatment prior to wt
CVB3 infection almost invariably results in death by ~12 days p.i. (Althof et al., 2014).
Thus, we relied on the approach taken herein: wt cardiovirulent CVB3 was administered to
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genetically-intact mice, most of which can survive the acute infection, and only when the
acute phase was over did we ablate T1IFN signaling in some of the survivors. Under those
circumstances, 54% of the hearts (34/63) scored positive for viral RNA, but there was no
statistically-significant difference in frequency between Tam-treated and untreated groups.
At first sight, it appears promising to compare the frequencies at d34 with those at d42
(Figure 3A). In mice that had remained genetically-intact (black bars), the frequency of
RNA* mice dropped between d34 and d42, consistent with the notion that the RNA (and TD
viruses) is/are cleared by the immune response in a time-dependent manner (see Figure 1,
and the work of other labs). Conversely, in Tam-treated mice (red bars), the proportion of
RNAY hearts at d42 p.i (9/15, 60%) is higher than the proportion at d34 (7/17, 41%), raising
the possibility that ablation of T1IFN signaling in cardiomyocytes at d30 had permitted the
increased replication of TD viruses, and the consequent gradual increase in mice that scored
positive for viral RNA. However, such a conclusion is unsupportable for at least two reasons.
First, at d34, one would predict that the frequency of RNA* hearts would be higher in Tam-
treated than in non-treated mice; the opposite is the case. Second, statistical comparison of
the four groups (ANOVA) revealed no significant difference; this was true even of a t-test
limited to the d34 and d42 Tam-treated groups (p>0.3). Moreover, we found no significant
difference in the quantities of viral RNAs in individual Tam-treated versus untreated mice
(Figure 3B) supporting our conclusion that, at d30 p.i., TLIFNs are not actively regulating
the abundance of persistent CVB3 RNAs. This conclusion has a broader implication: it
suggests that, despite the presence of readily-detectable virus-related RNAs at d30 p.i.,
T1IFNs may be relatively quiescent at this time point. However, that inference is based on
the lack of impact of T1IFNs on CVB3 (i.e., on infectious virus or viral RNA load), so we
next used PCR arrays to evaluate the expression of host interferon-related mRNAs. No
significant IFN signature was detected in RNA™ mice, regardless of time point (d34 or d42)
and of whether or not the animals had received Tam (Figure 4A-D). Near-identical gene
expression patterns were present in mice that differed >3,000-fold in viral RNA load (Figure
4E), and there was no recrudescence of myocarditis, even in the mice with the highest RNA
load (Figure 4F). Others have shown that cardiomyocyte-specific transgenic over-expression
of MDADS - a protein considered to play a key role in sensing picornaviral RNA — results in
increased baseline expression of antiviral cytokines in the heart, and to cellular infiltration,
even in the absence of infection (Philip et al., 2013), suggesting that the MDA5-mediated
innate response balances on a hair-trigger; in that light, the failure of persistent CVB3 RNA
to induce a detectable inflammatory response is even more surprising. In summary, our data
suggest that persistent cardiac CVB3 RNA does not cause a substantial ongoing innate
response in the heart; this is consistent with our finding that removal of the T1LIFNR from
cardiomyocytes has no significant impact on the levels of viral, or of IFN-related, RNAs. We
therefore propose that the viral RNAs that remain at 30d p.i. most probably play no role in
ongoing pathogenesis, and are merely the last remnants of the preceding infection. Indeed,
we speculate that the inability of these RNAs (and of TD viruses) to trigger an innate
response may provide them with a selective advantage, explaining both their emergence, and
their ability to persist for several weeks.

The initial infections were monitored, in all mice, by three fecal titers taken on days 2, 6 and
8 p.i. Of the 63 mice that survived to d30, 34 were CVB RNA" at day 34 or 42 and,
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remarkably, almost /5" of these RNA* mice (10/34) had scored negative by fecal titers on
all three occasions (days 2, 6 & 8 p.i.), and during subsequent days they did not suffer
weight loss indicative of a severe infection; we speculate that these animals may represent a
parallel to the well-recognized phenomenon of human DCM patients who have enterovirus
RNA* cardiac biopsies without any history suggestive of acute viral myocarditis. In a recent
study of 23 DCM patients (N’Guyen et al., 2017), 10 individuals were classified as having
“explained” DCM (eDCM), and the remaining 13 were considered to have idiopathic DCM
(iDCM). Cardiac biopsies from both DCM groups, and samples from two control groups
without DCM, were evaluated for the presence of nucleic acids of six different viruses; in all
four groups, >80% of hearts contained genomes from at least one virus. Parvovirus genomes
were especially frequent, being observed in 60-80% of hearts, with no significant difference
among the groups, indicating that these genomes may be passenger/bystander materials. In
contrast, enteroviral genomes were identified only in the iDCM group (3/13 hearts), and
these samples also displayed footprints of an inflammatory response. Thus, that study
strengthens the case that enteroviruses may cause a significant proportion of DCM cases that
currently are considered idiopathic. It is tempting, from those data, to infer that the persistent
EV genomes in those three DCM patients may have contributed directly to the development
of their disease. However, the EV RNA load in two of the three patients was extremely low,
and could be detected only using a highly-sensitive technique (PCR assays coupled to
microarray hybridization analyses). Using standard real-time PCR, viral genome was
quantifiable only in one of the three patients, and we show here that, even at that “high”
level of persistent CVB3 RNA, no ongoing T1IFN response exists, at least in mice (Figure
4). This begs the question: in humans, does persistent enteroviral RNA have an effect on
disease progression, or might it be merely a marker of the prior infection? In mice, persistent
CVB RNA, and TD viruses, are readily identified at 1 month p.i., but the frequency with
which they can be found declines dramatically as time passes. In humans, the exact date of
infection is rarely known but, in both of the reported cases of TD CVB in the heart (Bouin et
al., 2016; Chapman et al., 2008), the cardiac tissues were obtained within 2—4 weeks of the
appearance of clinical symptoms, raising the possibility that these TD variants are evidence
of a recent primary infection. Moreover, the TD variants are non-cytopathic in tissue culture
and, to our knowledge, they have never been shown to cause disease /n vivo. Thus, as noted
above, we favor the notion that TD viral variants, and the related persistent RNA, are not
themselves pathogenic, and instead are the last vestiges of a fading infection; as such, they
may be useful for diagnostic purposes, as they allow the correct etiological assignment of
cases that otherwise would be considered idiopathic. If this contention is valid, it follows
that DCM must develop soon after the primary enteroviral infection — otherwise, persistent
viral RNA would not be detected in biopsies of DCM patients. In that light, how rapidly
does DCM develop? Around /5™ of DCM cases are genetic in origin (Kimura, 2016), and
several strains of transgenic mice have been established to model some of these defects.
Muscle LIM protein (MLP) null mice are engineered by a deletion of MLP, an actin-
associated cytoskeletal protein. In these mice, functional analyses are normal at 2 weeks of
age but, thereafter, chamber dilation and contractile dysfunction develop very rapidly (within
~2 weeks, see Knoll et al., 2002). DCM also develops quickly (in ~6 weeks) in knock-in
mice expressing an autosomal dominant cardiac troponin mutation (Ramratnam et al., 2016).
What of enterovirus-related DCM: how quickly can it develop? Cardiomyocyte-specific
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transgenic expression of a CVB variant that could replicate, but could not generate
infectious particles, led to histological changes consistent with DCM in 4- to 6-week-old
animals (Wessely et al., 1998). A second transgenic model exploited the CVB3 2A protease,
which can cleave a key cardiomyocyte protein, dystrophin (Badorff et al., 2000). A
tamoxifen-inducible version of the 2A protease was expressed specifically in
cardiomyocytes, and DCM occurred within 22 days of Tam administration (Xiong et al.,
2007). Taken together, these observations indicate that the interval between CVB infection
and DCM may be measured in weeks, rather than in months or years. Moreover, we show
herein that mice with no overt signs of infection frequently had viral RNA in their hearts.
This explains the scenario — not uncommon in human cases of DCM - of a patient who
presents without a prior history suggestive of viral myocarditis, but who tests positive for
enteroviral RNA in the heart; he/she may have had subclinical infection in the recent past,
explaining the existence of the residual viral RNAs.
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Highlights

CVB3 RNA persists in mouse hearts for weeks after clearance of infectious
virus

Although abundant, this RNA triggers neither TLIFN responses nor local
inflammation

After RNA persistence was established, T1IFNR was ablated in vivo from
cardiomyocytes

This had no effect on RNA levels, and infectious virus did not emerge
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Sacrifice, evaluate hearts for presence of infectious virus and CVB3 RNA
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Figure 1. Near full-length CVB3 RNA transiently persists in the hearts of C57BL/6 mice
As shown in panel A, C57BL/6 mice were infected with 500 pfu of CVB3 i.p, and were

sacrificed 13 (two mice), 30 (two mice), 60 (three mice), or 112 (three mice) days later.
RNA was extracted from the hearts, and CVB3 RNA levels were quantitated using gPCR. B.
At each time point, the percentage of mice that were CVB3 RNA* is shown. C. To
determine if the viral RNA was near full-length at various times p.i., CVB3 genome copy
numbers in six individual RNA* mice were determined using two different primer sets, as
described in the text. D. Infectious virus was detected, using a standard plague assay, only
on d13 p.i. The hearts of eleven mice were evaluated for the presence of infectious virus
between days 30-112; all eleven scored negative.
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Figure 2. Deletion of TLIFNR from cardiomyocytes at 30 days p.i. does not lead to overt clinical
disease, nor to reactivation of infectious virus

The experimental approach is summarized in panel A; 73 CMMCM T11ENR mice were
infected with 250 pfu of CVB3, and were monitored as shown. B. Fecal samples from all 73
mice were analyzed at the three indicated time points. The box above each time point
indicates the percentage of mice that scored positive at that time point and, for each positive
sample at each time point, the infectious titer is shown. As stated in the text, ~35% of
animals were negative at all time points. C. Percentage changes in body weights across the
course of infection are shown, for all four groups of mice (+ Tam at d30; sacrificed on d34
or d42. Weights of the mice in the Tam groups are shown in red). none of the animals
suffered significant weight loss, and there was no statistically-significant difference among
the groups. D. All 189 tissues (heart, liver and pancreas from 63 mice) were titrated for the
presence of cytopathic virus; none were positive.
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Figure 3. Deletion of the TLIFNR from cardiomyocytes at 30 days p.i. has no significant impact
on the prevalence or the quantity of persistent CVB3 RNA

A. Thirty-four of the 63 hearts scored positive for viral RNA. The percentage of viral RNA*
mice in each group is shown, and the numerals indicate RNA*/total mice in each group. B.
The amount of CVB3 RNA in the heart of each of the 34 RNA* mice is shown, together
with the group mean £ SE. Eight mice from the d42 groups (shown by m/A/N labels) were
selected for further analysis. C. PCR evaluation of genomic DNA from all of the 8 selected
mice confirms heart-specific and near-complete deletion of the floxed DNA fragment in
Tam-treated animals.
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Figure 4. Neither the persistence of CVB3 RNA nor the disruption of TLIFNR expression has a
marked impact on IFN-related mRNA abundance or cardiac inflammation

A — E. PCR array was used to quantify the expression of interferon-related mMRNAs in the
cardiac RNAs from the selected mice, and from control CMMCM T11ENRf mice. For all
comparisons, a linear regression analysis was carried out (solid line in each graph) and 2-
fold changes are delimited by dashed lines. Each symbol indicates the relative expression of
an individual gene in the two groups shown on the x and y axes. A reduction in mRNA
content (y lower than x) is indicated by a green symbol; an increase (y greater than x) is
shown by a red symbol. All such changes are annotated with the gene name. None of the
changes were flagged as statistically-significant. A. Viral RNA* Tam-treated mice (y axis)
were compared to control Tam-treated mice (x axis), to determine if persistent viral RNA is
associated with an interferon signature. B. A similar comparison, this time of mice that did
not receive Tam. C. Using the 8 selected RNA* mice, gene expression in Tam-receiving
animals (in which T1IFN signaling is disrupted in cardiomyocytes; y axis) was compared to
that in untreated animals (x axis). D. The impact of Tam on gene expression was determined
in uninfected mice. E. The effect of viral RNA load was determined by comparing four mice
with high load (mean 6.6 x 108 genome copies/g heart, y axis) with four mice with low RNA
load (mean 2.1 x 10° genome copies/g heart, x axis) F, G. Histological sections are shown
from the indicated d42 mice, and from naive (N) mice + Tam (Masson’s trichrome stain).
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