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Enterovirus infection and persistence have been implicated in the pathogenesis of certain chronic muscle
diseases. In vitro studies suggest that persistent enteroviruses mutate, evolving into forms that are less lytic
and display altered tropism, but it is less clear whether these mechanisms operate in vivo. In this study,
persistent coxsackievirus RNA from the muscle of mice afflicted with chronic inflammatory myopathy (CIM)
was characterized and compared with RNA from a virus that had established a persistent infection of G8
mouse myoblasts for 30 passages in vitro. Competitive strand-specific reverse transcription-PCR and suscep-
tibility to RNase I treatment revealed that plus- and minus-strand viral RNAs were present at nearly equivalent
levels in muscle and that they persisted in a double-stranded conformation. All regions of the viral genome
persisted and were amplified as a series of seven overlapping fragments. Restriction endonuclease fingerprint-
ing coupled with sequencing indicated that there was no evolution of the viral genome associated with its
persistence in muscle. This contrasted with the productive persistent infection that was established in myoblast
cultures, where plus-strand RNA predominated and persistent virus developed distinct mutations. In vitro
persistence proceeded by a carrier culture mechanism and was completely dependent on production of
infectious virus, since persistent viral RNA was not detected in cultures subjected to antibody-mediated curing.
These experiments demonstrate that persistence of coxsackievirus RNA in muscle is not facilitated by distinct
genetic changes in the virus that give rise to replication-defective forms but occurs primarily through produc-
tion of stable double-stranded RNA that is produced as the acute viral infection resolves. The data suggest a
mechanism for coxsackievirus persistence in myofibers and perhaps other nondividing cells whereby cells that
survive infection could harbor persistent viral RNA for extended times without producing detectable levels of

infectious virus.

Coxsackievirus-induced chronic inflammatory myopathy
(CIM) is an experimental model in which viral infection ini-
tiates a chronic postviral immunopathic muscle disease. Infec-
tion of newborn mice with the Tucson strain of coxsackievirus
B1 (CVBl1y) initially causes an acute myotropic infection that
lasts for 2 weeks (37, 40). As the acute infection resolves, CIM
develops and is manifest as chronic mononuclear cell infiltra-
tion of the muscle accompanied by ongoing myofiber degen-
eration and regeneration. The histopathology resembles that
found in human inflammatory myopathies such as polymyositis
and dermatomyositis. CIM expression is T-cell dependent and
does not occur in T-cell-depleted or nude mice (50, 51). Levels
of CIM peak around 1 month after initial infection and show a
slow steady decline thereafter. Using standard techniques of
homogenization and plating on BGMK cells, infectious virus
cannot be recovered when CIM is prominent, even though
long-term persistence of viral RNA in muscle has been docu-
mented by both in situ hybridization and reverse transcription-
PCR (RT-PCR) (44, 45). Persistent viral RNA is readily de-
tected at 1 month after infection and declines in parallel with
CIM expression, but it has been detected as long as 12 months
after the initial infection (44). Persistent viral RNA is also
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more prevalent in strains that are susceptible to CIM and
correlates positively with the increased CIM severity seen in
mice which possess the H-2 haplotype (41). These observa-
tions suggest that viral RNA persistence is linked to the ex-
pression of CIM and that continued presentation of viral
epitopes may be involved in promoting the immunopathic re-
sponse against muscle.

Enteroviruses such as coxsackievirus, poliovirus, and echo-
virus are small nonenveloped viruses that belong to the picor-
navirus family. They possess a single-stranded RNA genome of
approximately 7.4 kb that acts directly as mRNA in infected
cells. Persistent enterovirus RNA has been found in patients
with neuropathic and muscular diseases including chronic fa-
tigue syndrome (7, 17), idiopathic inflammatory myopathy (8),
sporadic motor neuron disease (49), dilated cardiomyopathy
(2,3,9), and postpolio syndrome (27). These and other reports
have led to the hypothesis that persistent enteroviruses might
be involved in certain chronic medical conditions with unex-
plained pathogenesis (16), although negative results from
some laboratories have spawned a debate regarding their sig-
nificance (32, 33). Experimental models have also implicated
enterovirus persistence as a contributing factor in the devel-
opment of postinfectious pathology. In addition to being found
in mice with CIM, persistence of coxsackievirus RNA has been
described in mouse models of diabetes and myocarditis (4, 26,
46). The most direct evidence that persistent coxsackievirus
RNA can exert pathologic effects on tissue was recently found
in experiments with transgenic mice that express defective
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CVB3 in heart muscle. In this model, viral RNA synthesis
alone, in the absence of infectious virus, is sufficient to cause
abnormalities in excitation-contraction coupling and dilated
cardiomyopathy (48).

The mechanisms by which enteroviruses persist are incom-
pletely understood. Viral clearance is highly dependent on the
production of antiviral antibody, and persistence of infectious
virus is generally observed only in immunocompromised hosts
such as patients with agammaglobulinemia (30) or during in
vitro infection of certain primary cell cultures or cell lines (10,
12, 13, 18, 29). Single-stranded RNA viruses such as enterovi-
ruses evolve rapidly due to high error rates and lack of a DNA
template for use in correcting mismatches (22). As a result,
microvariants or quasispecies that possess altered replication
and host range characteristics may arise. Production of repli-
cation-defective variants has been proposed as a likely molec-
ular mechanism for enterovirus persistence in vivo and is based
in part on experimental data which show that mutated forms
arise during persistent infection of cell cultures (5, 31). Syn-
thesis of equal amounts of genomic (plus-strand) and template
(minus-strand) viral RNAs in vivo has been observed in the
muscle of patients with postviral fatigue syndrome (15) and in
heart muscle of mice afflicted with coxsackievirus-induced
chronic myocarditis (1, 21). These studies have been inter-
preted as a sign that enterovirus RNA persistence results from
mutations that impair replication, but such mutations have not
been mapped. In the following study, we analyzed the nature of
persistent coxsackievirus RNA at the molecular level to test
the hypothesis that enterovirus persistence proceeds by a
mechanism involving evolution of the viral genome. For pur-
poses of comparison, a persistent infection of mouse myoblasts
was established and evaluated in parallel with persistent viral
RNA amplified from muscle. These data are the first to eval-
uate the genetic basis for persistence of coxsackievirus RNA in
muscle, and they illustrate important differences between the
molecular mechanisms which underlie viral persistence in vivo
and in vitro.

MATERIALS AND METHODS

Viruses. The parental stock of CVB1} was propagated in BGMK cells as
described previously (45). MP1 is a plaque-purified variant derived from parental
CVBI that induces CIM and hindlimb weakness which are comparable to those
induced by the parental virus (42). MP1/M represents the viral RNA that persists
in muscle at 1 month after infection. MP1/G8 is a preparation of MP1 derived
from persistently infected G8 (PI-G8) cells passaged 30 times as described below.
The pNI4 infectious cDNA clone of CVBI1 was provided by A. Nomoto (23).

Persistent infection of G8 cells. G8 mouse myoblasts (American Type Culture
Collection [ATCC], Bethesda, Md.) were cultured on collagen-coated plates in
Dulbecco’s minimal essential medium (DMEM) with high glucose containing
10% fetal bovine serum (FBS) and 10% horse serum. To establish persistent
infection, 10° G8 cells were infected with 10° PFU of MP1. The initial culture
was incubated for 1 week at 37°C in a humidified atmosphere containing 5%
CO,. Thereafter, persistently infected G8 (PI-G8) cells were serially passaged at
a 1/20 dilution when they reached 80 to 100% confluence (once or twice per
week).

Infectious-center assay. PI-G8 cells were removed from culture dishes by using
trypsin-EDTA, washed twice in Hanks balanced salt solution, (HBSS), and
resuspended at 10° cells/ml in HBSS containing a 1/1,000 dilution of horse
anti-CVBI neutralizing antibody (ATCC). The cells were incubated on ice for 30
min and washed three times in HBSS to remove antibody and any extracellular
virus. The cells were resuspended in MEM containing 5% FBS and subjected to
10-fold dilutions in the same medium. A 1-ml volume of cells was combined with
an agar overlay containing 2 ml of modified Eagle medium (MEM), 5% FBS, and
2.7% Bacto Agar at 50°C. This cellular overlay was plated onto a confluent
monolayer of BGMK cells in a 100-mm petri dish. The agar was allowed to
solidify, and then 7 ml of a nutrient overlay consisting of MEM, 5% FBS, and
0.9% Bacto Agar was added. The plates were incubated for 5 days at 37°C in a
humidified atmosphere containing 5% CO, and stained with 0.16% neutral red
in phosphate-buffered saline. Infected cells were quantitated as PFU.

Antibody-mediated curing of PI-G8 cells. At passage 30, replicates of PI-G8
cells were plated at 7 X 10° cells per 10 ml of medium in a 100-mm petri dish with
the addition of either horse anti-CVB1 serum or horse preimmune serum
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(ATCC) at a final dilution of 1/1,000. The cells were passaged twice a week and
maintained in either the immune or preimmune serum. At each passage, the
cell-free supernatant was tested for infectious virus by being plated onto BGMK
monolayers and scored for cytopathic effects. Half of the cells were disrupted by
a single freeze-thaw step and tested for virus-induced cytopathic effects, while the
other half was subjected to RNA extraction and amplification by RT-PCR with
viral primers 2C.4365 and 3D.6693. Complete curing of a culture was confirmed
by performing two additional sequential passages without the addition of horse
serum and testing for infectious virus and viral RNA as described above.

RNA extraction. MP1 RNA was prepared from infected BGMK supernatants
by polyethylene glycol precipitation and acidic guanidine extraction as previously
described (11, 44). For amplification of virus from muscle, RNA was extracted
from frozen pulverized hamstring muscle at 1 month after infection, as previously
described, by a modification of the acidic guanidine method (43). For studies of
virus persistence in G8 cells, cell pellets were solubilized in guanidine and
processed the same as for muscle. RNA extracted from muscle or cell cultures
was immediately frozen in aliquots and stored at —70°C to minimize annealing
of complementary strands.

Primers. Oligonucleotide primers used in this study are shown in Table 1. The
numbering system is based on the published sequence for CVB1 described by
Tizuka et al. (23), which was also used to design some of the primers. However,
as the study progressed, we determined that sufficient sequence heterogeneity
was present between CVB1- and the pNI4 sequence to compromise amplifica-
tion efficiency. Subsequently, regions of CVB1 were sequenced and used to
design CVB1-specific primers as indicated in Table 1.

Strand-specific RT-PCR. Control plus- or minus-strand viral RNAs were syn-
thesized from a nearly full-length viral amplicon generated by primers
T7.5UTR.1 and 3UTR.7359 or primers SUTR.1 and T7.3UTR.7359, respec-
tively. Control RNAs were synthesized by T7 transcription (MegaScript; Am-
bion) followed by two rounds of DNase treatment and extraction with guani-
dinium isothiocyanate to remove the transcription template. Transcripts were
quantitated on denaturing agarose gels by densitometric scanning of the negative
image (14) followed by analysis with the public domain NIH Image 1.6 program
(developed at the U.S. National Institutes of Health and available on the Inter-
net [33a]). The RT reaction mixture contained 200 U of Moloney murine leu-
kemia virus reverse transcriptase (SuperScript II; GIBCO BRL, Gaithersburg,
Md.) and 20 U of RNasin (Promega, Madison, Wis.) in a 20-pl volume. The
reaction mixture was preheated to 42°C for 2 min, the reverse transcriptase was
added, and the mixture was incubated at 42°C for 1 h followed by 70°C for 15
min. The minus strand was primed with 2A.3307, and the plus strand was primed
with 3UTR.7359. Following RT, the primer was removed by centrifugal diafil-
tration through a 30K membrane (Pall Filtron, Northborough, Mass.). For am-
plification, 25 pmol each of primers 2C.4365 and 3D.6693 were used in a hot-start
PCR with 2 U of rTth DNA polymerase XL (PE Applied Biosystems, Foster City,
Calif.) and reaction conditions as recommended by the manufacturer to yield a
2.3-kb amplicon (nucleotides 4365 to 6693). The cycling conditions consisted of
94°C for 30 s, 50°C for 1 min, and 72°C for 1 min for 32 cycles. The final extension
was at 72°C for 10 min. To determine whether the RNA was single or double
stranded, the samples were treated with 0.2 U of RNase I (Epicenter Technol-
ogies, Madison, Wis.) for 30 min at 37°C and inactivated by heating at 70°C for
20 min immediately prior to RT. The double-stranded viral RNA control was
prepared by annealing the plus and minus control strands as described for RNase
I mismatch analysis in the manufacturer’s protocol.

The amounts of plus- and minus-strand viral RNA were determined by RT-
PCR with a competitive template constructed with the sense primer
2C.4365*4774. This primer consisted of a 5" sequence of viral nucleotides 4365
to 4387 and a 3’ sequence to anneal at nucleotides 4774 to 4798. Amplification
by primers 2C.4365*4774 and 3D.6693 yielded a 1.9-kb amplicon, which could
then be reamplified by primers 2C.4365 and 3D.6693. For strand-specific quan-
titation, fourfold dilutions of the 1.9-kb gel-purified competitive template were
spiked with a constant amount of viral cDNA and amplified by 32 cycles of PCR.
Test samples were examined by using an input of 4 wg of total RNA or, when the
target was more abundant, 0.5 pg of total RNA. The amplicons were electro-
phoresed through 1.5% agarose gels (50:50 mixture of SeaKem and SeaPlaque;
FMC, Rockland, Maine). Mass amounts of the 2.3-kb viral target and the 1.9-kb
competitive template amplicon produced in each reaction were determined by
densitometry as described above. The number of copies of virus was calculated
at the point of equivalence, corrected for the difference in size between the target
and the competitive template, and expressed per microgram of total input RNA.

REF. Amplicons for restriction endonuclease fingerprinting (REF) analysis
were generated by RT-PCR as described above with some modifications. Ran-
dom hexamers were used for RT at a final concentration of 2.5 M except when
the extreme 3’ end of the virus was to be amplified, in which case 2.5 pmol of
primer Tag.3DT.C was used (Table 1). Primer 3D.6693.82T-C was identical to
primer 3D.6693 except for a single-base T-to-C transition at position 6682. The
PCR product produced by this primer and primer 3C.5479 was used as a single-
base mutation detection control for REF. The RT reaction mixtures were incu-
bated for 10 min at 25°C (random hexamers only), 1 h at 42°C, and 15 min at
70°C. A 5-pl volume of each RT reaction mixture was then amplified by PCR in
a final reaction volume of 100 pl by using the cycling profile described above.
Muscle samples taken 1 month after infection were first evaluated individually
for the presence of persistent viral RNA by RT-PCR amplification of a 1.7-kb
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TABLE 1. Oligonucleotide primers used in this study

. “ Genomic location
Primer name'

Nucleotide sequence” (5" to 3")

(nucleotides)
Strand-specific and competitive template primers
T7.5UTR.1 1-20 TAATACGACTCACTATAGGGTTAAAACAGCCTGTGGGTTG
T7.3UTR.7359 7341-7359 TAATACGACTCACTATAGGGGCACCGTTATCTAGTTCGG
2C.4365*4774 4365-4387* CATACAGTTCAAGTCCAAATGCC*
4774-4798 ATCGAGGTTATCTCCATGTACAGCC
3UTR.7359 7341-7359 GCACCGTTATCTAGTTCGG
REF primers (sense/antisense pairs)
SUTR.1 1-20 TTAAAACAGCCTGTGGGTTG
5UTR.603 584-603 TCAATTGTCACCATAAGCAG
5UTR.450 450-474 CCGGCCCCTGAATGCGGCTAATCCT
1C.2154 2134-2154 TGCGCCTGGTGGTGAGTATGC
1C.2093 2093-2120 TGTTCTGTGGGTCTGCAATGGCCACAG
2B.4022 39944022 GCCATTGGAATCCCATAATATTGGGACAC
2A.3307 3307-3338 GGGGCTGTCTACGTAGGCAACTACAGAGTGGT
2B.4417 4393-4417 CGTGCAAGAGACAGCATACAGGTTC
2C.4365 4365-4387 CATACAGTTCAAGTCCAAATGCC
3C.5552 5524-5552 CCATCCTTGTCCACCAACTCTTTAGCGTC
3C.5479 5479-5507 CCTGGGCCAACCATCCTGATGAATGACCA
3D.6693 6669-6693 GTTGGTTTCCTTGTGCGAGTATCCG
3D.6693.82T-C 6669-6693 GTTGGTTTCCTCGTGCGAGTATCCG*
3D.6255 6255-6279 CCCGTATGTCGCATTAGGTATCAAG
Tag.3DT.C 7389—poly(A) CGATCTGAGTCATGTCACTGTTTTTTTTTTTTTTC

“ With the exception of Tag.3DT.C, virus-specific primer names include the viral gene designation and the number of the first nucleotide on the 5" end of the primer.
In primer 2C.4365*4774, the location of a deletion that was engineered into the primer is indicated (*).

® Primers SUTR, SUTR.603, SUTR.450, 1C.2154, 2B.4022, and 2B.4417 were based on the published sequence of pNI4. All remaining primer sequences were based
on sequence information obtained from CVBI1 (unpublished data). The Tag sequence in primer Tag.3DT.C is a nonviral sequence appended to the 5" end to facilitate
amplification of the 3’ end of the virus and is italicized. T7 promoter sequences in T7.5UTR.1 and T7.3UTR.7359 are underlined.

¢ This primer has the same sequence as 3D.6669-93 but with a T-to-C transition at nucleotide 6682 (shown in boldtype).

product with primers SUTR.450 and 1C.2154. Eight muscle samples that were
positive for persistent viral RNA were pooled, aliquoted into individual 4-pg
amounts, and stored as ethanol precipitates at —70°C.

REF was used to screen for mutations in persistent viral RNA as described by
others (24, 28) with minor modifications. The starting material consisted of
amplified subgenomic viral cDNA fragments that were gel purified and radiola-
beled as follows. RT-PCR products were electrophoresed through low-melting-
point agarose gels (SeaPlaque; FMC) in 1X Tris-acetate-EDTA (TAE). A gel
slice containing the amplicon was excised and melted, and 5 wl was transferred
to a tube for radiolabeling by PCR (52). The 60-pl hot-start PCR mixture
contained 1.1 mM magnesium acetate, 0.02 mM each deoxyribonucleoside
triphosphate, 15 pmol of each primer originally used to synthesize the amplicon,
5 uCi of [a-*?P]dCTP (Amersham, Arlington Heights, Ill.), and 1 U of rTth DNA
polymerase XL. Twelve cycles of 94°C for 30 s, 55°C for 45 s, and 72°C for 3 min
were followed by a final extension of 72°C for 5 min. The amount of incorporated
radioisotope was determined by binding to DE-81 filters (38) and was found to
average 57%. Fragments were digested with at least four different combinations
of restriction enzymes that had 4-base recognition sequences, including MnllI,
Bsall, Msel, Mbol, Rsal, and Haelll. A total of 7.5 X 10° cpm of product was
restricted in a 20-ul volume. A 3-pl volume of restricted amplicon was added to
2 pl of denaturing loading buffer, heated to 80°C for 5 min, and quick-chilled on
ice. The same volume of labeled and restricted DNA was also prepared in a
nondenaturing loading buffer (PE Applied Biosystems), heated to 60°C, and
chilled on ice. This sample was run in parallel to ensure that restriction was
complete and to provide a reference point for the REF bands. For gel analysis,
3 ul of each sample was loaded onto a 1X GeneAmp acrylamide gel prepared as
specified by the manufacturer (Perkin-Elmer) in a 38-cm by 50-cm by 0.4-mm
sequencing cell (Bio-Rad, Hercules, Calif.). The running buffer was 0.5X Tris-
borate-EDTA (TBE) (pH 8.3), and the gels were electrophoresed at 800 V at
either 4°C or room temperature. Nondenatured samples to evaluate the restric-
tion component of the assay were loaded and electrophoresed for 30 min.

Denatured samples used for single-strand conformation polymorphism analysis
were loaded 30 min later, and the gel was run for an additional 2 h. The gel was
then transferred to 3MM paper, covered with plastic wrap, and autoradio-
graphed at —70°C with Hyperfilm-MP (Amersham).

Sequencing. Sequencing reaction mixtures contained 0.5 to 1.0 pg of gel-
purified cDNA amplicon and 3.2 pmol of primer with cycle-sequencing compo-
nents, and the cycling conditions used were those recommended by the manu-
facturer (ABI Prism Cycle Sequencing Kit; PE Applied Biosystems). The
sequence was determined by using either an ABI Prism 310 Genetic Analyzer or
a 370A DNA Sequencer (PE Applied Biosystems). Sequence information pre-
sented in this report was derived from both strands of cDNA and was analyzed
by using GCG version 9.0 (Genetics Computer Group, Madison, Wis.) and
GeneWorks version 2.45 (IntelliGenetics, Inc., Campbell, Calif.). Manual editing
was performed by using parameters for automated sequencing described by
Parker et al. (34).

RESULTS

Single- versus double-stranded nature of persistent viral
RNA. The specificity of the strand-specific RT-PCR procedure
was evaluated by using viral RNAs transcribed in vitro. Both
plus- and minus-strand viral RNAs were amplified only after
RT with the appropriate complementary primer (Fig. 1A),
indicating that the RT-PCR procedure was strand-specific with
no detectable mispriming of the opposite strand. Also, no
self-priming was detected in reactions without added primer
(results not shown). These single-stranded RNAs were suscep-
tible to RNase I treatment, whereas RNase I had little or no
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FIG. 1. Strand-specific characterization of viral RNAs produced during acute
and persistent infection. The presence of plus (+)- and minus (—)-strand viral
RNAs was determined by strand-specific RT-PCR and evaluated in combination
with RNase I treatment to determine whether the RNA existed in a single- or
double-stranded form. Production of a 2.3-kb amplicon which includes viral
nucleotides 4365 to 6693 is shown (arrowhead) for control T7-transcribed single-
stranded and annealed double-stranded RNAs (A) and viral RNAs produced
during acute or persistent infection of muscle or G8 myoblasts (B). The strand
that was primed during the RT reaction is indicated by (+) or (—). In panel B,
an RT reaction without any added primer (N) served as a negative control.

effect on amplification of the target sequence from the an-
nealed double-stranded template. Thus, strand-specific RT-
PCR, in concert with RNase I, could be used to determine
whether persistent viral RNA was single or double stranded.
RNA samples from infected muscle were evaluated by the
same method during acute and persistent infection (Fig. 1B).
At 7 days after infection, plus-strand viral RNA was present in
abundance with respect to the minus strand, with low levels
persisting as a double-stranded moiety. In contrast, the viral
RNA that persisted at 4 weeks appeared to be present at
roughly equivalent levels of plus and minus strands annealed in
a double-stranded form. Viral RNA in both freshly infected G8
cells at 20 h after infection and persistently infected G8 myo-
blasts at passage 30 resembled that found in acutely infected
muscle, with the plus strand present in excess of the minus
strand and most of the minus strand complexed as double-
stranded RNA. Lack of band production in the control reac-
tions, which did not contain a primer during RT, indicates that
neither self-priming nor cDNA contamination occurred in
these samples.

Quantitation of plus- and minus-strand viral RNAs was per-
formed using strand-specific RT-PCR in the presence of a
competitive template. Selected experimental results are shown
in Fig. 2, and the compiled data are displayed in Table 2. As
shown in Fig. 2A, an input of 4 X 10* copies of either the plus
or minus control transcript gave output values of 1.1 X 10*
copies of minus strand and 1.8 X 10* copies of plus strand. In
multiple trials, the efficiency of detection varied from 45 to
62% for the plus strand and 25 to 40% for the minus strand
with means of 45% and 28%), respectively. Since amplification
efficiencies should be similar for either strand, this most prob-
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ably reflects differences in the efficiency of the RT step or slight
variations in the original quantitation of control transcripts.
Acutely infected muscle tested at an input of 0.5 ng of total
muscle RNA for the plus strand and 4 pg of total muscle RNA
for the minus strand yielded an average of 4.5 X 10* copies of
plus strand per pg and 600 copies of minus strand per pg with
a 75:1 ratio of plus to minus strands (Fig. 2B). By 1 month, the
amount of plus strand had diminished and was similar to that
of the minus strand. In the experiment shown (Fig. 2C), the
ratio of plus to minus strand was 2:1. In contrast, G8 myoblasts
consistently showed an excess of plus strand over minus strand
during both acute and persistent infection (Table 2). The plus-
strand-to-minus-strand ratio was slightly lower in the PI-G8
cells, and the absolute levels of plus strand averaged 70-fold
lower than in freshly infected G8 cells. This paralleled the
lower titers of infectious virus that were found in PI-G8 com-
pared to freshly infected G8 cells. Thus, PI-G8 cells produce
less virus and correspondingly lower levels of viral RNA but
still maintain the excess of plus strand that is characteristic of
a productive infection.

Sequence changes linked to viral RNA persistence. Each of
the seven overlapping amplicons generated from viral RNA
that persisted in muscle or in PI-G8 cells was evaluated by
REF at least eight times under conditions which included a
minimum of four different restriction digests and two different
temperatures for electrophoresis. A control amplicon, engi-
neered with a single-base transition at nucleotide 6682, showed
altered migration of the appropriate bands under 9 of 10 con-
ditions tested. An example of the shift in migration of the two
bands which contained this mutation is shown in Fig. 3A.
Despite a similarly rigorous analysis of MP1/M, no distinct
band shifts were observed. The only evident change occurred
in the region from 5508 to 6668, where there appeared to be a
broadening of the banding pattern rather than a complete shift
in mobility (Fig. 3B). Since this phenomenon was reproducible
and occurred in different digests, the region was sequenced.
Sequencing revealed a dimorphism at nucleotide 6249, with
adenine and guanine peaks of equal height in two trials each
for the forward and reverse sequencing reactions, that could
not be resolved by manual editing (Table 3). The dimorphism
occurred in the third position of an alanine codon and did not
alter the amino acid sequence compared to parental MP1. In
contrast, MP1/G8 showed a number of distinct genomic
changes in five of the seven regions examined. The region from
5508 to 6668 contained a uracil-to-cytosine transition at posi-
tion 5787, which was a silent mutation in the third position of
a glycine codon (Fig. 3C). The mutation at position 269 in the
untranslated region of MP1/G8 was identified as a cytosine-to-
uracil transition. Sequencing of this region for MP1/M did not
reveal any mutations, in agreement with what was observed on
REF gels.

An additional REF analysis of MP1/M was performed indi-
vidually on muscle from two infected mice at 1 month postin-
fection by using the following three combinations of restriction
digests: Mnll-BsaJl, Rsal-Msel-Haelll, and Ddel-Haelll. A
mutation in the region from 4388 to 5523 was detected in one
mouse and mapped as a uracil-to-cytosine transition at nucle-
otide 5157 (Fig. 3D). This change represented a silent muta-
tion of CCU to CCC in a proline codon. When this region was
amplified in an independent RT-PCR, the mutation was still
present. No mutations were detected in MP1/M from the other
mouse. These results confirmed that there was no consistent
mutation of the virus associated with in vivo persistence and
that the mutations which occurred were silent. REF analyses of
persistent virus covered the entire 7.4-kb viral genome except
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FIG. 2. Quantitation of plus (+)- and minus (—)-strand viral RNAs during acute and persistent infection. Competitive, strand-specific RT-PCR was used to measure
the levels of plus and minus strands of viral RNA. The solid arrowhead marks the position of the target amplicon, and the open arrowhead marks the competitive
template. Brackets underneath each gel indicate which lanes were used for quantitation, as shown in the adjacent plot. Representative data are shown, and a summary
of data from all experiments is presented in Table 2. (A) Control plus and minus transcripts were input at 4 X 10* copies per reaction and used to evaluate the efficiency
of the strand-specific competitive RT-PCR procedure. (B) Acutely infected muscle at 7 days postinfection showed a 61-fold excess of plus strand with 1.3 X 10* copies
per 0.5 pg of input RNA for the plus strand and 1.7 X 10° copies per 4 pg of input RNA for the minus strand. (C) At 1 month after infection, the plus strand was
present at 5.1 X 10° copies per 4 pg of input RNA while the minus strand was at 2.6 X 10° copies per 4 pg, yielding a final plus-strand-to-minus-strand ratio of 2.0.

the 20 nucleotides at the 5" end and the terminal nucleotide at
the 3’ end.

Frequency of infection and curing of PI-G8 myoblasts. In-
fectious-center assays were performed to determine the fre-
quency of infected cells in PI-G8 cultures. The proportion of
productively infected PI-G8 cells ranged from 10% at passage
10 to 14% at passage 20 and 8% at passage 30. Virus obtained
from these supernatants was fully cytopathic when used to
infect BGMK cells. Three experiments with G8 cells that were
freshly infected at a multiplicity of infection of 10 and evalu-
ated at 20 h after infection yielded values ranging from 15 to
21%, indicating that not all G8 cells are productively infected
during the initial exposure to virus. In controls prepared by

adding 2 X 10° MP1 to 1 X 10° G8 cells in the presence of
neutralizing antibody and immediately proceeding with the
infectious-center assay, an average of 0.0005% of the input
virus was detected as PFU, indicating that antibody neutral-
ization was effective. To control for the removal of neutralizing
antibody and the efficiency of intracellular virus detection, 10°
GS8 cells were pretreated with antibody and washed and 10>
PFU of MP1 was added. In multiple trials, at least 96% of the
input virus was detected as infectious centers in these controls.

To evaluate whether PI-G8 cells could be cured of their
infection, horse anti-CVB1 neutralizing antibody was added to
cultures at the beginning of passage 30. By the time the cells
were passaged several days later, the cell-free supernatant and
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TABLE 2. Comparison of plus- and minus-strand viral RNA levels in acute and persistently infected samples

Sample Virus titer*

Viral RNA
strand ratio

No. of copies viral RNA?

Plus strand

Minus strand (plus:minus)®

MP1/M (7 days) 2.1 %108
MP1/M (1 mo) ND¢

MP1/GS (20 h) 1.1 % 10°
MP1/PI-G8 (passage 30) 3.4 x 10*

4.5 X 10* (2.6 X 10°-6.6 X 10%)
2.0 X 10° (1.3 X 10°-2.8 X 10°)
4.6 X 10° (0.47 X 10°-7.1 X 10°)
6.3 X 10° (4.4 X 10°-9.3 X 10°)

6.0 X 10? (4.2 X 10°-7.5 X 10%) 75:1%
5.2 X 102 (3.9 X 10%-6.5 X 10?) 4:1

7.7 X 10° (6.9 X 10°-9.0 X 10%) 60:1%
1.5 X 102 (1.1 X 10%-2.3 X 10?) 42:1%

“ Virus titers are expressed as PFU per gram of muscle for muscle samples (M) or PFU per 10° cells for G8 and PI-G8 cells.

® When quantitated by competitive RT-PCR, in vitro-transcribed control transcripts input at 4 X 10* copies gave mean values of 2.1 X 10* copies of plus-strand RNA
(range, 1.8 X 10* to 2.5 X 10* copies) and 1.2 X 10* copies of minus-strand RNA (range, 1.0 X 10* to 1.6 X 10* copies). Values shown in the table are the mean number
of copies of the plus or minus strand expressed per microgram of total RNA from muscle or G8 cells. Values were determined from three independent samples, and

the range is shown in parentheses.

¢ *, The number of copies of the plus strand was significantly different from that of the minus strand by the paired ¢ test (a = 0.05).

4 ND, none detected.

the cell extract were negative for both infectious virus and viral
RNA, indicating that all of the cell-associated virus must have
been released and neutralized by the time the cells were sub-
jected to passage 31 (Table 4). Continued passage in the pres-
ence of antibody yielded similarly negative results for virus.
When antibody treatment was discontinued, no reactivation of
infectious virus was observed and no viral RNA was detected
by RT-PCR, indicating that the culture had been completely
cured of virus and that viral RNA did not persist. A second
experiment showed that the net result was the same regardless
of whether antibody treatment was maintained for two or five
passages.

DISCUSSION

Coxsackieviruses infect and replicate in susceptible hosts by
a mechanism that is primarily cytolytic. However, the associa-
tion of persistent viral RNA with various disease states has
spurred interest in understanding how these viruses persist and
whether persistence of the viral genome is pathogenic. In this
study, we have explored the fate of coxsackievirus RNA as it
enters the persistent state in diseased muscle and compared it
with viral persistence in a myoblast cell line. During acute
productive infection, muscle contained on average a 75-fold
excess of plus-strand compared to minus-strand RNA. By 1
month after infection, which is a time when infectious virus can
no longer be recovered, the level of plus-strand RNA in muscle

A B C
1 2 1 2 1 2 i 2 3
#2] =2
-— -——
- < |:-" Bl b R:‘g
>~ < - -

FIG. 3. Detection of sequence changes in persistent viral RNA by REF
analysis. The open arrowheads indicate the positions of bands whose migration
was altered relative to those of parental MP1, which are marked by the solid
arrowheads. (A) Bsall digest of fragment 5479 to 6693 for the detection control
showing MP1 (lane 1) and the altered migration of two bands caused by a T-to-C
transition engineered into the primer at nucleotide 6682 (lane 2). (B) Haelll-
Mbol digest of fragment 5479 to 6693 from MP1 (lane 1) compared to persistent
MP1/M (lane 2). Broadening of the banding pattern in MP1/M resulting from an
A-to-G dimorphism is indicated by the brackets. (C) MnlI-BsaJI digest of frag-
ment 5479 to 6693 from MP1 (lane 1) and altered migration of two bands caused
by a U-to-C transition at position 5787 in MP1/G8 (lane 2). (D) Ddel-Haelll
digest of fragment 4365 to 5552 from MP1 (lane 1), MP1/M from a mouse which
contained a U-to-C transition at nucleotide 5157 (lane 2), and MP1/M from a
second mouse which did not contain the mutation (lane 3).

had diminished to a fourfold excess over minus-strand RNA.
Given the slightly higher efficiency for RT-PCR of the plus-
strand RNA, actual levels of plus- and minus-strand RNAs
were nearly equal. Moreover, the RNA appeared to persist as
a double-stranded complex, and absolute levels of minus-
strand RNA were similar to those which were present during
acute infection. Taken together, these observations suggest
that persistence is characterized by reduced plus-strand RNA
synthesis, a result which could occur as RNA polymerase ac-
tivity subsides, leading to a corresponding lack of strand dis-
placement and formation of the double-stranded replicative
form. Since single-stranded intracellular viral RNAs decay
within hours (19), this double-stranded form may lend stability
to and protect the RNA from degradation, thereby promoting
long-term persistence. It may also contribute to pathogenicity.
Using mutagenized coxsackievirus cDNA to prevent matura-
tion cleavage, Wessely et al. demonstrated that viral RNA
alone, in the absence of infectious virus, can exert direct patho-
logic effects on cultured cardiac myocytes and on cardiac mus-
cle (47, 48).

In CVBIl-induced CIM, active viral replication proceeds
for about 2 weeks, after which time infectious virus cannot be
recovered. Viral RNA persists in most mice at 1 month and
gradually decays thereafter, although it can still be detected in
a low percentage of samples after 1 year (44). The second
objective of this study was to determine whether the transition
from active to persistent infection occurred in concert with
genetic changes in the virus. Error rates are high during rep-
lication of RNA viruses, since RNA-dependent RNA poly-
merases lack proofreading capabilities. Assuming that the mu-
tations are not deleterious, RNA viruses may evolve rather
quickly (22). We sought to determine if there was a uniform
mechanism of genetic change associated with the transition to
a persistent state. Premature termination, disrupted matura-
tion cleavage, or changes in the untranslated region controlling
viral replication were some distinct possibilities. Using persis-
tently infected muscle samples pooled from eight mice, we
identified only one region that contained an apparent genetic
change. This mutation, at nucleotide 6249 in the 3D polymer-
ase region, was silent. Moreover, it was sequenced as a dimor-
phism and probably represents a mutation that occurred in at
least one but not all of the samples used to prepare the pooled
sample. Conserved silent mutations in coding regions, which
occur during in vitro persistence of poliovirus (6), have led to
speculation that such mutations may exert effects through al-
teration of RNA secondary structure, but this has not been
demonstrated experimentally. Because MP1/G8 contained a
mutation in the region from 21 to 583, this region was se-
quenced for MP1/M, and the results confirmed that there were
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TABLE 3. Mutations that occurred during persistence of MP1 in muscle or in PI-G8 myoblasts

Mutations detected in persistent viral RNA”

Genomic region

(nucleotides)” MPIM MP1/G8
REF Sequencing REF Sequencing
21-583 - - + 269 (C-U)

475-2133 - NS - NS
2121-3993 - NS + NS
3339-4392 - NS - NS
4388-5523 - NS + NS
5508-6668 + 6249 (GCA-GCR®) (Ala-Ala) + 5787 (GGU-GGC) (Gly-Gly)
6280-7388 - NS + NS

“ Nucleotide numbers indicate the genomic region screened and exclude the primer-binding region of the amplicon. The numbering system is based on alignment
of partial-sequence information for MP1 with the complete sequence of CVBI1 published for the pNI4 clone.

b Results of REF analysis indicate whether altered migration either was (+) or was not (—) observed for restriction fragments within a given genomic region.
Summarized sequence information indicates that there were no sequence changes detected within a region (—) or that the region was not sequenced (NS). Mutations
are reported as the nucleotide position of the mutation followed by the base change and the codon change for coding sequences.

‘R=AorG.

no changes or ambiguities in MP1/M that went undetected by
the REF screening. The possibility that nonconserved muta-
tions with similar functional effects occurred in individual mice
but were diluted out and therefore not detected in the pooled
sample was also considered. Individual analysis of muscle from
two additional mice revealed a single silent mutation at nucle-
otide 5157 in the 3A proteinase region that was not present in
viral RNA from the other mouse. For single-stranded RNA
genomes, large amounts of genomic plus-strand RNA are de-
rived from the minus strand template. Thus, only mutations in
the minus strand, generated early in the replication cycle,
would be uniformly reproduced and detected in persistent viral
RNA. The 3A proteinase mutation was reproduced in a second
amplification reaction and thus was not an artifact of RT-PCR.
Nonetheless, its lack of effect on the coding sequence further
supports the conclusion that viral RNA does not undergo spe-
cific genetic mutations which facilitate its persistence.

The characteristics described for MP1/M persistence are in
sharp contrast to those of MP1/G8. A number of in vitro
models of persistent enterovirus infection have been described,
and despite the use of different viruses and host cells, they
share certain key features. Among them, persistence often
proceeds by a carrier culture mechanism in which only a small
percentage of cells are infected (39). Our model of persistent
infection of G8 myoblasts also behaved as a carrier culture,
with less than 15% of the cells supporting production of infec-
tious virus. PI-G8 cultures could be completely cured of infec-
tious virus by antibody treatment, and once they were cured,
virus could not be reactivated. Despite the presence of low
levels of double-stranded RNA in PI-GS8 cells, there was no
production of a stable persistent form of viral RNA that sur-

vived the elimination of infectious virus by antibody treatment.
Plus-strand-to-minus-strand ratios, although slightly lower
than those of freshly infected G8 cells, were shifted toward an
excess of plus-strand RNA production, as would be expected
for an active infection and similar to that described for persis-
tent infection of RD cells by coxsackievirus B5 (18). Unlike
MP1/M, MP1/G8 clearly evolved into a genetically altered
virus. Changes were detected in five of the seven overlapping
regions evaluated by REF. Of the two specific mutations that
were identified by sequencing, one was silent and the other
occurred at nucleotide 269 in the 5’ untranslated region, where
it could potentially affect viral replication. Viral mutations
which facilitate attachment, entry, and replication have been
described for persistent poliovirus (35) and are likely to be
selected during serial passage in the relatively homogeneous
cultured cell environment.

The observation that MP1 persistence in G8 cells does not
exemplify the process in muscle may in part reflect a difference
in the state of host cell differentiation. G8 cells are actively
growing cells, while myofibers are end-stage nondividing cells.
Myofibers that sustain localized cytopathic damage or rupture
may survive and be restored by processes of regeneration and
reinnervation (36). Viral RNA could then persist in the re-
maining portion of the myofiber. It is unlikely that persistence
is contingent upon evolution of MP1, since the only mutations
which occurred were generated in positions of redundancy.
This implies that the virus does not mutate to evade the host
immune system or promote its survival in muscle. It also sug-
gests that reduced RNA synthesis is not mediated by changes
in viral proteins. The mechanism of enterovirus replication is
not completely understood, but it is possible that downregula-

TABLE 4. PI-G8 myoblasts are completely cured of persistent infection by anti-CVBI1 treatment

Horse serum Serum added

CPE/viral RNA detected at passage”:

30 31 32 33 34 35 36 37
Preimmune p30-p35 +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+
Anti-CVB1 p30-p35 —/- —/- —/- —/- —/- —/= ~/= ~/=
Preimmune p30-p31 +/+ +/+ +/+ +/+ +/+ NA® NA NA
Anti-CVB1 p30-p31 -/- —/— —/- —f— -/- NA NA NA

“ Results indicate that cultures were consistently positive (+) or negative (—) for virus-induced CPE or viral RNA (detected by RT-PCR) at a given passage.
Uninfected G8 cells were uniformly negative when run as a negative control for detection of CPE and viral RNA.

> NA, not assayed for CPE or viral RNA at these passages.
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tion of RNA polymerase activity occurs in damaged myofibers
through changes in cellular proteins that participate as ele-
ments of the viral replication complex, resulting in production
of double-stranded persistent RNA. As a potent inducer of
interferon and other cell mediators, double-stranded RNA
may itself be pathogenic (25). Activation of interferon-induc-
ible protein kinase has multiple effects on cellular proteins,
which, in addition to inhibiting viral replication, include up-
regulating the transcription of cytokine genes through activa-
tion of NFkB. In virus-induced myopathies, tissue injury could
result directly from inducible nitric oxide synthase produced by
muscle or through production of cytokines and other media-
tors such as those that have been implicated in the pathogen-
esis of fatigue syndromes (20). Equivalent levels of plus and
minus strands of enterovirus RNA have been observed in pa-
tients with chronic fatigue syndrome (15), and what we have
found in mouse muscle may now provide a basis for under-
standing the processes which are at work in human diseases
(33). Whether pathogenicity in CIM is derived directly from
the presence of viral RNA or requires some degree of trans-
lation is not known. The lack of deleterious mutations and the
fact that all regions of the viral genome were amplified leaves
open the possibility that under appropriate but as yet unknown
conditions, persistent coxsackievirus RNA possesses the capac-
ity to produce viral proteins or infectious virus, thereby pro-
moting an ongoing immunopathic response in muscle.
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