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Coxsackievirus B3 (CVB3) is the enterovirus
most frequently involved in buman myocarditis
or dilated cardiomyopathy. Attenuated variants
were derived from a cardiovirulent CVB3 reacti-
vated from a sequenced, full-length cDNA clone.
The propbylactic potential of these variants was
assessed in SWR/Ola (H-2q) mice. Animals immu-
nized with attenuated variants of CVB3 were pro-
tected from myocarditis when challenged subse-
quently with tbe cardiovirulent wild-type virus.
In contrast to nonimmunized controls, the wild-
type virus was not isolated from myocardium of
protected mice, nor was viral RNA detected in
myocardium by reverse transcription nested
polymerase chain reaction. Specific antibody to
CVB3 was demonstrated by virus neutralization
assay and by indirect immunofluorescence. The
attenuated pbenotype of one variant, p14V-1, re-
mained stable tbroughout 20 consecutive pas-
sages in SWR mice and induced a markedly lower
level of autoantibody against mouse cardiac my-
osin beavy chain than the cardiovirulent wild
type. These data demonstrate that attenuated
strains protect against CVB3-induced myocardi-
tis in mice, that the attenuated phenotype is sta-
ble, and that they do not persist in myocardium
nor induce a significant level of anti-beart anti-

body against myosin beavy chain. These attenu-
ants may be the basis of a live vaccine against
CVB3 in the prevention of enteroviral beart mus-
cle disease. (Am J Patbol 1997, 150:2197-2207)

Approximately 70 serotypes of human enteroviruses
are known and are etiological agents of a wide spec-
trum of disease, ranging from disease of heart or
skeletal muscle and the central nervous system to
enteric or upper respiratory infection.” These viruses
are ubiquitous pathogens, and although most en-
terovirus infections are subclinical, the high infection
rates generate significant numbers of cases of clin-
ically severe disease. Enteroviruses, particularly
Coxsackie B viruses (CVB), are the commonest eti-
ological agents of viral myocarditis and are associ-
ated with the subsequent development of dilated
cardiomyopathy (DCM), demonstrated initially by vi-
rological or serological studies®2 and later by mo-
lecular biology techniques including reverse tran-
scription nested polymerase chain reaction (RT-
NPCR).“~""  Enterovirus RNA can persist in
myocardium until end-stage disease requiring car-
diac transplantation'? and is an independent predic-
tor of poor prognosis.™ In a prospective study in-
volving 120 patients with myocarditis or DCM,
enteroviral RNA sequences were detectable in 41
(834%) cases. Follow-up study shows that patients in
the viral RNA-positive group had a poorer prognosis
than the viral RNA-negative group.'* These viruses
are also implicated in skeletal myopathies'®'® and in
insulin-dependent diabetes mellitus.'"'® Until re-
cently, lack of information on which serotypes are
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most frequently associated with particular diseases
has delayed the development of vaccines, in con-
trast to effective attenuated live vaccines available
against poliovirus serotypes 1 to 3.

Identification of RT-PCR products of enteroviral
RNA was carried out previously by several laborato-
ries using group- or type-specific PCR primers or
oligonucleotide probes.® 2" |n one study, endo-
myocardial biopsy samples of 11 patients with idio-
pathic DCM or myocarditis were studied for the pres-
ence of enteroviral RNA using RT-NPCR; two were
found positive, not only with enterovirus-specific
primers but also with CVB-specific primers.2' More
recently, characterization was by restriction endonu-
clease digestion or, more definitively, by direct nu-
cleotide sequencing of RT-PCR products and com-
parison with documented enterovirus sequences.
Our study by the direct nucleotide sequencing of
RT-NPCR products reveals that, in most cases, the
sequences detected in the myocardial samples from
patients with myocarditis or DCM show the greatest
homology with group B Coxsackievirus, in particular,
CVB322 (L. C. Archard and H. Zhang, unpublished).
Kammerer et al®® reported that 10 of 47 endomyo-
cardial biopsy samples from patients with DCM were
positive for enteroviral RNA by RT-NPCR; restriction
endonuclease analysis showed CVB3-specific pat-
terns of cleavage products in five PCR products,
whereas the genotype of the other 5 positive sam-
ples was unclear. In a more recent communication,
these authors reported 14 of 58 (24.1%) endomyo-
cardial biopsy samples from cases of DCM positive
by RT-NPCR. Restriction endonuclease analysis or
direct nucleotide sequencing identified the CVB3
genotype in eight samples, CVB2 in one, and CVB6
in one, and the remaining four samples were not
identified.2* Similarly, enteroviral RNA was detected
by RT-NPCR in formalin-fixed, postmortem heart tis-
sue from five of six patients with acute myocarditis2;
direct nucleotide sequencing showed that four pos-
itive samples had greatest sequence homology with
CVB3 and one with CVBS5. Collectively, these data
suggest a predominant etiological role of CVB3 in
enteroviral myocarditis and DCM, indicating that the
majority of cases of human enteroviral heart muscle
disease may be prevented by immunization against
only a few clinically important serotypes of enterovi-
rus.

During investigations of enteroviral heart muscle
disease in a mouse model, we derived several phe-
notypically distinguishable, attenuated variants of
the cardiovirulent CVB3 strain Nancy, reactivated
from a full-length cDNA clone by transfection of Vero
cells.?® These mutants are neutralized by CVB3-spe-

cific antisera. This report describes characterization
of the stability of attenuated phenotype of these vari-
ants in vivo and their ability to elicit CVB3-specific
neutralizing antibody and their prophylactic effect in
a newly characterized murine model of CVB3-in-
duced myocarditis.?”

Materials and Methods

Virus

The prototypic cardiovirulent virus (rCVB3) was re-
activated from a full-length, sequenced cDNA clone
of CVB3 strain Nancy?®2° by transfection of Vero
cells. Serial dilutions of virus stocks were inoculated
onto Vero cell monolayers to determine infectivity
titer by plaque assay, as described previously.?” The
attenuated viruses p14V-1 (large plaque phenotype)
and p14V-4 (small plaque phenotype) were derived
from cardiovirulent rCVB3 by passage in cultured
human dermatofibroblasts (HDF). Confluent HDF
cells were inoculated with rCVB3 at low multiplicity of
infection, 0.1 to 0.5 plaque-forming units (PFU)/cell,
maintained in Dulbecco’s modified minimal essential
medium for 5 days and then subjected to freeze-
thaw to release intracellular virus. Cell debris was
pelletted by centrifugation and virus in the superna-
tant was titrated and used as inoculum for the next
passage. This procedure was repeated (14 pas-
sages) until attenuated variants were identified by
testing for cardiovirulence in mice.

Murine Models of Myocarditis

The investigation conforms with the Guide for the
Care and Use of Laboratory Animals published by
the National Institutes of Health (NIH publication 85-
23, revised 1985) and Animals (Scientific Proce-
dures) Act 1986 UK. Five-week-old, male Balb/c (H-
2% or SWR/Ola (H-29) mice were obtained from
Harlan OLAC (Oxford, UK) and housed in a nega-
tive-pressure isolator after infection. The Balb/c
mouse is an early model of CVB3-induced myocar-
ditis with high mortality from multi-system disease,
especially pancreatitis, whereas the SWR/Ola mouse
strain has been characterized as a better model of
CVB3 myocarditis with no mortality and only moder-
ate pancreatitis.?” To induce moderate to severe
myocarditis, SWR/Ola mice were inoculated intra-
peritoneally (i.p.) with 10% or 10® PFU of rCVB3 or a
cardiovirulent chimeric CVB3.%° The former was
used in this study. After sacrifice 7 days after infec-
tion, the heart was removed for histological and vi-
rological studies: one-third (apex) was fixed in 10%



formalin/PBS and the remainder was snap-frozen in
liquid nitrogen and stored at —70°C.

Immunization with Attenuated Virus

Five-week-old, male SWR/Ola mice were distributed
randomly into six groups of 10 mice each (except for
group 6, which contained 5 mice). Groups 1, 2, and
3 were, respectively, inoculated with 10° PFU of
cardiovirulent virus rCVB3, attenuant p14V-1, or
p14V-4. Groups 4 and 5 were immunized by a single
i.p. inoculation with 10° PFU of P14V-1 or P14V-4,
respectively, and challenged with 10% or 10° PFU of
rCVB3 14 days later. Group 6 received diluent (cell
culture medium) only. Mouse blood was collected
from the tail on days O, 7, and 14 (groups 4 and 5
only) for specific antibody assays. Mice were sacri-
ficed 7 days after inoculation (groups 1, 2, 3, and 6)
or challenge (groups 4 and 5).

Histology

Formalin-fixed, paraffin-embedded sections (4 um)
were prepared and stained with hematoxylin and
eosin (H&E) by standard procedures. Because of the
focal nature of CVB3-induced myocarditis, four to six
sections from each tissue sample at 40-um intervals
were examined by two examiners. The number of
myocarditic lesions per section was counted micro-
scopically and the mean score determined.?”:31

Virus-Specific Antibody Assays

Neutralizing antibody titer was determined against
100 TCID, of prototypic rCVB3. Twofold dilutions of
mouse serum were incubated with the virus before
inoculation of Vero cell monolayers in 96-well micro-
titer plates. The cells were examined for cytopathic
effect on days 4 and 7. The neutralizing antibody titer
is expressed as the highest dilution of serum pre-
venting the cytopathic effect in cell culture.

An indirect immunofluorescent (IF) technique was
also used to detect virus-specific antibody. Mouse
sera were incubated with rCVB3-infected Vero cells.
After washing and incubation with a fluorescein-con-
jugated rabbit anti-mouse Ig conjugate (Dako, High
Wycombe, UK), cells were examined by fluores-
cence microscopy. The IF antibodly titer is expressed
as the highest dilution of serum where virus-specific
IF signals were observed.

In Vivo Passage of Attenuant P14V-1

The stability of attenuant p14V-1 was assessed by
sequential passage through myocardium of SWR/
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Ola mice with occasional passage in Vero cells to
increase its infectivity titer before further passage in
vivo. Plague-purified p14V-1 was passaged twice in
Vero cells to prepare a virus stock and mice were
inoculated i.p. with 10° to 107 PFU of this stock. The
mice were sacrificed on day 5 and the hearts re-
moved. Two-thirds of the myocardial tissue was
snap-frozen in liquid nitrogen and homogenized in
1.5 mi of PBS containing 1% fetal calf serum and 50
ng/ml kanamycin using a Griffiths homogenizer. Vi-
rus was harvested from the homogenate as de-
scribed for infected cells and titrated. A 0.5-ml ali-
quot of the filter-sterilized (Millipore; 0.22 um) virus
suspension was then inoculated into additional mice
and the process repeated.

Detection of Virus and Viral RNA

Isolation and titration of virus in heart homogenates
or serum were carried out by virus plaque assay.?’
Total RNA was extracted from frozen myocardial
samples by the acid guanidinium thiocyanate, phe-
nol-chloroform method of Chomczynski and Sac-
chi®2 A RT-PCR system amplifying the glucose
6-phosphate dehydrogenase (G-6-PD) was em-
ployed to verify RNA extraction.®® Viral genomic RNA
was detected using an enterovirus-specific RT-
NPCR that amplifies a 510-nucleotide sequence in
the 5’ nontranslated region of enterovirus.3* Nucle-
otide sequences of the primer sets are, for the first-
stage PCR, F16 (forward) 5" TTA AAA CAG CCT
GTG GGT TG 3’ and F5 (reverse) 5' TCA CCG GAT
GGC CAA TCC AA 3’ and for the nested PCR, F3
(forward) 5’ CTG GTATCACGG TAC CTT TG 3’ and
F8 (reverse) 5' AAA CAC GGA CAC CCAAAGTAS'.
The sensitivity of this technique was assessed by
investigating myocardium from a CVB3-infected
SWR/Ola mouse. Briefly, myocardial tissue from a
mouse infected with rCVB3 was homogenized, and
virus infectivity titers were determined by plague
assay in cultured Vero cells. Aliquots of this heart
homogenate were diluted 10-fold in the homoge-
nated heart of normal mice, instead of phosphate
buffer or culture medium, so that each dilution con-
tained the same amount of total cellular RNA. The
RNA extraction and enterovirus RT-NPCR were per-
formed as described above.

Detection of Anti-Heart Antibodies

Serum samples were collected from SWR/Ola mice
inoculated with 10° to 10° PFU of either attenuant
p14V-1 or the cardiovirulent wild-type virus at day O
(before inoculation), day 7, or day 25 after inocula-
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Table 1. Protection of SWR/Ola Mice by Attenuants p14V-1 or p14V-4

Myocarditis lesions

Mouse group n Challenge dose (PFU) Virus isolation (mean * SEM)
1 (rCVB3) 10 NA 9/9* 9/9 (179 = 3.2)
2 (p14V-1) 10 NA 10/10 6/10 (2.0 £ 0.4)
3 (p14V-4) 10 NA 10/10 7/10 (3.1 = 0.9)
4 (p14V-1/rCVB3) 10 10° (8) 0/8 0/8 (0)
10% (2) 0/2 0/2 (0)
5 (p14V-4/rCVB3) 10 10° (6) 0/5* 0/5 (0)
10° (4) 0/4 0/4 (0)
6 (Diluent) 5 NA 0/5 0/5 (0)

Groups 1 to 3 were inoculated with 102 PFU of cardiovirulent virus rCVB3 or attenuant p14V-1 or pP14V-4, respectively. Groups 4 and 5
were immunized with 10° PFU of p14V-1 or p14V-4, respectively, and challenged with 10 or 10° PFU of rCVB3 14 days later. Group 6

received diluent only. NA, not applicable.

*Inoculation failure occurred to one mouse in group 1 and one mouse in group 5.

tion. Myocardial lysates were prepared from mock-
infected SWR/Ola mouse tissue as described previ-
ously.®® Myocardial proteins were separated on 10%
sodium dodecy! sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) gels with a 3% stacking gel
and transferred to nitrocellulose membranes (Hy-
bond C Super, Amersham International, Bucking-
hamshire, UK) by electroblotting. The immobilized
proteins were probed with mouse serum collected
from mice at various times after inoculation with wild-
type or attenuated virus at a dilution of 1/200 and
then with secondary rabbit anti-mouse horseradish
peroxidase conjugate. The immunoreactivity of
mouse serum with heart muscle antigens was visu-
alized by chemiluminescence and exposed to Hy-
perfim ECL (Amersham International) as reported
previously.® Results were quantitated by scanning
desitometry.

Statistics

The Wilcoxon rank sum test was used for the statis-
tical significance of differences between unpaired
samples. A P value of <0.05 was regarded as sta-
tistically significant.

Results

Assessment of Attenuated Phenotype

Both the Balb/c and SWR/Ola mouse models of en-
terovirus-induced myocarditis were used to evaluate
the phenotype of two attenuated variants, p14V-1
and p14V-4. Eighteen (group A) and 20 (group B)
Balb/c mice were respectively inoculated i.p. with
10° PFU of either reactivated wild-type virus (rCVB3)
or p14V-1, and their mortality was compared. Mice in
group A lost body weight rapidly and began to die by
day 5 after infection. By day 7, 17 of 18 (94.4%) mice

in group A died of fulminating infection. In contrast,
all the mice in group B inoculated with p14V-1 main-
tained or gained body weight and none died after
infection. In the SWR/Ola model where mortality after
CVBS infection is not normally observed, inoculation
with either p14V-1 or p14V-4 resulted in no or only a
few small myocarditic lesions compared with severe
myocarditis caused by infection with cardiovirulent
rCVB3 (Table 1). In separate experiments, a 10*-fold
reduction in cardiovirulence of these attenuants was
observed in each model.2627

Stability of the Attenuated Phenotype of
P14V-1

The attenuant p14V-1 was passaged sequentially 20
times in vivo in the myocardium of SWR/Ola mice.
The infectivity titer of virus in the heart, titrated after
each passage, was between log,, 3 and log,, 4.5
PFU/100 mg tissue. Viruses P8, -11, -14, -16, and
-18, passaged in vivo, were additionally passaged
once in Vero cells to prepare a higher infectivity titer
(logq 6.5 to log,, 7 PFU/0.5 ml dose). The high virus
dose did not increase the infectivity titer in infected
heart (data not shown). To determine the cardioviru-
lence of this passaged virus (P20), mice (four per
group) were inoculated with 103 or 10° PFU of P20
and compared at day 7 with the mice infected sim-
ilarly with rCVB3. The infectivity titer of P20 in myo-
cardium was log,o 3.90 = 0.14 PFU/100 mg for the
103 PFU group and log,, 4.13 + 0.12 PFU/100 mg
for the 10® PFU group, significantly lower than that of
the cardiovirulent rCVB3 (log,o 5.47 + 0.03 PFU/100
mg for the 10°® PFU group, P < 0.05, and log,,
5.72 = 0.27 PFU/100 mg for the 10° PFU group, p <
0.05). Histology showed that virus P20 induced only
marginal myocarditis (Table 2) in SWR/Ola mice,
comparable to the attenuant p14V-1 (Table 1),



Table 2. Attenuated Phenotype of Virus P20 Compared
with rCVB3

Myocarditis lesions (mean = SEM)
Virus  10° PFU/SWR mouse 10° PFU/SWR mouse

P20 25*1.2 7.4*+16

P < 0.001)" (P <0.001)"
rCVB3 198 £ 22 35.1 =32
p14V-1 20=*04" ND
ND, not done.
*Significantly different from rCVB3.
See Table 1.

whereas cardiovirulent virus rCVB3 caused severe
myocarditis as expected (Table 2).

Detection of Virus-Specific Antibody

Before inoculation, sera from all the SWR/Ola mice
used in this study were negative for CVB3-specific
antibody as demonstrated by virus neutralization or
IF at dilutions of 1:20 to 1:40 or 1:10, respectively. All
sera collected 7 or 14 days after inoculation with
CVB3 were positive for neutralizing antibody with two
unexpected exceptions (Table 3). Neutralizing anti-
body titers varied in individuals from 1:20 to 1:640
although there was no significant difference in mean
antibody titers between experimental groups. One
mouse in group 1 did not develop myocarditis, ap-
parently due to inoculation failure. One mouse in
group 5, inoculated with p14V-4, did not have de-
tectable virus-specific antibody when assayed on
day 14, although specific antibody was generated as
a result of subsequent challenge with cardiovirulent
virus rCVBS3; again, it seems that inoculation failure
had occurred and so this mouse was not immunized.
All sera positive for CVB3-specific neutralizing anti-
body were also positive by IF when tested using
rCVB3-infected Vero cells as antigen. IF antibody
titers ranged from 1:320 to >1:1280. There was no
significant difference in neutralizing or IF antibody
titer at 7 and 14 days after immunization (data not
shown).
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Protection of Mice by Immunization with
Attenuants

As expected from previous studies of the SWR/Ola
mouse model,?” none of the SWR/Ola mice inocu-
lated with either virulent or attenuated CVB3 died
after infection. Mice were challenged with either 10°
or 10% PFU of cardiovirulent virus rCVB3 14 days
after immunization. The mice were sacrificed 7 days
after challenge, and the heart and pancreas were
examined histologically. None of 19 successfully im-
munized mice in groups 4 and 5 showed myocarditis
or pancreatitis, evidence of efficient protection (Fig-
ure 1). Mice inoculated with the cardiovirulent rCVB3
only (group 1) developed typical myocarditis and
pancreatitis (Figure 1), whereas mice inoculated with
an attenuated variant (groups 2 and 3) developed no
or marginal myocarditis with only a few, much
smaller myocarditic lesions and mild pancreatitis.
Mice injected with diluent only (group 6) had normal
histology of the heart and pancreas. The one animal
in group 5 that failed to generate virus-specific anti-
body after attempted immunization with attenuant
p14V-4, developed myocarditis after challenge with
10® PFU of the cardiovirulent virus rCVB3. The mean
myocarditic lesion score was 15.2 per section, com-
parable to that in unprotected mice inoculated with
rCVB3 (group 1).

Isolation of Virus from Myocardium and
Detection of Viral RNA

CVB3 was isolated at 7 days after infection from the
hearts of all mice inoculated with either cardiovirulent
virus rCVB3 or attenuated variants p14V-1 or p14V-4.
The infectivity titer of rCVB3 in myocardium was sig-
nificantly higher (log,o = 5.35 = 0.14 PFU/100 mg)
than either p14V-1 (log,q = 3.65 = 0.19 PFU/100
mg; P < 0.001) or p14V-4 (log,, = 4.06 = 0.14
PFU/100 mg; P < 0.001), but no significant differ-
ence was found between the titers of the two attenu-

Table 3. Neutralizing Antibody Response to CVB3 in SWR/Ola Mice

Before inoculation

After inoculation

Number Number Log, titers
Mouse group n positive Titers positive (mean = SEM)

1 (rCVB3) 10 0/10 <1:20-40 8/8** 517 = 0.16
2 (p14V-1) 10 0/10 <1:20-40 9/9t 4.99 + 1.67
3 (p14V-4) 10 0/10 <1:20 10/10 5.15 = 1.63
4 (p14V-1/rCVB3) 10 0/10 <1:20-40 10/10 457 £ 0.25
5 (p14V-4/rCVB3) 10 0/10 <1:20 9/9* 5.08 = 0.33
6 (Diluent) 5 0/5 <1:20 0/5 <3.0

*Inoculation failure occurred in one mouse in group 1 and one mouse in group 5; both are excluded from this table.

TInsufficient serum from one mouse.
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Figure 1. Microphotographs of mouse beart and pancreas. Nonimmunized mice were sacrificed 7 days after inoculation with rCVB3. The 14-day
immunized mice were sacrificed 7 days after subsequent challenge with rCVB3. A and B: Myocarditis (necrotic myofibers surrounded by
inflammatory infiltrate; (arrow) or mild to moderate pancreatitis®® (acinar necrosis (arrows) and disseminating infiltrate) from a mouse inoculated
with cardiovirulent virus rCVB3. C and D: Normal beart or pancreas without apparent tissue necrosis and infiltration from a mouse protected by
previous immunization with p14V-1. HGE; magnification, X 100 (A) and X 50 (B to D).
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Figure 2. Virus titers in mouse myocardium. Mice were sacrificed 7
days after inoculation with eitber rCVB3 (group 1), p14V-1 (group 2),
or p14V-4 (group 3). Virus titer in beart homogenate was determined
by plaque assay in Vero cells and expressed as log,, PFU per 100 mg
of tissue. Significant differences were observed between group 1 and
group 2 (P < 0.001) or group 1 and group 3 (P < 0.01).

ants (P > 0.05; Figure 2). In contrast, virus was not
isolated from either the myocardium or serum of an
immunized mouse 7 days after challenge with car-
diovirulent rCVB3.

Given that the plague assay detecting infectious
virus particles probably represents only 0.01 to
0.001 of the copies of virus genomic RNA present in
infected cells, we employed the more sensitive tech-
nigue of RT-NPCR to detect viral RNA in mouse
myocardium. As the sensitivity of this technique was
established previously by reconstitution of infected
tissue,®* it was retested in this study using 10-fold
serial dilutions of an experimentally infected myocar-
dial sample containing a known virus titer (PFU).
Figure 3 shows that as few as 0.016 PFU of CVB3
(equivalent to 1.6 to 16 virus genomic RNA mole-
cules, or 0.007 to 0.07 fg of virus genomic RNA) was
detectable using RT-NPCR. Enteroviral RNA was de-
tected in myocardium from all mice inoculated with
either cardiovirulent or attenuated virus at 7 days
after infection. In contrast, all mice immunized with
p14V-1 or p14V-4 were negative for viral RNA in
myocardium at 7 days after challenge with rCVB3
(Figure 4), demonstrating full protection by immuni-

PFU & &®

510 bp ~

Figure 3. Sensitivity of RT-NPCR. Total RNA was extracted from 10-fold
dilutions of homogenated, CVB3-infected mouse myocardium with
known virus infectivity and amplified using the RT-NPCR technique.
The 510-bp NPCR products were visualized under ultraviolet light by
ethidium bromide staining after electrophoresis in 1.5% agarose. As
Sfew as 0.016 PFU was detected (see text). M, 100-bp ladder markers
(GIBCO-BRL); C, reagents and water control.
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Figure 4. Detection of enteroviral RNA from mouse myocardium by
RT-NPCR. Total RNA was extracted from the samples collected 7 days
after inoculation with rCVB3 (lanes 1 and 2), p14V-1 (lanes 3 and
4), or p14V-4 (lanes 5 and 6). Lanes 7 and 8 or 9 and 10, mice
immunized with p14V-1 or p14V-4, respectively, 14 days before chal-
lenge with the wild type and killed 7 days after the challenge. The NPCR
products were visualized under ultraviolet light by ethidium bromide
staining after electropboresis in 1.5% agarose. RC, PCR reagent and
water control; NC, normal mouse control.

zation and showing that the attenuants were no
longer present in myocardium 21 days after inocu-
lation. RNA extracts from all samples were positive
for the G-6-PD coding sequence, confirming the in-
tegrity of the RNA templates.

Attenuant p14V-1 Induced a Transient Low
Level of Anti-Cardiac Myosin Heavy Chain
Antibody in SWR/Ola Mice

Serum samples from mock-infected, wild-type, or
attenuant-infected mice were tested for anti-heart
antibodies. Background signals of anti-myosin heavy
chain reactivity was observed in all serum samples
taken before virus inoculation (day 0) as well as in
day 7 samples from the mock-infected mice (n = 3).
A 7-fold increase in anti-myosin immunoreactivity,
expressed in OD units, was seen in day 7 samples
from mice (n = 4) inoculated with the cardiovirulent
wild-type virus, whereas an increase of only 1.5-fold
was seen in the samples from mice (n = 4) inocu-
lated with the attenuant (Figure 5A). When serum
samples collected from an independent experiment
25 days after infection were tested, an even bigger
difference in the level of anti-myosin immunoreactiv-
ity was observed between mice inoculated with the
wild-type and attenuated virus. The level of anti-
myosin antibody remained high or increased yet fur-
ther in four of five mice inoculated with the wild-type
virus but, in contrast, had declined dramatically by
this time in all five mice receiving the attenuant
p14V-1 (Figure 5B).

Discussion

We derived attenuants p14V-1 and p14V-4 from a
genetically defined cardiovirulent strain of CVB3 re-
activated from a sequenced full-length cDNA clone
by repeated passage in nonpermissive cells. CVB3-
specific antibody neutralizes these attenuants,2®
demonstrating retention of neutralization epitopes of
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Figure 5. Anti-myosin beavy chain antibody level in SWR mice after
infection with attenuant or wild-type CVB3. A: Serum samples from
mock, the attenuant p14V-1, or cardiovirulent wild-type virus-infected
SWR/Ola mice were tested against the myocardial proteins of nonin-
Sfected mice for anti-myosin immunoreactivity by Western blot. Per-
centage increase of autoantibody level was calculated from the OD
units of anti-myosin antibody measured by densitometry on day 7
after infection compared with day 0 (before infection). B: Anti-myosin
immunoreactivity 25 days after inoculation with either the attenuant
Dp14V-1 or wild type.

the wild-type virus. Although a specific mutation (80-
Lys to Ser) has been identified at the amino terminus
of the B-C loop of VP1 in p14V-1,%° a region contain-
ing major neutralization epitopes as well as determi-
nants of cellular immunity,3~3° the data from this
study suggest that this mutation does not alter neu-
tralization epitopes. Attenuation of CVB has been
achieved previously by other methods; for example,
Trousdale et al*® derived attenuated, temperature-
sensitive mutants by propagating a cardiovirulent
CVB3 at nonpermissive temperature. Although inoc-
ulation of neonatal CD-1 mice with temperature-sen-
sitive mutant type 1 protected against CVB3 myocar-
ditis during adolescence, anti-CVB3 neutralizing

antibody was not detected in these inoculated mice
and virus replication in the myocardium did occur,*’
making it unsuitable as a vaccine candidate. Prab-
hakar et al*? derived CVB4 antibody-escape mu-
tants with an attenuated phenotype by propagation
of virus under selection pressure from CVB4-specific
neutralizing monoclonal antibody; attenuated virus
derived by this approach may have altered neutral-
ization epitopes and, therefore, is unlikely to be use-
ful for vaccine development.

In the present study, a low inoculum (10° PFU) of
attenuant p14V-1 or p14V-4 elicited CVB3-specific
neutralizing antibody in SWR/Ola mice within 1 week,
with antibody titers similar to those elicited by infec-
tion with the cardiovirulent rCVB3. This antibody ef-
fectively neutralized cardiovirulent virus on subse-
quent challenge, before virus replication in the
myocardium could be established. The mice were
fully protected from development of myocarditis by
these specific neutralizing antibodies as well as
other mechanisms, eg, local production of interferon
and cellular immunity, even when challenged with a
100-fold greater inoculum (10° PFU) of cardiovirulent
wild-type virus. One mouse in an immunized group
did not produce specific antibody due to inoculation
failure; as a result, infectious virus and viral RNA
were detected in myocardium, and typical focal
myocarditis and pancreatitis were seen after chal-
lenge with the cardiovirulent wild type. Specific an-
tibody was detected 7 days after the challenge. This
random event complements the data obtained from
protected mice.

The efficacy of live vaccines against enterovirus
infection is demonstrated by the widespread use of
attenuated Sabin polio vaccine.*® A simple immuni-
zation course with a small inoculum of Sabin oral
polio vaccine types 1 to 3 without adjuvant induces
high-titer neutralizing antibody against all three po-
liovirus serotypes and long-lived immunity. After oral
administration, the vaccine strains are propagated
by enteric infection in vaccines and spread in the
community by the natural route of fecal-oral infection.
They also induce production of specific mucosal
IgA, conferring local immunity that is important in the
protection against enterovirus infection.** However,
a major concern in the use of live, attenuated entero-
virus vaccines arises from the observation that Sabin
polio vaccine, particularly type 3, reverts to neuro-
virulence in vivo within 72 hours of administration and
can cause vaccine-associated poliomyelitis.*® In the
present study, one CVB3 attenuant was phenotypi-
cally stable, at least in vitro or in the experimental
animals; p14V-1 did not revert to the parental plaque
or cardiovirulence phenotype after either 10 serial



passages in cultured Vero cells (data not shown) or
20 passages in SWR/Ola mouse heart in vivo.

Analogous to many reports that enteroviral RNA
persists in the heart of patients with myocarditis or
DCM when no infectious virus can be detected, stud-
ies on animal models of CVB infection demonstrate
that virus may persist in myocardium beyond the
initial inflammatory phase.2°34:46.:47 Consequently,
we considered the possibility that the use of attenu-
ated CVB3 as a live vaccine results in persistent
infection, as genomic RNA of the cardiovirulent wild-
type rCVB3 was detected in the myocardium of
SWR/Ola mice up to 30 or 60 days after infection®*
(H. Zhang and L. C. Archard, unpublished). In the
current study, we showed that the attenuants p14V-1
and p14V-4 did not persist in mouse myocardium as
viral RNA was not detected at 21 days after immu-
nization by the highly sensitive RT-NPCR capable of
detecting approximately 0.02 PFU, a sensitivity sim-
ilar to what we reported previously.®* The possibility
of virus persistence in other tissues is also consid-
ered and being investigated.

It is well documented that CVB3 infection can
induce autoantibody reactive to cardiac myosin
heavy chain in certain mouse strains, which is in-
volved in the immunopathogenesis of viral myocar-
ditis.*® Anti-heart antibodies are also found in pa-
tients with myocarditis or DCM, and they are
implicated in the pathogenesis of these heart muscle
diseases.>®*° We were concerned that immunization
with the attenuants might induce autoimmunity to
heart tissue. Results from this study show that, in
contrast to the cardiovirulent wild-type virus, which
induces high autoimmune reactivity to myosin heavy
chain and which remains high after inflammation,
attenuant p14V-1 induces transient, low-level anti-
myosin antibody. This suggests that immunization
with attenuant p14V-1 does not induce significant
antoimmune heart muscle disease.

We note that these attenuants, although 10*-fold
less cardiovirulent, are not totally apathogenic and
induce also some pancreatitis in mice, although this
is substantially reduced compared with infection with
the wild type. This effect may be disadvantageous in
prophylactic immunization against heart muscle dis-
ease and it may be possible to derive additional
nonpathogenic strains from these variants, based on
nucleotide sequence comparison between wild-type
and attenuated viruses.3%-°0-53 This approach may
lead also to the development of recombinant, multi-
valent live vaccines.38:54

Attenuants p14V-1 and p14V-4 prevent experi-
mental murine myocarditis with high efficacy at least
partly by the induction of CVB3-specific neutralizing
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antibody. Mutant p14V-1 is phenotypically stable af-
ter multiple passage in mouse heart. It induced only
a transient, low level of anti-myosin antibody com-
pared with the wild type, and neither of the attenu-
ants persist in myocardium of SWR/Ola mice. This
study indicates that development of CVB vaccines is
feasible and that immunization may prevent human
myocarditis and DCM caused by CVB infection.
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