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Coxsackievirus B3 (CVB3) infections can cause myocarditis in humans and are implicated in the pathogen-
esis of dilated cardiomyopathy. The natural genetic determinants of cardiovirulence for CVB3 have not been
identified, although using strains engineered in the laboratory, cardiovirulence determinants have been identi-
fied in the CVB3 5’ nontranslated region (5'NTR) and capsid. The myocarditic phenotypes of two CVB3 clinical
isolates were determined using an established murine model of inflammatory heart disease. The 5'NTRs and cap-
sid proteins of the noncardiovirulent CVB3/CO strain and cardiovirulent CVB3/AS strain were examined to
determine their influence on the cardiovirulence phenotype. Six intratypic chimeric viruses were constructed in
which 5'NTR and capsid sequences of the infectious cDNA copy of the cardiovirulent CVB3/20 genome were
replaced by homologous sequences from CVB3/CO or CVB3/AS. Chimeric strains were tested for cardioviru-
lence by inoculation of C3H/HeJ mice. Sections of hearts removed at 10 days postinoculation were examined
for evidence of myocarditis by light microscopy and assayed for the presence of virus. Replacement of the CVB3/
20 capsid coding region by that from the homologous region of CVB3/CO resulted in no change in the cardio-
virulent CVB3/20 phenotype, with virus recoverable from the heart at 10 days postinoculation. However, re-
combinant virus containing the CVB3/CO 5'NTR alone or the 5'NTR and capsid sequences together were not myo-
carditic, and infectious virus was not recovered from the myocardium. Chimeric viruses containing the CVB3/
AS 5'NTR alone, capsid sequence alone, or both together preserved the myocarditic phenotype. These data
support the 5'NTR as the primary site in the determination of the natural cardiovirulence phenotype of CVB3.

Coxsackievirus B3 (CVB3), one of six CVB serotypes, is a
member of the genus Enterovirus within the family Picornaviri-
dae. The genome of CVB3, like that of other enteroviruses, is
a single-stranded, messenger sense, polyadenylated RNA mol-
ecule 7,400 nucleotides (nt) in length. The single open reading
frame, flanked 5" and 3’ by nontranslated regions (NTRs), is
subdivided into three regions, P1 to P3 (51), that encode a
polyprotein of 2,185 amino acids (aa). The P1 region encodes
the viral capsid proteins VP1 (281 aa), VP2 (263 aa), VP3 (238
aa), and VP4 (69 aa). The P2 and P3 regions encode the non-
structural viral proteins important for processing of the poly-
protein, replication, and translation. The near atomic structure
of the CVB3 virion has been solved (31), demonstrating a struc-
ture similar to that of poliovirus type 1 (18) and rhinovirus (38).

Coxsackie B viruses have been identified as a major cause of
human viral myocarditis. They are also thought to play a sig-
nificant role in the development of dilated cardiomyopathy
(reviewed in reference 1). In general, neonates and children
suffer more severe clinical syndromes due to CVB. In one
study, of 41 infants who succumbed to CVB infection, approx-
imately 95% demonstrated clinical or histologic evidence of
myocarditis that contributed to the outcome (20). The pre-
dicted mortality rate for CVB infections among infants less
than 3 months of age is 3.9/100,000 (20). Over a 4-year period,
45% of infant cases reported to the CDC Enteroviral Surveil-
lance Program were attributed to CVB infection (reviewed in
reference 30).
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The enteroviral capsid has been shown to contain determi-
nants contributing to the pathogenic phenotype of CVB4 (3,
34), CVB3 (22), and the polioviruses (PVs) (2, 7, 25, 26, 50).
Interestingly, the sites determining the virulence phenotypes of
these viruses do not colocalize to a single capsid region or even
a single capsid protein. Determinants have been found in all
four capsid proteins and are not necessarily located at surface-
exposed residues of the virion. A noncardiovirulent antibody
escape mutant derived from the highly cardiovirulent CVB3/
H3 strain (49) was found to contain a single amino acid sub-
stitution (Asn—Asp) at position 165 of VP2 (22). When Asp; 45
was substituted for the Asn,qs in VP2 of the parental cardio-
virulent CVB3 strain, the myocarditic phenotype was signifi-
cantly attenuated. Conversely, a change to Asn,ss in VP2 of
the antibody escape mutant reverted this strain to the cardio-
virulent phenotype (22).

Specific nucleotide(s) within the 5'NTR are also known to
alter the virulence phenotype of the PVs (reviewed in refer-
ence 29), CVBL1 (35), and CVB3 (48). A U—C mutation at
nt 234 within the CVB3 5'NTR results in attenuation of the
cardiovirulent phenotype in mice (48). Replacement of the
cardiovirulent CVB3/M or CVB3/20 5'NTRs with that from
CVB3/0 attenuates the resultant viruses for myocarditis (24,
48). Subsequent analysis of multiple clinical CVB3 isolates as
well as other enteroviruses demonstrated that nt 234 is always
U regardless of the cardiovirulence phenotype of the virus (6,
37), consistent with 234C being an artificial mutation. Zhang et
al. (53) isolated an attenuated CVB3 strain (p14V1) following
multiple passages of cardiovirulent CVB3/Nancy (19) in hu-
man dermatofibroblasts. Sequence analysis of the 5'NTR re-
vealed a single nucleotide change at position 690 (A—U) (53).
Insertion of 690U into the cardiovirulent parental virus did not
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TABLE 1. Primers used for the amplification and sequencing of CVB3

Name Sequence Location” Orientation”
T1 5'-TCACTATAGGTTAAAACAGC-3' 1 S
JRp64 5'-ACGGTACCTTTGTGCGCCTGTTTTA-3’ 63 S
JRp577 5'-TGGCTGCTTATGGTGACAAT-3’ 582 S
B3-CO/Sac 1 5'-GATGGGAGCTCAAGTGTCG-3' 742 S
JRpATG 5'-TGAACTCGAGGGTA-3’ 756 A
B3-1226-CC 5'-GGGCAAAACATGCAATATCACTACTTRGG-3' 1226 S
B3-1464 5'-GTGTATAAYGCAGGCATGGG-3’ 1464 S
3'PUFF 5'-ATGTTATCCATAGGTACACT-3’ 1593 A
B3-1990 5'-GGCTTTCCACTGCAACCRGG-3’ 1990 S
ID3 5'-CACGCCACGTTAAGAACTACC-3’ 2601 S
B3-2689 5'-ACTCGGTGAAGTAAACACATGC-3’ 2689 A
B3-2729 5'-ATCACCCATTCRGCATACCG-3' 2729 A
B3-AS/Spe 1 5'-GTTATAACTAGTACTCAACAGCC-3’ 2806 S
AS/20(3324)S 5'-GGCGCTTTTGGACAACAATCAGGGGCAG-3’ 3296 S
B3-3324 5'-ACTGCCCCTGATTGTTGTCC-3’ 3324 A
20/ApalL 1 5'-CCCGTTGTGCACTGACATCTGG-3' 3477 A

“ Numbered from the 5’ terminus relative to the CVB3/20 genome (46).
'S, sense; A, antisense.

alter the myocarditic phenotype, demonstrating that this mu-
tation does not affect the cardiovirulence phenotype. Follow-
ing passage of pl4V1 in scid mice hearts, a revertant to car-
diovirulence was isolated (4). Sequence comparison of the
5'NTR and capsid coding region of this revertant to the atten-
uated p14V1 and cardiovirulent CVB3/Nancy strains suggested
that amino acid 155 in VP1 might play a role in attenuation.
However, experiments demonstrating this have not been re-
ported.

The studies of genomic determinants of virulence for these
and the majority of enteroviruses have relied on strains engi-
neered by physiochemical or biologic means in the laboratory.
To begin to examine the natural genetics of cardiovirulence in
clinical CVB3 strains, we used two phenotypically and geno-
typically distinct CVB3 clinical isolates. Using reverse tran-
scription-PCR (RT-PCR) to obtain the 5'NTR and P1 coding
regions from CVB3/AS and CVB3/CO RNAs, we constructed
intratypic chimeric viral genomes in the CVB3/20 background
to test the hypothesis that these genomic regions encoded
determinants of the viral cardiovirulent phenotype.

MATERIALS AND METHODS

Cells and viruses. HeLa cells (American Type Culture Collection, Manassas,
Va.) were maintained as monolayers in minimal essential medium (MEM) sup-
plemented with 10% (vol/vol) fetal calf serum, 2 mM L-glutamine, 25.5 mM
sodium bicarbonate, and 50 ug of gentamicin/ml. The complete sequence and
characterization of the full-length infectious cDNA clone of CVB3/20 have been
described previously (46). The CVB3/AS and CVB3/CO strains were isolated
from stool samples of patients with viral encephalitis. CVB3/AS was isolated
from a 10-year-old male in 1977, and the CVB3/CO strain was isolated from a
S-year-old male in 1978. The cardiovirulence phenotypes of CVB3/AS and
CVB3/CO have been defined previously in C3H/HeJ and CD-1 mice (6, 14, 47).
Aliquots of low-passage viral stocks were obtained by inoculation of nearly
confluent HeLa cell monolayers at a multiplicity of infection (MOI) of 0.5 to 1
50% tissue culture infective doses (TCIDs) per cell and stored at —80°C.

Primers for RT-PCR and sequencing. Primers used for the amplification and
sequencing of naturally occurring CVB3 5’ nontranslated and capsid coding
regions are listed in Table 1. The B3-CO/Sac I primer was designed to incorpo-
rate the Sacl restriction site (nt 751) into the CVB3/CO VP4 coding sequence
and substituted 742G—A, 748G—A, and 751A—T without altering the amino
acid sequence. Primers B3-1464, B3-1990, and B3-3324 used for RT-PCR and
sequencing were designed based on published CVB3 sequences (5, 21, 22, 46).
Primers B3-1226CC, B3-2689, and B3-2729 were designed based on the consen-
sus sequence of multiple clinical CVB3 isolates (J. Romero, unpublished data).
Primers B3-AS/Spe 1, AS/20(3324)S, and 20/ApaL I were designed to incorporate
the entire CVB3/AS capsid coding region in the CVB3/20 background using
overlapping PCR products (see below).

Extraction and RT-PCR of clinical CVB3 isolates. The CVB3/CO and CVB3/
AS RNA genome was extracted from 100 pl of a previously aliquoted virus stock

preparation using the IsoQuick (ORCA Research Inc., Bothel, Wash.) guani-
dinium isothiocyanate kit as specified by the manufacturer. The precipitated
nucleic acid was washed in 70% ethanol and dried.

High-fidelity RT-PCR was carried out in duplicate essentially as described
previously (36, 37). Following RT-PCR, duplicate reactions were pooled, loaded
in 1 to 3% low-melting-point agarose gels (Agarose SF; Amresco, Solon, Ohio)
containing ethidium bromide (0.5 pg/ml), and electrophoresed at 80 to 120 V in
1X Tris-acetate-EDTA) buffer for approximately 1 h. Appropriate-sized DNA
bands were identified, excised from the gel, purified, and resuspended in sterile
H,O. The purified amplification products were stored at —20°C until needed.

Sequencing of RT-PCR products and cloned amplicons. Direct sequencing of
RT-PCR products and clones was performed using the ThermoSequenase (Am-
ersham, Cleveland, Ohio) terminator cycle sequencing protocol according to the
manufacturer’s instructions.

Samples were electrophoresed through 8% Page Plus (Amresco) gels in 0.6X
glycerol tolerant buffer (1.78 M Tris-HCI, 0.57 M taurine, 0.01 M EDTA - Na, -
H,0) (U.S. Biochemical, Cleveland, Ohio) for periods of 1.5 to 6.5 h at 85-W
constant power. Gels were transferred to Whatman paper and dried. Autora-
diography was performed by exposure to film (Kodak/IBI, Rochester, N.Y.) for
12 to 36 h. Sequence analysis was performed with the MacVector software
(version 6.0) (Kodak/IBI) and the Wisconsin Sequence Analysis Package (ver-
sion 10.0) (Genetics Computer Group, Inc., Madison, Wis.).

Construction and generation of recombinant viruses. RT-PCR products gen-
erated from CVB3/CO and CVB3/AS RNA templates were blunt-end cloned
into the Smal site of pCR-Script SK(+) (Stratagene, La Jolla, Calif.) as in-
structed by the manufacturer. Each clone was sequenced entirely to verify its
fidelity to the directly sequenced RT-PCR products. All infectious cDNA geno-
mic constructs were verified by restriction endonuclease mapping and sequence
analysis. The cDNA copy of the cardiovirulent CVB3/20 genome in the modified
plasmid pSVN (5), and the cloned 5'NTR and capsid coding sequences of the
noncardiovirulent CVB3/CO and cardiovirulent CVB3/AS clinical isolates were
used to generate full-length infectious intratypic chimeras.

The complete capsid coding region (nt 743 to 3296 relative to the CVB3/20
genome [46]) of CVB3/CO was constructed using overlapping subcloned frag-
ments spanning the primer pairs B3-3324-B3-1464 and B3-2689-B3-CO/Sac 1
using the AlwNI (nt 2153) restriction site. The capsid coding region of CVB3/20
was replaced with that of CVB3/CO by exchange of the homologous SacI (nt
751)-to-AfIIII (nt 3109) fragment which excludes only a single deduced amino
acid difference between these strains (CVB3/20 R,,,,—~CVB3/CO Q).

The complete capsid coding region of CVB3/AS was generated using overlap-
ping subcloned fragments spanning the primer pairs JRp577-3'PUFF, B3-1226-
CC-B3-2729, and B3-3324-B3-1990, using the NsiI (nt 1291) and XmnI (nt 2649)
restriction sites. To generate a full-length chimera encompassing the complete
capsid sequence of CVB3/AS, PCR fragments containing CVB3/AS sequences
from nt 2806 to 3304, which included the Spel (nt 2813) site, and CVB3/20
sequences from nt 3305 to 3477, which included the ApaLl (nt 3466) site, were
amplified, overlapped, and cloned by the method of Ho et al. (17) with the
following modifications. Briefly, a CVB3/AS sequence specific PCR fragment
spanning nt 2806 to 3324 (primer pair B3-AS/Spe 1-B3-3324) and a CVB3/20
sequence-specific PCR fragment spanning nt 3296 to 3477 [primer pair AS/
20(3324)S-20/ApaL 1] were used as template to generate the overlap PCR
product described above. The entire capsid coding region of CVB3/20 was
replaced with that of CVB3/AS by exchange of the SacI (nt 751)-to-Spel (nt
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2813) fragment of the CVB3/AS capsid clone plus the Spel-to-ApaLl (nt 3466)
fragment of the AS/20 overlap PCR product clone.

The 5'NTR of CVB3/CO was amplified using the primer pair JRp64-JRpATG
(36). The 5'NTR of CVB3/AS was amplified using the primer pair T1-JRpATG.
Both 5'NTRs were cloned as described previously and used to replace the
homologous region of CVB3/20 between nt 69 and 751, using the conserved Kpnl
and Sacl restriction sites, respectively.

Virus was generated from cDNA genomes by electroporation of 20 pg of
plasmid DNA into approximately 2 X 10° HeLa cells. Cells were incubated at
37°C and 5% CO, for 3 days or until cytopathic effect (CPE) was observed and
then were thrice frozen and thawed. Viral progeny were clarified by centrifuga-
tion at 3,000 X g, and 500 pl of supernatant was added to 10° HeLa cells and
incubated until complete CPE was observed.

Viral titer was determined using 96-well plates (Becton Dickinson, Franklin
Lakes, N.J.) with 10° HeLa cells/well. Samples were serially diluted to 1075,
added to the appropriate wells, incubated at 37°C and 5% CO, for 5 days, and
scored for the presence of complete CPE. TCIDs, calculations were determined
according to the formula of Cunningham (8).

Viral replication in cell culture. HeLa monolayers of 2 X 10 cells in 35-mm?
plates (Corning, Acton, Mass.) were washed once with phosphate-buffered sa-
line, infected at an MOI of 10 TCIDsg/cell in a volume of 500 wl, and allowed to
adsorb for 30 min at room temperature. Plates were then washed twice with
phosphate-buffered saline to remove unbound virus, refed with 2 ml of supple-
mented MEM, incubated at 37°C and 5% CO,, and, at the given intervals,
removed and frozen. Plates were thrice frozen and thawed, and 1 ml was trans-
ferred to a microcentrifuge tube and clarified by centrifugation. Viral titer was
determined as described above.

Determination of viral cardiovirulence phenotype in mice. Groups of five
juvenile (21 to 25 days of age) C3H/HeJ male mice (Jackson Laboratory, Bar
Harbor, Maine) were inoculated intraperitoneally with 2 X 10° to 5 x 10°
TCIDs, of virus in 0.1 ml of unsupplemented MEM or with medium alone
(negative control) as described previously (5, 46, 48). Groups of mice were
maintained in separate microisolators in a ventilated containment facility. Ten
days postinoculation (dpi), mice were sacrificed and hearts were excised (48).
One half of each heart was fixed in buffered formalin, embedded in paraffin, and
sectioned. Three to six heart sections (6 wm) were stained with hemotoxylin and
eosin and examined by light microscopy for evidence of myocarditis. The myo-
carditis lesion score of each group was determined by the method of Knowlton
et al. (22) according to the following scale: 0, no myocarditis; 1, 1 to 10 lesions
per section; 2, 11 to 20 lesions per section; 3, 21 to 40 lesions per section; and 4,
widespread and confluent inflammation.

Approximately one quarter of each heart was weighed and homogenized in
400 pl of supplemented MEM using a Dounce homogenizer (Fisher Scientific,
Pittsburgh, Pa.). Following centrifugation (12,000 X g) to clarify the remaining
cellular debris, 200 pl of the supernatant was used to determine cardiac viral
titers. Titers from homogenized heart were performed (see above) and expressed
as log TCIDs, per gram of heart tissue. RT-PCR was performed with 100 pl from
each of two homogenized cardiac specimens from each group exhibiting inflam-
matory lesions; these reaction products were directly cycle sequenced (see above)
to verify the infecting genotype.

Nucleotide sequence accession numbers. GenBank accession numbers of the
5'NTRs and capsid protein coding sequences are AF169665 and AF169666 for
CVB3/CO and AF169670 and AF169671 for CVB3/AS.

RESULTS

Nucleotide analysis of the 5’NTR. There are currently five
full-length infectious CVB3 ¢cDNA clones for which complete
genomic sequence data are available. These include four car-
diovirulent strains (19, 22, 23, 46) and one artificially attenu-
ated noncardiovirulent strain (5). Nucleotide sequence analysis
indicates that all five are highly related (37). Several of these
CVB3 strains have been used to examine the viral genetics of
cardiovirulence, revealing major determinants in the 5'NTR
(24, 48) and capsid coding region (22).

The 5'NTR nucleotide sequences of the noncardiovirulent
CVB3/CO and cardiovirulent CVB3/AS strains were deter-
mined and compared to the full-length CVB3 cDNA clones to
examine genotypic diversity and the significance of the 5'NTR
in the determination of CVB3 cardiovirulence phenotype. The
5'NTR sequences of multiple clinical CVB3 strains including
CO and AS have been examined (6, 37). The CVB3/AS 5'NTR
spanning nt 87 to 742 (relative to CVB3/20 genome) displayed
a significantly higher nucleotide identity (90.9 to 92.3%) with
the CVB3/20 (46), CVB3/0 (5), CVB3/Nancy (21), CVB3/H3
(22), and CVB3/M (23) strains than did the noncardiovirulent
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CVB3/CO 5'NTR (83.9 to 84.3%). Among themselves, CVB3/
AS and CO exhibited 82.9% nucleotide identity within the
5'NTR.

Sequence identities differed significantly among the three
CVB3 strains used in this study in upstream and downstream
sequences of the 5'NTR comprised by nt 88 to 181 and nt 452
to 742, respectively. CVB3/CO displayed 61.6 and 62.6% nu-
cleotide identity with the myocarditic CVB3/AS and CVB/20
strains, respectively, in the upstream region. For the same
region, CVB3/AS and CVB3/20 were 85.1% identical among
themselves. For sequences preceding and up to the coding start
site (nt 452 to 742), CVB3/20 and CVB3/AS were 89.7% iden-
tical. CVB3/CO was only 80.3 and 82.1% identical to CVB3/AS
and CVB3/20, respectively, in this same region. Analysis of the
intervening sequences of the 5'NTR revealed that all three
CVB3 shared between 91.8 and 97.0% nucleotide identity.

Nucleotide and amino acid analysis of the capsid coding
region. The capsid nucleotide and deduced amino acid se-
quences of CVB3/CO and CVB3/AS were examined and com-
pared to the homologous region of the full-length CVB3
cDNA clones to assess differences which might affect the car-
diovirulence phenotype. Nucleotide analysis of the entire P1
coding region showed that CVB3/CO and CVB3/AS exhibited
79.5% nucleotide identity among themselves. The CVB3/20
strain shared 79.6 and 87.5% nucleotide identity with CVB3/
CO and CVB3/AS, respectively. In fact, capsid nucleotide se-
quence analysis indicated that CVB3/AS and all full-length
sequenced CVB3 strains clustered within the same genotypic
group, while CVB3/CO fell into a separate genotype. Compar-
ison of the deduced capsid amino acid sequences of CVB3/AS
and CVB3/CO with those of the full-length sequenced CVB3
genomes showed that all strains shared greater than 97% iden-
tity (Table 2). The vast majority of nucleotide differences oc-
curred at second- and third-base codon positions leaving the
amino acid sequence unaffected.

Cardiovirulence phenotype and cardiac viral titers of chi-
meric CVB3. The full-length infectious clone of CVB3/20 has
been characterized and used previously to examine determi-
nants of cardiovirulence (48). Typically, at 10 dpi, CVB3/20
induces widespread inflammatory lesions with significant ne-
crosis and calcification in the hearts of C3H/HeJ mice (48).
Infectious CVB3/20 was readily detectable in murine hearts at
10 dpi (48). The cardiovirulence phenotypes of CVB3/AS and
CVB3/CO have been defined previously in C3H/HeJ and CD-1
mice (6, 14, 47). CVB3/AS was cardiovirulent for adolescent
(4- to 6-week-old) male and female CD-1 mice, with detectable
virus in the murine myocardium at 7 dpi (14). CVB3/AS was
also found to induce inflammatory lesions and muscle damage
in hearts of 3- to 4-week-old male C3H/HeJ mice 10 dpi (6).
No myocarditic lesions were observed following inoculation of
CVB3/CO in male or female CD-1 or C3H/HeJ mice (6, 47).

Chimeric CVB3 (Fig. 1) viruses were generated and inocu-
lated into juvenile C3H/HeJ male mice to examine whether the
5" NTR and/or capsid coding region contained sequences that
significantly influenced CVB3-induced inflammatory heart dis-
ease. To assess the role of the capsid proteins of CVB3 strains
in determining the cardiovirulent phenotype, the capsid coding
region of the noncardiovirulent CVB3/CO strain was used to
replace the homologous region of the full-length infectious
clone of the cardiovirulent CVB3/20 strain. The resultant
CVB3 chimera (COP1/20) retained the cardiovirulence phe-
notype of CVB3/20 in mice (Fig. 2F). Similarly, the myocar-
ditic phenotype of CVB3/20 was not altered when the capsid
coding region was exchanged for that of the cardiovirulent
CVB3/AS strain (ASP1/20) (Fig. 2E). Virus was detectable in
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TABLE 2. Capsid amino acid differences among CVB3 isolates

Amino acid at that position in strain’:

. Amino acid
Protein e a

position AS CO 20 N 0 H3 M
VP4 4016 G G R R G G G
4018 S N N N N N N

4030 1 I 1 1 A\ 1 1
4042 N T N N N N N

4047 A A T T T T T

4051 G G G G G S S
VP2 2013 \ \ A\ A A \' \
2045 S N S S S S S

2108 1 1 A\ Vv \ 1 1
2138* D D D D D N N
2144* A E A A A A A

2151* S A S T S S S
2171 \ A A\ Vv \ A\ \
2179 \% I \'% \% \% \'% \'%

2245 \ \ \'% Vv \ I 1
VP3 3046 1 1 1 1 1 I \%
3058* 1 I A% \% \% \% \%
3062* 1 \ A\ Vv \ A\ \

3078* S T S S S S S
3155 \ \ \'% 1 \ A\ \
3178 Y Y F F Y Y Y
3234* Q Q Q Q E Q Q

3237* F L F F F F F

VP1 1007 \% 1 1 1 1 1 1
1045 S G G G G S S

1064 \% 1 1 1 1 1 1
1080* E E K K E E E
1084 A S A A A A A
1085* K N K K K K K

1092 1 1 L L L 1 1

1094 P T P P P P P
1098 A \% A A A A A
1110 \ M \'% Vv \ A\ \
1180 1 I 1 1 I \% \%

1200* S A S S S S S
1223* T A A A A A A
1264* Q Q R Q Q Q Q

“ Amino acid position relative to the CVB3/20 strain (46). Surface-exposed
residues of CVB3/M determined by X-ray crystallography (31) are marked with
asterisks.

? Data for strains N, 0, H3, and M are from references 21, 5, 22, and 23,
respectively.

J. VIROL.

murine hearts 10 days after inoculation of strains COP1/20 and
ASP1/20 (Fig. 1).

The 5'NTRs of CVB3/CO and CVB3/AS were then exam-
ined to determine their effects, alone and in combination with
their corresponding capsid coding regions, on the cardioviru-
lence phenotype. The 5'NTR (spanning nt 88 to 742) of CVB3/
20 was replaced with that from CVB3/CO. Examination of the
murine myocardium following inoculation of the resultant chi-
mera (CO5'/20) revealed no evidence of myocarditis (Fig. 2H).
Similarly, when the CVB3/CO 5'NTR and capsid coding re-
gion were combined to replace the homologous regions of
CVB3/20 (CO5'P1/20), no myocarditic lesions were found
(Fig. 2J). Ten days following inoculation of COS5'/20 or
COS5’P1/20, detectable virus was not recovered from murine
hearts by infectious assay (Fig. 1). In contrast, when the CVB3/
AS 5'NTR (nt 71 to 742) alone or in combination with the AS
capsid coding region was used to replace the homologous re-
gions of CVB3/20 (AS5'/20 and AS5'P1/20, respectively), in-
flammatory lesions and significant necrosis were observed (Fig.
2G and I). Cardiac viral titers were obtained following inocu-
lation of AS5'/20 and AS5'P1/20 (Fig. 1).

RT-PCR amplification and direct cycle sequencing of viral
RNA from homogenized cardiac specimens from two separate
animals of each group of mice exhibiting inflammatory heart
lesions was performed. Sequence analysis of nt 630 to 850
(relative to the CVB3/20 genome) demonstrated that the in-
fecting genotype was as had been cloned in this region and that
no mutations had occurred in or around the Sacl restriction
site (nt 751) utilized for homologous exchange of the 5’ NTR
and/or capsid coding region (data not shown).

Growth kinetics of parental and recombinant viruses. The
single-step growth characteristics of the chimeric CVB3 were
examined in HeLa cells and compared to those of the parental
CVB3/20, CVB3/CO, and CVB3/AS strains (Fig. 3). All pa-
rental and recombinant viruses replicated efficiently in HeLa
cell cultures. All strains exhibited logarithmic growth by 3 to
4 h postinfection, and maximum titers were achieved after 6 to
8 h of incubation. While differences were observed in the
duration of the lag phase (~1 h) and overall virus yield (~1 log
TCIDsy/ml), these did not appear to correlate with differences
in myocarditic phenotype. The data indicated that homologous
exchange of CVB3 5’ NTR and capsid coding region between
various strains resulted in viable progeny with similar replica-
tion phenotypes in HeLa cells.

. NTR CAPSID | NON-STRUCTURAL an; Myocarditis Cardiac
Virus ! ! ! lesion score viral titer
20 I ] 3.802 59+ 1.4
CcO ! | 0 n.d.
AS L 22104 77206
COP1/20 | ] ] | 3402 42 1.1
C05'20 | [ | 0 n.d.
COS5'P1/20 | [ | 0 n.d.
Aspi20 [T | 3.0 05 6.6 = 1.5
ass20 | 2.0 £ 0.4 3.9: 1.0
asse120 | 3802 8.7%0.1

FIG. 1. Schematic representation, myocarditis lesion score and cardiac viral titer of CVB3 and intratypic chimeras. Myocarditis lesion scoring (22) (see Materials
and Methods) and cardiac viral titers (log of TCIDs, per gram of heart tissue) are given as mean * standard error of the mean. n.d., no virus titer detected.



VoL. 74, 2000

FIG. 2. Representative histology of murine myocardium following inocula-
tion of CVB3 and chimeric viruses. Juvenile male C3H/HeJ mice were inoculated
with virus, and at 10-dpi hearts were recovered, sectioned, and stained as de-
scribed in Materials and Methods. Shown are murine myocardium of negative
control (A), typical myocarditis seen following inoculation of positive con-
trol CVB3/20 (B), murine myocardium following inoculation of CVB3/AS (C)
and CVB3/CO (D), intratypic capsid chimeras ASP1/20 (E) and COP1/20
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DISCUSSION

To date, the vast majority of the studies of enteroviral de-
terminants of cardio-, pancreo-, or neurovirulence have relied
on phenotypically diverse virus strains recovered in the labo-
ratory using cell culture techniques, passage in animal systems,
or immunologic variability. Initial work in developing the live
attenuated oral PV vaccines relied on some of these methods
(39). Unfortunately, as exemplified by human immunodefi-
ciency virus, prototypic laboratory strains are sometimes so
phenotypically and genotypically distinct from those found in
infected individuals that therapeutic or preventative measures
effective against these laboratory strains do not always corre-
late with naturally circulating strains (27).

In this study, we used two phenotypically and genotypically
distinct clinical CVB3 strains to map the natural genetics of
cardiovirulence. This is the first report mapping the genetics of
enterovirus virulence to use so-called wild-type strains, that is,
clinical viral isolates that have low passage histories in cell
culture. Using one such murine noncardiovirulent strain,
CVB3/CO, we demonstrate here that the 5S’NTR contains a
site(s) that attenuates cardiovirulence. No inflammatory heart
lesions were observed following inoculation of mice with any
viral construct containing the CVB3/CO 5'NTR (Fig. 2H and
J). In addition, infectious virus could not be recovered from the
heart at 10 dpi (Fig. 1), similar to the amyocarditic CVB3/CO
strain itself. Similar experiments using the 5'NTR of the car-
diovirulent CVB3/AS clinical isolate revealed no significant
change in cardiovirulence (Fig. 2G and I) or in recovery of
virus from the heart (Fig. 1). The capsid coding regions of the
CVB3/CO and CVB3/AS isolates used to replace the homol-
ogous region of the full-length infectious CVB3/20 cDNA did
not alter the cardiovirulence phenotype of the resultant viruses
(Fig. 2E and F). Additionally, infectious virus was readily de-
tected in the murine myocardium at 10 dpi (Fig. 1). Thus, the
capsid amino acid differences observed between the cardio-
virulent CVB3/20 and noncardiovirulent CVB3/CO strains
(Table 2) do not modify the myocarditic phenotype of CVB3/
20. Although the fine mapping of the sites within the 5’'NTR
that contribute to cardiovirulence and the molecular mecha-
nisms that determine this phenotype remain to be identified,
our data support the hypothesis that sequences within the
CVB3 5'NTR are the primary determinants of the myocarditic
phenotype of CVB3 strains.

The severity of disease and cardiac viral titers observed in
this study following inoculation of the parental CVB3/20,
CVB3/AS, and CVB3/CO strains correlated to that seen in
previous work (14, 47, 48). Typically, myocardial lesion scores
obtained following inoculation of CVB3/AS were less than
those seen with CVB3/20 (14, 47). However, this and other
reports have documented that for these two strains the quan-
tity of virus recovered from the myocardium did not correlate
with the extent of inflammatory heart disease (Fig. 1) (14, 47).
Gauntt et al. also demonstrated that the quantity of CVB3-
induced myocardial lesions was not necessarily reflected by the
corresponding cardiac viral titer (13). This holds true for the
intratypic CVB3 chimeras in this study, in which no statistically
significant correlation could be determined between the mean
lesion score and cardiac viral titer (data not shown).

We have demonstrated that the CVB3 5'NTR contains the
primary determinant(s) that attenuates cardiovirulence. How-

(F), intratypic 5’NTR chimeras AS5/20 (G) and COS5'/20 (H), and intratypic
5'NTR/capsid chimeras AS5'P1/20 (I) and CO5'P1/20 (J). Imaged at X200
magnification.
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ever, we cannot discount the possibility that other viral geno-
mic regions (e.g., capsid) may contain additional determinants
that modulate the expression of the S'NTR phenotype. Note
the CVB3/AS5'P1/20 chimera in which inclusion of the CVB3/
AS capsid augments the cardiovirulent phenotype of CVB3/
AS5'/20 (Fig. 1). Similarly, although the primary determinants
of PV neurovirulence localize to the 5S'NTR (discussed below),
variations within the coding region influence the full expres-
sion of this phenotype (2, 7, 25, 26, 50).

By comparison to the near atomic structure of the CVB3
virion (31), several capsid amino acid differences between the
CVB3/AS and CVB3/CO isolates and sequenced full-length
CVB3 strains could be mapped to positions exposed on the
surface of the virion (Table 2). Surface differences in VP1
localized in and around the BC loop (residues 1081 to 1085),
which is known to be an important neutralizing antigenic site
for the PVs and rhinoviruses (28, 32, 40, 41). The VP2 surface
differences were found in the prominent EF loop (residues
2129 to 2180). An exterior region of the EF loop known to
contain neutralizing antigenic sites for the PVs and rhinovi-
ruses (28, 32, 40, 41) was found to be identical among all CVB3
strains examined. Both CVB3/AS and CVB3/CO differed from
the full-length sequenced CVB3 strains in the major surface
protrusion of VP3 (residues 3058 to 3069). However, none of
these capsid surface or other differences appear to affect the
cardiovirulence phenotype of CVB3/20 when the capsid is re-
placed by that of either CVB3/CO or CVB3/AS.

The findings presented here are in contrast to those of
Knowlton et al. (22). An attenuated antibody escape mutant
derived from the cardiovirulent CVB3/H3 strain was used to
examine cardiovirulence determinants. This strain was attenu-
ated by a single Asn—Asp mutation at residue 165 in VP2.
When the Asn—Asp, s change was introduced into the paren-
tal CVB3/H3 genome, cardiovirulence was severely attenu-
ated; similarly, changing Asp—Asn,¢s in the antibody escape
mutant restored cardiovirulence (22). In that system, the pres-
ence of Asn,4s corresponded to a cardiovirulent phenotype.
However, our analysis of multiple CVB3 isolates (including
CVB3/AS and CVB3/CO) demonstrated that all strains en-
code Asn, s regardless of cardiovirulence phenotype (Romero,
unpublished data). Based on these findings and the chimeric
construct data presented here that show no impact on cardio-
virulence due to the capsid proteins, the findings of Knowlton
and colleagues can best be explained as the mapping of an
attenuating site that is not found in circulating strains. Ram-
singh et al. derived a pancreovirulent strain of CVB4 by re-
peated passage through mice with isolation from the pancre-
atic tissue (33). The sites that determine the pancreovirulent
phenotype of this strain were then mapped using a series of
chimeric constructs to a single amino acid change in each of
the VP1 and VP4 capsid proteins (3, 34). While these data
suggest that CVB4 murine pancreovirulence might naturally
map to these sites, it remains necessary to confirm these find-
ings in studies using murine pancreovirulent clinically isolated
CVB4 strains.

In three studies to date, sites in the CVB3 5'NTR have been
implicated as affecting the cardiovirulence phenotype. The sin-
gle C—U change at position 234 within the 5'NTR that con-
ferred a cardiovirulent phenotype to CVB3/0 (48) did not cor-
relate with the cardiovirulence phenotypes of multiple CVB3
strains sequenced to date, in which position 234 was always U
regardless of cardiovirulence phenotype (6, 37). This U—C,5,
mutation is, therefore, not found in nature and can be regard-
ed as artificial. On the basis of 5'NTR sequence comparisons,
Gauntt and Pallansch (14) suggested one or more sites might
be involved in determining the myocarditic phenotype. Using a
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FIG. 3. One-step growth curves of parental and chimeric viruses in HeLa
cells. (A) Replication of cardiovirulent CVB3/20, noncardiovirulent CVB3/CO,
and intratypic chimeras; (B) replication of cardiovirulent CVB3/20, CVB3/AS,
and intratypic chimeras. Cells were inoculated as described in Materials and
Methods and harvested by freezing at specific times shown. Virus titers were
determined on HeLa cell monolayers. p.i., postinoculation.

noncardiovirulent CVB3 strain obtained following multiple
passages of the cardiovirulent CVB3/Nancy in human der-
matofibroblasts, Zhang et al. demonstrated that a mutation
found in the 5'NTR was not attenuating (53). Using clinical
isolates for the construction of infectious intratypic chimeric
cDNA genomes, we demonstrate that replacement of the 5’'NTR
of a cardiovirulent strain’s genome with that from an amyo-
carditic strain ablates cardiovirulence. Reconstruction of the
genome with the parental 5’NTR or the use of the 5'NTR from
another cardiovirulent strain reestablishes the cardiovirulent
phenotype. These data implicate the 5'NTR as containing one
or more sites that determine the cardiovirulence phenotype.
In this work, we differentiate between so-called wild-type or
clinically isolated CVB3 strains and strains that have been
manipulated in the laboratory with a concomitant change in
phenotype. The approach taken in this paper is the only one
possible at present, for there exists no amyocarditic strain of
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CVB3 that has been cloned as an infectious cDNA copy. All
infectious cDNA clones of CVB3 genomes are from strains
that either are naturally cardiovirulent (19, 22, 23, 46) or, in the
case of CVB3/0, can be made to be cardiovirulent if engineered
to revert the C—U,5, mutation (5, 6). In general, the nucleo-
tide sequences of recent clinical CVB3 isolates differ signifi-
cantly from the published full-length sequences in both the 5’
NTR (37) and capsid coding region (Romero, unpublished
data). A recent epidemiologic investigation using CVB3 iso-
lates from 1952 to 1997 demonstrated that the original CVB3/
Nancy (1949) strain, from which most of the full-length infec-
tious cDNAs and sequences have been generated, is no long-
er circulating in the general population (J. R. Romero, D.
Schnurr, M. S. Oberste, S. S. Bradrick, C. Kirk, and C. Price,
Sci. Program Abstr. 18th Annu. Meet. Am. Soc. Virol. 1999,
abstr. W50-2, p. 148, 1999).

How might naturally occurring differences in the 5'NTR
determine the cardiovirulence phenotype of a CVB popula-
tion? To date, this question has been examined only in artifi-
cially attenuated virus strains or strains that do not circulate in
nature. Enteroviruses include within the 5’NTR an internal
ribosome entry site (IRES) that is required for efficient cap-
independent translation of the viral coding region. Mutations
within the IRES can seriously impair or abrogate translation
(11). Attenuated Sabin strains of PV exhibit decreased effi-
ciency of translation in cells of neural origin compared to
wild-type, neurovirulent strains (42-44). This difference in
translational efficiency was found to correspond to the major
attenuating mutations at nt 480, 481, and 472 within the IRESs
of PV1, PV2, and PV3, respectively (reviewed in reference 29).
The Sabin PV vaccine strains, however, were artificially de-
rived and not naturally occurring, attenuated strains. The at-
tenuating mutations in the PV vaccine strains readily revert in
passage in the human gut, largely reacquiring the virulent
phenotype in the process (12). Similarly, following prolonged
replication in scid mice, CVB3/0 nt 234C changes to U and the
virus reverts to the cardiovirulent phenotype (48). While it is
tempting to speculate that, like the case for the PVs, pertur-
bation(s) in translational efficiency may be the mechanism for
the attenuated cardiovirulence phenotype of CVB3/CO, alter-
ation of viral replication could also be affected. As seen with
the U—C,;, transition in the S’NTR of CVB3/0, replication of
viral RNA is significantly decreased in murine cells of cardiac
origin but not in HeLa cells (48). This would suggest that
interaction between some specific cardiac cell factor(s) and the
CVB3/0 5'NTR may be responsible. All parental and intratypic
CVB3 studied here grew efficiently in HeLa cell cultures (Fig.
3). Although differences in lag-phase duration (~1 h) and
overall virus yield (~1 log TCIDs,/ml) were observed, these
variations did not correlate with the ability of CVB3 strains to
induce inflammatory heart disease. It will be necessary to char-
acterize the ability of these strains to replicate in cells of
cardiac origin to determine if and how production of viable
progeny is altered.

The extensive sequence diversity within specific regions of
the 5’"NTR among the CVB3 strains used in this study suggests
that RNA elements necessary for efficient viral translation
and/or replication in the murine myocardium may differ be-
tween amyocarditic and cardiovirulent isolates. CVB3/CO dis-
played only 61.6 and 62.6% nucleotide identity with CVB3/AS
and CVB3/20, respectively, in a CVB3 5'NTR region predicted
to form a single stem-loop (nt 88 to 181) (52). Among them-
selves, CVB3/AS and CVB3/20 were 85.1% identical in this
region. Eukaryotic initiation factor 2a, pyrimidine tract-bind-
ing protein (PTB), and a complex of other HeLa cell proteins
are known to bind to the homologous region of PV (10, 16). In
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addition, a major genomic determinant of CVBL1 virulence was
localized to within this portion of the S'NTR (nt 117 to 161)
(35). The region encompassed by nt 452 to 742 preceding and
up to the true initiation codon also differed among CVB3
strains. Here CVB3/AS and CVB3/20 were 89.7% identical but
shared only 80.3 and 82.1% identity, respectively, with CVB3/
CO. Within this region of the 5’'NTR are included the major
attenuating sites of the Sabin PV strains (discussed above),
multiple PV PTB binding sites (16), and the variable region
observed among enteroviruses (45). Sequences within this re-
gion have been shown to be crucial for the expression of neu-
rovirulence phenotype in PV (15). All three CVB3 strains
displayed between 91.8 and 97.0% nucleotide identity within
the region spanning nt 182 to 451. For the amyocarditic CVB3/
CO strain, the significant comparative differences observed in
the upstream and downstream 5'NTR sequences may affect
viral RNA higher-order structure such that cardiac-specific
protein-viral RNA interaction(s) is disrupted, preventing effi-
cient viral infection.

In summary, although it has been recognized since at least
1955 that the CVB can cause acute viral myocarditis (9), the
genetics that naturally determine the viral cardiovirulence phe-
notype have remained unsolved. The data presented here are
consistent with the hypothesis that the CVB3 5'NTR contains
one or more primary genetic determinants that regulate the
naturally occurring expression of cardiovirulence. Experiments
to more finely map and identify the site(s) responsible within
the CVB3 5'NTR are under way.
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