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Coxsackievirus B3 (CVB3) is a common human pathogen that has been associated with serious diseases
including myocarditis and pancreatitis. To better understand the effect of cytotoxic T-lymphocyte (CTL)
responses in controlling CVB3 infection, we have inserted well-characterized CTL epitopes into the CVB3 ge-
nome. Constructs were made by placing the epitope of interest upstream of the open reading frame encoding
the CVB3 polyprotein, separated by a poly-glycine linker and an artificial 3Cpro/3CDpro cleavage site. This
strategy results in the foreign protein being translated at the amino- terminus of the viral polyprotein, from
which it is cleaved prior to viral assembly. In this study, we cloned major histocompatibility complex class
I-restricted CTL epitopes from lymphocytic choriomeningitis virus (LCMV) into recombinant CVB3 (rCVB3).
In vitro, rCVB3 growth kinetics showed a 1- to 2-h lag period before exponential growth was initiated, and peak
titers were ;1 log unit lower than for wild-type virus. rCVB3 replicated to high titers in vivo and caused severe
pancreatitis but minimal myocarditis. Despite the high virus titers, rCVB3 infection of naive mice failed to
induce a strong CD81 T-cell response to the encoded epitope; this has implications for the proposed role of
“cross-priming” during virus infection and for the utility of recombinant picornaviruses as vaccine vectors. In
contrast, rCVB3 infection of LCMV-immune mice resulted in direct ex vivo cytotoxic activity against target
cells coated with the epitope peptide, demonstrating that the rCVB3-encoded LCMV-specific epitope was ex-
pressed and presented in vivo. The preexisting CD81 memory T cells could limit rCVB replication; compared
to naive mice, infection of LCMV-immune mice with rCVB3 resulted in ;50-fold-lower virus titers in the heart
and ;6-fold-lower virus titers in the pancreas. Although the inserted CTL epitope was retained by rCVB3 through
several passages in tissue culture, it was lost in an organ-specific manner in vivo; a substantial proportion of
viruses from the pancreas retained the insert, compared to only 0 to 1.8% of myocardial viruses. Together, these
results show that expression of heterologous viral proteins by recombinant CVB3 provides a useful model for
determining the mechanisms underlying the immune response to this viral pathogen.

Coxsackieviruses are members of the family Picornaviridae
and lie in the Enterovirus genus, together with polioviruses,
echoviruses, and unclassified enteroviruses. Coxsackieviruses are
classified, according their pathogenicity in newborn mice, into
groups A and B, which comprise 24 and 6 serotypes, respec-
tively. Type B coxsackieviruses (CVB) are common human path-
ogens and have been implicated in acute and chronic myocar-
ditis; there is a strong correlation between prior CVB infection
and dilated cardiomyopathy, which can be effectively treated
only by heart transplantation (47). In addition to cardiovascu-
lar disease, CVB has been associated with hepatitis, encepha-
litis, and pancreatitis, and CVB4 infection has been suggested
as an underlying cause of diabetes mellitus in humans (11, 25,
48). The outcome of CVB infection is often similar in mice and
humans. For example, in both species there may be marked
myocarditis followed by cardiac scarring and dilation (18, 23,
28, 55, 57), and in the absence of functional B cells, the virus
establishes a long-term chronic infection (16, 20, 37).

Although picornavirus infections are very common, we have
only a rudimentary understanding of the immune responses

which control and clear these agents. Antibodies are important
in eradicating enteroviruses, and agammaglobulinemic hu-
mans are susceptible to chronic infections with polioviruses
(26), echoviruses (35, 38), and coxsackieviruses (16, 20). How-
ever, T cells also play a role in limiting viral titers (18, 55), and
antibodies appear to contribute little to the protection induced
by a CVB DNA vaccine (19), suggesting that virus-specific
memory T cells might be important in vaccine-induced immu-
nity. To clarify the part played by vaccine-induced CD81 mem-
ory T cells in protecting against picornavirus challenge, we
wished to develop a vaccine which would induce virus-specific
CD81 T cells in the absence of virus-specific antibody. How-
ever, CVB-specific CD81 T-cell epitopes have not yet been
mapped, making it more difficult to design the desired vaccine.
As an alternative approach, we chose to incorporate well-
characterized foreign CD81 cytotoxic T-lymphocyte (CTL)
epitopes into the CVB3 genome and to evaluate the ability of
vaccine-induced CTL to protect against this recombinant pi-
cornavirus.

Four strategies have been used to construct recombinant
picornaviruses. First, foreign sequences have been inserted
within the open reading frame (ORF) of poliovirus capsid
proteins such as VP1, but conformational constraints demand
that these sequences be very short (6, 13). Second, dicistronic
polioviruses have been constructed which contain an addi-
tional internal ribosome entry site driving a second ORF for
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expressing the foreign protein; however, these viruses were
genetically unstable and long inserts resulted in a genome
which could not be packaged (1). Third, it is possible to replace
the sequences encoding poliovirus structural proteins with for-
eign genes of interest, generating a defective genome which
can be packaged into infectious virus by cell lines that supply
the missing poliovirus proteins (9); however, such recombi-
nants are defective and cannot produce infectious progency in
vivo. The fourth strategy exploits the fact that the picornavirus
polyprotein is autolytically cleaved by two viral proteases,
2Apro and 3Cpro/3CDpro, to generate the individual proteins
that control viral replication and virion assembly. The cloning
strategy places the foreign protein in frame with the viral
polyprotein, followed by an artificial protease cleavage site (4,
34). This site permits the foreign protein to be cleaved from
the rest of the viral proteins during translation, allowing viral
capsid formation to proceed. This strategy permits the isola-
tion of a replication-competent recombinant virus and allows
greater diversity in the size of the heterologous gene products
that can be incorporated into the viral genome.

Most work with recombinant enteroviruses has focused on
poliovirus, but a recent report confirmed that the above ap-
proach could be applied to an attenuated coxsackievirus (21).
In the experiments described herein, CD81 CTL epitopes
from lymphocytic choriomeningitis virus (LCMV) were cloned
into a cardiovirulent strain of CVB3 and viable recombinant
coxsackievirus progeny (rCVB) were produced. We used the
recombinant viruses to ask the following questions. (i) How
does rCVB3 compare to cardiovirulent CVB in plaque mor-
phology, growth kinetics, RNA production, and in vivo viru-
lence? (ii) Is a rCVB3 which carries a highly -immunogenic
CTL epitope able to induce strong CTL responses to that
epitope? (iii) Do epitope-specific memory CTL protect against
coxsackievirus challenge? Finally, we evaluate the stability of
the recombinant viruses in vivo and provide data consistent
with organ-specific selection; recombinant CVB present in the
hearts of infected mice are devoid of LCMV epitopes, while
viruses isolated from the pancreas often retain the foreign
sequences.

MATERIALS AND METHODS

Mice and virus. C57BL/6 mice were purchased from the Jackson Laboratory
(Bar Harbor, Maine) or obtained from the breeding colony at the Scripps
Research Institute. Wild-type CVB3 (wtCVB3) was produced from the plasmid
pH3, which contains a full-length cDNA encoding the myocarditic strain Nancy
(H3 variant); this plasmid (GenBank accession number U57056 [28]) was the
kind gift of Kirk Knowlton (University of California, San Diego, Calif.).

Recombinant coxsackievirus cDNA construction. The complete CVB3 ge-
nome in plasmid pH3 does not contain a unique restriction site into which
foreign inserts could be cloned. Therefore, oligonucleotides containing a unique
SfiI site and an artificial protease cleavage site were cloned into a SacI site
located immediately downstream of the CVB3 polyprotein initiation codon in
plasmid pH3. Since pH3 contains three SacI sites, a partial SacI digest was
performed to generate a linear plasmid, and the termini were blunted using
Klenow fragment. Complementary oligonucleotides containing a unique SfiI site
and an artificial 3Cpro/3CDpro cleavage site were annealed, phosphorylated, and
ligated into the vector, and a plasmid carrying the oligonucleotide insert in the
desired SacI site was identified and designated pMKS1. The oligonucleotide was
designated to maintain the ORF between the upstream ATG and the remainder
of the viral polyprotein. The unique SfiI site in this plasmid was used as the
recipient cloning site for preparing subsequent plasmids. pMKS2 (containing the
Db-restricted LCMV GP33–41 epitope) and pMKS3 (containing the Ld-restricted
LCMV NP118–126 epitope) were prepared by cutting pMKS1 with SfiI and in-

serting the appropriate oligonucleotide sequences, again maintaining the ORF.
Each insert was completely sequenced prior to transfection into HeLa cells to
generate recombinant virus stocks.

Transfection of cDNA clones to obtain infectious virus. Virus was prepared by
transfecting the infectious cDNA into HeLa cells, using Lipofectamine Plus
reagent as specified by the manufacturer’s directions (Gibco, Rockville, Md.). At
3 to 5 h later, complete Dulbecco minimal essential medium (DMEM) contain-
ing 10% fetal bovine serum (FBS) and L-glutamate was added, and the medium
was changed after 24 h. The HeLa cell monolayers showed cytopathic effects by
3 days posttransfection, and at this time point, the cells and supernatants were
collected, frozen-thawed three times, and subjected to titer determination on
HeLa cells. Viruses were plaque purified twice, and working stocks were ex-
panded on HeLa cells using a multiplicity of infection (MOI) of 10 PFU/cell. The
recombinant viruses were named to reflect their plasmid of origin. Thus,
rCVB3.1 was derived from pMKS1, while pMKS2 and pMKS3 gave rise to
rCVB3.2 and rCVB3.3, respectively.

One-step growth curve. HeLa cell monolayers in six-well plates were infected
with either wtCVB3, rCVB3.1, rCVB3.2, or rCVB3.3 at an MOI of 10. After 60
min at 37°C, unbound virus was removed by washing the cells twice with pre-
warmed saline (0.9% NaCl), and 3 ml of prewarmed DMEM containing 10%
FBS was added. Cells and supernatants were collected at the indicated time
points by scraping the monolayers with a rubber policeman. The samples were
frozen-thawed three times prior to serial dilution and plaque assay on HeLa cell
monolayers.

FISH-fluorescence-activated cell sorter (FACS) analyses of intracellular RNA.
RNA probes for fluorescent in situ hybridization (FISH) were transcribed in
vitro from a linearized plasmid carrying the CVB3 genome. Biotin-16-UTP
(Boehringer Mannheim) was included in the transcription reaction mixture, and
the probe was purified through a ChromaSpin 30 column (Clontech, Palo Alto,
Calif.). Thereafter, the published protocol was followed (7), with some modifi-
cations. Cells were incubated with CVB3 (MOI 5 10) or mock infected. At the
designated time points, the cells were washed once with saline, trypsinized,
transferred to 15-ml conical tubes, and washed once with complete DMEM and
once with HH buffer (1 3 Hanks’ balanced salt solution, 20 mM HEPES [pH
7.2]). The cells were then resuspended in 400 ml of HH by gentle pipetting,
transferred to 1.5 ml microcentrifuge tubes, and fixed by the addition of 45 ml of
10% neutral buffered formalin. After a 5-min incubation at room temperature,
the cells were centrifuged at 300 3 g for 5 min, washed once with HH, and
resuspended in 300 ml of HH. Then 0.7 ml of absolute ethanol was added, and
the cells (at a concentration of 3 3 106 cells per ml) were stored at 220°C until
analyzed. For analysis, 5 3 105 cells in 160 ml were mixed with 3 ml of 10%
diethylpyrocarbonate in ethanol and held for 15 min at room temperature, to
inactivate endogenous RNase activity. The cells were then centrifuged at 300 3
g for 5 min, resuspended in HH buffer with 0.5% Tween 20 (buffer HH-T), and
held for 5 min at room temperature. Then 1 volume of 203 SSC (13SSC is 0.15
M NaCl plus 0.015 M sodium citrate) and 2 volumes of formamide were added
to this solution. Cells were pelleted by centrifugation and resuspended in 10 ml
of prewarmed hybridization buffer (53 SSC, 50% formamide, 0.1% sodium
dodecyl sulfate [SDS], 500 mg of tRNA per ml) containing ;1 ng of the biotin-
ylated RNA probe. The cells were incubated overnight at 45°C with rotation,
pelleted, washed with 100 ml of prewarmed hybridization buffer (without probe)
for 45 min at 45°C with rotation, centrifuged, and resuspended in prewarmed
0.13 SSC–0.1% SDS for 30 min at 45°C. After centrifugation, the cells were
resuspended in 50 ml of streptavidin-phycoerythrin (PharMingen, San Diego,
Calif.) (5 mg/ml) in HH-T, incubated for 30 min at 45°C, pelleted, and resus-
pended in 400 ml of HH-T containing 0.13 SSC and 0.1% SDS. After 2 min at
45°C, the cells were pelleted, resuspended in 200 ml of HH-T, and analyzed on
a FACScan flow cytometer. Data were analyzed with CellQuest software (Bec-
ton- Dickinson, Franklin Lakes, N.J.).

Intracellular cytokine staining (ICCS). High-pressure liquid chromatography-
purified (.95% pure) major histocompatibility complex (MHC) class I peptides
GP33–41 (KAVYNFATM) and NP396–404 (FQPQNGQFI) were purchased from
Peptidogenic (Livermore, Calif.). Spleen cells (2 3 106 per well) from virus-
infected mice were stimulated with 1027 M peptide in the presence of 2 mg/ of
brefeldin A (Sigma, St. Louis, Mo.) per ml for 6 h at 37°C under 5% CO2 in
RPMI 1640 containing 10% FBS, 20 mM HEPES, L-glutamine, and antibiotics.
The cells were stained overnight at 4°C with Cychrome-labeled anti-CD8 anti-
body (PharMingen). The cells were washed, fixed, and permeabilized using
Cytofix/Cytoperm (PharMingen). Samples were stained with fluorescein isothio-
cyanate labeled anti-gamma interferon (IFN-g) antibody, washed and resus-
pended in phosphate-buffered saline containing 2% formaldehyde, and analyzed
on a FACScan flow cytometer with CellQuest software (Becton Dickinson).
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Direct ex vivo cytotoxicity assay. LCMV-immune (.8 weeks after intraperi-
toneal [i.p.] infection with 2 3 105 PFU of LCMV Armstrong) or naive C57BL/6
mice were infected with rCVB3.2 or rCVB3.3; 7 days later they were sacrificed
and their splenocytes were assayed for CTL activity directly ex vivo (in the
absence of in vitro restimulation). The CTL assays were performed as previously
described (52) using targets labeled with 51Cr in the presence or absence of 1027

M LCMV GP33–41 peptide.
Evaluating the protective effects of rCVB-specific memory T cells. LCMV-

immune mice were prepared as described above and were infected (along with
naive mice) with 2 3 106 PFU of rCVB3.2 or rCVB3.3. At 2 or 4 days later, the
mice were sacrificed and tissues were collected on the indicated days. The heart
and pancreas were weighed and frozen at 280°C in DMEM containing 10%
FBS. Samples were later thawed, homogenized, serially diluted in 10-fold incre-
ments, and subjected to titer determination on HeLa cell monolayers.

Determining the stability of rCVB in tissue culture and in vivo. For tissue
culture studies, each passage of virus was done as follows. HeLa cells were
infected with rCVB3 (MOI 5 10), and 7 h later virus was harvested and sub-
jected to titer determination on HeLa cells prior to the next passage. Following
passages 4 and 5, RNA was prepared using Trizol reagent (Gibco BRL, Rock-
ville, MD.). For in vivo studies, naive C57BL/6 mice were infected with 2 3 106

PFU of rCVB3 and 4 days later were sacrificed, and their tissues were harvested.
RNA was prepared from the heart and pancreas using Trizol reagent. The
resulting RNAs were used as templates for reverse transcription-PCR (RT-PCR)
using two CVB-specific primers. The first primer, used for reverse transcription,
was 59CGTGTAGTGAATAATGGAATTGCCGCT39; the second primer was
59GTTGGATTTATACCACTTAGCTTGAGAGAGG39. The resulting PCR
fragments were analyzed by agarose gel electrophoresis. In addition, the PCR
fragments produced using the in vivo-derived RNA templates were cloned by the
T-A method (Invitrogen, San Diego, Calif.), and bacterial colonies were repli-
cated onto nitrocellulose membranes. Following colony lysis and nucleic acid
denaturation, the colonies were analyzed by in situ hybridization, using 59-32P-
labeled single-stranded oligonucleotide probes specific for the GP33 epitope
(probe 59GGAAGGCTGTCTACAATTTTGCCACCTGTGGGGGAGGAG
39) and for the nearby CVB sequence (probe 59CGTGTAGTGAATAATGGA
ATTGCCGCT39). After being washed, positive colonies were identified by au-
toradiography.

RESULTS

Incorporation of foreign genes into the rCVB3 genome. We
and others (21) have developed a system which allows foreign
sequences to be expressed from recombinant CVB3. This sys-
tem was first conceived for recombinant poliovirus (4, 34). The
sequence of interest is placed at the N terminus of the viral
polyprotein, separated from it by a picornavirus protease cleav-
age site which ensures that the recombinant molecule is re-
leased from the polyprotein during the course of virus repli-
cation (4, 33, 34). We used the 3Cpro/3CDpro cleavage site
(consensus AXXQG, where X is any amino acid). The plasmid
pH3, which encodes wtCVB3, had no suitable unique restric-
tion site, and so, to facilitate construction of recombinant vi-
ruses, a unique SfiI cloning site (followed by a polyglycine
linker and an artificial proteolytic cleavage sequence ALFQG)
was inserted into pH3 immediately downstream from the ATG
start codon of the viral polyprotein, generating plasmid
pMKS1, which encodes the “parental” recombinant CVB,
rCVB3.1. Next, minigenes containing well-characterized
LCMV-specific CD81 T-cell epitopes were inserted in frame
into the unique SfiI site of this plasmid, generating infectious
clones from which recombinant viruses could be prepared.
rCVB3.2 contains the Db-restricted LCMV GP33–41 epitope,
and rCVB3.3 contains the Ld-restricted LCMV NP118–126

epitope (51, 53). Amino acid sequences at the N termini of the
above-mentioned viruses are shown in Fig. 1. In all cases, the
sequences of the regions at and around the cloning sites were
confirmed by DNA sequencing prior to transfection into HeLa
cells to produce live recombinant virus.

FIG. 1. rCVB cloning strategy and amino acid sequences at the N termini of wild-type and recombinant coxsackieviruses. pH3 encodes the
full-length CVB3 polyprotein (black arrow). As detailed in Materials and Methods, this plasmid was partially digested with SacI and an
oligonucleotide (thin box) encoding a unique SfiI restriction site followed by the coding sequence for a polyglycine linker and a typical 3Cpro/3CDpro

cleavage site was inserted into the (circled) SacI site immediately downstream of the CVB3 polyprotein start codon. The resulting plasmid
(pMKS1) was used to generate rCVB3.1; it acted also as the parental cloning vector for construction of new rCVB3 viruses, by cutting with SfiI
and inserting antigen expression cassettes including the LCMV GP33–41 Db epitope (resulting in pMKS2 and rCVB3.2) or the LCMV NP118–126
Ld epitope (resulting in pMKS3 and rCVB3.3). The amino acid sequences at the N termini of wtCVB and of the three recombinant viruses are
shown. The artificial cleavage site is denoted by an arrowhead, and the LCMV epitopes are highlighted in bold type.
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In vitro growth kinetics of rCVB3. All rCVB3 constructs
yielded viable, replication-competent viruses after cDNA
transfection of HeLa cell monolayers. After partial cytopathic
effect was observed (24 to 48 h post transfection), the cells and
supernatant were collected and subjected to three rounds of
freezing-thawing prior to plaque assay on HeLa cell monolay-
ers. Virus stocks were plaque purified twice before being ex-
panded on HeLa cells (MOI 10). The rCVB3 viruses formed
plaques within 48 h, but the plaques were smaller than in
wtCVB3 (Fig. 2A). An in vitro one-step growth curve was
generated to compare the growth rates of the rCVB3 strains
to that of wtCVB3 (Fig. 2B). Exponential growth of rCVB3
viruses was delayed by about 1 to 2 h compared to that of
wtCVB3, but once viral replication was initiated, the growth
rates of wtCVB3 and recombinant CVB3 were similar. How-
ever, the maximum titer of rCVB3 was ;108 PFU/ml, about 1
log unit lower than the wild-type titer.

Delayed initiation of replication by rCVB3. The 1 to 2 h
delay in production of infectious particles might have been
attributable to early (attachment/entry/uncoating), intermedi-
ate (genomic RNA replication/proteolytic processing), or late
(maturation/packaging/egress) events. We used the technique
of FISH-FACS (7) to evaluate the kinetics of viral RNA pro-
duction in infected cells. This method employs a biotinylated
CVB-specific RNA probe which is incubated with infected cells
under in situ hybridization conditions, and after being washed,
the cells are incubated with fluorescently labeled streptavidin
(see Materials and Methods). After further washes, the cells
are analyzed on a flow cytometer. In Fig. 3, the y axis shows the

number of recorded events and the x axis shows their fluores-
cence intensity (log10 scale). In cells infected with wtCVB, a
slight increase in fluorescence (average ;2-fold) was detect-
able at 3 h postinfection; by 4 h, most cells showed a ;100-fold
increase; and by 5 to 6 h, almost all of the cells showed strong
fluorescence. In contrast, cells infected with rCVB3 showed a
delay in fluorescence acquisition; this was most evident at the
4-h time point, when the majority of cells fluoresced but did so
at much lower intensity than cells infected with wtCVB. These
data are consistent with a defect in an early event, which delays
the onset of viral RNA synthesis by ;1 h. At 5 h, many
rCVB-infected cells have a level of fluorescence similar to that
observed in wtCVB-infected cells, indicating that once cells are
infected by rCVB, their viral RNA content appears similar
to that observed during wtCVB infection; this agrees with
the observed similarities in exponential growth rates (Fig.
2). Therefore, there is no obvious defect in replication of the
recombinant RNA genome.

In vivo replication and pathogenesis of rCVB3. Infection of
mice with wtCVB results in widespread viral replication; the
highest titers usually are found in the heart and pancreas
(;108 and ;1010 PFU/g, respectively), with accompanying
myocarditis (18, 22, 56) and pancreatitis (36, 45, 46). There-
fore, we infected BALB/c and C57BL/6 mice with various
doses of rCVB3 and evaluated the viral titers in these organs.
As shown in Fig. 4, both rCVB3.2 and rCVB3.3 grew to high
titers in the pancreas of BALB/c and C57BL/6 mice; the pan-
creatic titers were very similar to those seen during wtCVB
infection. The rCVB strains grew somewhat less well in the

FIG. 2. Plaque morphology and growth kinetics of wild-type and recombinant coxsackieviruses. (A) Plaque assays of wtCVB (strain H3) (28)
and rCVB3.1, rCVB3.2, and rCVB3.3 were performed in parallel on HeLa cell monolayers. The numbers indicate the average plaque diameter
of 40 to 60 individual plaques 6 the standard deviation. (B) A one-step growth curve was generated to compare the in vitro growth kinetics of
rCVB3 and wtCVB. HeLa cell monolayers were infected at an MOI of 10, and the amount of infectious virus was determined at each time point
by a plaque assay. p.i., postinfection.
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heart but still yielded 106 PFU/g. As might be expected, given
the high viral titers, histological analyses of the heart and
pancreas revealed inflammatory infiltrates. At 9 days postin-
fection, rCVB3.2 caused minimal myocarditis (Fig. 5A); the
reduced cardiovirulence of the recombinant virus is clearly
demonstrated by comparison with the more severe myocarditis
caused by wtCVB (Fig. 5B). However, rCVB3 showed little if
any attenuation of virulence in the pancreas, causing a severe
pancreatitis which was detectable as early as 2 days postinfec-
tion (not shown) and resulted in marked infiltration and acinar

cell destruction by 9 days postinfection (Fig. 5C). The pancre-
atic pathology caused by rCVB was similar to that previously
described following wtCVB3 infection (36); only pancreatic
acinar cells were infected, and no destruction of islet cells was
observed. However, despite high virus titers and severe pan-
creatitis, mortality was much reduced following rCVB infec-
tion; wtCVB3 has a 50% lethal dose of ;100 PFU for C57BL/6
mice (18), but doses of up to 107 PFU of rCVB3.1, rCVB3.2,
or rCVB3.3 per mouse were nonlethal. In summary, the re-
combinant CVB3 strains used in these studies replicated to
high titers in vivo and were less cardiovirulent than the paren-
tal virus but remained able to cause severe but nonfatal pan-
creatitis.

The LCMV GP33 epitope is expressed in vivo by rCVB3.2.
Next, we investigated whether the encoded foreign T-cell epi-
tope was expressed in vivo by rCVB. Naive and LCMV-im-
mune C57BL/6 (H-2b) mice were infected with either rCVB3.2
(carrying the Db-restricted GP33 epitope) or rCVB3.3 (as a
negative control, carrying the Ld-restricted NP118 epitope).
Seven days later, CTL activity was measured directly ex vivo
against peptide-coated H-2b target cells, using a standard 51Cr
release assay. CTL activity was below the level of detection in
naive mice following infection with rCVB3.2 (Fig. 6), indicat-
ing that rCVB3.2 does not induce a strong enough CD81

T-cell response to be detected directly ex vivo. The failure to
induce primary CTL activity directly ex vivo is consistent with
previous observations using recombinant poliovirus, in which
detection of CTL activity required a 5-day secondary in vitro
restimulation (30, 49). To determine if rCVB infection could
stimulate memory T cells, LCMV-immune C57BL/6 (H-2b)
mice were infected with rCVB3.2 (containing the Db-restricted
LCMV CTL epitope). LCMV-immune C57BL/6 mice contain
a high proportion of GP33-specific memory T cells, which, on
secondary exposure to antigen, increase in number and acquire
lytic activity. As a control to ensure that the development of
lytic activity was specific for the encoded Db epitope, a group
of these LCMV-immune H-2b mice were challenged with

FIG. 3. FISH-FACS analysis of RNA synthesis by wtCVB and
rCVB. HeLa cells were incubated with wtCVB (left column) or with
rCVB encoding GFP (right column) (both at an MOI of 10) or were
mock infected (UNINF). At the indicated times, the cells were har-
vested, processed as described in Materials and Methods, and incu-
bated under in situ hybridization conditions with a biotinylated RNA
probe specific for the genomic strand of CVB3. After being washed to
remove unbound probe, the cells were incubated with streptavidin-
phycoerythrin, washed, and analyzed on a flow cytometer. The y axes
show the number of recorded events, and the x axes indicate their
fluorescence (arbitrary units, log10 scale).

FIG. 4. In vivo growth kinetics of rCVB3. BALB/c or C57BL/6
mice were infected with the indicated virus doses. Four days later, the
heart and pancreas were harvested and the virus titers were deter-
mined. Means and standard deviations are shown.
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rCVB3.3 (containing the Ld-restricted LCMV CTL epitope).
Strong GP33-specific lytic activity was detectable 7 days after
infection of LCMV-immune H-2b mice infected with rCVB3.2
(Fig. 6). In contrast, infection of these mice with rCVB3.3 did
not result in an appreciable level of CTL activity, indicating
that the CTL response observed after rCVB3.2 infection re-
quired the expression of the Db-restricted LCMV epitope and
was not due to nonspecific “bystander” activation. Together,
these results demonstrate that rCVB3 can express heterolo-
gous CD81 T-cell epitopes in vivo and can stimulate a cytolytic
response in antigen-specific CD81 memory T cells.

Poor primary CD81 T-cell response to rCVB3. We show
above (Fig. 6) that an rCVB carrying a strong foreign epitope
failed to induce primary CTL responses detectable directly ex
vivo, although the virus could stimulate preexisting CD81

memory T cells. However, in vitro cytotoxicity assays are less
sensitive than ICCS, so we next used this assay to determine
whether rCVB3 could induce primary CD81 T-cell responses
detectable directly ex vivo. Naive C57BL/6 mice were infected
with 2 3 106 PFU of rCVB3.2 or rCVB3.3 and 7 days later
were sacrificed, and their epitope-specific CD81 T-cell re-
sponses were evaluated directly ex vivo by ICCS. No epitope-
specific IFN-g-producing CD81 T cells were detected (data
not shown). Therefore, to expand any epitope-specific T cells
which had been induced by rCVB, rCVB-immunized mice
were infected with LCMV and 4 days later were analyzed by
ICCS. The results are shown in Fig. 7. LCMV-immune mice,
upon reinfection with LCMV, mount strong responses to both
the GP33 and NP396 epitopes. In contrast, mice infected with

rCVB3.2, which expresses the GP33 epitope, failed to mount
detectable responses even after 4 days of in vivo restimulation
by LCMV.

rCVB3.2 replication is reduced in mice which have virus-
specific CD81 memory T cells. If antigen-specific CD81 mem-
ory T cells play a role in limiting rCVB3 replication, one would
expect to see a reduction in rCVB3 titers in LCMV-immune
mice challenged with an rCVB3 strain which expressed the
correct MHC-restricted CTL epitope; in contrast, one would
predict little to no difference in virus titers if the rCVB3 strain
of virus expressed an irrelevant CTL epitope. To test this hy-
pothesis, we challenged naive and LCMV-immune C57BL/6
mice with rCVB3.2 or rCVB3.3 and measured the virus titers
in the heart and the pancreas at 2 and 4 days postinfection (Fig.
8). rCVB3.2 infection of naive mice (black bars) led to high
titers in the heart and pancreas, consistent with the data re-
ported in Fig. 4. In LCMV-immune H-2b mice, which have
CD81 memory cells specific for the LCMV GP epitope, myo-
cardial rCVB3.2 titers were reduced by 4-fold at 2 days postin-
fection and by 50-fold at 4 days postinfection. rCVB3.2 titers in
the pancreas were also consistently reduced in these mice, by
five to sixfold compared to those in nonimmune animals. In
contrast, rCVB3.3 titers were not altered by the prior immune
status of the mouse, indicating that the observed inhibition of
rCVB3.2 was epitope specific. These results demonstrate that
a preexisting epitope-specific CD81 memory T-cell response
can reduce the viral load of rCVB3 infection in both heart and
pancreatic tissue.

FIG. 5. rCVB3.2 causes mild myocarditis and severe pancreatitis. C57BL/6 mice were infected i.p. with 106 PFU of rCVB3.2, and 9 days later
the heart and pancreas were examined histologically; the heart was stained with hematoxylin and eosin, and the pancreas was stained with
trichrome. (A) Mild myocarditis was noted in the rCVB3.2-infected heart. (B) The more marked myocarditis occurring 9 days after infection of
C57BL/6 mice with wtCVB is shown. Myocardial infiltrates are indicated by arrows. (C) rCVB3.2 infection resulted in massive destruction of the
exocrine tissue of the pancreas, leaving only occasional acinar cells and the islets of Langerhans intact. (D) Normal pancreas. Islets of Langerhans
are labeled and arrowed. Magnification, 380. The samples are representative of at least four animals, and similar results were obtained with
rCVB3.1 and rCVB3.3 (data not shown).
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In vivo stability of recombinant coxsackieviruses. Some
studies with recombinant polioviruses, performed using the
same cloning strategy used here, suggested that the viruses
were extremely unstable, even in tissue culture, and rapidly
discarded the inserted sequences (42). In this light, the failure
of rCVB3.2 to induce a strong CD81 T-cell response might be
explained by loss of the inserted epitope during viral replica-
tion in vivo. Indeed, one might argue that the loss of a CTL
epitope would be accelerated in vivo by immune selection in
favor of revertant CVB. Therefore we estimated the stability of
the inserted epitope in tissue culture and in vivo in the heart
and pancreas. Viral RNAs were amplified by RT-PCR, and the
reaction products were evaluated in two ways: by agarose gel
electrophoresis and by cloning and colony hybridization. As
shown in Fig. 9A, the viral RNA was stable in tissue culture
through passage 4, but by the next passage a significant pro-
portion of PCR products had lost either the GP33 epitope
(rCVB3.2 3 rCVB3.1) or the entire insert including the SfiI
cloning site (resulting in the wild-type band). By day 4 post
infection, essentially all of the viral RNA present in the hearts
of two mice appeared to be wild type; in contrast, the viral
RNA in the pancreata comprised a mixture of the three pop-
ulations. As a second means of quantitating the in vivo stability
of the inserted epitope in rCVB3.2, the PCR fragments en-
compassing the SfiI site were cloned, and transformed bacteria

were analyzed by colony hybridization with probes specific for
(i) the GP33 epitope and (ii) the CVB sequence; this allowed
the calculation of the percentage of cloned fragments which
had retained the inserted epitope. As shown in Fig. 9B, at 4
days postinfection in two mice, a very low proportion (0 to
1.8%) of viral RNA from the heart had retained the GP33
sequence. In contrast, a much higher proportion (9 to 55%) of
pancreatic CVB RNA was GP331. Thus, at 4 days postinfec-
tion, a substantial proportion of rCVB3 expresses the LCMV
GP33 epitope.

DISCUSSION

The availability of infectious cDNA clones of CVB3 not only
permits the production of genetically pure virus stocks but also
allows the development of a genetic system to prepare rCVB.
Here we have exploited this by incorporating LCMV-specific
CD81 CTL epitopes into the amino terminus of the CVB3
polyprotein to evaluate the efficiency with which picornaviruses
induce CD81 T cells and to determine the role of CD81

memory T cells in controlling rCVB3 infection. Others have
recently reported the successful expression of an adenovirus
antibody epitope in rCVB made from an attenuated CVB3
(21); here we focus on T-cell responses. The recombinant
strains of virus used in this study had smaller plaques than
wtCVB3, and an in vitro one-step growth curve lagged 1 to 2 h
behind that for the parental wtCVB3 strain (Fig. 2). Several
things could explain this lag and the ;1-log-unit reduction in
output of infectious virus. For example, there may be less
efficient cell binding, entry, and uncoating or diminished rep-
lication of recombinant genomic RNA. The FISH-FACS data
(Fig. 3) point to a defect in an early event in the rCVB3 life
cycle and indicate that once rCVB3 succeeds in infecting a cell,
it can produce genomic RNA in quantities similar to those
synthesized by wild-type virus; consistent with this conclusion,
once rCVB3 replication is initiated, the production of infec-
tious particles proceeds at a rate very similar to that of wtCVB
(Fig. 2). It is possible that the method of cloning has contrib-
uted to a defect in the virion, which in turn has led to a delay
in virus entry. Picornaviruses, including poliovirus (10, 41, 44)
and CVB (41), have a myristate moiety covalently attached to
the glycine residue which immediately follows the initiation
codon of the native polyprotein (see the sequence of wtCVB in
Fig. 1). Mutation of the glycine or, in some circumstances, of
other nearby residues prevents or reduces myristoylation and is
often lethal (31). In the absence of myristoylation, RNA tran-
scription appears unaffected (31), but there are multiple de-
fects in the viral life cycle, including disruption of polyprotein
processing and virus assembly, and mutant particles show re-
duced infectivity (5, 29, 32, 39, 40). Recombinant polioviruses
made using this cloning strategy showed a delay in myristoyl-
ation, although it did eventually proceed by a novel pathway;
the viruses showed reduced infectivity (33). Thus, our findings
with rCVB are consistent with substandard myristoylation,
which may somewhat reduce viral infectivity and delay the
onset of replication.

The rCVB described here replicated well in vivo; viral titers
in the pancreas were comparable to those seen during wtCVB
infection, and the rCVB caused severe pancreatitis. Neverthe-
less, the viruses were markedly attenuated, as indicated by a

FIG. 6. rCVB3.2 expresses an LCMV T-cell epitope in vivo. To
determine if the artificial LCMV-specific Db-restricted CTL epitope
encoded by rCVB3.2 was expressed in vivo, we challenged naive and
LCMV-immune C57BL/6 mice with rCVB3.2 and compared the ex
vivo epitope-specific CTL response to that in C57BL/6 mice infected
with rCVB3.3 expressing an Ld-restricted CTL epitope. At 7 days
postinfection, naive mice that were challenged with rCVB3.2 did not
exhibit direct ex vivo CTL activity but rCVB3.2 infection of LCMV-
immune mice resulted in readily detectable peptide-specific cytotoxic-
ity. This result was not due to bystander activation, since infection of
LCMV-immune mice with rCVB3.3 (in this case, encoding an irrele-
vant T-cell epitope) did not elicit peptide-specific cytolytic activity. The
data show the average and standard deviation for two mice per group.
Spontaneous lysis of target cells was ,20%. E:T ratio, effector-to-
target-cell ratio.
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much higher 50% lethal dose and minimal myocarditis. Several
studies have shown that changes in the untranslated 59 region
of CVB3 attenuate the virus and decrease its cardiovirulence
(50); we therefore consider it possible that our insertion of
foreign sequences into the amino terminus of the polyprotein
might have altered the secondary structure of the viral RNA in
the 59 untranslated region, thus decreasing viral cardioviru-
lence and lethality. We are currently constructing new recom-
binant strains of CVB3 in which the cloning site lies inside
farther the polyprotein ORF, and therefore farther from the 59
untranslated region, to determine if we can isolate cardioviru-
lent rCVB3.

Several reports have shown that CVB3-induced myocarditis
is the result of triggering of a cross-reactive autoimmune re-
sponse against cardiac tissue (12, 14, 24, 54). The results of our
study do not support such a mechanism. The rCVB3 used in
this study replicated well in vivo; replication in the pancreas
was similar for rCVB3 and wtCVB3 (Fig. 4) and differed from
that of the parental (cardiovirulent) strain of virus only by the
addition of heterologous viral sequences in the amino terminus
of the polyprotein (Fig. 1). Therefore, since these recombinant
constructs still encode and express all of the native viral pro-
teins, they should be able to induce autoreactivity against heart
tissue. The absence of severe myocarditis during rCVB infec-
tion suggests that no such autoimmunity has been induced.
Instead, the mild myocarditis is consistent with the reduced
viral titers in the heart of rCVB-infected mice (Fig. 4). We (15,
18) and others (22, 27), have demonstrated that CD81 T cells
are involved with the induction of myocarditis, and we specu-
late that myocarditis is caused by a combination of host and

viral factors in which the virus must replicate to high titers in
the heart and induce both substantial damage and the accu-
mulation of a large number of virus-specific lymphocytes.

The failure of rCVB3.2 to induce a detectable GP33-specific
response following infection of naive mice seems to reflect a
general inability of CVB to induce CD81 T-cell responses.
Activated T cells can be identified by incubating splenocytes
with anti-CD3 antibody; the activated cells produce IFN-g
(43). Using this method, .50% of CD81 T cells from LCMV-
infected mice (day 7 postinfection) produce IFN-g after anti-
CD3 stimulation; in contrast, 7 days after rCVB3 infection,
,4% respond to anti-CD3 stimulation, a response similar to
that seen after stimulation of naive CD81 T cells (data not
shown). Although others have presented unequivocal proof
that recombinant polioviruses can induce CD81 T cells, these
responses were not identified directly ex vivo and instead re-
quired 5 days of secondary in vitro restimulation to expand
them to detectable levels (30, 49). This need for restimulation
contrasts with other approaches to vaccination; for example,
following a single immunization with plasmid DNA, antigen-
specific CD81 responses can be readily detected directly ex
vivo and can constitute 0.4 to ;3% of the total CD81 T-cell
population (2, 3, 17), and antigen-specific responses can be
detected directly ex vivo following vaccination with recombi-
nant vaccinia viruses (17). Taken together, these findings sug-
gest that picornavirus-based vaccines may be limited in their
ability to induce CD81 T-cell responses.

Our data raise questions about the biological importance of
“cross-priming” (also termed cross-presentation), a process in
which exogenous antigens are taken up by antigen-presenting

FIG. 7. rCVB do not induce strong CD81 T-cell responses. Twelve C57BL/6 mice were infected as indicated (1° infections; four mice per
group) with either LCMV (2 3 105 PFU i.p.), rCVB3.2, or rCVB3.3 (2 3 106 PFU i.p.), and 4 weeks later, all mice were challenged with LCMV
(2 3 105 PFU i.p.). Four days later, the mice were sacrificed and their spleens were harvested. CD81 T-cell responses to the Db-restricted LCMV
epitopes GP33 and NP396 were evaluated by ICCS. Representative results are shown from a single mouse in each of the three groups. The oval
indicates CD81 IFN-g1 cells.
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cells APCs, and processed into the MHC class I pathway.
Elegant studies using poliovirus receptor transgenic mice (49)
led the authors to conclude that recombinant polioviruses in-
duced CTL by this means, and it has been suggested that this
route of antigen delivery is the dominant means by which
intracellular organisms induce CTL (8). If this is the case, one
might expect that rCVB3.2 would induce good CTL responses,
since (i) the recombinant virus encodes a strong CD81 T-cell
epitope, (ii) it replicates to high titer in vivo, and (iii) a signif-
icant proportion of the viruses retain the epitope at 4 days
postinfection, a time point beyond which virus titers rapidly
decline. However, although rCVB3.2 expresses the GP33 epi-
tope in vivo (Fig. 6), it is unable to induce detectable responses
to the GP33 epitope, which, when expressed by LCMV, in-
duces a massive response (Fig. 7). Therefore, it appears that
cross-priming is not an efficient way by which to present all
proteins made during virus infection.

An important goal of this study was to determine the efficacy

of preexisting picornavirus-specific CD81 T cells in combating
subsequent viral challenge. By immunizing mice with LCMV
prior to rCVB3 infection, we were able to determine whether
vaccination with a single CD81 T-cell epitope could play a role
in viral clearance. As shown in Fig. 8, LCMV-specific memory
cells had no effect on rCVB3.3 (which does not encode an H-2b

epitope) but substantially reduced the titers of rCVB3.2. These
effects were seen as early as 2 days postinfection and became
more apparent by 4 days postinfection, when rCVB3.2 titers in
the heart were almost 50-fold lower in LCMV-immune ani-
mals. The difference in virus titers in the pancreas (;six fold
lower by 2 days postinfection) was less pronounced than that
observed in the heart and may be related to the massive de-
struction of acinar cells that is observed during CVB3 infec-
tion; since CVB3 caused severe destruction of the exocrine
pancreas (Fig. 5), it is possible that the number of available
acinar cells was a limiting factor for viral replication in this
organ. Alternatively, CVB-specific CD81 T cells may play a
more important antiviral role in the heart than in the pancreas
(see below). Our demonstration that picornavirus-specific
CD81 T cells reduce the virus load 6-fold to 50-fold is consis-
tent with our previous study using mice depleted of CD81 T
cells, in which virus titers were increased ;20-fold (18).

One might expect that the reduced infectivity of rCVB
would provide a selective pressure favoring revertant viruses
which had jettisoned the inserted sequences. However, in tis-
sue culture, some 99% of viruses retained the insert after four

FIG. 8. Virus-specific CD81 memory T cells contribute to the con-
trol of picornavirus infection. Naive and LCMV-immune C57BL/6
mice were challenged with 2 3 106 PFU of rCVB3.2 (left column) or
rCVB3.3 (right column), and the amount of infectious virus in the
heart (top row) and pancreas (bottom row) 2 and 4 days later was
determined by a plaque assay. As expected, rCVB3.3 grew equally well
in naive and LCMV-immune mice. In contrast, rCVB3.2 titers were
consistently lower in the heart and pancreas of LCMV-immune mice
than is those of naive controls, indicating that the preexisting virus-
specific memory CD81 T cells recognized rCVB3.2-infected cells in
vivo and reduced the viral burden in both heart and pancreas. The data
show the average for four mice per group and the standard deviation.

FIG. 9. Tissue-specific loss of the LCMV epitope during rCVB3
infection. Two naive C57BL/6 mice were infected with 2 3 106 PFU of
rCVB3.2; 4 days later, their hearts or pancreata were harvested and
RNA was prepared. Alternatively, RNA was prepared from tissue
culture cells after four or five viral passages (P4 and P5, respectively).
The RNA was used as a template for RT-PCR with primers flanking
the SfiI cloning site (see Materials and Methods). (A) PCR products
were subjected to agarose gel electrophoresis, and bands were stained
with ethidium bromide. Arrows indicate the expected band sizes for
products from rCVB3.2 (containing the GP33 epitope), rCVB3.1
(lacking the epitope but containing the SfiI cloning site), and wtCVB
(lacking both the epitope and the SfiI site). (B) PCR products were
cloned by the T-A method. The resulting bacterial plates were dupli-
cated, and the bacterial colonies were analyzed by hybridization with
radiolabeled probes specific for CVB or for the GP33 sequence. Fol-
lowing autoradiography, positive colonies were counted; the data from
two independent experiments are shown. ND, not done.
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passages and ;76% retained it after five (Fig. 9). This con-
trasts with a recent analysis of recombinant polioviruses made
using this cloning strategy, which were found to be extreme-
ly unstable (42). These authors suggested that longer inserts
might be less stable; thus, the stability of the inserts in the
rCVB described here might be attributed to their brevity.
However, we have prepared as rCVB expressing green fluo-
rescent protein (GFP), and this virus maintains GFP expres-
sion through several passages in tissue culture and to at least
day 4 in vivo (I. Mena, R. Feuer, and J. L. Whitton, unpub-
lished data). Remarkably, when we analyzed the in vivo stabil-
ity, we uncovered an organ-specific effect; almost all virus iso-
lated from the heart had lost the insert by 4 days postinfection,
while a significant proportion of pancreatic virus had retained
the insert. Perhaps the reduced infectivity of rCVB3, seen in
tissue culture (Fig. 2B), has a more marked inhibitory effect on
infection of myocardial cells than of acinar cells; if so, the
selective pressure favoring revertant virus would be stronger in
the heart than in the pancreas. Alternatively, it is tempting to
suggest that the selective pressure exerted on the virus by
GP33-specific CD81 T cells is stronger in the heart than in the
pancreas. We have previously identified a difference in the
roles played by CVB-specific CD81 T cells in these organs;
perforin-mediated CD81 T-cell activity contributes to destruc-
tion of myocardial cells (15) but not to acinar cell death (36).
Experiments are under way to distinguish among these and
other possible explanations for the organ-specific selection of
viral variants.

This study demonstrates the feasibility of engineering
rCVB3 strains for elucidating the immunological mechanisms
of viral clearance and disease. We have shown that rCVB3 can
be generated that express heterologous CTL epitopes in vivo
and that CD81 T cells play a role in controlling rCVB3 infec-
tion in target organs such as the heart and pancreas. In addi-
tion to characterizing the role of CD81 T cells, similar rCVB3
constructs could be made that express well-characterized
CD41 T-cell epitopes alone or in combination with CD81

epitopes. Thus, the genetic system described here provides a
useful tool for studying many questions regarding CVB3 infec-
tion, pathogenesis, and immunity.
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