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ABSTRACT Recombinant polioviruses expressing foreign
antigens may provide a convenient vaccine vector system to
induce protective immunity against diverse pathogens. Replica-
tion-competent chimeric viruses can be constructed by inserting
foreign antigenic sequences within the poliovirus polyprotein.
When inserted sequences are flanked by poliovirus protease
recognition sites the recombinant polyprotein is processed to
mature and functional viral proteins plus the exogenous antigen.
It previously has been shown that poliovirus recombinants can
induce antibody responses against the inserted sequences but it
is not known whether poliovirus or vaccine vectors derived from
it can elicit effective cytotoxic T lymphocyte (CTL) responses. To
examine the ability of the recombinant poliovirus to induce CTL
responses, a segment of the chicken ovalbumin gene, which
includes the H2-Kb-restricted CTL epitope SIINFEKL, was
cloned at the junction of the P1 and P2 regions. This recombinant
virus replicated with near wild-type efficiency in culture and
stably expressed high levels of the ovalbumin antigen. Murine
and primate cells infected with the recombinant virus appropri-
ately processed the SIINFEKL epitope and presented it within
major histocompatibility complex class I molecules. Inoculation
of mice with recombinant poliovirus that expresses ovalbumin
elicits an effective specific CTL response. Furthermore, vacci-
nation with these recombinant poliovirus induced protective
immunity against challenge with lethal doses of a malignant
melanoma cell line expressing ovalbumin.

Protective immunity against many infectious diseases and effec-
tive immunotherapies for cancer may require priming of both
humoral and cellular immune responses. In particular, the gen-
eration of an effective CD81 cytotoxic T lymphocyte (CTL)
activity is thought to be especially important for control of virally
infected cells and tumors. CTLs recognize antigens as short
fragments of proteins (8–10 amino acids long) bound to major
histocompatibility complex (MHC) class I molecules on the cell
surface. Most of these peptide epitopes are derived from the
cytosolic degradation of proteins that are synthesized within the
host cell and are translocated by specific transporters from the
cytosol into the endoplasmic reticulum where they bind to MHC
class I molecules. The peptide-MHC class I complex then is
transported, through the Golgi apparatus, to the cell surface
where it is presented to CD81 T lymphocytes (1).

A current challenge for vaccine development is to find new
ways to efficiently deliver relevant antigens into the MHC class I
pathway. Recombinant viruses represent a particularly promising
approach because they can replicate in a variety of host cell types
and induce both humoral and cell-mediated immune responses.
A number of different viruses, including vaccinia and adenovirus,

have been used to develop recombinant vaccines to immunize
against a variety of pathogens (2). Recently, poliovirus, a member
of the picornavirus family, has been proposed as a candidate
vaccine vector (3–7). Advantages of the life-attenuated poliovirus
vaccine (Sabin strains) include its extensive use in humans, its
safety, and its ability to induce long-lasting protective immunity.
In addition, poliovirus vaccines are easy to administer by the oral
route, have a sufficiently low cost to enable their distribution in
the developing world, and induce both systemic humoral immu-
nity and local intestinal mucosal resistance to poliovirus infection
(8). Induction of mucosal immunity is thought to be important to
protect against pathogens that cause disease at the mucosal
surfaces, such as respiratory or gastrointestinal pathogens, or that
gain access through a mucosal port of entry, such as sexually
transmitted diseases.

Given these favorable characteristics of the Sabin poliovirus
vaccine a number of laboratories have developed several strate-
gies for the construction of recombinant polioviruses (3–7). We
previously have constructed poliovirus recombinants that express
genes derived from HIV, simian immunodeficiency virus, and
hepatitis B virus. All of these constructs induced potent antibody
responses against the foreign antigen in mouse and monkeys (3,
9, 10). However, despite decades of use of the poliovirus vaccine,
the ability of poliovirus, or the attenuated vaccine strain, to elicit
MHC class I-restricted CD81-CTL responses has not been doc-
umented (2). Although inoculation of purified poliovirus particles
in mice has been reported to induce CTL responses to poliovirus
capsid protein, the immunological significance of those observa-
tions is difficult to assess because the mice used in those studies
lacked the specific human poliovirus receptor and thus were not
susceptible to infection (11). Although viruses from diverse
families (e.g., poxviruses, adenovirus, and herpesvirus) have been
found to posses a variety of strategies that enable them to resist
clearance by the host immune response (12–17), it is not known
whether or not poliovirus has similar mechanisms. In fact,
Kirkegaard and coworkers (18, 19) have shown that protein
transport through the host secretory pathway is inhibited during
poliovirus infection caused by the action of viral proteins 2B, 2BC,
and 3A, each of which is capable of inhibiting protein secretion.
These findings led to speculations that, by down-regulation of
MHC class I transport to the cell surface, poliovirus-infected cells
may escape CD8-mediated CTL immunity.

To evaluate the ability of replication-competent recombinant
poliovirus to induce specific CD81 lymphocyte responses, we
constructed Polio-Ova, a recombinant poliovirus that expresses
the C-terminal half of chicken ovalbumin (Ova). Polio-Ova stably
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expresses and appropriately processes the Ova fragment, and the
specific Ova peptide epitope is efficiently presented by MHC class
I in infected cells. Importantly, infection of poliovirus-susceptible
mice with Polio-Ova induces a specific CTL response and protects
against experimental challenge with a lethal dose of malignant
melanoma cells that express Ova.

MATERIALS AND METHODS
Recombinant Polioviruses. Construction of Polio-Sp27 has

been described previously (10). Polio-Ova was constructed by
using a similar procedure. Briefly, the C-terminal half of Ova was
amplified by PCR from the plasmid pBSK-Ova (20) by using
primers 1 (59-GGGGAGGTGAATTCGTGACTGAGCAAG-
AAA-39) and 2 (59-GTCAGATCCTCGAGAGGGGAAACA-
CATCTG-39) that included restriction enzyme sites EcoRI and
XhoI, which were used to insert the PCR-amplified exogenous
DNA into the vector polylinker. PCR fragments used in cloning
were digested with EcoRI and XhoI restriction enzymes and
ligated to the poliovirus vector pMoV 2.11 digested with the same
enzymes (10). Replication-competent chimeric polioviruses were
recovered by transfection of HeLa S3 cells with in vitro-
transcribed RNA from recombinant cDNA clones (9).

Virus Stock. Poliovirus recombinant stocks were produced as
described previously (10). Recombinant vaccinia virus expressing
Ova was a kind gift of Jonathan Yewdell, National Institutes of
Health, Bethesda, MD.

Immunofluorescence. HeLa cells were infected at low multi-
plicity of infection (MOI) (,1) with Polio-Ova or Polio-Sp27
obtained after two successive passages in HeLa cells. Five hours
postinfection cells were fixed with 2% paraformaldehyde and
subsequently stained with monoclonal mouse anti-polio 2C (kind-
ly provided by Kurt Bienz, University of Basel, Switzerland) and
polyclonal rabbit anti-Ova (Biodesign International, Kennebunk-
port, ME). Secondary antibodies (both horse anti-mouse IgG
fluorescein isothiocyanate and goat anti-rabbit IgG Texas red)
were obtained from Vector Laboratories and visualized by epi-
fluorescence microscopy.

Western Blot Analysis. Western blotting was performed es-
sentially as described (9). Briefly, HeLa cells were infected with
Polio-Ova and Polio-Sp27 recombinant polioviruses (MOI of 10)
and incubated for 4, 7, and 9 hr at 37°C. Cells were harvested and
lysed in buffer H (10 mM Hepes, pH 7.9/10 mM KCl/1.5 mM
MgCl2/1 mM DTT/1% Triton X-100/0.1 mM phenymethylsulfo-
nyl fluoride), and the nuclei were removed by centrifugation.
Approximately 4 mg of proteins of total lysates were subjected to
electrophoresis through a 12% SDS-polyacrylamide gel and
analyzed by immunoblotting using antibodies directed against
Ova (polyclonal rabbit anti-Ova Serum).

Cell Lines and Antigen Presentation Assay. Construction of an
EL4 cell line expressing human poliovirus receptor. A complete
cDNA fragment corresponding to the human poliovirus receptor
(PVR) was obtained by PCR of total HeLa cDNA using oligo-
nucleotides 3 (59-GCTAAGCTTTCAATTACGGCAGCTCT-
G-39) and 4 (59-GAGGTCGACCTGCTCGGAGCAACTGGC-
ATG-39). To construct pPVR-9, the PCR product was digested
with SalI and HindIII and ligated to SalI/HindII-digested pKS 25
plasmid, which carries a 4,300-bp fragment corresponding to the
murine b-actin promoter and an 880-bp fragment corresponding
to the 39 untranslated region of the murine b-actin mRNA (21).
EL 4 cells (107 cells in 0.8 ml/PBS) were cotransfected by
electroporation with 20 mg of plasmid pPVR-9 and 5 mg of
pKO-Neo and selected in the presence of 0.5 mgyml of G418.
Cells growing were analyzed by flow cytometry in a FACSCALI-
BUR system (Becton Dickinson) by staining with the PVR-
specific mAb D171 (a kind gift of Eckard Wimmer, State
University of New York, Stony Brook) followed by fluorescein
isothiocyanate-labeled goat anti-mouse IgG g chain specific
(KPL) secondary antibody.

Cell lines. C57BL/6-derived melanoma B16F0 (15) was ob-
tained from American Cell Culture Collection. B16-Ova

(Mo5.20.10) was constructed by transfection of B16F0 with the
pAc-neo-Ova plasmid as described (22, 23). RF33.70 is a C57BL/
6-derived anti-Ova-Kb-specific hybridoma described previously
(24). HeLa Kb B3Z, and EL4-SL8 (a kind gift from Nilabh
Shastri, University of California Berkley) cells were grown in
RPMI medium 1640. Cos Kb cells, transfected with sequences
encoding murine H2-Kb molecule (K.L.R. unpublished work),
were grown in the same media. EG-7 cells stably express ovalbu-
min.

Antigen Presentation Assay. Single lacZ assay. EL-4-PVR cells
were mock-infected or infected with a MOI of 40. Cells were
incubated at room temperature for 20 min to allow the virus to
adsorb to the cells, washed in PBS, and resuspended in media to
a concentration of 5 3 105 cells/ml. One-hundred microliters of
B3Z cells (5 3 105 cells/ml) were cocultured with 100 ml of
poliovirus-infected cells in 96-well plates at 37°C for 24 hr. As
controls, B3Z cells were incubated alone, with mock-infected
EL-4-PVR cells or with 5 3 104 EL4-SL8 cells (which are stably
transfected with SIINFEKL). To determine expression of b-ga-
lactosidase, cultures were washed once with PBS and fixed with
cold 2% formaldehyde/0.2% glutaraldehyde for 5 min at 4°C.
Cells were washed again and subsequently overlaid with 5-bromo-
4-chloro-3-indolyl b-D-galactopyranoside (X-Gal) solution (1
mg/ml X-Gal, 5 mM potassium ferrocyanide, 5 mM potassium
ferricyanide, and 2 mM MgCl2 in PBS). Cells were incubated at
37°C overnight and examined microscopically for the presence of
blue cells the next day.

Bulk lacZ assay. After overnight incubation with infected cells,
cultures were washed once in PBS and lysed by addition of 100 ml
of Z buffer (100 mM 2-mercaptoethanol/9 mM MgCl2/0.125%
Triton X-100/15 mM chlorophenol red b-galactoside) (Calbio-
chem). After 4 hr of incubation, 50 ml of stop solution (300 mM
glycine and 15 mM EDTA in water) was added, and total lacZ
activity in individual cultures was determined by measuring
absorption at 595 nm with 635 nm as the reference wavelength
using a 96-well plate reader (SLT rainbow).

Interleukin 2 (IL-2) production by RF33.70 T cell hybridoma.
Antigen presenting cells (106) in 200 ml of Opti-mem (GIBCO)
were infected for 30 min at room temperature with 10 plaque-
forming units (pfu)/cell of the indicated viruses. Cells were
washed once with cDMEM [DMEM (Irvine Scientific), supple-
mented with 10% FCS, 5 3 1025 M 2-mercaptoethanol (Sigma),
2 mM L-glutamine, antibiotics, 0.01 M Hepes buffer (Irvine
Scientific), and nonessential amino acids (Irvine Scientific)] and
cultured for 16 hr at 37°C at the appropriate concentrations in
96-well plates together with 105 RF33.70 cells in a final volume of
200 ml of cDMEM. Next, 100 ml of supernatant from each well
was transferred to another 96-well plate, frozen, and thawed, and
5,000 CTLL-2 cells (an IL-2-dependent cell line) in 25 ml of
cDMEM were added. The plates then were cultured at 37°C for
24 hr followed by the addition of 1 mCi/well of 3H thymidine in
25 ml of cDMEM and 4-hr incubation at 37°C. Finally, the
CTLL-2 cells were harvested by using a Tomtec cell harvester
(Wallac, Turku, Finland), and 3H thymidine incorporation was
measured by using a Microbeta counter (Wallac).

CTL Assay. Mice and inoculations. C57BL/6 mice (H-2b) were
purchased from Taconic Farms or the Jackson Laboratory and
used between 6–8 weeks of age. PVR transgenic mice with a
C57BL6/J 3 CBA1 background (H-2b/k) were obtained from
American Cyanamid (a kind gift) and used between 6–8 weeks
of age. For immunization groups of mice (three mice per group)
were infected i.p. with 2 3 107 pfu of recombinant poliovirus or
2 3 107 pfu of recombinant Vaccinia virus in 0.2 ml of PBS and
sacrificed 6–14 days later.

Restimulation and CTL assays. Spleens from immunized mice
were removed and dispersed to single cell suspensions. Spleno-
cytes from mice of the same group were pooled, and 4 3 107

splenocytes were restimulated by cocultivation with 1.5 3 106 of
mitomycin C (50 mg/ml)-treated EG7 cells in upright T25 tissue
culture flasks (Becton Dickinson) in 10 ml of cRPMI medium
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(RPMI medium supplemented as cDMEM). Effector cells were
harvested 5 days later, and cytotoxicity of CTLs was determined
by 51Cr-release assay. Briefly, restimulated effector cells were
harvested and cultured in 200 ml of cRPMI with 6 3 103

51Cr-labeled target cells at the indicated effector/target cell ratio
for 5 hr. Percentage of specific release was calculated by using the
formula [(experimental release 2 spontaneous release)/
(maximum release 2 spontaneous release)] 3 100, where spon-
taneous release is cpm obtained from targets cells cultured in
media in the absence of splenocytes and maximum release targets
cells lysed with 1% Triton X-100. The experiment was repeated
three times, and for each experiment three mice were used per
experimental group. Values represent averages of triplicate wells
and variation between wells was consistently less than 5%.

Tumor Challenge. Transgenic mice expressing the PVR (26)
were infected i.p. with 100 ml of 5 3 105 pfu of the recombinant
viruses in PBS solution. Mice received 2–3 booster shots of 1 3
106 of the same virus and were challenged 12 days after the last
immunization. Mice were challenged by s.c. injection of 1 3 105

Ova expressing or parental B16F0 melanoma cells in 100 ml of
PBS. Melanoma cells were harvested by limited trypsinization of
tissue culture and washed once with PBS. More than 95% of the
injected cells were viable as determined by trypan blue exclusion.
For every experiment a fresh batch of tumor cells was thawed, and
it was cultured in tissue culture for less than 2 weeks. The size of
tumors was determined twice a week and expressed as tumor area
corresponding to the largest perpendicular diameter. All exper-
iments included five mice per group and were repeated at least
three times. Mice that became moribund or had tumors .2.5 cm2

were killed.

RESULTS
Expression of Chicken Ova by Recombinant Poliovirus. Our

strategy to engineer recombinant poliovirus uses basic aspects of
the viral life cycle and permits the generation of replication-
competent recombinant polioviruses that are able to replicate
without the need of a helper virus (3, 9, 10). Foreign sequences
are inserted in-frame at different positions within the poliovirus
polyprotein precursor, flanked by artificial poliovirus protease
recognition sites. In this way, a larger than normal precursor
initially is made, but is appropriately cleaved into the usual array
of constituent proteins. The viral protease 2Apro accurately
recognizes and cleaves the inserted synthetic proteolytic site,
freeing the exogenous protein sequences from the rest of the
poliovirus polyprotein (Fig. 1A). In this manner, all of the
poliovirus proteins are correctly produced and viral replication
proceeds normally.

Polio-Ova was constructed by inserting a 600-nt sequence
encoding the C-terminal half of Ova at the junction of the P1 and
P2 regions of a biologically active cDNA clone (MoV-2.11) of
Mahoney type 1 strain (10). The inserted fragment includes the
coding sequence for SIINFEKL, an Ova epitope restricted to the
murine MHC class I molecule H-2 Kb (27). Replication compe-
tent chimeric poliovirus was recovered by transfection of HeLa
cells with in vitro-synthesized RNA. The virus was cloned from
individual plaques and viral stocks were generated by two se-
quential passages in HeLa cells. At 37°C, the recombinant
Polio-Ova produced plaques that were smaller than wild-type
poliovirus as we have observed with previously constructed
recombinant viruses (9, 10). However, Polio-Ova yielded viral
titers similar to wild-type virus.

To determine whether the recombinant virus expressed the
Ova fragment, HeLa cells were infected with Polio-Ova or with
control virus (Polio-Sp27) carrying the coding sequence for a
segment of the SIV p27 Gag protein (229 amino acids) (10).
Cytoplasmic extracts were obtained at different times after
infection and analyzed by immunoblotting (Fig. 1B). At 7 hr
postinfection, extracts infected with Polio-Ova displayed a major
polypeptide that reacted with the specific antibody directed
against Ova (Fig. 1B, lanes 1–3). This polypeptide was absent in

extracts from mock-infected cells or cells infected with control
Polio-Sp27 (Fig. 1B, lanes 4–7). Based on molecular weight ('20
kDa), this major polypeptide corresponds to the free C-terminal
half of Ova, suggesting that proteolytic processing at the artificial
cleavage site proceeds to completion.

Poliovirus exhibits a high rate of genetic variation (28), thus
foreign antigenic sequences, which are dispensable for poliovirus
replication, can be rapidly deleted after a few passages in tissue
culture. We have extensively studied the genetic stability of
different poliovirus vectors and established that the relative
genetic instability of the foreign sequences is determined by both
the length and the nature of the particular inserted sequence (3,
9, 10). Recently, we have found ways to improve the stability of
the foreign sequences and this led to a enhancement on the ability
of recombinant viruses to elicit immune responses in transgenic
mice (10). To determine whether Ova sequence inserted into
poliovirus are retained after a few passages in tissue culture, we
examined the proportion of cells infected by individual viruses
that express both poliovirus proteins and Ova by immunofluo-
rescence. HeLa cells were infected with recombinant Polio-Ova
at low MOI and double-stained with antibodies directed against
the poliovirus protein 2C and Ova. More than 85% of the cells
stained with both antibodies, suggesting that only a small pro-
portion of the virus population deleted the inserted sequences
after two passages in tissue culture cells. Based on these results,

FIG. 1. Expression and stability of recombinant poliovirus expressing
Ova. (A) Schematic diagram of a recombinant poliovirus Polio-Ova and
strategy for expression of Ova. The bar represents recombinant poliovirus
genomic RNA. The sequence of the C-terminal half of Ova (empty bar)
was inserted at the junction between the coding regions for capsid and
noncapsid proteins. The Ova sequence was flanked by cleavage sites for
the viral protease 2Apro. After translation, the viral polyprotein is
proteolytically processed, resulting in the release of the foreign peptide
and the generation of mature and functional viral proteins. Œ indicate
3Cpro cleavage sites, ‚ represent 2Apro cleavage sites. (B) Expression of
the exogenous protein in cells infected with the recombinant virus
Polio-Ova. Cytoplasmic lysates from HeLa cells infected with Polio-Ova
or Polio-Sp27 recombinant viruses were analyzed by Western blot with
antibodies directed against Ova. Cytoplasmic lysates were prepared after
4 (lanes 1 and 5), 7 (lanes 2 and 6), and 9 hr (lanes 3 and 7) postinfection
(hpi). Lanes 1–3, extracts from Polio-Ova-infected HeLa cells; lanes 5–7,
Polio-Sp27-infected cells; and lane 4, mock-infected cells. Molecular
weight markers indicate relative mobility. Specific bands detected by
antibodies directed against the Ova are indicated by an arrow. (C)
Analysis of the stability of the recombinant poliovirus Polio-Ova by
immunofluorescence. HeLa cells were infected at low MOI (,1) with
Polio-Ova obtained after two successive passages in HeLa cells. Five
hours postinfection, cells were fixed with 2% paraformaldehyde and
stained with a mAb directed against poliovirus 2C protein and a poly-
clonal rabbit antibody that reacts with Ova. A portion of the entire field
studied is shown. More than 200 infected cells were examined to deter-
mine the proportion of revertants in the viral stock.
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all further experiments presented in this paper were performed
by using viral stocks obtained after two passages in HeLa cells.

Cells Infected with Polio-Ova Present the Ova-Peptide SIIN-
FEKL in a MHC Class I-Restricted Manner. To determine
whether cells infected with poliovirus are able to present antigens
in a MHC class I-restricted manner, we generated a H-2 Kb

murine cell line (EL4-PVR) that stably expresses the human PVR
(29) and, therefore is susceptible to poliovirus infection (data not
shown). Presentation of the Ova peptide SIINFEKL in the
context of Kb MHC class I can be recognized by specific CD81

T cell hybridomas (24, 30). Binding of the T cell receptor (TCR)
of these hybridomas to its antigen/MHC ligand triggers a series of
intracellular events that lead to functional activation of the T cell
hybridomas. Two SIINFEKL-specific CD81 T cell hybridomas
were used, RF33.70, which produces IL-2 on activation (24), and
B3Z, which is transfected with a lacZ reporter gene under the
transcriptional control of the IL-2 enhancer element. Thus,
TCR-specific stimulus in B3Z can be assessed by the production
of b-galactosidase (30, 31).

EL4-PVR cells were infected with Polio-Ova and cocultivated
with the hybridoma B3Z. Cells infected with Polio-Ova activated
the T cell hybridoma after cocultivation (Fig. 2Ad). As a positive
control, we used a EL4 cell line transfected with SIINFEKL
peptide (EL4-SL8); cocultivation with this cell line also induced
b-galactosidase production (Fig. 2Ab). In contrast, cocultivation
of uninfected EL4-PVR cells, or the hybridoma B3Z alone, did
not produce b-galactosidase activity (Fig. 2A a and c). Next, we
compared MHC class I presentation of antigens expressed by
poliovirus with antigens expressed by vaccinia virus, a well
established recombinant virus system. EL4-PVR1, or EL4 cells,
were infected with either Polio-Ova, Polio-Sp27, or vaccinia virus
expressing Ova (Vac-Ova) and subsequently cocultivated with
RF33.70 cells. After 24 hr, IL-2 released into the supernatant was
determined by using a second indicator cell line CTLL-2. EL4-
PVR cells infected with Polio-Ova presented the Ova SIINFEKL
peptide with similar efficiency to cells infected with vaccinia virus.
In contrast, cells infected with the control Polio-Sp27 or unin-
fected EL4-PVR did not stimulate the T cell hybridoma to
produce IL-2. Cells that do not express PVR (parental EL4)
stimulated the T cell hybridoma only when infected with Vac-Ova
(Fig. 2B). In addition, stimulation of the T cell hybridoma was
dependent on the dose of infectious poliovirus used as shown for
B3Z stimulation (Fig. 2C).

Mechanisms used by viruses to inhibit antigen presentation can
be species specific (32). Because mice are not a natural host for
poliovirus it could be argued that the effect of poliovirus infection
on the inhibition of the secretory pathway is specific for primates
and that murine cells are not affected by poliovirus proteins. To
examine this possibility we infected human (HeLa Kb) and
nonhuman primate cells (Cos Kb) with Polio-Ova. These cell lines
express the mouse Kb molecule, thus, antigen presentation on
Polio-Ova infection can be determined by using the same T cell
hybridomas and assays as described above. Both human- and
monkey-derived cell lines infected with Polio-Ova were able to
process and present the ovalbumin epitope SIINFEKL and to
stimulate the Kb 1 SIINFEKL-specific T cell hybridomas in a
dose-dependent manner (Fig. 2D). Furthermore, there was no
significant difference in the ability to present antigen between
different cell lines. These results provide evidence that poliovirus-
infected cells process and present polypeptides in a MHC class
I-restricted manner and stimulate CD81 T cell hybridomas.

Induction of Specific CTL by Recombinant Polio-Ova. To
determine whether recombinant polioviruses are able to induce
specific CD81 CTLs, PVR-transgenic mice (26) were immunized
with either Polio-Ova, Polio-Sp27, or Vaccinia-Ova (Vac-Ova)
(33) as a positive control. Splenocytes obtained from Polio-Ova-
and Vac-Ova-immunized mice specifically lysed the lymphoma
cell line, EG7, which expresses Ova, but not the parental lym-
phoma EL4 (Fig. 3). In contrast, splenocytes from naive mice, or
mice that were immunized with control virus Polio-Sp27, failed

to lyse either target, indicating that the response was antigen
specific. The CTL responses were dependent on the ability of
poliovirus to infect the mice, because inoculation of Polio-Ova in
PVR2 animals failed to elicit any significant CTL response
against Ova-expressing target cells (Fig. 3, Far Right).

Protective Immunity in Vivo. To investigate whether immuni-
zation with poliovirus recombinants induces protective CTL
immunity we used a tumor model in which CTLs play an
important role in protecting the host from experimental chal-

FIG. 2. Polio-Ova infected cells present the Ova-peptide SIINFEKL
in a Kb-restricted manner and activate Ova/Kb-specific T cell hybridomas.
(A) CD81 T cell hybridoma B3Z cells, which express b-galactosidase on
activation, were incubated either alone (a), with 5 3 104 EL4 cells
expressing SIINFEKL (EL4-SL8) (b), or with EL-4 cells expressing
poliovirus receptor (EL4-PVR) either not infected (c) or infected (d) with
the recombinant poliovirus Polio-Ova. After 24 hr at 37°C, cells were fixed
and stained with 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside. Ac-
tivated lacZ1 T cells are stained, unstained lacZ2 cells correspond to
antigen-presenting cells and nonactivated T cell hybridomas. (B) CTLL-2
assay measuring IL-2 production by the CD81 T-cell hybridoma RF 33.70.
EL4-PVR (PVR1) or control EL4 cells (PVR2) were not infected (No
Virus) or infected with Polio-Ova (Polio-Ova), Polio-Sp27 (Polio-Sp27)
or vaccinia virus expressing Ova (Vac-Ova) and assay performed as
described in Materials and Methods. (C) Antigen presentation is propor-
tional to the MOI of the recombinant Polio-Ova. T cell hybridoma B3Z
cells were cultured with EL4-PVR cells infected with different MOI
(pfu/cell) either with Polio-Ova or Polio-Sp27 as described in A. After 20
hr of incubation, b-galactosidase activity was determined in cytoplasmic
extracts of infected cells. Enzymatic activity is expressed as absorbance at
595 nm. Each point represent an average of duplicate cultures. Absor-
bance yielded by uninfected cells was deducted as background. (D)
Ova-peptide SIINFEKL is presented by murine, human, and nonhuman
primates cells on infection with Polio-Ova. EL4-PVR, HeLa Kb, COS Kb,
and wild-type HeLa cells were infected with Polio-Ova at the indicated
MOI and cocultured with B3Z cells. After 20 hr of incubation, b-galac-
tosidase activity was determined as described in C.
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lenge with a lethal dose of malignant cells (22). PVR-transgenic
mice were inoculated with Polio-Ova, and 2 weeks later the
animals were challenged with a C57BL/6-derived melanoma,
B16-Ova, which stably expresses ovalbumin (22). Subcutaneous
inoculation of naive mice with B16-Ova cells or parental mela-
noma cells, B16, yielded tumors that grow with similar kinetics,
produced metastatic foci at distant sites, and killed the animals in
a few weeks (Fig. 4A). Immunization with Polio-Ova, but not with
Polio-Sp27, protected animals against a challenge with a dose of
B16-Ova that is 10 times the amount required to produce tumors
in 50% of the animals injected. Immunization protected mice
from local tumor growth (Fig. 4A) and death (Fig. 4B). This effect
was specific for Ova because mice vaccinated with Polio-Ova were
not protected against a challenge with parental B16 melanoma
cells that do not express Ova. In addition, melanoma cell lines

grew in mice inoculated with Polio-Sp27 at the same rate as in
nonimmunized mice, excluding the possibility of nonspecific
protection induced by poliovirus replication. Finally, no protec-
tive immunity was observed in C57BL/6 mice that do not express
PVR, indicating that viral replication is required to induce an
effective tumor-protective immunity (data not shown).

DISCUSSION
To induce protection against diverse pathogens through vacci-
nation, both humoral and cellular arms of the immune system
may be required. Humoral immunity plays a key role in neutral-
izing the infectivity of extracellular pathogens and therefore is
crucial for the clearance of cytopathic viruses and in prevention
of reinfection. In contrast, the essential function of the CD81 T
cells in viral immunity is to kill virus-infected cells, thereby
eliminating any reservoir of virus and preventing spread of the
infection. We and others (3, 9, 10, 34) already have demonstrated
that poliovirus vaccine vectors can effectively deliver antigens
derived from other pathogens to induce both IgG and IgA, but
it was not known whether a poliovirus-based vaccine could induce
a CTL response. In this study, we have shown that peptides
derived from proteins expressed by poliovirus vectors reach the
surface of the infected cell and are presented in a MHC class
I-restricted manner. In addition, vaccination of susceptible mice
with replication competent poliovirus elicits an antigen-specific
CTL response and protects 100% of the immunized animals from
challenge with B16-Ova, a highly aggressive melanoma cell line.
It has been shown previously by using a different method of
vaccination, namely Ova bound to Fe-beads, that the Ova-specific
CD81 CTLs are responsible for B16 melanoma tumor rejection
(22). Thus, it is likely that in the experiments described here
CD81 CTLs are also responsible for tumor protection.

Viruses have evolved mechanisms to escape T cell recognition
by interfering with the mechanism of presentation of antigenic
peptides in the context of MHC class I molecules on the surface
of the cell. For example, the herpes simplex protein ICP47 binds
the human TAP transporter, blocking the translocation of pep-
tides from the cytosol to the endoplasmic reticulum (12, 13).
Likewise, several human cytomegalovirus proteins inhibit MHC
class I expression at the cell surface by blocking TAP or relocating
class I molecules from the endoplasmic reticulum into the cytosol
(14, 15). Also, human cytomegalovirus down-regulates HLA class
I expression by reducing the stability of class I a chains (16). In
addition, human cytomegalovirus US3 gene product impairs
transport and maturation of MHC class I heavy chains (17). The
finding that several poliovirus proteins inhibit protein secretion
suggested that the virus may interfere early in infection with the
antigen presentation by inhibiting the transport of the MHC class
I molecules to the surface of the cell. Therefore, it was proposed
that poliovirus-infected cells may escape clearance by down-
regulation of MHC class I presentation (18, 19). Our data
demonstrate that both murine and primates cells infected with
poliovirus can efficiently present antigens in a MHC class I-re-
stricted manner to activate primed T cells. Thus, it is likely that
poliovirus-infected cells are susceptible to CD8-mediated T cell
immunity in vivo and that CD81 T cells could play a role in
poliovirus pathogenesis and in the clearance of infection.

For a different picornavirus, Theiler’s virus, the outcome of
infection is controlled in part by CD81 class I-restricted CTLs.
Mice infected with Theiler’s virus elicit CD81 cytotoxic T cells
specific for viral proteins. Mice in which the beta 2-microglobulin
gene had been disrupted and therefore lacked CD81 T cells fail
to clear the virus, suggesting that CD81 T cells are required for
clearance of Theiler’s virus infection (35). For Coxsackievirus,
another member of the picornavirus family, the situation appears
to be more complex. Coxsackievirus infections previously have
been shown to cause acute or chronic myocarditis, and there is
evidence to suggest that myocardial injury may result from direct
viral effects and/or may be immune mediated. Mice lacking CD81

T cells showed enhanced survival and a reduced incidence of the

FIG. 3. Immunization of poliovirus receptor-transgenic mice with the
Polio-Ova recombinant poliovirus elicited a CTL response against Ova-
transfected EL4 cells. PVR1 or PVR2 mice were mock-infected with
saline (Naive) or injected with 1 3 107 pfu of Polio-Ova, Polio-Sp27, or
Vac-Ova. Animals were infected by i.p. injection with 100 ml of 1 3 108

pfu/ml of viral stock. Spleen cells from immunized mice were harvested
7 days after immunization and stimulated for 5 days with EG7 (EL4
transfected with Ova). CTL activity was determined by a standard 51Cr
release assay as described in Materials and Methods.

FIG. 4. Immunization with Polio-Ova induces protective and an-
tigen-specific immunity to melanoma B16 expressing Ova. PVR-
transgenic mice were immunized i.p. with Polio-Ova. As a control,
mice were inoculated with either poliovirus Polio-Sp27 or saline
(Naive). Six days after immunization (day 0) animals were challenged
with 1 3 105 B16-Ova (■) or B16 melanoma cells (E). (A) Local tumor
growth. The size of the tumor was determined twice a week and is
plotted as the average tumor area 6 SD in square cm vs. time
postchallenge (days). (B) Survival is plotted as the percentage of
surviving animals vs. time. All experiments included five mice per
group and were repeated at least three times.
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later myocarditis. However, removal of the CD81 T cells, al-
though protecting against early death and later myocarditis, led to
markedly increased virus titers in the heart, suggesting that CD81

T cells also may be required to clear Coxsackievirus infection
(36). The role of CD81 T cells in poliovirus pathogenesis or
immunity never has been adequately assessed and remains poorly
understood. Because we discovered that infection with recombi-
nant poliovirus induces a specific CTL response against a foreign
antigen, it would be interesting to further examine whether
poliovirus-specific CTLs are generated and what role they play in
natural or vaccine-induced immunity in humans. Likewise, the
potential role of antivirus CTL in the pathogenesis of the
poliovirus-associated disease warrants study. For instance, the
postpolio syndrome is characterized by recurrent neuromuscular
symptoms occurring 30–40 years after the acute episode of
poliomyelitis paralysis (37). Serologic and molecular techniques
have provided evidence indicating that poliovirus genomes can
persist for many years after the primary infection (38, 39). The
presence of the poliovirus RNA genome in the cerebrospinal
fluid suggests persistent viral infection in the central nervous
system related to the presence of poliovirus genomes. Because
neurons express little or no MHC class I molecules, it is possible
that poliovirus-infected neurons are not readily eliminated by
CD81, MHC class I-restricted CTLs, thereby permitting viral
persistence in the nervous system.

Antigens associated with MHC class I on any cell type can be
recognized by already primed CD81 CTL, leading to the activa-
tion of the these T cells. In contrast, only professional antigen-
presenting cells (APCs) are able to prime naive T cells (40). Our
results demonstrate that immunization of mice with recombinant
poliovirus induces CD81 CTL specific directed against a non-
structural protein, in this case the foreign antigen ovalbumin.
How is the antigen presented within MHC class I molecules by
APCs in vivo? One possibility is that poliovirus infected profes-
sional APCs such as dendritic cells or macrophages. Although
macrophages express the poliovirus receptor it remains unclear
whether poliovirus is able to efficiently replicate in these cells
(41). Alternatively, macrophages could ingest and present anti-
gens released by infected cells after cell lysis. Recently we and
others have demonstrated MHC class I restricted presentation of
exogenous proteins by macrophages (42–44), and different path-
ways for this presentation have been postulated cells (40). We
currently are further investigating the mechanism of CTL induc-
tion by poliovirus.

It has been argued that preexisting immunity against poliovirus
in the human population is a constrain for the use of poliovirus
as vaccine vector. However, 50% of previously immunized indi-
viduals will show at least a 4-fold increase in antibody titers after
administration of an oral polio vaccine booster (44–48). Further-
more, it is possible that at higher doses, recombinant polioviruses
might be able to establish infection and elicit primary immune
responses against foreign antigens in individuals previously im-
munized against poliovirus. In fact, it has been shown that
poliovirus replicons expressing foreign antigens can induce an
antibody response in previously poliovirus-vaccinated mice (49).
Furthermore, a vaccine effective in immunizing children would
be extremely worthwhile, and if poliovirus recombinants are
effective in experimental models and in children, it would
strengthen the argument to adapt other picornaviruses as vaccine
vectors to overcome limitations imposed by prevailing antipolio
immunity.

In summary, the results presented here begin to illuminate a
poorly understood aspect of poliovirus immunology and suggest
that poliovirus-based vaccines can induce both humoral and
cellular immune responses specific for the inserted foreign anti-
gen. In addition, the in vivo biology of poliovirus replication
suggests that it may provide a useful vehicle for the delivery of
antigens to the mucosal immune system (50–52). Thus, poliovirus
vectors may provide an effective system to induce both humoral

and cellular immune responses systemically and also at local
mucosal sites.
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