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Intestinal mucosa is a portal for many infectious pathogens. Systemic immunization, in general, does not
induce a cytotoxic T-lymphocyte (CTL) response at the mucosal surface. Because papillomavirus (PV) natu-
rally infects mucosa and skin, we determined whether PV pseudovirus, i.e., PV-like particles in which unrelated
DNA plasmids are packaged, could generate specific mucosal immunity. We found that the pseudovirus that
encoded the lymphocytic choriomeningitis virus gp33 epitope induced a stronger CTL response than a DNA
vaccine (plasmid) encoding the same epitope given systemically. The virus-like particles that were used to make
the pseudoviruses provided an adjuvant effect for induction of CTLs by the DNA vaccine. The PV pseudovirus
pseudoinfected mucosal and systemic lymphoid tissues when administered orally. Oral immunization with the
pseudovirus encoding human PV type 16 mutant E7 induced mucosal and systemic CTL responses. In
comparison, a DNA vaccine encoding E7, when given orally, did not induce a CTL response in intestinal
mucosal lymphoid tissue. Further, oral immunization with the human PV pseudovirus encoding E7 protected
mice against mucosal challenge with an E7-expressing bovine PV pseudovirus. Thus, PV pseudovirus can be
used as a novel vaccine to induce mucosal and systemic CTL responses.

The mucosal surfaces of the body are readily infected with
many pathogenic viruses and bacteria. In particular, the intes-
tinal mucosa is an important portal for infectious agents. Most
pathogens initiate their infectious processes by interaction with
epithelial cells at mucosal surfaces and then spread systemi-
cally. To prevent initial infections by those pathogens, antibod-
ies and cytotoxic T lymphocytes (CTLs) specific for the patho-
gens induced at the mucosal surface are of great importance.
Because some pathogens continue to replicate in the mucosa,
it is advantageous to induce mucosa-specific CTLs to clear the
pathogens at initial infection and during the early stage of
disease.

Intestinal mucosal lymphoid cells are located in organized
lymphoid tissue, such as Peyer’s patches, or in diffuse lymphoid
tissue, such as lamina propria. Peyer’s patches are considered
the site where a mucosal immune response is induced after a
pathogen invades the mucosa (24). In general, systemic immu-
nization, such as subcutaneous vaccination, does not effectively
induce mucosal immune responses; instead, mucosal immuni-
zation is required to generate an intestinal mucosal immune
response.

DNA (plasmid)-based immunization induces host humoral
and cellular immune responses (1, 3, 5, 12, 13, 31, 39, 43).
Because antigens encoded by plasmid DNA vaccines are pro-
duced in the host, the antigens retain their natural form, unlike
those of attenuated whole-organism vaccines, which are dena-
tured and modified. Because the antigens are expressed in the
immunized host, there is prolonged exposure to the host im-
mune system and sustained immune responses. However,
DNA vaccines do not reach gut-associated lymphoid tissues via

oral immunization because they do not survive degradation in
the gastric and intestinal environment. Furthermore, DNA
vaccines induced relatively low amounts of CTLs and gener-
ated CTLs in some but not all immunized individuals when
given intramuscularly to mice and humans (4, 29, 34, 38, 51).

Papillomaviruses (PVs) are a group of small DNA viruses
that naturally infect skin and mucosal surfaces (52). More than
95 types have been characterized so far (45). PV major protein
L1 can be assembled spontaneously into virus-like particles
(VLPs) when expressed in insect cells, yeasts, and even bacte-
ria (10, 15, 27, 35, 37, 46). It has been shown that PV VLPs can
induce strong humoral and cellular immune responses when
used for systemic immunization (6, 10, 11, 18, 20, 33, 37, 40, 44,
49, 50). Further, VLPs can be used to package unrelated plas-
mids to form PV pseudoviruses (14, 42). Because many PVs
are mucosatropic and can induce cellular immune responses,
we hypothesized that PV pseudoviruses would reach the mu-
cosal immune system and induce mucosal immune responses.
Because PV VLPs were shown to induce strong T-helper re-
sponses, we hypothesized that the concurrent T-helper re-
sponses to the VLPs might enhance the CTL response against
the antigen encoded by the plasmid in the pseudoviruses. In
this study, we found that when administered orally, PV
pseudoviruses reached Peyer’s patches, lamina propria, and
spleen. By systemic immunization, PV pseudoviruses induced a
stronger CTL response than plasmid DNA vaccines alone, and
by oral immunization, they generated specific mucosal and
systemic CTL responses and protected mice against mucosal
challenge.

MATERIALS AND METHODS

Cells. RMA, RMA-neo, and RMA-E7 cells were maintained in RPMI 1640
medium (GIBCO-BRL, Gaithersburg, Md.) supplemented with 10% heat-inac-
tivated fetal calf serum (FCS), 2 mM L-glutamine, 100 U of penicillin per ml, and
100 �g of streptomycin per ml.
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Plasmids. Plasmid pCI-neo was purchased from Promega (Madison, Wis.).
The expression cassette for the green lantern protein (GLP) was constructed by
inserting the full-length GLP cDNA into the NotI site of plasmid pCI-neo. The
expression cassette for a fusion protein, GLP fused with lymphocytic choriomen-
ingitis virus (LCMV) gp33 major histocompatibility complex (MHC) class I
H-2Db-restricted epitope (amino acids [aa] 33 to 41; KAVYNFATC), was con-
structed by using PCR with pCI-GLP as the template, oligonucleotide 5� primer
GCCACCATGAGCAAGGGCGAGGAACTGT, and 3� primer TCAACAGG
TGGCAAAATTGTAGACAGCCTTAGATCCGCCGCCACCGCCACCCTT
GTACAGCTCGTCCAT, containing the linker sequences (Gly6Ser1; underlined)
between GLP and LCMV gp33 epitope. The amplification mixtures (50 �l) con-
tained dGTP, dATP, dTTP, dCTP (200 �M each), oligonucleotide primers (1 �M),
template DNA (25 ng), and Taq DNA polymerase (Promega) (5 �M). The reaction
mixture was subjected to 30 cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for
1 min and a final 10 min at 72°C. The amplified DNAs were gel purified and ligated
into T-easy vector (Promega). Then the DNAs were digested with EcoRI and ligated
into pCI-neo, which had been digested with the corresponding enzyme. The human
PV type 16 (HPV-16) E7 open reading frame was fused to the GLP sequence by
PCR using the same linker (Gly6Ser1). The fragment was then inserted into pCI-neo
to form pCI-GLP-E7. The E7 open reading frame was inserted into pCMV.

Generation of recombinant baculoviruses. Briefly, Spodoptera frugiperda (Sf9)
cells were grown in monolayer cultures at 27°C in TNMFH medium (Sigma, St.
Louis, Mo.) supplemented with 10% FCS and 2 mM glutamine. Ten micrograms
of transfer plasmid (pVL1933 BPV-1 L1� or pVL1932 HPV-16 L1�) was used
to transfect Sf9 cells together with 0.2 �g of linearized Baculo-Gold DNA
(Pharmingen, San Diego, Calif.). Recombinant viruses were purified using meth-
ods modified as described previously (26, 28).

Purification of PV VLPs. Sf9 cells were grown to a density of 1 � 106 to 2 �

106 cells/ml in TNMFH medium supplemented with 10% FCS and 2 mM glu-
tamine in a spinner flask. Approximately 2 � 108 cells were pelleted at 1,500 �

g for 5 min, resuspended in 10 ml of medium, and then added to 10 ml of
recombinant baculoviruses at a multiplicity of infection of 2 to 5 for 1 h at room
temperature. After addition of 125 ml of medium, the cells were plated on five
round dishes (150 mm in diameter) and incubated for 3 to 4 days at 27°C. Cells
were harvested, pelleted, and suspended in 10 ml of extraction buffer (5 mM
MgCl2, 5 mM CaCl2, 150 mM NaCl, 20 mM HEPES, 0.01% Triton X-100). The
cells were sonicated for 1 min at speed 3; then the extract was pelleted at 10,000
rpm in a Sorvall RC5B centrifuge at 4°C for 30 min. The pellet was suspended
in 8 ml of extraction buffer, sonicated again for 30 s at speed 4.5, and centrifuged
again. Combined supernatants were layered on a two-step gradient with 14 ml of
40% sucrose on top of 8 ml of CsCl solution (4.6 g of CsCl per 8 ml of extraction
buffer) and centrifuged in a Sorvall AH629 swinging-bucket rotor for 2 h at
27,000 rpm at 10°C. The interphase between CsCl and sucrose and the complete
layer of CsCl were collected and placed in 13.4-ml Quickseal tubes filled with
extraction buffer. Samples were centrifuged overnight at 50,000 rpm at 20°C.
Gradients were fractionated by puncturing tubes on top and bottom with a
21-gauge needle, and 5 �l of each fraction was analyzed by sodium dodecyl
sulfate–10% polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot-
ting.

Western blot analysis. The extracts from infected insert cells were separated
by SDS–10% PAGE and transferred to nitrocellulose by using a semidry blotting
system (Semi Dry blotting unit; Fisher Biotech, Hanover Park, Ill.). The mem-
branes were blocked overnight with 5% nonfat dry milk and incubated with
mouse anti-HPV-16 L1 monoclonal antibody (Pharmingen) or rabbit anti–bo-
vine PV type 1 (BPV-1) L1 antibody. Then the membranes were incubated with
horseradish peroxidase-conjugated anti-mouse immunoglobulin G (IgG) or anti-
rabbit IgG. Finally, the membranes were processed with the ECL system (Am-
ersham, Arlington Heights, Ill.). Positive fractions were tested for the presence
of VLPs by electron microscopy.

Production of PV pseudoviruses. Disassembly and reassembly of the recom-
binant HPV-16 VLPs and BPV-1 VLPs were done according to a modification of
the procedure of Touze and Coursaget (42). Briefly, 5 �g of purified HPV-16
VLPs or BPV-1 VLPs (theoretically 1.5 � 1011 particles) was incubated in 50
mM Tris-HCl buffer (pH 7.5) containing 150 mM NaCl, 10 mM EGTA, and 20
mM dithiothreitol (DTT) in a final volume of 100 �l at room temperature for 30
min. At this step, 1 �g of expression plasmid in 50 mM Tris-HCl buffer and 150
mM NaCl were added to the disrupted VLPs. The preparation was then diluted
with CaCl2 (25 mM) and 20% dimethyl sulfoxide in equal volume at room
temperature for 1 h. The preparations were treated with 10 U of Benzonase (Bz)
with or without proteinase K (pK; 1 mg/ml) for 1 h at room temperature, and the
presence of plasmid DNA was determined by agarose gel electrophoresis to

verify whether the DNA plasmid was packaged into the VLPs. Additionally, 0.5
�g of plasmid DNA (about 7 � 1010 copies of plasmid) was incorporated into 200
�l of pseudoviruses.

Electron microscopy. Twenty microliters of each fraction from CsCl gradients
was dialyzed against 10 mM HEPES for 45 min on floating filter pads (0.02-�m
pore size; Millipore, Bedford, Mass.). Carbon-coated copper grids (200 mesh
size; EM Sciences, Gibbstown, N.J.) were treated with 20 �l of poly-L-lysine (1
mg/ml; Sigma) for 2 min. The sample was placed onto the grid for 2 min. Spotted
grids were then stained with 30 �l of uranyl acetate solution for 2 min. Excess
stain was removed, and grids were air dried. Specimens were examined with a
Zeiss EM 900 electron microscope.

Mice. Six- to eight-week-old female C57BL/6 mice (purchased from the Jack-
son Laboratory, Bar Harbor, Maine, or Harlan, Indianapolis, Ind.) were used.
All mice were kept under pathogen-free conditions. The protocol was approved
by the Institutional Animal Care and Use Committees.

Immunization. For systemic immunization, mice were immunized subcutane-
ously with 100 �l of HPV pseudoviruses (about 3.5 � 1010 pseudoviruses or 0.25
�g of plasmid), 100 �l of HPV VLPs, 20 �g of plasmid in 100 �l of phosphate-
buffered saline (PBS), or 100 �g of peptide (LCMV glycoprotein [gp] aa 33 to
41) in 100 �l of incomplete Freund’s adjuvant (IFA). On day 14 after immuni-
zation, each group of five mice was given a booster of 100 �l of BPV pseudovi-
ruses (about 3.5 � 1010 pseudoviruses or 0.25 �g of plasmid), 100 �l of BPV
VLPs, 20 �g of plasmid, or 100 �g of peptide (LCMV gp aa 33 to 41) in IFA. For
mucosal immunization, mice were immunized orally by gavage with 100 �l of PV
pseudovirus, 100 �l of VLPs, or 20 �g of plasmids in 100 �l of PBS as a negative
control and boosted in the same way on day 14.

Detection of systemic CTLs. Two weeks after the booster immunization, mice
(five per group) were sacrificed, and spleen cells were isolated from each mouse.
After incubation in nylon wool columns for 1 h at 37°C and 5% CO2, enriched
T cells were washed through the column with complete cell culture medium
(RPMI 1640 medium, including 10% heat-inactivated FCS, 2 mM L-glutamine,
100 U of penicillin per ml, and 100 �g of streptomycin per ml). Cells were
cultured at 37°C and 5% CO2 for 7 days in RPMI 1640 medium supplemented
with 10% heat-inactivated FCS, 2 mM L-glutamine, 100 U of penicillin per ml,
100 �g of streptomycin per ml, 10 U of interleukin 2 (IL-2) per ml, and 5 �g of
E7 peptide aa 49 to 57 (RAHYNIVTF, H-2Db-restricted epitope) per ml, or the
LCMV gp peptide. Specific cytolytic activity was determined by a 51Cr release
assay (see below).

Isolation of Peyer’s patches and MLN cells. Briefly, after mice were sacrificed,
mesenteric lymph nodes (MLN) were removed from the mesenteric tissue, and
Peyer’s patches were identified and removed from small intestine. Single-cell
suspensions were prepared in complete cell culture medium. Because freshly
isolated mucosal T cells undergo apoptosis in vitro, their specific cytolytic activity
was determined immediately by 51Cr release assay.

In vitro cytotoxicity assay. Target cells (106 RMA-E7, RMA-neo, or RMA
cells) were labeled with 51Cr (100 �Ci) for 1 h at 37°C and washed three times.
The RMA cells were further loaded with peptides by directly adding peptides to
the cells at 5 �g/ml. Target cells (2,000 cells per well) were then incubated with
effector cells at different effector/target ratios in V-bottomed 96-well microtiter
plates for 6 h at 37°C. Supernatant was collected, and 51Cr release was quantified
by � counter (ICN Biomedical Inc., Huntsville, Ala.). Specific lysis was calculated
according to the formula [(experimental release � spontaneous release)/(maxi-
mum release � spontaneous release)] � 100. Spontaneous release was deter-
mined in control microcultures containing 51Cr-labeled target cells in culture
medium with no effector cells. Maximum release was determined by lysing
51Cr-labeled target cells with 0.5% (vol/vol) NP-40.

ELISPOT assay for IFN-�-secreting cells. The enzyme-linked immunospot
(ELISPOT) assay described by Taguchi et al. (41) was modified to detect specific
CD8 T lymphocytes. First, 96-well filtration plates (Millipore) were coated with
rat anti-mouse gamma interferon (IFN-�) antibody (Pharmingen). Threefold
dilutions of spleen cells in RPMI 1640 medium supplemented with 10% FCS,
L-glutamine, 2-mercaptoethanol, and antibiotics were added to the wells along
with 105 �-irradiated (50 Gy) feeder spleen cells and 10 U of recombinant human
IL-2 (Pharmingen) per well. Cells were incubated for 48 h with peptide stimu-
lation. After culture, the plates were washed followed by incubation with biotin-
ylated anti-mouse IFN-� antibody (Pharmingen). Spots were developed using
freshly prepared substrate buffer (0.33 mg of 3-amino-9-ethyl-carbazole per ml
and 0.015% H2O2 in 0.1 M sodium acetate, pH 5).

Confocal microscopy. The tissue slides (�5 to 7 �m) were fixed in cold PBS
containing 2% formaldehyde for 10 min and examined with a Zeiss EM 900
confocal microscope. Images were captured and recorded with software provided
by Zeiss.
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Statistical analysis. The differences among groups were compared by analysis
of variance. Between-group comparisons were made with the Duncan test. A
two-sided alpha level of 0.05 was considered statistically significant.

RESULTS

Production of PV pseudoviruses. HPV-16 L1 and BPV-1 L1
VLPs were produced in Sf9 cells using recombinant baculovi-
ruses (26, 28). Briefly, the cells were infected by recombinant
baculoviruses encoding either HPV-16 L1 or BPV-1 L1 with a
C-terminus deletion. The C-terminus deletion has been shown
to enhance production of PV VLPs (28). Three days after
infection, the cells were lysed and VLPs were purified on CsCl
and sucrose gradients. Gradients were fractionated (1 ml per
fraction); then 5 �l of each fraction was analyzed by SDS–10%
PAGE and Western blotting. The fractions positive for the L1
protein were examined for the presence of VLPs by electron
microscopy. The fractions containing VLPs were dialyzed for
1 h against 10 mM HEPES (pH 7.5). BPV-1 and HPV-16 VLPs
(Fig. 1a and d) were added to an equal volume of buffer
containing EGTA and DTT and then incubated at room tem-
perature for 30 min. Under these conditions, VLPs were com-
pletely disrupted (Fig. 1b and e). Plasmid DNA (pCI-GLP)
was then added, and the preparation was incubated with CaCl2
and dimethyl sulfoxide in order to refold VLPs (Fig. 1c and f).
Most of the L1 proteins seemed to reassemble into VLPs
under those conditions. To determine whether the plasmid
DNA was packaged in the VLPs or on their surfaces, Bz was

used after the refolding to digest DNA on the surfaces of the
VLPs. Then the pseudovirions were treated with pK so that the
VLPs were disrupted, and the presence of plasmid DNA inside
the VLPs was determined by agarose gel electrophoresis. We
found DNA plasmid in Bz- and pK-treated pseudovirus, indi-
cating that the plasmid DNA was packaged in the VLPs (Fig.
2).

PV pseudoviruses induced a stronger CTL response than a
DNA vaccine. To test whether PV pseudoviruses induce a
stronger CTL response than a plasmid DNA vaccine, we im-
munized mice subcutaneously with an HPV-16 pseudovirus

FIG. 1. Electron micrographs of VLPs derived from BPV-1 L1 or HPV-16 L1, EGTA- and DTT-disrupted VLPs, and pseudoviruses. The VLPs
were disrupted with EGTA and DTT; then the plasmid pCI-GLP was added. The VLPs were refolded by adding increasing concentrations of CaCl2
to form PV pseudoviruses. (a) BPV VLPs; (b) disrupted BPV VLPs; (c) BPV pseudoviruses; (d) HPV VLPs; (e) disrupted HPV VLPs; (f) HPV
pseudoviruses. Magnification, �84,000.

FIG. 2. Encapsidation of plasmid pCI-GLP DNA by PV VLPs. The
pseudoviruses were treated with Bz to digest the DNA on the surfaces
of VLPs and with pK to verify whether the plasmid DNA was packaged
inside the VLPs and then subjected to electrophoresis. Initially, 1 �g of
the plasmid DNA was used to make the pseudovirus, and after diges-
tion of 200 �l of pseudovirus with Bz and pK, 0.5 �g of the plasmid
remained.
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containing a plasmid encoding the H-2Db-restricted epitope
(9) of LCMV gp (aa 33 to 41) fused to GLP sequences (HPV-
pCI-GLP-LCMV) or the plasmid alone (pCI-GLP-LCMV).
pCI-GLP, HPV-16 VLPs, and the pseudovirus encoding GLP
(HPV-pCI-GLP) were used as negative controls, and LCMV
gp peptide (aa 33 to 41) in IFA was the positive control.
Fourteen days after immunization, mice were given subcuta-
neous boosters of BPV-1 pseudovirus encoding GLP-LCMV
or GLP, the plasmid pCI-GLP-LCMV or pCI-GLP, the BPV-1
VLPs, or the gp33 peptide. Fourteen days after the booster,
spleen cells were isolated and then incubated with LCMV gp33
peptide (aa 33 to 41) in T-Stim culture supplement (Collabo-
rative Biomedical Products, Bedford, Mass.) (without con-
canavalin A) in 5% CO2 at 37°C for 1 week. Standard 51Cr
release assay was used to detect LCMV-specific CTLs using
murine RMA cells loaded with LCMV peptide or control pep-
tide (HPV-16 E7 aa 49 to 57) as target cells. We found that PV
pseudoviruses encoding the LCMV epitope induced a stronger
CTL response than the plasmid encoding the LCMV epitope
(Fig. 3). Furthermore, by using the ELISPOT assay, we found
that PV pseudoviruses generated three times more IFN-�-
producing CD8� cells specific for the LCMV peptide than the
plasmid alone (Table 1).

PV VLPs serve as an adjuvant for a DNA vaccine to induce
CTL response. To test whether VLPs had an adjuvant effect on
CTL induction by the DNA vaccine, we immunized mice (five
per group) with the plasmids alone (20 �g), with the plasmids
(20 �g) plus BPV VLPs (2.5 �g), or with VLPs alone (2.5 �g)

as a control and then measured the generation of LCMV
gp33-specific CTLs by IFN-� ELISPOT. In the group immu-
nized with the plasmids alone, 10.7 	 7.25 (mean 	 standard
deviation) LCMV gp33-specific CTLs per 2 � 104 spleen cells
were generated. In contrast, 23.35 	 1.26 gp33-specific CTLs
per 2 � 104 spleen cells were induced in mice immunized with
the plasmids plus the VLPs. VLPs alone did not induce specific
T cells. Thus, coimmunization with the plasmids and VLPs
induced significantly more CTLs than immunization with the

FIG. 3. PV pseudovirus induced a stronger LCMV-specific CTL response than a DNA vaccine. Mice were subcutaneously immunized with PV
pseudovirus with a plasmid encoding the GLP-LCMV gp33 epitope (aa 33 to 41) fusion protein or GLP, with VLPs alone, with the plasmid alone
(pCI-GLP-LCMV or pCI-GLP), or with the LCMV gp peptide (aa 33 to 41) in IFA. A 51Cr release assay was used to measure the LCMV gp33
epitope-specific CTLs in spleen lymphocytes. The target cells (RMA) were pulsed with LCMV peptide (aa 33 to 41) or with a control peptide
(HPV-16 E7 aa 49 to 57). The data are means 	 standard deviations (five mice per group).

TABLE 1. PV pseudovirus induced more specific IFN-�-producing
CD8� T cells than a DNA vaccinea

Immunization No. of spots per 2 � 104

spleen lymphocytes

LCMV gp peptide (aa 33–41) � IFA......................... 45.6 	 2.09
PV-pCI-GLP-LCMV (pseudovirus) ............................ 23.0 	 1.13
pCI-GLP-LCMV............................................................ 7.9 	 2.7
VLPs................................................................................ 0
PV-pCI-GLP (pseudovirus).......................................... 0
pCI-GLP ......................................................................... 0

a Mice were immunized with HPV pseudovirus containing a plasmid encoding
GLP fused to LCMV gp33 epitope (aa 33 to 41) or GLP, with VLPs alone, with
the plasmid pCI-GLP-LCMV, pCI-GLP alone, or LCMV peptide plus IFA (aa
33 to 41) and then given boosters of BPV pseudoviruses, VLPs alone, or plasmids
alone. Two weeks after the boosters, spleen lymphocytes pooled for five mice
were incubated in plates that were coated with anti-IFN-� antibody. Two days
later, biotin anti-IFN-� antibody was added and incubated overnight. Then
streptavidin-horseradish peroxidase was added. The spots were counted after
being developed by 3-amino-9-ethylcarbazole substrate. Data are means 	 stan-
dard deviations for triplicates.
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plasmids alone (P 
 0.05), indicating that the VLPs are an
adjuvant for generating CTLs by the DNA vaccine.

PV pseudoviruses pseudoinfect mucosal and systemic lym-
phoid tissues. To test whether PV pseudoviruses pseudoinfect
mucosal and systemic lymphoid tissues, we determined
whether oral administration with the pseudovirus containing a
plasmid encoding GLP (PV-pCI-GLP) resulted in expression
of GLP in the mucosal and systemic lymphoid tissues. If the
pseudoviruses pseudoinfected mucosal and systemic lymphoid
tissues, we would be able to detect the expression of GLP by
confocal microscopy. Thus, we fed mice (five per group) with
HPV or BPV pseudoviruses (HPV-pCI-GLP or BPV-pCI-
GLP), the VLPs alone (HPV VLPs or BPV VLPs), or the
plasmid alone (pCI-GLP). At 1 and 7 days after feeding, mice
were sacrificed; small intestines, rectums, spleens, MLN, and
muscles were removed immediately and frozen. Tissue sections
were made, and GLP expression was determined by confocal
microscopy. We found expression of GLP in Peyer’s patches,
lamina propria, rectum, spleen, and MLN at day 1 (Fig. 4A)
and at day 7 (data not shown). When the PV pseudoviruses
were given subcutaneously, GLP expression was found in
draining lymph nodes and spleen but not in the mucosal tissues
(Fig. 4B). To determine which cells were infected by the
pseudoviruses, we stained the tissues with phycoerythrin-la-
beled antibodies directed against CD11b, CD11c, CD3, and
CD19 and determined whether they colocalized with GLP.
Some of the CD11b� and CD11c� cells colocalized with the
GLP (Fig. 5), suggesting that macrophages and dendritic cells
were pseudoinfected with PV pseudoviruses. No CD3� or
CD19� cells colocalized with the GLP.

Induction of specific CTLs in mucosal and systemic lym-
phoid tissues after oral immunization with PV pseudoviruses.
To determine whether orally administered PV pseudoviruses
induced mucosal and systemic CTL responses, we used a plas-
mid encoding an HPV-16 E7 mutant that has been shown to be
highly effective in inducing CTL responses systemically (38).
Mice (five per group) were fed by gavage with HPV-16
pseudovirus encoding the E7 mutant (HPV-pCMV-E7), a
plasmid encoding the E7 mutant (pCMV-E7), or HPV-16

VLPs only. Fourteen days after feeding, they were given boost-
ers of BPV-1 pseudovirus encoding the E7 mutant (BPV-
pCMV-E7), the plasmid pCMV-E7 only, or BPV-1 VLPs only.
Fourteen days after the booster, lymphocytes were isolated
from MLN and Peyer’s patches or spleen. The lymphocytes
from MLN and Peyer’s patches were used immediately to
detect E7-specific CTLs. Spleen lymphocytes were stimulated
with an E7 peptide (aa 49 to 57; RAHYNIVTF) for 1 week. A
standard 51Cr release assay was performed. We found that T
cells from the mice immunized orally with PV-pCMV-E7 had
mucosal and systemic CTL responses against E7-expressing
target cells (Fig. 6). Oral immunization with the plasmid alone
or PV VLPs did not induce an E7-specific CTL response.
Pseudoviruses did not induce a mucosal immune response
when mice were immunized by subcutaneous injection (data
not shown).

Oral immunization with PV pseudovirus did not induce
systemic tolerance. Because oral administration with soluble
proteins might induce systemic tolerance (16, 22, 47, 48), we
tested whether PV pseudoviruses induced systemic tolerance
after oral immunization. We fed mice (five per group) with
HPV-pCMV-E7, pCMV-E7, or HPV VLPs alone. Fourteen
days after oral immunization, we immunized mice subcutane-
ously with BPV-pCMV-E7. Spleen T cells were isolated and
then incubated with the E7 peptide, T-stim medium (without
concanavalin A) in 5% CO2 at 37°C for 1 week. A standard
51Cr release assay was used to detect specific CTLs by using
RMA-E7 and RMA-neo as target cells. All three groups of
mice had CTLs against target RMA-E7 cells but not against
RMA-neo cells (Fig. 7).

Oral immunization with PV pseudovirus provided immunity
against mucosal challenge. To test whether oral immunization
with the PV pseudoviruses induced mucosal protection, we
immunized mice with HPV-16 pseudovirus encoding E7 and
challenged them with BPV-1 pseudovirus encoding GLP-E7.
We hypothesized that if HPV-16 pseudovirus induced a pro-
tective immune response, the mucosal immune system would
clear BPV-1 pseudovirus-infected cells. Such a response would
be indicated by an absence or decrease of GLP expression in

FIG. 5. Intestinal CD11b- and CD11c-positive cells colocalized with GLP expression in mucosal tissues of mice orally fed PV pseudoviruses
encoding GLP. One day after oral administration with the pseudovirus encoding GLP, the mucosal tissues of the mice were removed and stained
with anti-mouse CD11b or CD11c antibody. Phycoerythrin-labeled second antibodies were used after washing. GLP, CD11b, and CD11c
expression was determined in the mucosal tissues by confocal microscopy. The expression of GLP (green), CD11c (red in panel a), and CD11b
(red in panel b) in lamina propria (lamina propria is indicated by arrows) is shown.
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the mucosal tissue of HPV-16 pseudovirus-immunized mice
compared to the control-immunized group. To this end, we fed
mice (five per group) with HPV-pCMV-E7, pCMV-E7, or
HPV-16 VLPs. Fourteen days after oral immunization, the
mice were given boosters of HPV-pCMV-E7, pCMV-E7 only,
or HPV-16 VLPs. Fourteen days after the booster, all three
groups of mice were challenged with BPV-1 pseudovirus en-
coding the GLP-E7 fusion protein. One day later, mice were
sacrificed, and GLP expression in Peyer’s patches was deter-
mined. The GLP expression was markedly lower in Peyer’s
patches of mice immunized with PV pseudovirus (4 	 1
[mean 	 standard deviation] green spots in each microscopic
field) than in mice immunized with VLP (20 	 3 green spots)
or plasmid (21 	 4 green spots) (P 
 0.05) (Fig. 8).

DISCUSSION

One of the most important features of the PV pseudoviruses
is their ability to reach mucosal and systemic lymphoid tissues.
We showed that the plasmids themselves could not reach mu-
cosal and systemic lymphoid tissues when administered orally,
possibly because they did not survive degradation in the gastric
and intestinal environment. Our data suggest that PV VLPs
are resistant to the low-pH environment in the stomach and to
proteolysis in the intestine.

Although we do not know which cells take up the pseudovi-
ruses, it is likely that M cells in the follicle-associated epithe-
lium have an important role in sampling the pseudoviruses and
delivering them into the Peyer’s patches. It is also possible that

FIG. 6. Oral immunization with PV pseudovirus encoding E7 induced mucosal and systemic E7-specific CTLs. Mice were orally immunized
with HPV-16 pseudovirus with a plasmid encoding a mutant E7, VLPs alone, or the plasmid alone and then given a booster of BPV pseudovirus,
VLPs alone, or the plasmid alone. (a) Peyer’s patches and MLN cells were isolated and immediately used to test E7-specific CTLs without in vitro
restimulation. A 51Cr release assay was used to measure E7-specific CTLs. The target cells were RMA-E7, which express the E7 antigen, and
RMA-neo cells (negative controls). RMA-E7 and RMA-neo expressed comparable MHC class I levels (data not shown). The lymphoid cells from
mice fed the plasmid or VLPs did not lyse the RMA-E7 cells (data not shown). (b) Spleen lymphocytes were isolated and restimulated with E7
peptides (aa 49 to 57) in vitro. The 51Cr release assay was used to measure E7-specific CTLs. The target cells (RMA) were pulsed with an E7
peptide (aa 49 to 57) or with a control peptide. The data are means 	 standard deviations for five mice per group.

VOL. 75, 2001 PAPILLOMAVIRUS PSEUDOVIRUS AS A NOVEL VACCINE 10145



epithelial cells take up the pseudoviruses, because we observed
GLP expression in lamina propria of the small intestine and
rectum of mice fed PV pseudoviruses encoding GLP. PV VLPs
have been shown to bind cells from different tissues and species
(25, 32). We also found that PV pseudoviruses pseudoinfect
dendritic cells and macrophages in lamina propria and Peyer’s
patches, which suggests that the pseudoviruses might cross the
epithelial layers. It remains to be investigated how pseudovi-
ruses pass through the epithelium and get into lamina propria
dendritic cells and macrophages. We also found that the
pseudoviruses reached MLN and spleen. It is possible that the
dendritic cells and macrophages in lamina propria that had
taken up the pseudoviruses moved to MLN and spleen directly.

However, we cannot exclude the possibility that the pseudovi-
ruses themselves directly reached MLN and spleen.

We also administered PV pseudoviruses encoding GLP to
nostrils of mice and vaginal mucosae of rabbits and found that
GLP was expressed in the mucosae of the respiratory tract and
female reproductive tract (data not shown). It is thus likely that
immunization with the pseudoviruses in these mucosal tissues
might also generate CTL responses in respiratory tract and
cervicovaginal mucosa. In fact, it has been shown that intrana-
sal immunization with PV VLPs resulted in mucosal antibody
responses (2, 19), suggesting that mucosal cellular immune
responses can be induced at those sites.

Another important feature of the PV pseudoviruses is that
they can induce a stronger CTL response than a DNA vaccine
when administered systemically in mice. We have also shown
that coinjection of PV VLPs with a plasmid DNA vaccine
induced a stronger CTL response than immunization with the
DNA vaccine alone. This demonstrates that PV VLPs actually
serve as an adjuvant for the DNA plasmids to induce CTL
responses. Because the VLPs that are used to package the
plasmid DNA can induce VLP-specific T-helper responses, the
T-helper cells might enhance the generation of CTLs specific
for the antigen encoded by the plasmid through bystander
action. Indeed, the VLPs can induce a strong Th1 response (7,
8, 17, 21); thus, it is likely that IL-2 produced by the Th1 cells
amplifies the proliferation of CTLs. After the uptake of the
pseudoviruses, antigen-presenting cells might be activated by
the VLPs of the pseudoviruses, thereby expressing more co-
stimulatory molecules, such as CD80 or CD86. Indeed, PV
VLPs are shown to infect and activate human and murine
dendritic cells (17, 36). The PV VLP-activated murine den-
dritic cells expressed an enhanced level of costimulatory mol-
ecules such as CD80 and produced proinflammatory cytokines,
such as IL-6 and tumor necrosis factor alpha (17). These acti-
vated antigen-presenting cells could have an enhanced capacity
to activate naı̈ve CTLs specific for the antigen encoded by the
plasmid compared with dendritic cells transduced by the plas-
mid (DNA vaccine) alone.

Oral immunization with PV pseudoviruses induced mucosal
and systemic CTL responses. The intestinal mucosal CTLs

FIG. 7. Oral immunization with PV pseudovirus did not induce
systemic tolerance. Mice were orally fed HPV-16 pseudovirus with a
plasmid encoding HPV-16 E7, VLPs alone, or the plasmid alone; then
mice were systemically immunized with BPV pseudovirus (PV) encod-
ing the E7 protein. Spleen lymphocytes were isolated and restimulated
with E7 peptides (aa 49 to 57) in vitro. A 51Cr release assay was used
to detect E7-specific CTLs. The target cells (RMA) were pulsed with
an E7 peptide (aa 49 to 57) or with a control peptide (data not shown).
The data are means 	 standard deviations for five mice per group.

FIG. 8. Oral immunization with pseudovirus protected mice against mucosal challenge. Mice were orally immunized with an HPV-16
pseudovirus with a plasmid encoding E7, VLP alone, or the plasmid alone and then given boosters of the same agent 14 days later. On day 28,
all three groups of mice were orally challenged with BPV pseudovirus encoding the GLP-E7 fusion protein. One day later, mice were sacrificed
to detect GLP expression in Peyer’s patches. The GLP expression was markedly lower in the Peyer’s patches from the pseudovirus-immunized mice
than in those from the VLP- and the plasmid-immunized mice.
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were detectable among freshly isolated lymphocytes from Pey-
er’s patches, suggesting that a significantly large number of
specific CTLs were generated in Peyer’s patches. Furthermore,
oral immunization with the pseudoviruses protected mice
against a mucosal pseudoviral challenge, strongly suggesting
that the oral immunization with the pseudoviruses was protec-
tive. The protection is probably not a result of anti-HPV L1
VLP IgA, which cross-reacts with BPV pseudovirus and pre-
vents its uptake or promotes its clearance, because there was
no protection in mice immunized with HPV L1 VLPs alone.
Further, the protection cannot be from E7-specific antibody
responses, because E7 is a cytoplasmic protein (30) and the
mutant E7 we used here was an unstable protein and was
degraded intracellularly (38). Thus, protection is apparently
mediated by CTLs specific for the E7 protein. The loss in GLP
expression in the Peyer’s patches was detected only 1 day after
mucosal challenge in mice, which reflects the immediate anti-
gen-specific CTL effector activity in mucosal tissues. Our data
confirm those of a study that found that mucosal CTL re-
sponses are sustained once induced (23).

Because PV pseudoviruses pseudoinfect mucosal and sys-
temic lymphoid tissues, they can be used as a gene delivery
vector. After mice were fed with PV pseudoviruses encoding
GLP, expression of GLP was found from the following day
until week 3. Those data suggest that the expression of the
gene delivered to the mucosal and systemic lymphoid tissues is
transient. Thus, PV pseudoviruses can be used to deliver genes
that are needed in the immune system for a short period. For
example, they might be used to deliver immunomodulatory
cytokine genes, such as the IL-10 gene to intestinal mucosa for
Crohn’s disease to suppress the Th1 type mucosal immune
responses or the IL-12 gene to the upper respiratory tract to
switch off the Th2 immune responses for asthma.

PV pseudoviruses are nonreplicating vectors. Their advan-
tage over other live vectors is that they are composed of PV
VLPs and plasmids, so there is no danger that they will revert
to a virulent form. Although there are concerns about the
integration of the DNA plasmids into the host genome, so far
it has not been shown that the DNA plasmids cause any neo-
plasm. PV VLPs are made of L1 protein, which has not been
shown to have detrimental effects on the host. The cells in-
fected by the pseudoviruses, in general, will be deleted by
specific CTLs because they induce CTL responses to the
pseudoviruses. Although the pseudoviruses do not replicate in
the host, the immunogen is expressed in the host antigen-
presenting cells, leading to longer exposure of antigens to T
cells.

In conclusion, PV pseudoviruses generated a stronger CTL
response than a DNA vaccine and induced protective mucosal
and systemic CTL responses; thus, PV pseudoviruses represent
a novel vaccine for preventing and treating infections by patho-
gens at the mucosal surface.
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