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A human papillomavirus type 16 vaccine by oral delivery of L1 protein
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Abstract

To establish an edible HPV16 vaccine, we constructed a recombinant HPV16 L1-expressingSchizosaccharomyces pombeyeast strain
(HPV16L1 yeast). A preliminary study revealed that freeze-dried yeast cells could be delivered safely, and were digested in the mouse
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ntestine. The freeze-dried HPV16 L1 yeast was administered orally as an edible vaccine, with or without the mucosal adjuvant
oxin LT (R192G), to 18 female BALB/c mice. After the third immunization, none of the mice that received the edible HPV16
howed specific antibody responses, whereas all of the positive controls that were administered intranasally with 5�g of HPV16-virus-like
articles (VLP) had serum IgG, and genital IgA and IgG that reacted with HPV16-VLP in enzyme-linked immunosorbent assays (
hen a suboptimal dose (1�g) of HPV16-VLP was administered to all the mice, including the negative control mice, 50% of the mi
ere pre-immunized with the edible HPV16 vaccine showed positive serum IgG responses, while none of the negative controls s

esponse. Vaginal IgG and IgA antibodies were also elicited in 33 and 39%, respectively, of the mice that were given with the edib
accine and the intranasal boost. All of the antibodies reacted more strongly to intact HPV16-VLP than to denatured HPV16-L
uggesting that the edible vaccine primes for antibody responses against conformation-dependent epitopes. The inclusion of ad
accine formulation marginally increased the genital IgA response (P= 0.06). HPV16-L1 protein in the yeast might induce tolerance in
accinated animals that could be recovered by intranasal boosting with a suboptimal dose of HPV-VLP. This freeze-dried yeast s
e useful as an oral delivery of HPV 16 L1 protein.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Although mortality due to cervical cancer has recently de-
reased in developed countries, this type of cancer frequently
ccurs as a secondary cancer, and it is the fifth leading cause
f death in women worldwide (Parkin et al., 2001). Certain
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types of the human papillomavirus (HPV), which is sexu
transmitted, represent the most important risk factors for
vical cancer (zur Hausen, 1991). Recent reports show th
30–50% of young women who have recently had sexua
tercourse for the first time are infected with HPV in th
cervices (Ho et al., 1998; Franco et al., 1999; Molano et
2003). Surprisingly, most cervical HPV infections invol
high-risk types that are likely to induce cancer. HPV ty
16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68,73 an
and possibly some other types, are considered to be hig
types (Munoz et al., 2003). We have identified HPV type
16, 18, 31, 33, 35, 45, 51, 52, 56, 58, and 67 as single in
ing types in cervical cancer and precursor lesions in J
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(Sasagawa et al., 2001). Our recent report showed that more
than 60% of women in their late teens, who visited outpatient
obstetrics and gynecology clinics for various reasons, were
infected with HPV, and that 50% of these women were in-
fected with high-risk HPV types (Sasagawa et al., in press).
This alarmingly high prevalence of HPV infection in young
women suggests that education and social health programs
aimed at preventing HPV infections may not be sufficiently
effective in combating cervical cancer, especially in poor re-
source settings, in which cervical cancer prevention should
be a priority (Yang et al., 2004). HPV testing and cytological
screening may not be the best choices in these areas, due to
the costs of screening tests and treatments. Thus, nationwide
use of a prophylactic vaccine against the high-risk HPV types
may prove advantageous in the prevention of cervical cancer.

The development of HPV vaccines has been hampered
for many years due to a lack of animal systems for HPV
propagation and of a methodology for the synthesis of HPV
virions. Rose et al. (1993)showed that high-level produc-
tion of HPV-11 L1 protein led to the assembly of virus-like
particles (VLPs) in an insect cell system.Kirnbauer et al.
(1993)succeeded in synthesizing HPV16-VLPs in this in-
sect cell system. Subsequently, we succeeded in producing
HPV6- and HPV16-derived VLPs in the yeastSchizosaccha-
romyces pombe(Sasagawa et al., 1995). Although the yield
of VLPs from yeast is less than that obtained from the insect
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phoid tissue (GALT) constitutes an alternative site for immu-
nization to induce strong mucosal immunity. Recently, two
groups have produced edible HPV vaccines from tobacco
and potato plants that express the HPV-11 (Warzecha et al.,
2003) and HPV-16 (Biemelt et al., 2003) L1 genes, respec-
tively, and they have tested them in animal model systems.
Although edible vaccines alone do not induce HPV-specific
antibodies, systemic or local booster immunizations with pu-
rified VLP elicit HPV-specific serum IgG.

In this study, we used a freeze-dried preparation of a yeast
strain that expresses HPV16 L1 protein as an edible vac-
cine in a mouse model system. Yeasts are good candidate
edible vaccine vectors, since they are readily adaptable to
large-scale production, may be administered safely to ani-
mals and humans, and they incorporate HPV16-VLPs into
the nucleus. Indeed, all of the mice willingly ate this freeze-
dried yeast; this represents an advantage, in terms of adminis-
tration, over intranasally administered VLP vaccines, which
require anesthesia. Our preliminary study demonstrated that
freeze-dried yeast strains could be delivered safely, and that
they were digested in the intestine, where GALT is located. In
the present study, we investigated the efficacy of this edible
yeast vaccine, and evaluated the optimal conditions for im-
munization, in terms of the dose of yeast and the addition of
theEscherichia coli-derived mucosal adjuvant LT (R192G)
(Freytag and Clements, 1999).
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arge-scale VLP production and safety of use in humans
ardless of the method used for their production, HPV-V
re good candidates for a human vaccine, since VLPs
een shown to have the same antigenic properties as t

ive virions, and they do not carry any potentially oncoge
iral genes.Koutsky et al. (2002)were the first to demon
trate that parenteral immunization with a HPV16-VLP v
ine conferred 100% protection against HPV16 infectio
omen. It has also been reported that a HPV vaccine

argets HPV16 and HPV18 may reduce cervical cance
idence by more than 50% (Kulasingam and Myers, 200
oldie et al., 2003).
Unfortunately, the parenteral HPV16-VLP vaccine is

ensive, since it requires advanced techniques and s
acilities for production and storage. In addition, repe
njections of the parenteral vaccine, which are usually
uired for efficacy, are impractical in poor resource setti
ith limited numbers of trained clinical staff. Furthermore
as been reported that parenteral immunization with V

s a poor inducer of secretory IgA, which plays a ma
ole in mucosal immunity (Hagensee et al., 1995). Immu-
ization of the mucosa-associated lymphoid tissue (MA
hich is located in the respiratory and digestive tract

mportant for the induction of effective mucosal respon
gainst many viruses.Balmelli et al. (1998)have demon
trated that intranasal administration of HPV16-VLP e
ts mucosal antibodies that neutralize HPV16. However
ranasal vaccination also requires the preparation of rela
arge amounts of purified HPV-VLP. The gut-associated l
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. Materials and methods

.1. Construction of a recombinant S. pombe strain tha
xpresses the HPV16 L1 gene

We have previously reported that a strain of the fis
eastS. pombe, which expresses the HPV16 L1 gene (B
ild-type HPV16) under the control of a thiamine-repres
romoter, was able to synthesize virus-like particles (VL
Sasagawa et al., 1995). B27L1 has two amino acid chang
t histidine 202 to aspartate and threonine 266 to alanine

his HPV16 L1 gene could produce 68 times more virus
articles than the prototype HPV16 L1 (Pushko et al., 1994).

n order to increase L1 gene expression in yeast, we i
uced B27L1 into a new vector, pTL2M, and expressed
PV16 L1 protein (Tohda et al., 1994). This vector contains
ytomegalovirus promoter that expresses, constitutively
ntroduced foreign gene. We confirmed by Western blot a
sis that this recombinant yeast (pTL2-HPV16 L1) expre
he 55-kDa HPV16-L1 protein at the level of about 5% of
al protein. The appropriate assembly of the purified HP
1 protein was confirmed by the reactivity of this protein

wo HPV16-monoclonal antibodies, Camvir-5 and Cam
, which recognized conformation-dependent epitopes
nzyme-linked immunosorbent assay (ELISA) (kindly p
ided from Margaret Stanley, Cambridge University, C
ridge, UK). After culturing in YPD medium, the reco
inant yeast was collected by centrifugation at 2000×g at
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4◦C for 10 min. The yeast pellet was freeze-dried overnight
at a maximum shelf temperature of (−)20◦C. The freeze-
dried yeast samples were sealed in air-tight plastic tubes and
stored at 4◦C until use.

2.2. Purification of HPV16-VLPs from recombinant
yeast strains

HPV16-VLP was purified from the pTL2-HPV16 L1 yeast
strain by cesium chloride gradient ultracentrifugation, as de-
scribed previously (Sasagawa et al., 1996), but with some
modifications. The yeast cells were cultured in 2 l of YPD
medium, to allow the expression of the HPV16 L1 protein
(Tohda et al., 1994). After centrifugation at 2000×g at 4◦C
for 5 min, the cells were resuspended in 50 mM potassium
phosphate buffer [50 mM KH2PO4 (pH 6.5), 20 mM ethy-
lene diamine tetraacetic acid (EDTA) and kept on ice. After
re-centrifugation, the pellet was resuspended in 10 ml of KKC
buffer [20 mM KPO4 (pH 6.5), 800 mM KCl, 0.1 mM CaCl2,
1.5 mM MgCl2] that contained 5 mg/ml Novozyme (Sigma),
and incubated at 32◦C for 30 min, to digest the yeast cell
walls, and then sonicated gently for 1 min at 60 W. The cell
extract was recovered by centrifugation at 7000×g at 4◦C
for 10 min. The pellet was resuspended in 10 ml of VLP buffer
that contained 0.5% NP-40, sonicated gently, and centrifuged
as described above. The collected supernatants were layered
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adjuvant in this study. The powder form of the adjuvant was
suspended in PBS, and stored at−30◦C until use.

2.4. Yeast digestion in the mouse digestive tract

After being starved for 12 h, three BALB/c mice were
given 20 mg (wet weight) of fresh-live or freeze-dried yeast
that expressed RFPvia the oral route. Each mouse was sac-
rificed 30 min, 1 h and 6 h after the administration, dissected,
and examined for yeast digestion. The digestive tracts were
removed and cut into pieces, and touch smears of the tissue
section and stool were obtained on glass slides. Fluorescent
yeast cells were observed on each slide using Axiovert S-100
Microscope (Carl Zeiss, Germany) and digital photographs
were taken by Fuji 3CCD camera (Fuji-Film, Japan).

2.5. Mouse maintenance and vaccination protocols

Thirty female 6-week-old BALB/c mice were purchased
from Charles River Co., Ltd. (Shiga, Japan). The mice were
maintained in an air-conditioned room, and supplied with
sterile chow and water in the animal facility of the School of
Medicine, Kanazawa University. All animal procedures were
performed according to the Guidelines for the Care and Use
of Laboratory Animals of Kanazawa University. Two mice
were killed by accident, and another four mice were used in
t
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nto 40% sucrose VLP buffer [10 mM HEPES, 10 mM K
pH 7.0)], and centrifuged at 27,000×g at 4◦C for 2 h in
he Beckman SW28 rotor (Beckman Coulter, Fullerton, C
he pellets were resuspended in VLP buffer and centrifu

o equilibrium in 27% (wt./wt.) CsCl-VLP buffer for 20 h
7,000×g at 4◦C in the SW28 rotor. The appropriate fra

ions at a density of 1.29 g/ml were diluted in VLP buf
nd centrifuged at 27,000×g at 4◦C for 2.5 h in the SW2
otor. The pellet was resuspended in VLP buffer and st
t−30◦C. The yeast-derived HPV16-VLP protein was u

or intranasal immunization.

.3. Preparation of yeast and adjuvant for vaccination

The harvested yeast was divided into two stocks. One
tored at−80◦C until use as fresh-live yeast, and ano
ne was freeze-dried at−80◦C over night, and was stored
30◦C until use. Before vaccination, the freeze-dried y

ells that expressed HPV16-L1 or the red fluorescence
ein (RFP) were resuspended in more than 10 volume
0% ethanol in water, and incubated at 4◦C for 30 min, in
rder to inactivate the yeast cells. This procedure was re
ended by the research committee of Kanazawa Unive

o prevent propagation of the recombinant yeast in the
al facility. After centrifugation, the pellet was washed o

n phosphate-buffered saline (PBS), and resuspended in
150 mg wet weight per ml). TheE. coliheat-labile toxin LT
R192G) (Freytag and Clements, 1999), which was kindly
rovided by Dr. John D. Clements (Tulane University Me
al Center, New Orleans, LA, USA) was used as the muc
he preliminary experiment exploring yeast digestion.
The experiment was initiated when the mice reach

eeks of age. Intranasal administration of HPV16-VLP
erformed under mild anesthesia with diethyl ether. A
bstinence from water and chow for 12 h, all of the m
illingly ate freeze-dried yeast cells that were suspen

n PBS. Twenty-four BALB/c mice were divided into s
roups (Fig. 1). Three mice ingested yeast that contained
ector alone; these mice were selected as the negative
rols (Group 1). Another three mice (Group 2) were adm
stered intranasally with 5�g of yeast-derived HPV16-VL
lus 10�g of adjuvant LT (R192G); these mice were cla
ed as the positive controls. The remaining mice were
ified into four groups: two groups were administered or
ith 50 mg (Group 3) or 150 mg (Group 4) of HPV16 L
xpressing yeast, and the other two groups received 5
Group 5) or 150 mg (Group 6) of yeast plus 10�g of LT
R192G). Three separate vaccinations were performed
eek intervals in the first experiment. Twelve weeks afte
nal oral immunization, a low dose of HPV16-VLP (1�g)
as administered intranasally as a booster immunizati
ll the mice, including the positive and negative controls

.6. ELISA for HPV16-specific antibodies in mouse ser
nd vaginal fluids

Blood samples were collected from the mouse-tail,
he vaginal fluid samples were obtained by repeated wa
f the vagina with 100�l of PBS using a micropipette. T
void the influence of the mouse estrous cycle on anti
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Fig. 1. Antibody responses by the primary immunization. The optical density (OD) values in ELISA for all mice are plotted in the graphs. The route, antigen
and adjuvant for vaccination are shown below the graphs. A dot line indicates the cut-off point in each assay. A: IgG responses in sera, B: IgG responsesin
vaginal fluid, C: IgA responses in vaginal fluid.

production, vaginal secretions were collected twice at 5-day
intervals, and the two samples were mixed and used for the
analyses. The samples were collected a few days before the
first oral immunization and 4 weeks after each immuniza-
tion. All of the samples were divided into aliquots, to avoid
repeated thawing, and were stored at−30◦C until use.

HPV16-VLP protein that was purified from insect cells
(Rose et al., 1994) was used for the ELISA. For antigen coat-
ing, 100 and 300 ng of HPV16-VLP for IgG and IgA de-
tection, respectively, were incubated in PBS on the ELISA
plate (NUNC Immunoplate Maxisorp; Nalgene Nunc Inter-
national, Japan) at 4◦C overnight. The coated plates were
washed once with PBST (PBS, 0.1% Tween-20), and incu-
bated with blocking buffer (3% albumin, 0.5% FCS in PBST)
at room temperature (RT; 20–24◦C) for 1 h. All of the sub-
sequent washes were carried out with PBST. In the antibody
reaction, 100�l aliquots of samples that contained 1�l of
serum or 20�l of vaginal wash were mixed with reaction
buffer (1.5% bovine albumin, 0.25% FCS in PBST), added
to the ELISA plate, and incubated at RT for 3 h. After three
washes, 100�l of the biotinylated anti-mouse IgA or IgG
antibody (diluted 1:500 for IgA and 1:1000 for IgG in reac-
tion buffer) was added to the plates, and incubated for 1 h at
RT. After three washes, 100�l of streptavidin–horseradish
peroxidase conjugate (DAKO, Germany), which was diluted
1:5000 with PBST, was added to the plates, and incubated for
3 r
( ned

one tablet of ABT [2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid] (Sigma), was added to the plates. After 1 h
of color development at RT, the optical density (OD) values
were read at dual wavelengths (405/540 nm) using an auto-
mated plate reader (iEMS Reader MS; Labsystems, Japan).
The final OD values were calculated by subtraction of the OD
values at 540 nm from those at 405 nm. The cut-off points for
IgA and IgG in the serum and vaginal samples were assigned
as the average OD values plus 2.5 standard deviations from
the OD values of 10 serum and vaginal samples that were ob-
tained from non-immunized mice. The ELISA was repeated
more than twice for each sample, and the mean OD value
was used for the evaluation. Two sets of positive and nega-
tive control samples were included in each experiment. The
OD values of the samples were adjusted with the mean values
of the positive controls, to compensate for inter-assay vari-
ation, and the OD values of the negative controls were used
for quality control in each assay. Additional tests were per-
formed when very high background reactions were observed
in the negative controls, or when samples showed ambiguous
results in different tests. In the latter case, the third test was
performed and the mean OD value of three tests was adopted
for the evaluation.

2.7. Characterization of antibodies induced in mice

pro-
t red
0 min. After three washes, 100�l of 50 mM citrate buffe
pH 5.0; 0.0075% hydrogen peroxide), which contai
Antibody response to the denatured HPV16 L1
ein was tested with the ELISA coated with denatu
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HPV16-VLP. Aliquates (100 ng for IgG, and 300 ng for IgA)
of HPV16-VLP in bicarbonate buffer were boiled for 10 min,
and were used as antigen in the ELISA. The reactivity to in-
tact and denatured HPV16-VLP was examined on the same
plate with those of the positive and negative control sam-
ples. The titer of antibody was determined by reactivity of
serially diluted serum and vaginal washing fluids, and the
cut-off point of OD values were the same as those described
above.

2.8. Statistical analysis

The Mann–Whitney test was used to compare OD values
between two groups, and Fisher’s exact probability test was
used for comparing the positive rates between two groups.
All of the analyses were performed using the Excel Statistics
for Windows software (SSRI, Tokyo, Japan).

3. Results

3.1. Preliminary experiment of an edible vaccine

In a preliminary experiment, fresh-live or inactivated
freeze-dried yeast that expressed red fluorescence protein
(RFP) were administered orally to six mice, and the num-
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All of the positive control mice showed high OD values
for serum IgG, vaginal IgG, and vaginal IgA, although serum
IgA responses were not detected (data not shown). In con-
trast, none of the mice that ingested HPV16 L1-yeast showed
positive responses for serum IgG, genital IgA, and IgG. We
found conflicting results in two tests for serum IgG in some
of the mice that were fed HPV16 L1-yeast. An additional test
was performed in these mice, and the mean OD values from
three tests were adopted. Finally, two mice (No. 7 in Group 3,
and No. 14 in Group 5) out of eighteen (11%) had weak and
transient serum IgG responses, respectively, after the second
immunization (Fig. 1(A)). In contrast, no vaginal IgG or IgA
responses were observed in any of the mice that underwent
oral vaccination (Fig. 1(B and C)).

3.2. Boosting immune responses by intranasal
administration of purified HPV16-VLP

In order to confirm priming by HPV16 L1 antigen in the
mice that underwent oral vaccination of HPV16 L1-yeast, a
suboptimal dose (1�g) of purified HPV16-VLP was admin-
istered as a booster to all 24 micevia the intra-nasal route.
Four weeks later, all three positive controls (100%), the nine
mice (50%) that received the oral vaccination, and none of
the negative controls showed positive reactions for serum IgG
(Fig. 2(A)). In terms of vaginal IgG, the three positive con-
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ot digested, since intact yeast cells were seen in any
f the gut and excreted in the stools. In contrast, the fre
ried yeast cells were scarcely disrupted in the stoma

ejunum, but disrupted in the ileum and the large intes
nd few intact yeast was seen in stool, suggesting that fr
ried yeast cells are digested in the intestine. Therefore
sed inactivated, freeze-dried HPV16 L1-expressing yea

he edible vaccine.
At the first experiment, 10 or 20 mg of freeze-dried ye

hat contained the HPV16 L1 protein (HPV16 L1-yeast
he presence of the mucosal adjuvant LT (R192G) were
inistered in 20 mice. However, no antibody was produce
ny of theses mice. Then, we intranasally administered�g
f purified HPV-16 VLP to these mice. After this boost

mmunization by intranasal route, 67% of the mice produ
nti-HPV16 serum IgG and vaginal IgA antibodies (data
hown).

In the second experiment, 18 mice were fed with
r 150 mg of freeze-dried HPV16 L1-yeast in the prese
Groups 2, 4, and 6) or absence (Groups 1, 3, and 5) o
ucosal adjuvant LT (R192G) (Fig. 1). As a positive contro

hree mice (Group 2) were administered intranasally
�g of purified VLP and LT (R192G), and another th
ice were administered orally with freeze-dried yeast

ontained the vector alone, as negative controls (Grou
fter three immunizations, the levels of HPV16-specific
unoglobulins (IgG and IgA) were evaluated by ELI

Fig. 1).
rols (100%), six of the mice (33%) that received the
accination, and none of the negative controls showed
ive (Fig. 2(B)). With respect to vaginal IgA, the three posit
ontrols (100%), and seven of the mice (39%) received
ral vaccination; none of the negative controls showed

tive (Fig. 2(C)). Unexpectedly, two mice (No.s 7 and 1
hat received the oral vaccination and had shown transi
ositive before the intranasal boosting were still negativ

he final test.
Following intranasal boosting with purified HPV16-VL

o antibodies were elicited in the negative controls, whe
ome mice that were given HPV16 L1-yeast showed p
ive antibody responses, which suggests that HPV16-sp
esponses can be primed by oral vaccination. When the
ody levels were compared, all of the mice that received
accination with HPV16 L1-yeast showed lower OD val
han did the positive control mice (P< 0.05; Mann–Whitne
est).

.3. Effects of oral HPV16 vaccine dose and adjuvant
n immune responses

No differences were observed in the antibody-pos
ates between mice that were fed HPV16 L1-yeast at
oses (50 mg; Groups 3 and 5) or high doses (150 mg; G
and 6). We used the mucosal adjuvant LT (R192G

nhance the antibody responses in mice that were fe
PV16 L1-yeast vaccine (Groups 5 and 6). No serious
erse effects were seen in the mice that received the adju
lthough no differences in serum IgG responses were
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Fig. 2. Antibody responses after the intranasal booting immunization using a suboptimal doze (1�g) of purified HPV16-VLP. The optical density (OD) values
in ELISA for all mice were plotted in the graphs. A dot line indicates the cut-off point in each antibody response. Samples exceeded the cut-off point were
accounted as positive. A: IgG responses in sera, B: IgG responses in vaginal fluid, C: IgA responses in vaginal fluid.

served between the groups that received the vaccine with ad-
juvant (Groups 4 and 6) and without adjuvant (Group 3 and 5)
(Fig. 2(A)), the positivity rates were two-fold higher for vagi-
nal IgG and five-fold higher for vaginal IgA in the adjuvant
groups (Groups 4 and 6) than in the non-adjuvant groups
(Groups 3 and 5) (Fig. 2(B) and (C)). However, the statistical
difference was only marginal for the vaginal IgA responses,
and was not valid for the vaginal IgG responses (P= 0.066
for IgA, andP> 0.1 for IgG; Fisher’s exact test). The OD
values for vaginal IgA in the mice that were given HPV16
L1-yeast plus LT were also slightly higher than those in mice
that received HPV16 L1-yeast without adjuvant (P= 0.085;
Mann–Whitney test).

3.4. Characterization of the antibodies elicited by oral
and intranasal vaccination

Previous studies have clearly demonstrated that neutraliz-
ing antibodies react with conformation-dependent epitopes
on HPV-VLPs. We investigated whether the antibodies that
were induced in this study reacted against the assembled
HPV16 L1 (intact VLP) rather than the denatured L1
protein (denatured VLP). After the second immunization,
the induced serum IgG antibodies reacted more strongly
with intact VLP than with denatured VLP in all of the
positive controls that received intranasal vaccination with
HPV16-VLP, although two of these mice (Nos. 4 and 6)
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Fig. 3. Antibody responses to denatured HPV16 L1 protein and intact HPV16-virus-like particles. Antibody responses to denatured HPV16 L1 and the intact
HPV16-VLP were examined in some mice at different time points after vaccination to know when the antibody responding to HPV16 were elicited. (A) Positive
control mice, (B) some of the mice undertook the edible HPV16-yeast and the intranasal HPV16-VLP boosting. White bars: responses to denatured HPV16
L1 protein, black bars: responses to intact HPV16-VLP.

had shown stronger responses to denatured VLP at the first
intranasal immunization (Fig. 3(A)). Seroconversion from
a non-specific type of reaction to a specific type of reaction
appeared to occur after the second immunization. In the
mice that were given the edible vaccine, stronger responses
were elicited to the intact VLP after the intranasal booster
immunization (Fig. 3(B)). In contrast, of the two mice that
received the oral vaccine, and that were transiently positive
but finally negative after boosting, one mouse (No. 7) reacted
more strongly to denatured VLP, and the other mouse (No.
14) showed equivalent reactivities to both types of VLP
throughout the time course of the experiment (Fig. 3(B)).

The results of the assays of the vaginal samples from the
mice that were given the edible HPV16 vaccine showed that
the IgG antibodies elicited in six mice (Fig. 4(A)) and the
IgA antibodies elicited in seven mice (Fig. 4(B)) reacted
more strongly to intact VLP than to denatured VLP. These
results suggest that the serum and vaginal antibodies elicited
by the edible HPV16-yeast vaccine recognize conformation-
dependent epitopes in HPV16-VLP and, therefore, are prob-
ably neutralizing antibodies.

Antibody titer was examined in some available samples
(Table 1). The positive control mice which were adminis-

tered with purified VLP by intranasal route showed high
titers (6400–25,600 for serum IgG, and 1600–3200 for vagi-
nal IgA). In contrast, mice which were orally administered
with HPV16-yeast showed that lower titers (1600–3200 for
serum IgG, and 100–800 for vaginal IgA) than those in the
positive controls. Four samples which were accounted as neg-
ative in this study showed zero.

4. Discussion

Koutsky et al. (2002)have recently shown 100% protec-
tion against HPV16 infection following injections of HPV16-
VLP. It has been proposed that prophylactic HPV16 vaccina-
tion could reduce the incidence of cervical cancer by about
50% (Kulasingam and Myers, 2003; Goldie et al., 2003). It
has been speculated that the anti-HPV antibodies induced
by vaccination persist for only a couple of years. Repeated
injections might be necessary to maintain life-long immu-
nity against HPV. Mucosal immunity is a major route for
the induction of protection against the high-risk HPV types
that are responsible for cervical cancer. Intranasal immu-
nization with HPV16-VLP induces neutralizing antibodies
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Fig. 4. Antibody responses to intact HPV16-particles in the vaginal fluid of
responding and non-responding mice by vaccination. Antibody responses to
denatured HPV16 L1 protein and intact VLP in vaginal fluid were examined
in some of the mice treated with different vaccines. The response to the
intact HPV16-VLP may represent a neutralizing ability to native HPV16
virions. (A) Vaginal IgG responses in one negative control (No. 2), three
positive controls (Nos. 4, 5, 6), and six mice (Nos. 11, 12, 15, 18, 21, 22) that
were administered with an edible vaccine and were responding to HPV16.
(B) Vaginal IgA responses in one negative control (No. 2), three positive
controls (Nos. 3, 4, 5), and responding (Nos. 11, 12, 15, 18, 19, 21, 22)
and non-responding (Nos. 8, 9, 16) mice administered with an edible yeast
vaccine. White bars: responses to denatured HPV16 L1 protein, black bars:
responses to intact HPV16-VLP.

in mucosal secretions (Balmelli et al., 1998). It has been re-
ported that mucosal rather than parenteral immunization with
purified HPV16-VLP induces neutralizing titers of antibodies
throughout the estrous cycle of mice (Nardelli-Haefliger et
al., 1999), which suggests that mucosal immunization may
be more efficacious than parenteral immunization in inducing
continuous protection of the female genital tract. Previously,
we tested the serum samples of patients with cervical HPV
infections; 11 of 14 patients who were infected with HPV31
or HPV58 had IgA antibodies against HPV16-VLP, whereas
only two of the patients had IgG reacted to HPV16-VLP
(Sasagawa et al., 1998). Cross-reactivities against different
HPV types are observed more frequently for IgM antibodies
(Sasagawa et al., 1996). The polymeric structures of secre-
tory IgA and IgM may lead to more cross-reactivity between
different HPV types than IgG, which has a monomeric form.
However, we were unable to confirm this in the present sys-
tem, due to the limited volume of the vaginal samples.

In previous studies, booster immunization with purified
VLPs by oral gavage with the HPV11-potato vaccine or by
injection of the HPV16-potato vaccine induced HPV-type-
specific serum IgG antibodies (Warzecha et al., 2003; Biemelt
et al., 2003). The present study is the first to demonstrate that
the edible HPV16 L1-yeast vaccine elicits HPV16-specific
vaginal IgA and IgG antibodies, as well as serum IgG. As was
seen in previous studies, although orally administered freeze-
d nti-
b cine
v agi-
n ese
r sting
w ted
i oster

Table 1
Titers of serum IgG and vaginal IgA antibodies elicited in mice

Mouse ID No. Routes of vaccination Antigen and dose

1st–3rd/4th Yeast IgA

1 Oral/nasal Wt.a 50 mg
2 Oral/nasal Wt. 50 mg
4 Nasal/nasal 0
5 Nasal/nasal 0
6 Nasal/nasal 0
7 Oral/nasal HPV16b 50 mg
8 Oral/nasal HPV16 50 mg
9 Oral/nasal HPV16 50 mg

10 Oral/nasal HPV16 50 mg
11 Oral/nasal HPV16 50 mg
12 Oral/nasal HPV16 50 mg
13 Oral/nasal HPV16 150 mg
15 Oral/nasal HPV16 150 mg
17 Oral/nasal HPV16 150 mg
19 Oral/nasal HPV16 150 mg
21 Oral/nasal HPV16 150 mg
22 Oral/nasal HPV16 150 mg

a Wildtype yeast.
b HPV16L1-yeast.
c Not applicable.
ried HPV16 L1-yeast alone did not induce anti-HPV16 a
odies, co-administration of a suboptimal dose of the vac
ia the nasal route elicited serum IgG, vaginal IgG, and v
al IgA in 50, 33, and 39% of the mice, respectively. Th
esponses were not induced directly by intranasal boo
ith purified HPV16-VLP, since no antibodies were elici

n the negative control mice that received the same bo

Titers (dilution)

HPV16VLP Adjuvant Serum IgG Vaginal

1 mg 0 0
1 mg 0 0
5 mg + 1 mg 10 mg 6400 1600
5 mg + 1 mg 10 mg 25600 3200
5 mg + 1 mg 10 mg NA NA

1 mg – NAc 0
1 mg – 3200 NA
1 mg – 1600 NA
1 mg 10 mg NA 0
1 mg 10 mg 1600 400
1 mg 10 mg 1600 800
1 mg – 1600 NA
1 mg – 1600 800
1 mg – 3200 NA
1 mg 10 mg 1600 100
1 mg 10 mg NA 100
1 mg 10 mg 3200 800
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immunization. Intranasally administered HPV-VLP proba-
bly enhances the activity of primed B cells that recognize
the HPV16 L1 protein. Interestingly, all of the induced anti-
bodies reacted more strongly to intact HPV16-VLP than to
denatured L1, which suggests that these antibodies recognize
conformation-dependent HPV16 L1 epitopes, and that they
have neutralizing ability (Harro et al., 2001).

It is unclear why the edible vaccine alone does not induce
HPV-specific antibodies. One possibility is that the immune
cells are exposed to a low level of assembled L1 protein in
the yeast-protein expression system, as has been noted for the
plant system (Warzecha et al., 2003). The finding that neu-
tralizing antibodies are induced by oral immunization with
purified HPV16-VLP (Gerber et al., 2001) supports this pos-
sibility. Another study demonstrated that oral administration
of a soluble antigen or an enzymatic digest induced immune
tolerance, whereas exposure of the ileum to the intact anti-
gen using an encapsulated antigen delivery system induced
immune responses (Barone et al., 2000). The immune toler-
ance was abrogated when the ileum was re-stimulated with
the intact antigen or with cholera toxin. We postulate that in-
tranasal boosting with purified VLP abrogates the tolerance
induced by oral HPV16 L1-yeast administration in some of
the mice. When we followed the serum IgG responses in two
mice that were transiently positive for IgG before boosting,
one of these mice (No. 14) showed a decreased response to
t
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