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bstract

Cervical cancer results from cervical infection by human papillomaviruses (HPV), especially HPV16. Intramuscular administrations of HPV16
irus-like particle (VLP) vaccines have been shown to induce strong neutralizing antibody responses and protect women against genital HPV16
nfection and associated lesions. However, an alternative route of administration that avoids parenteral injection might facilitate vaccine implemen-
ation, particularly in developing countries which account for the majority of the worldwide cases of cervical cancer. In addition, inducing mucosal
mmunity could partially overcome the substantial variation in HPV16 antibodies at the cervix seen in ovulating women. Aerosol vaccination with
PV16 VLPs was previously shown to be immunogenic in mice and in women. Here, we examine whether exposure to other respiratory viral

ntigens may interfere with the HPV16 VLP-specific humoral response and whether two known mucosal adjuvants, CpG oligodeoxynucleotides

nd a natural non-toxic Escherichia coli heat-labile enterotoxin (HLT), can enhance the immunogenicity of airway immunization (nasal or aerosol-
ike) of mice with HPV16 VLPs. Our data show that HLT can significantly improve anti-VLP humoral responses in serum and mucosal secretions,
s well as VLP-specific proliferative responses and IFN-� production by CD8 T cells, and that recent exposure to influenza surface antigens can
iminish mucosal, but not systemic, antibody responses to the VLPs.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Cervical cancer is the second leading cause of cancer mor-
ality in women worldwide. The causal role of a subset of
uman papillomaviruses (HPV) in cervical carcinogenesis has
ow been clearly established, since high-risk HPV DNA has
een found in virtually all cervical cancer samples, HPV16
eing the most prevalent type (Bosch et al., 2002; Walboomers

t al., 1999). A prophylactic vaccine that targets these HPV
ypes might therefore substantially reduce the incidence of this
ancer and its precursor lesions. The leading candidate is a
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ubunit HPV virus-like particle (VLP) vaccine (reviewed in
owy and Frazer, 2003; Schiller and Davies, 2004). Phase II
fficacy trials have shown that three intramuscular (i.m.) vac-
inations with HPV VLP vaccines comprising two high-risk
ypes, HPV16 and 18, is very efficient in preventing both per-
istent genital HPV infection and associated lesions (Harper et
l., 2004; Koutsky et al., 2002; Mao et al., 2006; Villa et al.,
005). However, the requirement for multiple i.m. injections
ay represent a substantial hurdle for widespread implemen-

ation, particularly in the developing world, which accounts
or more than three quarters of the worldwide cases of cer-
ical cancer (Bosch et al., 2002). In addition, although i.m.

LP vaccination induces readily detectable IgG at the cervix,

he level of antibody decreases several fold during ovulation,
hich might impair the long term protective effects of the
accine (Nardelli-Haefliger et al., 2003). Mucosal vaccination
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ould represent a potential approach to overcome these difficul-
ies. Indeed, the mucosal route has the theoretical advantage of
ot requiring injection and of inducing, in addition to serum-
erived Igs, locally produced specific secretory IgA (SIgA) in
ucosal secretions (Balmelli et al., 1998; Decroix et al., 2001;
cDermott and Bienenstock, 1979; Nardelli-Haefliger et al.,

999, 2003).
We have recently shown in a small pilot study that half of

he women receiving two doses of 50 �g and all the women
eceiving two doses of 250 �g of HPV16 L1 VLPs without
djuvant by aerosol vaccination produced neutralizing antibody
esponses that were similar to those elicited by two i.m. injec-
ions of 50 �g (Nardelli-Haefliger et al., 2005). In contrast,
asal administration induced weak responses. These data par-
lleled our previous findings in mice where lower respiratory
ract VLP immunization (“aerosol-like” protocol) induced high
ntibody levels in the genital tract and was more efficient than
he nasal route (Balmelli et al., 2002; Nardelli-Haefliger et al.,
999).

Adding a mucosal adjuvant to the vaccine might further
nhance its immunogenicity (Harandi et al., 2003). In this study,
e investigated in mice whether combination of VLPs with
ucosal adjuvants, either Escherichia coli heat-labile entero-

oxin (LT) derived from a natural non-toxic E. coli strain
HLT) (Glueck, 2001)) or synthetic oligodeoxynucleotides con-
aining unmethylated CpG motifs (CpG ODN; Freytag and
lements, 2005), can improve VLP airway immunogenicity.
hese adjuvants differ in their mechanisms of action. LT
as been shown to induce mixed CD4+ Th1- and Th2-type
ells with concomitant SIgA and serum IgG1, IgG2a and IgA
esponses (reviewed by Freytag and Clements, 2005). In mice
pG ODN motifs are known to trigger an immunostimula-

ory cascade that culminates in the maturation, differentiation
nd proliferation of multiple immune cells, including B and

lymphocytes, NK cells, monocytes, macrophages and den-
ritic cells (DCs). Together, these cells secrete cytokines that
reate a pro-inflammatory and Th1-biased immune microenvi-
onment (reviewed by Klinman et al., 2004). We have therefore
etermined the effect of these adjuvants on both humoral and
ell-mediated HPV16 VLP-specific immune responses after
irway immunization. Since humans are frequently exposed
o respiratory tract viruses, we wondered whether this may
ave an impact on the antibody responses to the VLPs. As
xposure of mice to respiratory viral antigens is minimized in
n animal facility, the VLP-specific antibody responses were
ompared in mice unprimed or recently exposed to influenza
ntigens.

. Materials and methods

.1. VLPs formulation and adjuvants

Purified baculovirus-expressed HPV16 VLPs were produced

s described previously (Harro et al., 2001; Kirnbauer et al.,
992). The heat-labile enterotoxin (HLT) was derived from a nat-
ral non-toxic variant of E. coli as previously described (Gluck et
l., 1999, 2000; Uesaka et al., 1994). CpG ODN 1826 optimized
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or stimulation of the mouse immune system was purchased from
oley Pharmaceutical Group, Wellesley, MA.

.2. Immunizations

Six-week-old female BALB/c (analysis of humoral
esponses) and C57BL/6 (analysis of cell-mediated immune
esponses) were purchased from Iffa Credo, France. The
noculum consisted in various concentrations of HPV16 VLPs
1, 5, or 8.3 �g depending on the experiments) alone or in
ombination with 0.4 �g HLT or 10 �g CpG ODN and was
iluted in phosphate-buffered saline (PBS) to 20 �l for admin-
stration in BALB/c mice or 10 �l for C57BL/6 mice. Intranasal
accination of conscious (nasal) or anaesthetized (aerosol-like)
ice was performed three times weekly as previously described

Balmelli et al., 1998). When indicated, mice received an
ntranasal priming (without anesthesia) 1 week before the first
LP administration with a monovalent virosomal influenza
accine (20 �l containing 0.1 �g A/Sing. hemagglutinin and
0 ng HLT). Blood, saliva, and genital samples were taken as
reviously described (Hopkins et al., 1995) and were stored at
70 ◦C.

.3. ELISA

The amounts of total IgA and IgG as well as anti-
PV16 VLPs antibodies were determined by enzyme-linked

mmunosorbent assay (ELISA) with biotinylated goat anti-
ouse IgA (Kirkegaard & Perry Laboratories) or IgG

Amersham Pharmacia) as secondary antibodies, respectively,
s described previously (Hopkins et al., 1995; Nardelli-Haefliger
t al., 1997). For determination of anti-HPV16 VLPs antibod-
es, the ELISA plates were coated with 50 ng of HPV16 VLPs
n PBS, and for the measurement of total IgG or IgA, plates
ere coated with 100 ng of sheep anti-mouse Ig (Boehringer)

n carbonate buffer pH 9.6. For serum anti-HPV16 VLPs IgG
sotype ELISA, biotinylated goat anti-mouse IgG1 and IgG2a
Amersham Pharmacia) were used as secondary antibodies. The
pecific IgA or IgG titers were expressed as the reciprocal of the
ighest dilutions that yielded an optical density at 492 nm four
imes that of preimmune samples. These titers were normalized
o the amount of total IgA or IgG in saliva and vaginal washes
Hopkins et al., 1995).

.4. Preparation of splenocyte suspensions

Mice were sacrificed by inhalation of CO2 and spleens were
arvested. Single-cell suspensions were obtained by pressing
he organ onto a 70 �m filter (Falcon) using a syringe piston
nd subsequently passing the splenocytes through a 40 �m filter
Falcon). Dissociated cells were resuspended in high-glucose
ulbecco’s modified Eagle medium containing glutamax-1 and

odium pyruvate supplemented with 10 mM HEPES, 1× non-

ssential amino acids, 100 U of penicillin–streptomycin/ml,
0% fetal calf serum (FCS) (all from Invitrogen) and 20 �M
-mercaptoethanol (Sigma). Cell viability was determined by
rypan blue exclusion.
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.5. Proliferation assay

2 × 105 splenocytes were incubated in triplicates in 96-well
-bottom plates (Nunc) in the presence of 5 �g/ml HPV16 VLPs
r with medium alone. The quality of the splenocytes preparation
as assessed by incubating them in the presence of 2 �g/ml Con-

anavalin A (Sigma). After 4 days incubation at 37 ◦C, cells were
ulsed with 0.5 �Ci of 3H-thymidine (Amersham Pharmacia)
or the final 16 h of incubation and then harvested onto Unifil-
er plates (Packard Instruments). Incorporated radioactivity was

easured using a �-scintillation counter (Topcount, Packard
nstruments). Results from triplicate wells were averaged and
sed to calculate a stimulation index as follows: mean counts
er minute of VLP-stimulated cells divided by mean counts per
inute of cells incubated in medium alone.

.6. INF-γ ELISPOT assay

Multiscreen-HA 96-well plates (MAHA S4510, Millipore)
ere coated overnight at 4 ◦C with a monoclonal anti-IFN-�

ntibody (R4-6A2, Pharmingen) at a concentration of 10 �g/ml
n PBS. Plates were then blocked during 2 h at 37 ◦C with
BS/BSA 1%. Two dilutions (450,000 and 150,000 spleno-
ytes/well) were incubated in triplicates with 5 �g/ml of the
1165–173 peptide (Ohlschlager et al., 2003) or medium alone

control wells) during 16–24 h in the 96-well ELISPOT plates.
hen, a biotinylated monoclonal anti-IFN-� antibody (AN
8.03.C12; Slade and Langhorne, 1989) was added at a concen-
ration of 2 �g/ml in PBS/BSA 1% and plates were incubated for
h at 37 ◦C: between each incubation step, plates were washed

hree times with PBS/Tween-20 0.1% (PBT) and three times
ith PBS. After 1 h incubation with streptavidin–alkaline phos-
hatase conjugate (1/2000 in PBT, Boehringer), plates were
eveloped with a solution of BCIP/NBT (Roche) until appari-
ion of blue spots. Tap water was used to stop the reaction and the
lates were dried in air overnight. Individual spots were counted
nder a dissecting microscope. Counts of the control wells were
ubtracted from the samples stimulated with peptide.

. Results

.1. Influence of the influenza antigens priming on the
LP-specific antibody response induced after vaccination
ith HPV16 VLPs

Following airway vaccination of mice with three weekly
oses of 5 �g HPV16 VLPs, we have previously shown that
nteraction of the antigen with the lower respiratory tract was
ecessary to induce high titers of neutralizing antibodies in
enital secretions (Balmelli et al., 1998). This is achieved by
mmunizing anaesthetized mice (hereafter referred to as aerosol-
ike vaccination), while with nasal vaccination of conscious mice
hereafter referred to as nasal vaccination), the VLPs are not

nhaled and no or few VLP-specific antibodies were induced.
n ongoing response to a respiratory virus might have an impact
n the antibody response to the VLPs when they are delivered
hrough the aerosol-like route. To mimic the situation in humans,
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here antibodies against influenza antigens are present, we com-
ared in the following experiment the VLP-specific antibody
esponses in mice unprimed or recently exposed to a monovalent
irosomal influenza vaccine. Such vaccines have been shown
o efficiently induce influenza-specific antibody responses after
ntranasal administration (Cusi et al., 2000; Gluck et al., 1999).
ubsequently, primed and unprimed mice received three weekly
oses of 5 �g HPV16 VLPs by the aerosol-like route. Serum,
ral and genital secretions were sampled 1, 4 and 21 weeks after
he last immunization and VLP-specific Igs titers were mea-
ured by ELISA (Fig. 1). The systemic and mucosal antibody
esponses measured after vaccination of the unprimed mice were
imilar to our previously published data (Balmelli et al., 1998).
nterestingly, in influenza vaccine-primed mice, systemic VLP-
pecific IgG responses were not affected, while mucosal IgG
nd IgA responses were diminished (5-fold lower IgA response
n vaginal secretions, although not statistically significant; 10-
old lower IgG response in vaginal secretions, p < 0.05 at week
; 5–10-fold lower IgA response in saliva, p < 0.05 at weeks 3
nd 7). Mounting an immune response against influenza anti-
ens nasally administered seems therefore to negatively affect
he development of antibody responses to HPV16 VLPs, at least
n the mucosal compartment, when the VLP vaccine is delivered
oon after the influenza priming.

.2. Antibody responses after vaccination with HPV16
LPs + HLT

We had previously shown that combination of HPV16 VLPs
ith cholera toxin (CT), a potent mucosal adjuvant, greatly

mproved the systemic and mucosal VLP-specific antibody
esponse after aerosol-like vaccination (10-fold higher IgG titers
n serum, vaginal secretions and saliva, and 5-fold higher IgA
iters in vaginal secretions and saliva; Balmelli et al., 1998). As
he significant toxicity of CT precludes its use in humans, we
nvestigated here whether combination of HPV16 VLPs with a
on-toxic HLT, another mucosal adjuvant of the same family of
T, could improve the VLP-specific humoral immune response
fter aerosol-like vaccination. We also examined whether the use
f HLT could overcome the low efficiency of the nasal protocol
f vaccination with HPV16 VLPs (Balmelli et al., 1998). The
djuvant effect of HLT was analyzed under the more stringent
onditions, i.e. after recent exposure to influenza antigens as in
he above experiment. Mice were primed by nasal vaccination
ith the influenza vaccine 1 week before the first VLP admin-

stration. Suboptimal (1 �g) doses of VLPs were given three
imes weekly and serum, oral and genital secretions were sam-
led 1, 4 and 21 weeks after the last immunization. VLP-specific
gs titers were measured by ELISA as described in Section 2.
imilar differences between immunization groups were con-
istently observed throughout the experiment, therefore only
iters obtained 4 weeks after the last immunization are shown
n Fig. 2. After 1 �g dose aerosol-like immunizations, serum

gG titers were only slightly lower than after the optimal 5 �g
ose (p < 0.05, compare group A in Fig. 2 and group “influenza-
rimed” in Fig. 1) while the IgG and IgA titers in the mucosal
ecretions were not significantly different. As expected, mice
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Fig. 1. Anti-VLP systemic and mucosal antibody responses after aerosol-like immunization of influenza vaccine-primed or -unprimed mice with purified HPV16
VLPs. Mice (five per group) were immunized three times weekly (at weeks 0, 1 and 2) with 5 �g of HPV16 VLPs. One group of mice was previously primed
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ntranasally 7 days before the first VLP administration with an influenza vaccin
nd 24. Data are expressed as the geometric mean titers (GMT) ± standard erro
tudent’s t-test. *p < 0.05.

accinated under anesthesia developed higher VLP-specific Ig
iters than mice immunized while conscious (p < 0.01 for serum
gG and p < 0.05 for salivary IgA in group A versus C). Admin-
stration of HLT with VLPs in both protocols of immunization
reatly enhanced the antibody response (p < 0.001 for serum and
aginal IgG, p < 0.01 for vaginal IgA and p < 0.05 for salivary
gA in group B versus A; p < 0.01 for serum IgG, p < 0.001 for
aginal IgA and p < 0.001 for salivary IgA in group D versus C).
lthough the aerosol-like protocol with VLPs + HLT is more

fficient than the nasal protocol (p < 0.001 for serum IgG and
< 0.001 for vaginal IgG in group B versus D), nasal vaccination
ith VLP + HLT is similarly efficient to aerosol-like vaccination
ith VLP (compare group A and D). Interestingly, high titers
f anti-HPV16 VLPs IgA but not IgG were induced in mucosal
ecretions after nasal vaccination with VLP in combination with
LT. In conclusion, after airway vaccination the highest VLP-

pecific antibody titers were achieved in both serum and mucosal
ecretions when VLPs were administered together with HLT in
naesthetized mice.

.3. Antibody responses after vaccination with HPV16
LPs + CpG ODN
CpG ODN have also been reported to be an effective adjuvant
fter mucosal vaccination (Gallichan et al., 2001; McCluskie et
l., 2000; McCluskie and Davis, 1998; Moldoveanu et al., 1998).
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Section 2). The VLP-specific antibody responses were analyzed at weeks 3, 7
he mean (S.E.M.). Statistical comparisons of the means were carried out using

e therefore investigated whether administration of CpG ODN
ith HPV16 VLPs could also enhance the systemic and mucosal
LP-specific antibody response. Conscious or anaesthetized
ice were immunized intranasally three times weekly with the

uboptimal 1 �g HPV16 VLP dose mixed or not with 10 �g
pG ODN. Sampling and ELISA were performed as described

n the first experiments. When mice were immunized without
pG ODN, the serum and vaginal VLP-specific IgG titers were

imilar to the titers measured in the previous experiment, but
n contrast, the VLP-specific IgA titers detected in mucosal
ecretions were substantially higher (statistically significant for
aginal IgA between group A in Fig. 2 and group A in Fig. 3,
< 0.001, and for saliva IgA between group C in Fig. 2 and group
in Fig. 3, p < 0.001). This may be linked to priming with the

nfluenza vaccine in the previous experiment. We did not exam-
ne the ability of CpG ODN to enhance the humoral response of
LPs after priming with the influenza vaccine, since no enhance-
ent of antibody induction was observed under the less stringent

onditions. In conclusion, immunization of mice with HPV16
LPs in combination with CpG ODN did not improve the IgG

nd IgA titers measured in serum and mucosal secretions, with
ither protocol of airway administration, suggesting that this

djuvant is of poor value for augmenting HPV16 VLP-specific
umoral responses. Because the poor adjuvancy of CpG ODN
as unexpected, we further evaluated the functionality of this

djuvant by examining the isotypes of VLP-specific IgG (IgG1
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Fig. 2. Anti-VLP systemic and mucosal antibody responses after airway immunization with purified HPV16 VLPs alone or in combination with HLT. Groups of five
mice were intranasally immunized either conscious (nasal) or anaesthetized (aerosol-like) three times weekly (at weeks 0, 1 and 2) with 1 �g of VLPs in combination
or not with HLT. All mice were previously primed with an influenza vaccine 7 days before the first VLP administration (see Section 2). The anti-VLP antibody
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esponses at week 7 are represented. Data are expressed as the log10 IgG or Ig
y horizontal bars. GMT values ±S.E.M. for all groups are indicated below the
p < 0.05, **p < 0.01, ***p < 0.001.

nd IgG2a) induced and compared them to those induced by
LT. Sera from mice immunized while anaesthetized with 1 �g
PV16 VLPs + HLT or CpG ODN and that were positive for
LP-specific IgG were analyzed (see Table 1). In accordance
ith the well-reported Th1-like pattern induced after immu-
ization with CpG ODN, mice immunized with this adjuvant
eveloped predominantly VLP-specific IgG2a. On the contrary,

se of HLT adjuvant allowed the induction of both anti-VLP
gG1 and IgG2a, although with a greater ability to elicit specific
gG1 antibodies, suggesting the emergence of a more Th2-like
attern response.

p
F
a
t

rs of individual mice. Geometric mean titers (GMT) of each group are shown
s. Statistical comparisons of the means were carried out using Student’s t-test.

.4. Proliferative responses after immunization with
PV16 VLP + HLT or CpG ODN

The surprising inability of CpG ODN to improve HPV16
LP-specific humoral immune responses via airway immu-
ization led us to further investigate whether this is also the
ase for the induction of cell-mediated immune responses, i.e.

roliferative responses and IFN-� production by CD8 T cells.
or that purpose, we decided to choose C57BL/6 mice, since
CTL epitope of the HPV16 L1 protein has been defined in

his background (H-2Db, L1165–173) and already used to ana-
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Fig. 3. Anti-VLP systemic and mucosal antibody responses after airway immunization with purified HPV16 VLPs alone or in combination with CpG ODN. Groups
of four to five mice were intranasally immunized either conscious (nasal) or anaesthetized (aerosol-like) three times weekly with 1 �g of VLPs in combination or
not with CpG ODN. The anti-VLP antibody responses 7 weeks after the first immu
individual mice. GMT of each group are shown by horizontal bars. GMT values ±S
the means were carried out using Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001

Table 1
Serum HPV16 VLP-specific IgG isotype analysisa

Adjuvant Geometric mean titer ± S.E.M. IgG1/IgG2a ratio

IgG1 IgG2a

None 2,183 ± 1,199 2,733 ± 1,170 0.798
CpG ODN 70 ± 12 12,000 ± 3,836 0.006
HLT 83,200 ± 21,105 11,600 ± 2,561 7.172

a Six mice vaccinated with HPV16 VLPs without adjuvant (three from Fig. 2
and three from Fig. 3), three mice vaccinated with HPV16 VLPs + HLT and
three mice vaccinated with HPV16 VLPs + CpG ODN were analyzed for their
IgG1 and IgG2a titers.
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nization are represented. Data are expressed as the log10 IgG or IgA titers of
.E.M. for all groups are indicated below the graphs. Statistical comparisons of
.

yze HPV16 L1-specific cellular immune responses (Da Silva et
l., 2003; Dell et al., 2006; Ohlschlager et al., 2003). In addi-
ion, aerosol-like vaccination of BALB/c and C57BL/6 mice
ith HPV16 VLPs leads to very similar serum IgG responses

data not shown). As a first step, the ability of HLT or CpG
DN to enhance the proliferative response in splenocytes of
57BL/6 mice immunized with HPV16 VLPs by the aerosol-

ike route was analyzed. This route was chosen, because as seen

n Figs. 2 and 3, it appears to be the most efficient to induce
umoral immune responses. The highest dose of VLP that we
an achieve given the concentration of VLP in our stocks and
he restricted inoculum volume that can be administered in the
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Fig. 4. VLP-specific proliferation in splenocytes of mice immunized via the
aerosol-like route with HPV16 VLPs in combination with HLT or CpG ODN.
Splenocytes were cultured in presence of 5 �g/ml VLPs or medium (control
wells) for 4 days. Stimulation indexes are defined as the 3H-thymidine incor-
poration measured in the VLP-simulated wells divided by the 3H-thymidine
incorporation measured in the control wells. The mean ± S.E.M. response was
then calculated for each immunization group and is reported in the figure. Sta-
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ostril of mice is 8.3 �g. Such a dose turned out to be inef-
cient at inducing VLP-specific proliferative responses in our
reliminary experiments (data not shown). It has been previ-
usly reported that repetitive vaccination with chimeric VLPs
ncorporating the E7 protein for induction of cellular immune
esponses against E7 is of limited effectiveness due to the pres-
nce of neutralizing antibodies and/or T regulatory responses
gainst the capsid proteins induced after the first administration
Da Silva et al., 2001; Liu et al., 2003). We therefore hypothe-
ized that boosting with VLPs a primary response induced after
accination with the same VLPs would similarly not increase
he VLP-specific proliferative response. For these reasons, mice
ere immunized three times at 1 day interval with 8.3 �g of
LPs, allowing to reach a total dose of 25 �g. Eleven to 12
ays after the last immunization, mice were sacrificed and the
plenocytes were incubated with 5 �g/ml HPV16 VLPs for 4
ays. Proliferation was then evaluated by 3H-thymidine incor-
oration. A VLP-specific proliferation was measured in mice
hat were immunized with HPV16 VLPs in absence of adju-
ant, as compared to naı̈ve mice (mean stimulation indexes (SI)
f 5.54 ± 1.05 versus 2.27 ± 0.16, p < 0.05, see Fig. 4). Combi-
ation of CpG ODN with VLPs did not significantly improve
he proliferative response (mean SI of 8.85 ± 0.81, p < 0.001 as
ompared to naı̈ve mice, but not statistically different from mice
mmunized with VLPs alone). In contrast, the SI was consider-
bly enhanced when aerosol-like immunization was performed
n presence of HLT (mean SI of 15.27 ± 1.07, p < 0.001 as com-
ared to VLPs alone and p < 0.05 as compared to VLPs + CpG).

.5. IFN-γ secretion of CD8 T cells after immunization
ith HPV16 VLP + HLT or CpG ODN

As a second way to analyze the ability of HLT versus
pG ODN to affect the cell-mediated immune response against
PV16 VLPs, we compared their ability to improve the L1-

pecific CD8 T cell response. C57BL/6 mice were immunized

ntranasally under anesthesia either once or three times at 1
ay interval with 8.3 �g HPV16 VLPs (total doses of 8.3 or
5 �g, respectively) in presence or not of HLT or CpG ODN.
en to 12 days after the last immunization, mice were sacri-

o
a
r
i

ig. 5. L1-specific IFN-� ELISPOT in splenocytes of mice immunized via the aer
plenocytes were cultured in presence of 5 �g/ml L1165–173 or medium (control well
f IFN-� spots/106 splenocytes in the L1-stimulated wells − the number of IFN-� spo
alculated for each immunization group and is reported in the figure. Statistical comp
ith parentheses, the group of naı̈ve mice was considered as the reference group for
istical comparisons of the means were carried out using Student’s t-test. Unless
entioned with parentheses, the group of naı̈ve mice was considered as the

eference group for calculation of p values. *p < 0.05, ***p < 0.001.

ced and the splenocytes were incubated in presence or not
f the H-2Db L1165–173 CTL epitope in an ex vivo IFN-�
LISPOT assay (Fig. 5). When mice were immunized with the

ow dose of VLPs, L1-specific IFN-� secretion was detected
nly when the VLPs were mixed with HLT (mean IFN-�
pot numbers/106 cells ± S.E.M. of 47.0 ± 12.0 as compared
o 1.5 ± 0.8 in naı̈ve mice, p < 0.01; 6.7 ± 5.1 in mice immu-
ized with VLPs alone, p < 0.05; 3.4 ± 3.4 in mice immunized
ith VLPs + CpG ODN, p < 0.05). This better adjuvant effect
f HLT was confirmed in mice immunized with 25 �g VLPs,
ince the number of L1-specific IFN-� secreting CD8 T cells was
ignificantly higher when the VLPs were administered in combi-
ation with HLT (mean IFN-� spot numbers/106 cells ± S.E.M.

f 185.8 ± 17.9) than with CpG ODN (53.3 ± 27.3, p < 0.05) or
lone (51.9 ± 26.4, p < 0.05). These results confirmed the supe-
ior adjuvant effect of HLT over CpG ODN after aerosol-like
mmunization of mice with HPV16 VLPs.

osol-like route with HPV16 VLPs in combination with HLT or CpG ODN.
s) for 16–24 h. Responses are defined for each individual mouse as the number
ts/106 splenocytes in the control wells. The mean ± S.E.M. response was then
arisons of the means were carried out using Student’s t-test. Unless mentioned
calculation of p values. *p < 0.05, **p < 0.01, ***p < 0.001.
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. Discussion

We have previously shown that nasal vaccination of anaes-
hetized mice with HPV16 VLPs without adjuvant is able to
nduce high titers of HPV16-neutralizing antibodies in the serum
nd genital secretions (Balmelli et al., 1998), and that mucosal
elivery is necessary to induce HPV16-neutralizing antibod-
es in genital secretions throughout the estrous cycle of mice
Nardelli-Haefliger et al., 1999). Aerosol vaccination of women
ith HPV16 VLPs appeared to be promising although not opti-
al to induce high titers of anti-VLPs antibodies in serum and
local production of IgA in cervical secretions in some vol-

nteers (Nardelli-Haefliger et al., 2005). In this study, we were
nterested in exploring in mice the aerosol protocol of vaccina-
ion with HPV16 VLPs in conditions that mimic the situation in
umans, where the respiratory tract is frequently confronted to
iral antigens. Interestingly, when aerosol-like vaccination with
PV16 VLPs was compared in unprimed and influenza anti-
ens exposed mice, the anti-VLPs systemic antibody response
as not affected while mucosal responses were diminished. We
ave previously shown that the aerosol-like protocol allows the
LPs to interact with the lower respiratory tract (Balmelli et al.,
998). In these conditions, the trachea, the lungs and the tracheo-
ronchial lymph nodes are the major immune inductive sites,
hich is probably crucial for the induction of the systemic VLP-

pecific humoral response, while the nasal-associated lymphoid
issue (NALT) probably plays a minor although maybe not negli-
ible role for the induction of the mucosal response (Balmelli et
l., 2002). It has to be pointed out that the influenza priming was
erformed nasally in conscious mice. In these conditions, the
noculum primarily interacts with the NALT and does not effi-
iently reach the deeper respiratory tract tissues (Balmelli et al.,
998). We may therefore hypothesize that mounting an immune
esponse against influenza antigens in the NALT affects the pre-
entation of HPV16 VLPs to the immune cells in this tissue
ut not in the lower respiratory tract to explain why mucosal
ut not systemic humoral responses to the HPV16 VLPs were
educed. More investigations are needed to reveal whether the
chedule of influenza antigens and VLP administrations as well
s the nature of the priming (influenza vaccine versus influenza
irus) are important. Furthermore, understanding the mecha-
isms responsible for the reduction of the anti-VLP mucosal
esponse may provide useful information on the parameters that
ave to be considered for future clinical trials involving aerosol
accinations in humans.

In an attempt to improve HPV16 VLP immunogenicity via a
ucosal route, we also compared in this study the airway admin-

stration of VLPs with two known mucosal adjuvants, HLT and
pG ODN. HLT was the more potent adjuvant, enhancing more

han 10-fold the VLP-specific serum IgG as well as mucosal
gA titers in the aerosol-like protocol of vaccination. Interest-
ngly, even when mice were primed with influenza antigens, HLT
ould restore the systemic and mucosal IgG and IgA titers we

reviously obtained after aerosol-like vaccination with HPV16
LPs + CT without the influenza priming (Balmelli et al., 1998),

howing that HLT is a very efficient adjuvant even under more
tringent conditions. The improvement was even more apparent

t
I
u
2

earch 76 (2007) 75–85

n the case of anti-VLP mucosal IgA titers after nasal vaccina-
ion of conscious mice, with high titers of anti-VLP IgA but not
gG induced in secretions. This suggests that the HLT adjuvant
pecifically increases the mucosal immune response, possibly
y enhancing the uptake or processing of VLPs through the
ALT. As specific IgG in vaginal secretions represent most prob-
bly antibodies transudating from serum, their level reflects the
ower IgG titer in serum. Surprisingly, co-administration of CpG
DN with VLPs did not enhance the specific antibody titers in

ither protocol of airway vaccination. VLP-specific IgG isotype
nalysis revealed that HLT predominantly induced a Th2-like
esponse, whereas a clear Th1-like pattern emerged with the
pG ODN adjuvant. This is in agreement with previously pub-

ished data (Freytag and Clements, 2005) and confirms that the
pG ODN did function in stimulating the immune system. Con-

istent with a greater ability to enhance humoral responses, the
se of HLT was also associated with increased VLP-specific pro-
iferative responses in the spleen of immunized mice, while the
ombination of VLPs with CpG ODN did not improve cell pro-
iferation. More importantly, even if CpG ODN predominantly
licited a Th1-like response, known to preferentially support
evelopment of cytotoxic CD8 T cell (CTL) responses, HLT was
till more efficient in inducing L1-specific CD8 T cell-mediated
FN-� secretion. These cell-mediated immune responses were
ot detected with the suboptimal vaccine doses used to critically
valuate adjuvant effect on B cell responses. However, in vivo
ffects on B cell proliferation and isotype switching consistent
ith the high dose in vitro results might well occur at levels of
cell activity too low to be measured by the insensitive in vitro

ssays. Activation of specific CD8 T cells after mucosal vacci-
ation of mice with VLPs has only been rarely investigated, and
he responses measured were overall low and required in vitro
estimulation (Da Silva et al., 2003; Dupuy et al., 1999; Liu et
l., 1998). Here we report for the first time the ex vivo ability of
D8 T cells that have been primed by aerosol-like vaccination
ith HPV16 VLPs alone or in combination with adjuvants to

ecrete IFN-� in response to L1 stimulation. L1-specific CD8 T
ells are generally not considered to be of particular relevance
n prevention or therapy of HPV-related diseases since HPV
1 proteins are detectably expressed only in the more superfi-
ial layers of the epithelium (De Bruijn et al., 1998). However,
ntiviral cytokines released by antigen-specific T cells, such as
FN-� and TNF-�, may contribute to inhibition and control of
nfection (Guidotti and Chisari, 2001).

Our data contrast with several recent reports emphasizing the
nteresting potent effects of CpG ODN as a mucosal adjuvant
Choi et al., 2002; Freidag et al., 2000; Gallichan et al., 2001;
iang et al., 2003; Mariotti et al., 2002; McCluskie and Davis,
998, 2000; Moldoveanu et al., 1998). CpG ODN are known
o exert their immunostimulatory function through interaction
ith Toll-like receptor 9 (TLR-9), leading to the engagement
f the myeloid differentiation factor 88 (MyD88), which in
urn triggers downstream cellular targets involved in the regula-

ion of immune effector functions (reviewed in Wagner, 2002).
nterestingly, the ability of papillomavirus VLPs to induce mat-
ration of dendritic cells (DCs) (Lenz et al., 2001; Rudolf et al.,
001) has been recently shown to be dependent upon MyD88
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Yang et al., 2004). One might thus speculate that HPV VLPs
y themselves are able to efficiently activate the MyD88 sig-
aling pathway in interacting immunocytes and therefore exert
mmunostimulatory effects. Therefore it might not be surprising
hat combination with CpG ODN, whose main adjuvant prop-
rty also involves triggering of MyD88, failed to further improve
LP immunogenicity. In contrast, the adjuvant property of LT

eems to utilize a signal transduction pathway different from
he TLR/MyD88 signaling cascade (reviewed in Freytag and
lements, 2005), which may allow synergy between HLT and
PV VLPs. An alternative explanation for the low adjuvancy
f CpG ODN is that these readily diffusible small molecules
ay not frequently contact DC or B cells that have encoun-

ered the large and very cell adhesive HPV16 particles. A way
o improve immunogenicity of VLPs might be to physically
ink them with CpG ODN. Incorporation of CpG ODN into
he interior of phage capsids has been shown to be more effec-
ive than simply mixing the two to allow repeated boosting and

aintenance of high cell-mediated immune responses to a CTL
pitope fused to the capsid (Storni et al., 2004). Interestingly,
lthough CpG ODN did not enhance VLP immunogenicity, it
evertheless efficiently promoted class switching to Th1-like Ig
sotypes. HPV VLPs have recently been shown to directly acti-
ate B cells and induce class switching to IgG1, IgG2a, IgG2b
nd IgG3 through a MyD88-dependent pathway (Yang et al.,
005). CpG ODN are known to support Th1-like Ig isotypes
ecretion by B cells upon TLR-9 and MyD88, but to suppress
h2-like isotypes (such as IgG1) through an independent mech-
nism (Lin et al., 2004). Integration of the signals induced
y VLPs and CpG ODN in B cells therefore might promote
gG2a production, while inhibiting IgG1 production. Alterna-
ively, immunocytes responding to CpG ODN at a distance and
hus secreting Th1 cytokines could indirectly influence the anti-
ody isotype response to VLPs, which could also explain the
arked IgG2a polarization of the serum IgG response to VLPs.
Combination of CpG ODN with HPV VLPs has previously

een reported (Gerber et al., 2001). In that study, oral immu-
ization of mice with HPV16 VLPs resulted in moderate serum
ntibody titers that could be enhanced by co-administration of
pG ODN, while in our experiments airway administration
f VLPs alone was able to induce considerably higher anti-
ody titers. This discrepancy between the two mucosal routes
f vaccination may be explained in part by the degradation of
he VLPs in the stomach and intestine or by a more limited
xposure to immunocytes after oral vaccination. In the subopti-
al situation of oral administration, combination of CpG ODN
ith VLPs may provide synergistic immunostimulatory proper-

ies, and thereby improve VLP immunogenicity. Interestingly,
erber et al. (2001) also reported that oral immunization of
ice with HPV16 VLPs and a non-toxic mutant of LT induced

igher serum antibody titers than after co-administration with
pG ODN.

Antibody titers in genital secretions may be crucial for cer-

ical cancer prevention, since the inducing HPV infections are
trictly localized in the genital mucosa. Although the aerosol
oute of administration has been successfully used in mass vac-
ination against measles in Mexico (Valdespino-Gomez et al.,

D

earch 76 (2007) 75–85 83

006), use of the nasal route of administration might raise fewer
afety concerns, such as induction of allergy or lung inflamma-
ion. Taken together, our data suggest that airway vaccination
ith HPV VLPs and HLT may represent a promising alternative

o parenteral administration to prevent infection with HPV and
ssociated diseases. The very first nasal vaccine to be approved
or human use was a HLT-adjuvanted influenza vaccine (Glueck,
001). However, very rare cases of Bell’s palsy were reported
ollowing its introduction on the market. Despite the impos-
ibility to differentiate between a potential link and temporal
oincidence, due to the low incidence of the reported cases of
acial paralysis, and the conclusions of extensive toxicological
tudies performed in several animal models that do not support
uch a link (Zurbriggen et al., 2003), the vaccine was withdrawn
rom the market. Uncertainty therefore remains for nasal admin-
stration of LT-based mucosal adjuvants in humans, which will
eed further investigation and development of relevant standard
on-clinical models to evaluate the safety of nasal vaccines.

cknowledgements

This work was supported by the Swiss National Science
oundation (#631-057969.99, PP00A-104318 and NCCR
olecular Oncology) and by Oncosuisse (OCS 01179-092001

nd 01403-082003).

eferences

almelli, C., Roden, R.B., Potts, A., Schiller, J.T., De Grandi, P., Nardelli-
Haefliger, D., 1998. Nasal immunization of mice with human papillomavirus
type 16 virus-like particles elicits neutralizing antibodies in mucosal secre-
tions. J. Virol. 72, 8220–8229.

almelli, C., Demotz, S., Acha-Orbea, H., De Grandi, P., Nardelli-Haefliger,
D., 2002. Trachea, lung, and tracheobronchial lymph nodes are the major
sites where antigen-presenting cells are detected after nasal vaccination of
mice with human papillomavirus type 16 virus-like particles. J. Virol. 76,
12596–12602.

osch, F.X., Lorincz, A., Munoz, N., Meijer, C.J., Shah, K.V., 2002. The causal
relation between human papillomavirus and cervical cancer. J. Clin. Pathol.
55, 244–265.

hoi, A.H., McNeal, M.M., Flint, J.A., Basu, M., Lycke, N.Y., Clements, J.D.,
Bean, J.A., Davis, H.L., McCluskie, M.J., VanCott, J.L., Ward, R.L., 2002.
The level of protection against rotavirus shedding in mice following immu-
nization with a chimeric VP6 protein is dependent on the route and the
coadministered adjuvant. Vaccine 20, 1733–1740.

usi, M.G., Lomagistro, M.M., Valassina, M., Valensin, P.E., Gluck, R., 2000.
Immunopotentiating of mucosal and systemic antibody responses in mice by
intranasal immunization with HLT-combined influenza virosomal vaccine.
Vaccine 18, 2838–2842.

a Silva, D.M., Pastrana, D.V., Schiller, J.T., Kast, W.M., 2001. Effect of preex-
isting neutralizing antibodies on the anti-tumor immune response induced by
chimeric human papillomavirus virus-like particle vaccines. Virology 290,
350–360.

a Silva, D.M., Schiller, J.T., Kast, W.M., 2003. Heterologous boosting
increases immunogenicity of chimeric papillomavirus virus-like particle
vaccines. Vaccine 21, 3219–3227.

e Bruijn, M.L., Greenstone, H.L., Vermeulen, H., Melief, C.J., Lowy, D.R.,

Schiller, J.T., Kast, W.M., 1998. L1-specific protection from tumor challenge
elicited by HPV16 virus-like particles. Virology 250, 371–376.

ecroix, N., Hocini, H., Quan, C.P., Bellon, B., Kazatchkine, M.D., Bouvet, J.P.,
2001. Induction in mucosa of IgG and IgA antibodies against parenterally
administered soluble immunogens. Scand. J. Immunol. 53, 401–409.



8 l Res

D

D

F

F
G

G

G

G

G

G

H

H

H

H

J

K

K

K

L

L

L

L

L

M

M

M

M

M

M

M

N

N

N

N

O

R

S

4 V. Revaz et al. / Antivira

ell, K., Koesters, R., Linnebacher, M., Klein, C., Gissmann, L., 2006. Intranasal
immunization with human papillomavirus type 16 capsomeres in the pres-
ence of non-toxic cholera toxin-based adjuvants elicits increased vaginal
immunoglobulin levels. Vaccine 24, 2238–2247.

upuy, C., Buzoni-Gatel, D., Touze, A., Bout, D., Coursaget, P., 1999. Nasal
immunization of mice with human papillomavirus type 16 (HPV-16)
virus-like particles or with the HPV-16 L1 gene elicits specific cyto-
toxic T lymphocytes in vaginal draining lymph nodes. J. Virol. 73, 9063–
9071.

reidag, B.L., Melton, G.B., Collins, F., Klinman, D.M., Cheever, A., Stobie, L.,
Suen, W., Seder, R.A., 2000. CpG oligodeoxynucleotides and interleukin-
12 improve the efficacy of Mycobacterium bovis BCG vaccination in mice
challenged with M. tuberculosis. Infect. Immun. 68, 2948–2953.

reytag, L.C., Clements, J.D., 2005. Mucosal adjuvants. Vaccine 23, 1804–1813.
allichan, W.S., Woolstencroft, R.N., Guarasci, T., McCluskie, M.J.,

Davis, H.L., Rosenthal, K.L., 2001. Intranasal immunization with CpG
oligodeoxynucleotides as an adjuvant dramatically increases IgA and pro-
tection against herpes simplex virus-2 in the genital tract. J. Immunol. 166,
3451–3457.

erber, S., Lane, C., Brown, D.M., Lord, E., DiLorenzo, M., Clements, J.D.,
Rybicki, E., Williamson, A.L., Rose, R.C., 2001. Human papillomavirus
virus-like particles are efficient oral immunogens when coadministered with
Escherichia coli heat-labile enterotoxin mutant R192G or CpG DNA. J.
Virol. 75, 4752–4760.

luck, R., Mischler, R., Durrer, P., Furer, E., Lang, A.B., Herzog, C.,
Cryz Jr., S.J., 2000. Safety and immunogenicity of intranasally adminis-
tered inactivated trivalent virosome-formulated influenza vaccine containing
Escherichia coli heat-labile toxin as a mucosal adjuvant. J. Infect. Dis. 181,
1129–1132.

luck, U., Gebbers, J.O., Gluck, R., 1999. Phase 1 evaluation of intranasal
virosomal influenza vaccine with and without Escherichia coli heat-labile
toxin in adult volunteers. J. Virol. 73, 7780–7786.

lueck, R., 2001. Pre-clinical and clinical investigation of the safety of a novel
adjuvant for intranasal immunization. Vaccine 20 (Suppl. 1), S42–S44.

uidotti, L.G., Chisari, F.V., 2001. Noncytolytic control of viral infections by
the innate and adaptive immune response. Annu. Rev. Immunol. 19, 65–91.

arandi, A.M., Sanchez, J., Eriksson, K., Holmgren, J., 2003. Recent develop-
ments in mucosal immunomodulatory adjuvants. Curr. Opin. Invest. Drugs
4, 156–161.

arper, D.M., Franco, E.L., Wheeler, C., Ferris, D.G., Jenkins, D., Schuind, A.,
Zahaf, T., Innis, B., Naud, P., De Carvalho, N.S., Roteli-Martins, C.M., Teix-
eira, J., Blatter, M.M., Korn, A.P., Quint, W., Dubin, G., 2004. Efficacy of a
bivalent L1 virus-like particle vaccine in prevention of infection with human
papillomavirus types 16 and 18 in young women: a randomised controlled
trial. Lancet 364, 1757–1765.

arro, C.D., Pang, Y.Y., Roden, R.B., Hildesheim, A., Wang, Z., Reynolds, M.J.,
Mast, T.C., Robinson, R., Murphy, B.R., Karron, R.A., Dillner, J., Schiller,
J.T., Lowy, D.R., 2001. Safety and immunogenicity trial in adult volunteers
of a human papillomavirus 16 L1 virus-like particle vaccine. J. Natl. Cancer
Inst. 93, 284–292.

opkins, S.A., Kraehenbuhl, J.P., Schodel, F., Potts, A., Peterson, D., De Grandi,
P., Nardelli-Haefliger, D., 1995. A recombinant Salmonella typhimurium
vaccine induces local immunity by four different routes of immunization.
Infect. Immun. 63, 3279–3286.

iang, W., Baker, H.J., Smith, B.F., 2003. Mucosal immunization with heli-
cobacter, CpG DNA, and cholera toxin is protective. Infect. Immun. 71,
40–46.

irnbauer, R., Booy, F., Cheng, N., Lowy, D.R., Schiller, J.T., 1992. Papillo-
mavirus L1 major capsid protein self-assembles into virus-like particles that
are highly immunogenic. Proc. Natl. Acad. Sci. U.S.A. 89, 12180–12184.

linman, D.M., Currie, D., Gursel, I., Verthelyi, D., 2004. Use of CpG
oligodeoxynucleotides as immune adjuvants. Immunol. Rev. 199, 201–216.

outsky, L.A., Ault, K.A., Wheeler, C.M., Brown, D.R., Barr, E., Alvarez,

F.B., Chiacchierini, L.M., Jansen, K.U., 2002. A controlled trial of a human
papillomavirus type 16 vaccine. N. Engl. J. Med. 347, 1645–1651.

enz, P., Day, P.M., Pang, Y.Y., Frye, S.A., Jensen, P.N., Lowy, D.R., Schiller,
J.T., 2001. Papillomavirus-like particles induce acute activation of dendritic
cells. J. Immunol. 166, 5346–5355.

S

S

earch 76 (2007) 75–85

in, L., Gerth, A.J., Peng, S.L., 2004. CpG DNA redirects class-switching
towards “Th1-like” Ig isotype production via TLR9 and MyD88. Eur. J.
Immunol. 34, 1483–1487.

iu, X.S., Abdul-Jabbar, I., Qi, Y.M., Frazer, I.H., Zhou, J., 1998. Mucosal
immunisation with papillomavirus virus-like particles elicits systemic and
mucosal immunity in mice. Virology 252, 39–45.

iu, X.S., Xu, Y., Hardy, L., Khammanivong, V., Zhao, W., Fernando, G.J.,
Leggatt, G.R., Frazer, I.H., 2003. IL-10 mediates suppression of the CD8
T cell IFN-gamma response to a novel viral epitope in a primed host. J.
Immunol. 171, 4765–4772.

owy, D.R., Frazer, I.H., 2003. Chapter 16: prophylactic human papillomavirus
vaccines. J. Natl. Cancer Inst. Monogr., 111–116.

ao, C., Koutsky, L.A., Ault, K.A., Wheeler, C.M., Brown, D.R., Wiley, D.J.,
Alvarez, F.B., Bautista, O.M., Jansen, K.U., Barr, E., 2006. Efficacy of
human papillomavirus-16 vaccine to prevent cervical intraepithelial neo-
plasia: a randomized controlled trial. Obstet. Gynecol. 107, 18–27.

ariotti, S., Teloni, R., von Hunolstein, C., Romagnoli, G., Orefici, G., Nisini,
R., 2002. Immunogenicity of anti-Haemophilus influenzae type b CRM197
conjugate following mucosal vaccination with oligodeoxynucleotide con-
taining immunostimulatory sequences as adjuvant. Vaccine 20, 2229–
2239.

cCluskie, M.J., Davis, H.L., 1998. CpG DNA is a potent enhancer of systemic
and mucosal immune responses against hepatitis B surface antigen with
intranasal administration to mice. J. Immunol. 161, 4463–4466.

cCluskie, M.J., Davis, H.L., 2000. Oral, intrarectal and intranasal immuniza-
tions using CpG and non-CpG oligodeoxynucleotides as adjuvants. Vaccine
19, 413–422.

cCluskie, M.J., Weeratna, R.D., Krieg, A.M., Davis, H.L., 2000. CpG DNA is
an effective oral adjuvant to protein antigens in mice. Vaccine 19, 950–957.

cDermott, M.R., Bienenstock, J., 1979. Evidence for a common mucosal
immunologic system. I. Migration of B immunoblasts into intestinal, respi-
ratory, and genital tissues. J. Immunol. 122, 1892–1898.

oldoveanu, Z., Love-Homan, L., Huang, W.Q., Krieg, A.M., 1998. CpG DNA,
a novel immune enhancer for systemic and mucosal immunization with
influenza virus. Vaccine 16, 1216–1224.

ardelli-Haefliger, D., Roden, R.B., Benyacoub, J., Sahli, R., Kraehenbuhl,
J.P., Schiller, J.T., Lachat, P., Potts, A., De Grandi, P., 1997. Human papil-
lomavirus type 16 virus-like particles expressed in attenuated Salmonella
typhimurium elicit mucosal and systemic neutralizing antibodies in mice.
Infect. Immun. 65, 3328–3336.

ardelli-Haefliger, D., Roden, R.B., Balmelli, C., Potts, A., Schiller, J.T., De
Grandi, P., 1999. Mucosal but not parenteral immunization with purified
human papillomavirus type 16 virus-like particles induces neutralizing titers
of antibodies throughout the estrous cycle of mice. J. Virol. 73, 9609–9613.

ardelli-Haefliger, D., Wirthner, D., Schiller, J.T., Lowy, D.R., Hildesheim, A.,
Ponci, F., De Grandi, P., 2003. Specific antibody levels at the cervix during
the menstrual cycle of women vaccinated with human papillomavirus 16
virus-like particles. J. Natl. Cancer Inst. 95, 1128–1137.

ardelli-Haefliger, D., Lurati, F., Wirthner, D., Spertini, F., Schiller, J.T., Lowy,
D.R., Ponci, F., De Grandi, P., 2005. Immune responses induced by lower
airway mucosal immunisation with a human papillomavirus type 16 virus-
like particle vaccine. Vaccine 23, 3634–3641.

hlschlager, P., Osen, W., Dell, K., Faath, S., Garcea, R.L., Jochmus, I., Muller,
M., Pawlita, M., Schafer, K., Sehr, P., Staib, C., Sutter, G., Gissmann, L.,
2003. Human papillomavirus type 16 L1 capsomeres induce L1-specific
cytotoxic T lymphocytes and tumor regression in C57BL/6 mice. J. Virol.
77, 4635–4645.

udolf, M.P., Fausch, S.C., Da Silva, D.M., Kast, W.M., 2001. Human dendritic
cells are activated by chimeric human papillomavirus type-16 virus-like
particles and induce epitope-specific human T cell responses in vitro. J.
Immunol. 166, 5917–5924.

chiller, J.T., Davies, P., 2004. Delivering on the promise: HPV vaccines and
cervical cancer. Nat. Rev. Microbiol. 2, 343–347.
lade, S.J., Langhorne, J., 1989. Production of interferon-gamma during infec-
tion of mice with Plasmodium chabaudi chabaudi. Immunobiology 179,
353–365.

torni, T., Ruedl, C., Schwarz, K., Schwendener, R.A., Renner, W.A., Bach-
mann, M.F., 2004. Nonmethylated CG motifs packaged into virus-like



l Res

U

V

V

W

W

Y

Y

V. Revaz et al. / Antivira

particles induce protective cytotoxic T cell responses in the absence of
systemic side effects. J. Immunol. 172, 1777–1785.

esaka, Y., Otsuka, Y., Lin, Z., Yamasaki, S., Yamaoka, J., Kurazono, H.,
Takeda, Y., 1994. Simple method of purification of Escherichia coli heat-
labile enterotoxin and cholera toxin using immobilized galactose. Microb.
Pathogenesis 16, 71–76.

aldespino-Gomez, J.L., de Lourdes Garcia-Garcia, M., Fernandez-de-Castro,
J., Henao-Restrepo, A.M., Bennett, J., Sepulveda-Amor, J., 2006. Measles
aerosol vaccination. Curr. Top. Microbiol. Immunol. 304, 165–193.

illa, L.L., Costa, R.L., Petta, C.A., Andrade, R.P., Ault, K.A., Giuliano, A.R.,
Wheeler, C.M., Koutsky, L.A., Malm, C., Lehtinen, M., Skjeldestad, F.E.,
Olsson, S.E., Steinwall, M., Brown, D.R., Kurman, R.J., Ronnett, B.M.,
Stoler, M.H., Ferenczy, A., Harper, D.M., Tamms, G.M., Yu, J., Lupinacci,

L., Railkar, R., Taddeo, F.J., Jansen, K.U., Esser, M.T., Sings, H.L., Saah,
A.J., Barr, E., 2005. Prophylactic quadrivalent human papillomavirus (types
6, 11, 16, and 18) L1 virus-like particle vaccine in young women: a ran-
domised double-blind placebo-controlled multicentre phase II efficacy trial.
Lancet Oncol. 6, 271–278.

Z

earch 76 (2007) 75–85 85

agner, H., 2002. Interactions between bacterial CpG-DNA and TLR9 bridge
innate and adaptive immunity. Curr. Opin. Microbiol. 5, 62–69.

alboomers, J.M., Jacobs, M.V., Manos, M.M., Bosch, F.X., Kummer, J.A.,
Shah, K.V., Snijders, P.J., Peto, J., Meijer, C.J., Munoz, N., 1999. Human
papillomavirus is a necessary cause of invasive cervical cancer worldwide.
J. Pathol. 189, 12–19.

ang, R., Murillo, F.M., Cui, H., Blosser, R., Uematsu, S., Takeda, K., Akira,
S., Viscidi, R.P., Roden, R.B., 2004. Papillomavirus-like particles stimulate
murine bone marrow-derived dendritic cells to produce alpha interferon and
Th1 immune responses via MyD88. J. Virol. 78, 11152–11160.

ang, R., Murillo, F.M., Delannoy, M.J., Blosser, R.L., Yutzy, W.H., Uematsu,
S., Takeda, K., Akira, S., Viscidi, R.P., Roden, R.B., 2005. B lymphocyte
activation by human papillomavirus-like particles directly induces Ig class

switch recombination via TLR4-MyD88. J. Immunol. 174, 7912–7919.

urbriggen, R., Metcalfe, I.C., Gluck, R., Viret, J.F., Moser, C., 2003. Nonclin-
ical safety evaluation of Escherichia coli heat-labile toxin mucosal adjuvant
as a component of a nasal influenza vaccine. Expert Rev. Vaccines 2,
295–304.


	Humoral and cellular immune responses to airway immunization of mice with human papillomavirus type 16 virus-like particles and mucosal adjuvants
	Introduction
	Materials and methods
	VLPs formulation and adjuvants
	Immunizations
	ELISA
	Preparation of splenocyte suspensions
	Proliferation assay
	INF-gamma ELISPOT assay

	Results
	Influence of the influenza antigens priming on the VLP-specific antibody response induced after vaccination with HPV16 VLPs
	Antibody responses after vaccination with HPV16 VLPs+HLT
	Antibody responses after vaccination with HPV16 VLPs+CpG ODN
	Proliferative responses after immunization with HPV16 VLP+HLT or CpG ODN
	IFN-gamma secretion of CD8 T cells after immunization with HPV16 VLP+HLT or CpG ODN

	Discussion
	Acknowledgements
	References


