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The mucosal adjuvant effect of synthetic double-stranded RNA polyriboinosinic polyribocytidylic acid
[poly(I:C)] against influenza virus was examined under intranasal coadministration with inactivated hemag-
glutinin (HA) vaccine in BALB/c mice and was shown to have a protective effect against both nasal-restricted
infection and lethal lung infection. Intranasal administration of vaccine from PR8 (HIN1) with poly(I:C)
induced a high anti-HA immunoglobulin A (IgA) response in the nasal wash and IgG antibody response in the
serum, while vaccination without poly(I:C) induced little response. Intracerebral injection confirmed the safety
of poly(I:C). In addition, we demonstrated that administration of poly(I:C) with either A/Beijing (HIN1) or
A/Yamagata (H1N1) vaccine conferred complete protection against PR8 challenge in this mouse nasal infection
model, suggesting that poly(I:C) possessed cross-protection ability against variant viruses. To investigate the
mechanism of the protective effect of poly(I:C), mRNA levels of Toll-like receptors and cytokines were examined
in the nasal-associated lymphoid tissue after vaccination or virus challenge. Intranasal administration of HA
vaccine with poly(I:C) up-regulated expression of Toll-like receptor 3 and alpha/beta interferons as well as
Th1- and Th2-related cytokines. We propose that poly(I:C) is a new effective intranasal adjuvant for influenza

virus vaccine.

When developing a vaccine, both prophylactic effectiveness
and safety should be considered. It has been reported that the
respiratory tract (RT) mucosal immune system is usually the
first immunological barrier against influenza virus infection
(16, 17, 36) and a primary site of influenza virus infection. The
influenza virus causes annual epidemics of influenza by altering
the antigenic properties of its surface hemagglutinin (HA),
which is involved in binding of sialic acids to the surface of
susceptible cells (23). Inactivated vaccines against the influ-
enza virus have been administered parenterally to induce se-
rum anti-HA immunoglobulin G (IgG) antibodies (Abs) that
are highly protective against homologous virus infection but
are less effective against heterologous virus infection (19, 23).
In contrast, a number of studies have shown that the mucosal
immunity acquired by natural infection, which is mainly due to
the secreted form of IgA (s-IgA) in the RT, is more effective
and cross-protective against virus infections than systemic im-
munity induced by parenteral vaccines in humans (4, 5, 11, 18,
23) and mice (15, 36). In this regard, induction of s-IgA at the
RT has a great advantage in protecting against unpredictable
epidemics of influenza.
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We have demonstrated that intranasal immunization with an
inactivated vaccine together with cholera toxin B subunits
(CTB) containing a trace amount of holotoxin (CTB*) induces
not only s-IgA with strong cross-protection against infection by
variant viruses belonging to the same subtype in the upper RT
but also serum IgG with weak cross-protection against variant
virus infection in the lower RT in mice (26, 30-32). These
findings were consistent with those of previous reports (13, 20,
22). Although CTB* is an effective adjuvant to produce s-IgA,
it has some side effects, such as nasal discharge in humans.
Several attempts to reduce the side effects have been carried
out by introduction of mutations in CTB (8) or using physio-
logical adjuvants, such as complement component C3d (37).
Therefore, there is a need for an adjuvant that is both as
effective as CTB* and safe for human use for the clinical
application of intranasal influenza virus vaccine.

Double-stranded RNA (dsRNA) acts as a molecular mimic
associated with viral infection, because most viruses produce
dsRNA during their replication (10). It has also been shown
that mammalian Toll-like receptor 3 (TLR3) recognizes
dsRNA and activates the NF-kB (1) pathway, resulting in ac-
tivation of alpha/beta interferon (IFN-o/B), which enhances
the primary antibody response against subcutaneous immuni-
zation of soluble materials (14). The adjuvant activity of IFN-
o/B seems to play an important role in bridging the gap be-
tween innate and adaptive immunity (14).
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In the present study, we demonstrated that the mucosal
adjuvant activity of intranasal administration of synthetic
dsRNA polyriboinosinic polyribocytidylic acid [poly(I:C)] with
inactivated influenza virus HA vaccine induced cross-protec-
tive immune responses against homologous and heterologous
variant influenza virus infection.

MATERIALS AND METHODS

HA vaccines and influenza viruses. HA vaccines (split-product virus vaccines)
were prepared from influenza viruses, including A/Puerto Rico/3/334 (A/PRS;
HINT), A/Yamagata/120/86 (A/Yamagata; HINT1), A/Beijing/262/95 (A/Beijing;
HIN1), A/Guizhou/54/89 (A/Guizhou; H3N2), B/Ibaraki/2/85 (B/Ibaraki), B/Ai-
chi/5/88 (B/Aichi), and B/Yamagata/16/88 (B/Yamagata) strains according to the
method of Davenport et al. (6) at the Kitasato Institute (Saitama, Japan). These
viruses were grown in allantoic cavities from 10- to 11-day-old fertile chicken
eggs, purified, and disintegrated with ethyl ether. The vaccine contained all
proteins from virus particles. However, the major component of the vaccine was
HA molecules (about 30% of total protein). The PR/8 virus used for the chal-
lenge experiments was adapted to mice by subculturing 148 times in ferrets, 596
times in mice, and 73 times in 10-day-old fertile chicken eggs.

Preparation of adjuvants. Cholera toxin B subunits containing a trace amount
of holotoxin were prepared by adding 0.1% CT (holotoxin) to CTB obtained
from Sigma (St. Louis, Mo.). Synthetic double-stranded RNA poly(I:C) was
kindly provided by Toray Industries, Inc. (Kamakura, Kanagawa, Japan). Heat-
denatured double-stranded RNA poly(I:C), which was boiled at 95°C for 5 min
and cooled immediately on ice, was used as a negative control.

Immunization with vaccine and virus challenge. Female BALB/c mice (Japan
SLC Inc., Hamamatsu, Japan), age 6 to 8 weeks at the time of immunization,
were used in all experiments. All animal experiments were carried out in accor-
dance with the Guides for Animal Experiments Performed at NIID and ap-
proved by the Animal Care and Use Committee of the National Institute of
Infectious Diseases.

Five mice for each experimental group were anesthetized with diethyl ether
and immunized primarily by dropping 5 .l of phosphate-buffered saline (PBS)
containing 1 ug of HA vaccine with 0.1 to 10 ug of poly(I:C) into each nostril.
Four weeks later, they were reimmunized in the same manner with or without the
same adjuvant.

According to a modification of the procedure of Yetter and coworkers (27, 29,
38), each mouse was anesthetized and infected by intranasal administration of 1
wl of PBS containing virus suspension with 1,000 PFU of mouse-adapted PR8
virus into each nostril. As 1 pl of the virus suspension remained in the local nasal
area and could not enter the lung tissue, the initial viral infection was limited to
the nasal area. To examine cross-reactivity of poly(I:C) treatment against variant
influenza virus subtypes, the mice were immunized intranasally with various
vaccines (1 pg) together with poly(I:C) (3 ng) and boosted with each vaccine
alone 4 weeks later. Two weeks after the second immunization, the immunized
mice were challenged by upper RT infection with the A/PRS8 virus, and 3 days
later nasal wash and serum specimens were collected for virus and Ab titration.

Measurement of the virus titer and anti-PR8 HA antibodies. Serum, nasal
wash fluid, and bronchoalveolar wash fluid were collected for measurement of
virus titer and antibodies against PR8 HA from mice that were sacrificed under
anesthesia with chloroform. The levels of IgA and IgG Abs against HA mole-
cules purified from the A/PRS viruses were determined by enzyme-linked im-
munosorbent assay (ELISA) as described previously (29). Briefly, ELISA was
conducted sequentially from the solid phase (EIA plate; Costar, Cambridge,
Mass.) with a ladder of reagents consisting of the following: first, HA molecules
purified from the A/PRS8 virus according to the procedure of Phelan et al. (21);
second, nasal wash fluid, bronchoalveolar wash fluid, or serum; third, either goat
anti-mouse IgA Ab (a-chain specific; Amersham) or goat anti-mouse IgG anti-
body (y-chain-specific anti-IgG antibody; Amersham), or anti-mouse IgG1 and
IgG2a (BD Pharmingen, San Diego, Calif.) conjugated with biotin; fourth,
streptavidin conjugated with alkaline phosphatase (Life Technologies, Rockville,
Md.); and fifth, p-nitrophenylphosphate. The chromogen produced was mea-
sured by determining the absorbance at 405 nm with an ELISA reader. A twofold
serial dilution of either purified HA-specific IgA (320 ng/ml) or HA-specific
monoclonal IgG (160 ng/ml) was used as a standard as described previously (2).
The binding kinetics of the standard HA-specific monoclonal IgG were compa-
rable to purified HA-specific IgG from immunized mice. In the IgG subtype
assay, HA-specific monoclonal IgG1 and normal mouse serum were used as
controls. The HA-specific monoclonal antibody was recognized exclusively by
anti-mouse IgG1 antibody but not by anti-mouse IgG2a antibody. No HA-
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specific IgG1 or IgG2a was detected in normal mouse serum. To examine
whether poly(I:C) is effective for protection against influenza virus-induced le-
thal pneumonia, mice were challenged with a lethal dose (1,000 PFU in 20 pl) of
PR8 virus at 2 weeks after the second immunization. The survival rate of the mice
was estimated at 2 weeks after the viral challenge. The viral titer of the lung wash
fluid was examined 3 days after the challenge (see Fig. 2). The antibody concen-
trations of unknown specimens were determined from the standard regression
curve constructed for each assay with a programmed SJeia Autoreader (model
er-8000; Sanko Jun-yaku, Tokyo, Japan).

Virus neutralization by antisera was determined as previously described (3).
Briefly, virus was mixed with inactivated antisera from naive or vaccinated mice
at 37°C for 1 h, and the mixture was added to Madin-Darby canine kidney
(MDCK) cells in a total volume of 200 pl. The neutralizing capacity of antisera
was measured by comparing the reduction in the number of infected cells per
sample to sera from age-matched naive mice. Inhibition of virus was assessed by
the additional reduction in infectivity beyond the background of naive-mouse
antisera. Inhibition was measured by 50% inhibition of virus infection (beyond
nonspecific inhibition). Samples were run in duplicate assays on the same day
and averaged, and data are presented as the average per group.

The virus titer was measured as follows: aliquots of 200 wl of serial 10-fold
dilutions of the nasal wash fluid were inoculated into MDCK cells in six-well
plates. After a 1-h incubation, each well was overlaid with 2 ml of agar medium
according to the method of Tobita and coworkers (34, 35). The number of
plaques in each well was counted at 2 days after inoculation. All of the experi-
ments were repeated independently at least three times. The data are presented
as means = standard deviations (SD).

RNA isolation, cDNA synthesis, and real-time PCR. The expression of TLR3
and TLR4 in nasal-associated lymphoid tissues (NALTS) in vaccinated or influ-
enza virus-infected mice was examined. Mice were inoculated with influenza
virus or intranasally administered influenza virus HA vaccine with or without
poly(I:C). The NALTSs were collected sequentially up to 72 h after administra-
tion. The mRNA levels of TLR3 and TLR4 in the NALTs were measured by
real-time quantitative PCR after reverse transcription. Total RNA was extracted
from the NALTs in mice by using an SV-Total RNA isolation kit (Promega,
Madison, Wis.) and cDNA was synthesized using Omniscript reverse transcrip-
tase (QIAGEN, Valencia, Calif.) according to the manufacturer’s instructions.

Real-time quantitative PCR was performed using the ABI PRISM 7900 se-
quence detection system (Applied Biosystems, Foster City, Calif.) with a Quan-
tiTect Probe PCR kit (QIAGEN), TagMan probes (Applied Biosystems), and
primers (Sigma Genosys, Ishikari, Japan) listed in Table 1 designed with Primer
Express (Applied Biosystems). The system uses two dye layers to detect the
presence of target and control sequences. The FAM (6-carboxyfluorescein) dye
layer yields results for quantification of the cytokine target mRNA. The cytokine
and TLR targets examined were IFN-a, IFN-B, IFN-v, interleukin-4 (IL-4), IL-6,
IL-12 p40, TLR-3, and TLR-4. PCR was carried out in a volume of 20 pl; initial
denaturation at 50°C for 2 min and 95°C for 15 min was followed by 45 cycles of
94°C for 15 s and 60°C for 1 min. For each sample, PCR was performed in
duplicate. cDNA levels were determined using the standard curve of cycle
thresholds. All data obtained were normalized to the B-actin cDNA level.

Effects of intracerebral injection of poly(I:C). Seven-week-old BALB/c female
mice were injected intracerebrally with poly(I:C) or CTB* at various doses [0.25,
2.5, or 25 pg for poly(I:C) and 2.5, 10, or 25 pg for CTB*] in 25 ul of PBS, and
their mortality and body weights were monitored for 7 days. PBS was used as a
negative control.

Antigen-specific T-cell response. Antigen-specific T-cell responses were mea-
sured as previously described (24). Spleens were harvested from mice 1 week
after the boost vaccination. After the preparation of a single cell suspension, T
cells were purified by depletion of CD11b™ (Mac-1), CD45R™ (B220), DX57,
and Ter-119" cells by using a magnetic cell sorting system (MACS; Miltenyi
Biotec, Bergisch, Germany). To prepare antigen-presenting cells, normal
BALB/c mouse splenocytes were depleted of CD90 (Thyl1.2)* cells by MACS
and irradiated at 2,000 cGy.

Purified T cells taken from the spleen (10° cells/well) were cultured with
irradiated antigen-presenting cells (5 X 10° cells/well) in the presence or absence
of PR8 vaccine (0.1, 1, or 10 pg/ml). Four days after the cultivation, the level of
cytokine concentration in the culture supernatant was measured by ELISA using
a mouse IFN-y immunoassay kit (Biosource International, Camarillo, Calif.)
according to the manufacturer’s instruction. T-cell proliferation was monitored
by the incorporation of [*H]thymidine (18.5 kBq/well; ICN Biomedicals, Costa
Mesa, Calif.) added 8 h prior to cell harvest. The cells were harvested on a
96-well microplate bonded with a GF/B filter (Packard Instruments, Meriden,
Conn.). Incorporated radioactivity was counted by a microplate scintillation
counter (Packard Instruments).
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TABLE 1. Primers for quantitative PCR*

Target Sequences
TLR3
Forward CCC AGC TCG ATG TTT CCT ACA
Reverse ... ...CAG GCT TGG GAG ATA GGA GAA G
Probe................. CAA CCT CCA TGA TGT CGG CAA CGG
TLR4
Forward CAT GGA ACA CAT GGC TGC TAA
Reverse ... ..GTA ATT CAT ACC CCT GGA AAG GAA
Probe................. CTA TAG CAT GGA CCT TAC CGG GCA
GAA GG
IFN-a
Forward... ..CTG CTA GTG ATG AGC TAC TGG TCA A
Reverse ... ..GGG TCA AGG CTC TCT TGT TCC T
Probe................. CTG CTC CCT AGG ATG TGA CCT GCC
TCA
IFN-B
Forward............. GCT CCT GGA GCA GCT GAA TG
Reverse ... ..TCC GTC ATC TCC ATA GGG ATC T
Probe................. TCA ACC TCA CCT ACA GGG CGG ACT TC
IFN-y
Forward............. AGC CAG ATT ATC TCT TTC TAC CTC
AGA
Reverse GCA ATA CTC ATG AAT GCA TCC TTT

Probe CAG GCC ATC AGC AAC AAC ATA AGG
GTC
IL-4
Forward CGC CAT GCA CGG AGA TG
Reverse ............CGA GCT CAC TCT CTG TGG TGT T
Probe................. TGC CAA ACG TCC TCA CAG CAA CGA
IL-6
Forward CCA GAA ACC GCT ATG AAG TTC CT
Reverse ............CAC CAG CAT CAG TCC CAA GA
Probe................. TCT GCA AGA GAC TTC CAT CCA GTT
GCC
IL-12p40
Forward............AGC TCG CAG CAA AGC AAG AT
Reverse ............ TGG AGA CAC CAG CAA AAC GA
Probe................. TGT CCT CAG AAG CTA ACC ATC TCC TG
B-Actin
Forward............CAC CGA TCC ACA CAG AGT ACT TG
Reverse ............CAG TGC TGT CTG GTG GTA CCA
Probe......ccceuue. CAG TAA TCT CCT TCT GCA TCC TGT CAG

CAA

“ Probes labeled with FAM (5') and TAMRA (6-carboxytetramethylrhodam-
ine) (3").

Histopathological examination. Excised lung, brain, and nasal tissues were
fixed with 10% neutral-buffered formalin, and nasal tissue was decalcified in the
EDTA solution. After fixation, tissues were embedded in paraffin by conven-
tional methods and stained with hematoxylin and eosin (H&E).

Statistics. Comparisons between the groups were made with the ¢ test for
paired observations, and a P of <0.05 was considered significant.

RESULTS

Intranasal immunization of HA vaccine with poly(I:C) pro-
tects against influenza virus infection. To estimate the muco-
sal adjuvant efficacy of poly(I:C) for influenza virus HA vac-
cine, the antibody response against PR HA molecules was
examined in mice immunized intranasally with 1 pg of PRS8
vaccine with different amounts (0 to 10 pg) of poly(I:C). The
mice received the primary immunization with vaccine and
poly(I:C) at 6 weeks before infection, and secondary immuni-
zation was performed with either vaccine with poly(I:C) or
vaccine alone at 2 weeks prior to infection (Fig. 1). The highest
concentration of anti-HA IgA Ab in the nasal wash fluid was
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observed in animals given repeated immunization with 1 ug of
vaccine and 10 pg of poly(I:C). The concentration of anti-HA
IgA Ab of mice immunized with vaccine and 1 wg of poly(1:C)
twice was similar to that of mice that received primary immu-
nization with vaccine and 3 ng of poly(I:C) followed by sec-
ondary immunization with vaccine alone.

The concentration of anti-HA IgG in the serum was also
measured in the same experimental groups. The highest level
of anti-HA IgG was also observed in mice that were inoculated
twice with vaccine and 10 pg of poly(I:C). The serum IgG
responses seemed to parallel the IgA response in the nasal
wash. Nasal IgA and serum IgG levels were markedly low in
mice immunized with 1 pg of denatured poly(I:C) (Fig. 1). The
antibody titers of IgG1 and IgG2a in mice immunized with HA
vaccine and poly(I:C) were comparable to those in mice inoc-
ulated with CTB* combined with HA vaccine (data not
shown).

Next, we examined the protective effect of intranasal admin-
istration of HA vaccine with poly(1:C) against influenza virus
infection. In control mice, virus titers were 10*! PFU/ml in the
nasal wash fluid at 3 days after infection with 1,000 PFU of
influenza virus (Fig. 1). Mice immunized with HA vaccine
alone showed no protective effect in the nasal wash compared
with controls (Fig. 1). On the other hand, mice immunized with
vaccine with either 1 pg of poly(I:C) twice or 3 pg of poly(I:C)
once at the first immunization showed complete protection
against viral infection (Fig. 1). In mice immunized with vaccine
with either 0.1 or 1 pg of poly(I:C), significant reductions in
virus titers in the nasal wash fluid were observed compared
with mice immunized with vaccine alone. Thus, intranasal ad-
ministration of HA vaccine with poly(I:C) adjuvant protected
mice against influenza virus infection, and the protective effect
of poly(I:C) was not observed after denaturation. The results
were consistent with production of IgA and IgG antibodies.

We next investigated whether poly(I:C) is effective for pro-
tection against influenza virus-induced lethal pneumonia in
mice. At 2 weeks after lethal virus challenge (40 50% lethal
doses [LDs,] of the A/PRS virus), no mice survived in the
nonimmunized group or the groups immunized by various in-
fluenza B virus with poly(I:C), which showed marked body
weight reduction (Fig. 2A and B). In contrast, no death oc-
curred in the group of mice immunized with various amounts
of poly(I:C) without body weight loss (Fig. 2A and B). The
viral titer of the lung wash fluid of the nonimmunized group
and the groups immunized by various influenza B virus with
poly(I:C) was around 10°* PFU/ml, while those of the mice
vaccinated with either poly(I:C) or CTB* were below the level
of detection (Fig. 2A). We next examined the pathological
findings of the lungs in the group immunized with A/PRS (Fig.
2C) and B/Aichi (Fig. 2D). The lung specimens of mice immu-
nized with A/PRS8 vaccine followed by 40 LD, A/PRS8 virus
infection demonstrated bronchi and alveoli without any inflam-
matory change at 8 days after the virus challenge. In the mice
immunized with B/Aichi vaccine followed by the same amount
of A/PRS virus, marked pneumonia with destruction of bron-
chial mucosa and interstitial infiltration of inflammatory cells
was recognized in the lung specimen at 8 days after the chal-
lenge. A similar pathological change was observed in the group
immunized by various influenza B virus with poly(I:C) (data
not shown). Thus, it seems that the lung virus titer and the
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Vaccine Anti-A/PRS HA IgA
Primary Secondary in nasal wash
(ng/ml)

A/PRS P(I:C) A/PRS P(I:C)
ug) (mg) (neg) (ug) (Ii

1 10 1 10
1 10 1 -
1 3 1 3
1 3 1 -
1 1 1 1
1 1 1 -
1 01 1 01
1 01 1 -
1 - 1 -
1 Del 1 Del

Anti-A/PR8 HA IgG A/PRS virus titer
in serum in nasal wash
(ug/ml) (PFU/ml; 10")

WML FA FER 1 B % o
<1* *:1p<0.05
<1*
<1%*
< 1%
<1*

*
*
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FIG. 1. Anti-PR8 HA-specific antibody titer and PR8 virus titer. Anti-PR8 HA-specific IgA and IgG responses in BALB/c mice that received
primary intranasal immunization with 0.1 to 10 pg of poly(I:C) as an adjuvant. Secondary immunization was performed 4 weeks after primary
immunization with or without the adjuvant. The nasal wash and serum samples were collected 2 weeks after the second immunization. The antibody
titers of five mice from each group were measured by ELISA. The same groups of mice were infected intranasally with 1,000 PFU of PRS influenza
virus at 2 weeks after the second immunization. Nasal wash fluids were collected 3 days after virus challenge. The virus titers were measured by
plaque assay. De, heat-denatured poly(I:C). Each column represents the mean = SD. The virus titers were statistically compared to those of

nonimmunized mice.

pathological change were well correlated, suggesting that the
complete inhibition of lung virus titer by intranasal vaccination
with poly(I:C) reflects complete protection against lethal in-
fluenza virus pneumonia.

Cross-protective effect of influenza virus HA vaccine with
poly(I:C). We next characterized the cross-protective effect of
intranasal vaccination with poly(I:C) against various influenza
virus subtypes. Mice received primary immunization with 1 pg
of various vaccines with 3 pg of poly(I:C) and secondary im-
munization with vaccine alone. Both the IgA antibody titer
(>200 ng/ml) in the nasal wash fluid and IgG antibody (>1
pg/ml) in the serum were markedly high in mice immunized
with A/PR8 virus vaccine, resulting in the disappearance of
PR8 virus in the nasal wash fluid (Fig. 3A). Immunization with
A/Beijing (HIN1) and A/Yamagata (HIN1) vaccines induced
relatively high levels of nasal IgA and serum IgG against
A/PR8 HA and also conferred complete protection against
A/PR8 virus (Fig. 3A). Mice immunized with A/Guizhou
(H3N2) virus vaccine showed low responses of A/PRS HA-
reactive IgA in the nasal wash fluid and IgG in the serum (Fig.
3A), resulting in low protective efficiency against A/PRS virus
challenge (Fig. 3A). Next, the neutralization activity to A/PRS8
virus was examined in vitro by using the sera from the same
group of the mice. The mice immunized by A/PR8 vaccine had
neutralized antibody against A/PR8 (1:256); however, no neu-
tralizing activity was recognized in the sera from the mice
vaccinated by A/Beijing (HIN1), A/Yamagata (HINI),
A/Guizhou (H3N2), and B influenza viruses (Fig. 3A). To
examine the cross-protective effects of poly(I:C) combined in-
fluenza virus vaccine to lethal influenza virus challenge, the

mice immunized with vaccine from various strains including
A/PR8 (HIN1), A/Yamagata (HIN1), A/Guizhou (H3N2),
and B/Ibaraki were challenged by a lethal dose (40 LDs,) of
A/PR8 (HIN1) virus. All the mice immunized with poly(I:C)
combined with A/PR8 (HIN1) and A/Yamagata (HIN1) vac-
cine survived, while the survival rate of mice immunized with
poly(I:C) combined with A/Guizhou (H3N2) was 40% at 10
days after the challenge. No mouse survived in the groups of
unimmunized or B/Ibaraki vaccine-immunized mice at 8 days
after the challenge (Fig. 3B). Taken together, these observa-
tions indicate that intranasal vaccine with poly(I:C) results in
the cross-protective immune responses against homologous or
heterologous viruses infection in the upper RT and against
lethal influenza virus challenge.

Induction of antigen-specific T-cell response by intranasal
administration of vaccine with poly(I:C). To examine whether
intranasally administered influenza virus vaccine induces T-cell
response against homologous or heterologous influenza vi-
ruses, mice were immunized by A/PR8 (HIN1), A/Yamagata
(HIN1), A/Guizhou (H3N2), or B/Ibaraki vaccine with poly(I:
C). T cells collected from the spleens of these mice 1 week af-
ter the booster immunization were enriched and cultured with
irradiated antigen-presenting cells in the presence or absence
of A/PRS vaccine at 0.1, 1, or 10 pg/ml. The T cells from the
mice immunized with A/PR8 and A/Yamagata viruses prolif-
erated in an antigen dose-dependent manner; however, no pro-
liferative effect was recognized in the mice vaccinated with A/
Guizhou and B/Ibaraki virus (Fig. 4A). These results suggest that
the intranasally administered influenza virus vaccine with
poly(I:C) does induce T-cell activation with homologous antigen.
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. Primary Secondary A/PRS virus titer in lung wash .
Vaccine - = ( PFU/ml ; 10!1) Survival
strains Vaccine P(I:C) Vaccine P(I:C) 2 rate
(bg) (pg) (wg) (g 0 2 4 6 8
A/PRS (HIN1) 1 10 1 10 <1* *:p<0.05 5/5
1 10 1 - N.D. 5/58
1 3 1 - N.D. 5/5
*
1 1 1 - - 5/5
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B/Ibaraki 1 3 1 - 0/5
B/Yamagata 1 3 1 - 0/5
B/Aichi 1 3 1 - 0/5
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B 1st 2nd
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= 90 A/PRS 1
; 80 A/PRS 1
- B/Ibara. 1
E 70 B/Yama. 1
B/Aichi 1
60 s -
50 -
0 2 4 6 8 days

FIG. 2. (A) Virus titers in the lung wash fluids from the mice that received primary intranasal immunization with 1 to 10 pg of poly(I:C) as an
adjuvant. Secondary immunization was performed 4 weeks after primary immunization with or without the adjuvant. The mice were infected
intranasally with 1,000 PFU (40 LDs,) of PRS8 influenza virus 2 weeks after the second immunization. The survival rate of each experimental group
is shown on the right side of the bar graph. Each column represents the mean = SD. N.D., not determined. (B) Body weight change after virus
challenge. Each point represents the relative ratio for initial body weight (mean) of 5 mice for each day after the challenge. (C) Histopathological
finding of a lung immunized intranasally with A/PR8 vaccine with poly(I:C) followed by 1,000 PFU (40 LDs,) of A/PRS virus at 8 days after the
challenge (X40; H&E). (D) Histopathological finding of a lung immunized intranasally with B/Aichi vaccine with poly(1:C) followed by 1,000 PFU

(40 LDs,) of A/PRS virus at 8 days after the challenge (xX40; H&E).

We also examined the IFN-vy production in the supernatant
of T cells derived from the spleens of the mice immunized with
A/PRS vaccine in vitro (Fig. 4B). We found that the A/PRS8
(HIN1) vaccine induced IFN-vy production from the T cells
derived from the mice immunized with A/PR8 (HIN1) and
A/Yamagata (HIN1) virus in an antigen dose-dependent man-
ner (Fig. 4B); however, the T cells from the mice immunized
with A/Guizhou (H3N2) and B/Ibaraki viruses did not produce
a significant amount of IFN-y in response to A/PR8 (HIN1).
These results suggest that T-cell responses against heterolo-
gous influenza viruses were weak and intranasal administration
of influenza virus vaccine with poly(I:C) induces systemic an-
tigen-specific T-cell responses.

Induction of TLR3 expression by intranasal administration
of vaccine with poly(I:C). To define the mechanism by which

intranasal administration of poly(I:C) with influenza virus HA
vaccine functions as a mucosal adjuvant, we examined mRNA
expression levels of Toll-like receptors 3 and 4, receptors for
double-stranded RNA, and lipopolysaccharide, respectively.
The expression of TLR3 in the NALT was up-regulated 30-
fold in influenza virus-infected mice (Fig. 5A) and sixfold in
mice vaccinated with poly(I:C) (Fig. 5B). The up-regulation of
TLR3 in the vaccinated mice persisted for at least 72 h (Fig.
5B); meanwhile, TLR4 was not changed in these animals. The
TLR responses were not detected in the mice treated with
vaccine alone (Fig. 5C). These results suggested that up-regu-
lation of TLR3 in the NALTs could enhance the adjuvant
effect of poly(I:C).

Induction of IFN and Thl- and Th2-related cytokines by
intranasal administration of vaccine with poly(I:C). We next



VoL. 79, 2005 POLY(I:C) MUCOSAL ADJUVANT FOR INFLUENZA VIRUS VACCINE 2915

A

Anti-A/PR8 HA IgA  Anti-A/PR8 HA IgG  A/PRS virus titer Neutralizing

Yaccine in nasal wash in serum in nasal wash antibody titers
(ng/ml) (pg/ ml) (PFU/ml; 10") to A/PRS virus
Vaccine ( 1ug)
+ Poly ( 1:C) 3ug 0 300 600 0 1 )
oly (1:C) 3ug A L1 1 1 okl
A /PRS ( HIN1) 1:256

A/ Beijing ( HINT )
A/ Yamagata ( HIN1 )
A/ Guizhou ( H3N2)
B/ Ibaraki

B/ Yamagata
B/ Aichi

B 12
100
A/PRS (HIN1)
A/Yamagata (HIN1)
A/Guizhou (H3N2)
B/Ibaraki

80
60
40

Survival rate (%)

20
0

0 1 2 3 4 5 6 7 8 9 10 days

FIG. 3. (A) Cross-protective antibody responses against PR8 HA in the mice immunized intranasally with A/PR8 (HIN1), A/Beijing (HIN1),
A/Yamagata (HIN1), A/Guizhou (H3N2), B/Ibaraki, B/Yamagata, and B/Aichi vaccine with poly(I:C) as an adjuvant. Secondary immunization was
performed 4 weeks after primary immunization without the adjuvant. The same groups of mice were infected with 1,000 PFU in 2 ul of PRS8
influenza virus 2 weeks after the second immunization. The nasal wash fluid was collected 3 days after virus challenge. The virus titer was measured
by plaque assay. Each column represents the mean * SD. The serum collected at 2 weeks after the booster was analyzed for the presence of
neutralizing antibodies against homologous or heterologous influenza virus. Inhibition of the virus was assessed by the additional reduction in
infectivity beyond the background of naive mice. Samples were run in duplicate, and data are presented per group, where the ability to inhibit 50%
of infection at the indicated dilution is shown. The dash indicates lack of reduction of infectivity. (B) The survival curve of the mice immunized
with poly(I:C) and the various vaccines after the lethal A/PR8 (HIN1) challenge. Mice were immunized with 3 pg of A/PR8 (HIN1), A/Yamagata
(HIN1), A/Guizhou (H3N2), and B/Ibaraki vaccine with 10 ug of poly(I:C) as an adjuvant. Secondary immunization was performed 4 weeks after
primary immunization with the same amount of vaccine with the adjuvant. The survival rates of the mice until 10 days after the virus challenge
are presented in a line graph.

investigated the expression of interferons and cytokines in the topathological examination revealed that the nasal areas of the
NALTSs after administration of influenza virus vaccine with mice administered poly(I:C) had no pathological changes, as
poly(I:C). Rapid induction of IFN-«, IFN-B, and IFN-y (at 6 h well as those of the PBS-treated mice (Fig. 7B and D). Mean-
after vaccination) and return to the basal levels at 24 h were while, mucus exudation with inflammatory cells was recognized
observed. However, vaccine without poly(I:C) did not induce in the nasal areas of the mice treated with CTB* (Fig. 7C).

expression of these interferons (Fig. 6A to C). The mRNA As the nasal cavity is anatomically connected to the brain via
expression levels of cytokines in the NALTSs were also exam- the olfactory nerves, we also examined the effects of intrace-
ined. IL-4 mRNA expression was increased at 72 h after vac- rebral administration of poly(I:C) and CTB*. One mouse ad-

cination with poly(I:C). In addition, IL-12 p40 was up-regu- ministered 10 pg of CTB* and 2 mice administered 25 pg of
lated from 6 to 24 h following vaccination with poly(I:C) (Fig. CTB* died with marked reduction of body weight (<15%) on
6D to F). These observations suggested that up-regulation of day 4 after intracerebral injection. On the other hand, all the
IL-4 and IL-12 p40 results in production of anti-HA-specific mice intracerebrally injected various doses (0.25 to 25 pg) of

immunoglobulins. poly(I:C) survived for 7 days without body weight change (Fig.

Safety of intranasal and intracerebral injection of poly(I:C). 8A). Histological examination of the brains demonstrated that
To examine the safety of poly(I:C) in intranasal administra- cerebral hemorrhage was detected in the mice injected with
tion, an excess amount of poly(I:C) and bacteria-derived ad- 10 pg of CTB* (Fig. 8C); however, no significant change was

juvant CTB* were intranasally given to mice daily for 9 days. recognized in the poly(I:C)-treated group (Fig. 8B) and
The body weight of the mice administered 10 pg of poly(I:C) PBS-treated group (Fig. 8D). This suggests that intranasal
was not significantly changed, while that of the mice adminis- and intracerebral administrations of poly(I:C) are harmless
tered 10 pg of CTB* was relatively decreased (Fig. 7A). His- to mice.
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FIG. 4. Invitro responses of A/PR8 (HIN1) influenza virus-specific
T cells derived from mice vaccinated with A/PR8 (HIN1), A/Yama-
gata (HIN1), A/Guizhou (H3N2), and B/Ibaraki viruses. The mice
were intranasally administered 1 wg of each vaccine with 10 pg of
poly(I:C) and then boosted with the same dose of the reagents at 3
weeks after priming. Spleens were isolated at 1 week after the boost
and stimulated with T-cell-depleted splenocytes that had been pulsed
with the indicated concentration of A/PRS8 vaccine. These cells were
cultured for 4 days and [*H]thymidine was added 8 h prior to the
harvest. (B) Production of IFN-y in the culture supernatant of the cells
prepared in the same manner as the cells shown in Fig. 4A. The results
are represented as a means of two independent experiments.

DISCUSSION

In the present study, we clearly demonstrated that poly(I:C)
is an effective mucosal adjuvant when administered intrana-
sally with influenza virus vaccine. It has been reported that
effective immunization strategies to protect against influenza
virus infection involve induction of mucosal immune responses
at the nasal mucosal epithelium, which is the initial target of
virus infection (9, 28). For effective protection against influ-
enza virus infection at the mucosa, bacterial toxin-derived ad-
juvants, such as CTB or Escherichia coli heat-labile enterotoxin
(LT), have been administered in conjunction with immuniza-
tion (28, 30, 33). To reduce the toxicity of bacterial toxin-
derived adjuvants, mutant toxins (7, 8) or low doses of CTB
with trace amounts (0.1%) of holotoxin (25) were applied, and
the bacterial toxins became harmless for experimental animal
models. However, there are still problems associated with ap-
plication of bacterial toxin-derived adjuvants to human vac-
cines. An effective prophylactic method against influenza virus
infection in humans must be both safe and effective. We have
demonstrated that a synthetic dsSRNA adjuvant could induce
high titers of anti-HA antibodies comparable to those seen
after inoculation of CTB*, when administered intranasally
once with the vaccine at the first immunization followed by a
booster inoculation of vaccine alone. The immune response
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FIG. 5. Expression of TLR3 and TLR4 mRNAs in the NALTS.
Total RNAs were extracted from the NALTSs of mice infected with
1,000 PFU of A/PR8 (A) and intranasally immunized with the HA
vaccine with poly(I:C) (B) and the HA vaccine alone (C). To deter-
mine the mRNA expression levels of TLR3 or TLR4 in the NALTS,
real-time quantitative RT-PCR was performed (n = 3). *, P < 0.05
versus the pretreated group (0 h). ND, not determined.

was detected in both nasal wash fluid and serum, which re-
sulted in complete protection against influenza viral challenge
in both the upper RT-restricted influenza model and the lung
infection pneumonia model. In the two-dose immunization
regimen, PR8 HA vaccine combined with 1 pg of poly(I:C) at
the first immunization conferred complete protection against
lethal lung infection (40 LDs,) of PRS influenza virus.

The advantage of nasal vaccination against influenza virus
infection is the induction of secretory IgA at the mucosal
epithelium, resulting in efficient production of cross-protective
immunity compared with serum IgG (26). In fact, we observed
the cross-protective effect of nasal vaccination of poly(I:C)-
combined vaccination. In the present study, we used HA
vaccines from various strains of influenza virus, including
A/PRS8 (HINT1), A/Beijing (HIN1), A/Yamagata (HIN1), and
A/Guizhou (H3N2), with 3 g of poly(I:C) at the first immu-
nization in the two-dose regimen. Among these vaccines, anti-
PR8 HA secretory IgA in the nasal wash fluid and anti-PRS8
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FIG. 6. Expression of cytokine mRNAs in the NALTs. Total RNA
was extracted from the NALTSs of mice intranasally treated with 1 pg
of PR8 vaccine with or without poly(I:C). The mRNA levels of IFN-a
(A), IFN-B (B), IFN-y (C), IL-4 (D), IL-6 (E), and IL-12 p40 (F) in the
NALTSs were determined with real time RT-PCR (n = 3). *, P < 0.05
versus the pretreated group (0 h).

HA IgG in the serum were detected in the mice immunized
with the same HIN1 virus strains. However, the neutralizing
activity of the serum against A/PRS virus was exclusively rec-
ognized in the mice immunized with homologous virus (Fig. 3).
Although we have examined the neutralizing activity in the
nasal wash fluid, no neutralizing activity in the nasal wash fluid
was detected in any group. The concentration of anti-A/PR8
HA IgA in the nasal wash fluid is much lower than that of
anti-A/PR8 HA IgG in the serum, because the nasal wash fluid
was diluted by PBS for collection from the nasal mucosa. It
seems that the concentration of anti-A/PR8 HA IgA is much
lower than the physiological concentration in the nasal mu-
cosa; therefore, the neutralizing activity in the nasal wash fluid
is not detected. However, mice that have the cross-reactive IgA
to A/PRS virus in the nasal wash fluid were completely pro-
tected against viral challenge from not only homologous but
also heterologous viruses. Even mice immunized with influ-
enza virus vaccine against the H3N2 strain produced low doses
of secretory IgA and serum IgG, which represented a 10*-fold
reduction of viral titer after A/PRS influenza virus challenge.
We observed the antigen-specific T-cell responses and their
weak cross-reactivity in the mice treated with heterologous
viruses (Fig. 4). Thus, both homologous and heterologous pro-
tection against A/PRS8 influenza virus challenge may be
achieved by production of cross-reactive IgA.

The mechanism of the adjuvant effect of dsRNA is still
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FIG. 7. (A) Body weight of mice with intranasal administration of
10 pg of poly(I:C) or 10 pg of CTB* daily for 9 days. Each point
represents the mean relative ratio to initial body weight (mean * SD
[%]) of 5 mice in each day. (B to D) Histopathological findings of the
nasal cavities of the mice intranasally administered 10 pg of poly(I:C)
(B), 10 pg of CTB* (C), and PBS (D) daily for 9 days (X100; H&E).
Black arrows indicate the mucus exudation with inflammatory cells.

unclear. As denatured poly(I:C) did not cause any adjuvant
effect, the double-stranded structure of poly(I:C) seemed to
play a pivotal role in production of IgA and IgG following
intranasal immunization with influenza virus HA vaccine. It is
known that dsRNA is recognized by TLR3 and RNA helicase,
retinoic acid-inducible gene I, and induces activation of NF-«kB
and production of IFN-a/B (1, 39). Early administration of
IFN-«/B during an immune response markedly increases pri-
mary antibody response against soluble antigens (14). We dem-
onstrated up-regulation of TLR3 expression but not of TLR4
in the NALTs following influenza virus infection or intranasal
administration of vaccine with poly(I:C) (Fig. 5). The peak of
up-regulation of TLR3 at 72 h after infection corresponded to
that of influenza virus replication in the nasal area at 72 h
postinfection. Because the up-regulated TLR3 is the receptor
for the poly(I:C) adjuvant, we presume that the up-regulation
of TLR3 enhances the signals transduced from poly(I:C). As
the influenza virus itself up-regulates the expression of TLR3,
we expect the vaccine with poly(I:C) mimics the state of viral
infection so that the protective immune response can be elic-
ited. Moreover, administration of poly(I:C) induced expression
of IFN-«/B and Th1- and Th2-related cytokines, such as [FN-y,
IL-12 p40, and IL-4. It has recently been reported that the
exposure of naive B cells to the cytokine IL-4 and/or antigen
leads to a state of “priming,” in which subsequent aggregation
of major histocompatibility complex class II molecules induces
the mobilization of calcium ions and cell proliferation (12). A
significant production of IL-4 in the NALTs immunized intra-
nasally with vaccine with poly(I:C) may contribute to the prim-
ing of naive B cells together with the antigen. Thus, poly(1:C)
might act to bridge the gap between innate and adaptive im-
munity.

Prophylactic agents, including vaccines, should be suffi-
ciently safe. As the nasal cavity and the forebrain have direct
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FIG. 8. (A) Body weight of mice after intracerebral injection of
various doses [poly(I:C), 0.25, 2.5, and 25 pg; CTB*, 2.5, 10, and 25 pg]
of poly(I:C) and CTB*. Each point represents the relative ratio to
initial body weight (mean * SD [%]) of 5 mice in each day. His-
topathological findings of the brains injected with 10 wg of poly(I:C)
(B), 10 pg of CTB* (C), and PBS (D) at day 4 after injection (X100
H&E).

communication via the olfactory nerve, the safety of nasal ad-
ministration of the vaccine with adjuvant for the central ner-
vous system should be confirmed. We demonstrated the safety
of poly(I:C) to the central nervous system by direct intracere-
bral injection. Here, we propose that intranasal administration
of influenza virus HA vaccine with poly(I:C) by the two-dose
regimen is an effective and safe vaccination method.
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