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A safe and potent adjuvant is needed for development of mucosal vaccines against etiological agents,
such as influenza virus, that enter the host at mucosal surfaces. Cytokines are potential adjuvants for
mucosal vaccines because they can enhance primary and memory immune responses enough to protect
against some infectious agents. For this study, we tested 26 interleukin (IL) cytokines as mucosal vaccine
adjuvants and compared their abilities to induce antigen (Ag)-specific immune responses against influ-
enza virus. In mice intranasally immunized with recombinant influenza virus hemagglutinin (rHA) plus
one of the IL cytokines, IL-1 family cytokines (i.e., IL-1a, IL-1(, IL-18, and IL-33) were found to increase
Ag-specific immunoglobulin G (IgG) in plasma and IgA in mucosal secretions compared to those after
immunization with rHA alone. In addition, high levels of both Th1- and Th2-type cytokines were observed
in mice immunized with rHA plus an IL-1 family cytokine. Furthermore, mice intranasally immunized with
rHA plus an IL-1 family cytokine had significant protection against a lethal influenza virus infection.
Interestingly, the adjuvant effects of IL-18 and IL-33 were significantly decreased in mast cell-deficient
W/W" mice, indicating that mast cells have an important role in induction of Ag-specific mucosal immune
responses induced by IL-1 family cytokines. In summary, our results demonstrate that IL-1 family
cytokines are potential mucosal vaccine adjuvants and can induce Ag-specific immune responses for

protection against pathogens like influenza virus.

Because most pathogenic viruses, including influenza vi-
rus, enter through a mucosal surface (18), preventing infec-
tion at the viral entry site by inducing mucosal immunity
should be an effective strategy for combating such patho-
gens. A key aspect of mucosal immunity is production of
secretory immunoglobulin A (sIgA), as well as induction of
cytolytic T lymphocytes (CTLs) against epithelium-transmit-
ted pathogens (5, 21). Therefore, it is important to develop
mucosal vaccines that induce effective immune responses at
mucosal surfaces (31).

However, protein subunit antigens (Ags) generally evoke
only a weak or undetectable adaptive immune response when
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administered intramucosally (1). Therefore, to produce effec-
tive mucosal vaccines, it is necessary to develop an appropriate
mucosal vaccine adjuvant (34). Cholera toxin (CT) and Esch-
erichia coli heat-labile enterotoxin are known potent mucosal
vaccine adjuvants and have been used in nonclinical experi-
mental systems (9, 27). However, their clinical application as
nasal adjuvants had to be discontinued because of side effects
such as Bell’s palsy (29). Therefore, mucosal vaccine adjuvants
with high efficacy and safety for clinical application continue to
be urgently required.

Cytokines are key molecules that trigger the innate and
adaptive immune responses (including maturation of Ag-pre-
senting cells, differentiation of Th1l and Th2 cells, and induc-
tion of cytotoxic natural killer [NK] cells and CTLs), resulting
in protective layers against virus infection (11, 41, 43). There-
fore, cytokines are promising vaccine adjuvants for enhancing
the immune response against infectious pathogens. At present,
more than 30 members of the interleukin (IL) cytokine/IL
receptor family have been identified and found to be involved
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in regulating and maintaining homeostasis of the immune sys-
tem (3, 14). Specific IL cytokines have been used as vaccine
adjuvants to enhance primary and memory immune responses
against some cancers and infectious diseases (2, 6). However,
there has been no comparative study of IL cytokines as muco-
sal vaccine adjuvants.

Recently, it was pointed out that identification of the cellular
targets of vaccine adjuvants is an important issue (12). Den-
dritic cells (DCs) are responsible for Ag uptake and presenta-
tion to naive T cells and represent a key target for adjuvant
activity (22, 33). Recent reports have demonstrated that other
accessory cells, such as mast cells (MCs) and NKT cells, act as
immunosensors to initiate and modulate innate and adaptive
immune responses (16, 40). It has been reported that MCs
contribute to the induction of an adaptive immune response or
accessory function and that the synthetic Toll-like receptor 7
ligand imiquimod acts as a mucosal vaccine adjuvant in an
MC-dependent manner (19). However, it is still not clear
whether MCs are promising cellular targets for cytokine adju-
vants in mucosal vaccines.

In this study to develop effective and safe mucosal vaccine
adjuvants, we identified promising cytokines with mucosal vac-
cine adjuvant activity by screening 26 different IL cytokines.
We also investigated the mucosal and systemic immune re-
sponses induced by these cytokines in normal and MC-defi-
cient mice. The IL-1 family cytokines (IL-1a, IL-1B, IL-18, and
IL-33) were found to be effective mucosal vaccine adjuvants for
induction of protective sIgA and CTL immunity against influ-
enza virus. In addition, the adjuvant activities of IL-18 and
IL-33 were MC dependent.

MATERIALS AND METHODS

Cytokines and Ags. CT was purchased from List Biological Laboratories
(Campbell, CA). Twenty-six types of mouse recombinant IL cytokines (IL-1a,
IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, TL-10, TL-11, TL-12, IL-13, IL-15,
1L-17, IL-18, IL-19, IL-20, IL-21, IL-22, IL-23, IL-27, IL-28A, IL-28B, IL-31,
and IL-33) were purchased from R&D Systems (Minneapolis, MN). Baculovirus-
expressed recombinant influenza virus hemagglutinin (rHA) derived from influ-
enza virus A/New Caledonia/20/1999 (Protein Sciences, Meriden, CT) was used
as the vaccine Ag.

Mice and immunization protocols. Female BALB/c mice and MC-deficient
(WBB6F1 W/W") and congenic littermate control (WBB6F1 WT) mice were
purchased from Japan SLC (Hamamatsu, Japan) and used at 6 weeks of age. All
animal experimental procedures used in this study were performed in accordance
with our institutional guidelines for animal experiments. Mice were immunized
intranasally with rHA alone (1 pg/mouse), rHA (1 pg/mouse) plus CT (1 pg/
mouse), or rHA (1 pg/mouse) plus one of the IL cytokines (0.1 pg, 0.3 pg, or 1.0
pg/mouse) on days 0 and 28.

Sample collection. Fourteen days after the final immunization, plasma and
mucosal secretions (nasal washes, saliva, vaginal washes, and fecal extracts) were
obtained as previously described (24).

Detection of Ab responses by ELISA. rHA-specific antibody (Ab) levels in
plasma and mucosal secretions were determined by enzyme-linked immunosor-
bent assay (ELISA) as previously described (24). Briefly, ELISA plates were
coated with 2 wg rHA/ml of 0.1 M carbonate buffer and incubated overnight at
4°C. The plates were then incubated with blocking solution (Block Ace; DS
Pharma Biomedical, Osaka, Japan) at 37°C for 2 h. Diluted plasma or mucosal
secretions were added. After incubation at 37°C for 2 h, the coated plates were
washed with phosphate-buffered saline (PBS)—polyoxyethylene sorbitan mono-
laurate (Tween 20; Wako Pure Chemical, Tokyo, Japan) and incubated with
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG solution to de-
tect IgG in plasma or with a biotin-conjugated goat anti-mouse IgA detection Ab
(Southern Biotechnology Associates, Birmingham, AL) solution to detect sIgA
in mucosal secretions, at 37°C for 2 h. For detection of sIgA, the plates were
incubated with HRP-coupled streptavidin (Zymed Laboratories, South San
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Francisco, CA) for 1 h at room temperature. After incubation, a color reaction
was developed with tetramethylbenzidine (Moss, Inc., Pasadena, MD), stopped
with 2 N H,SO,, and measured as the optical density at 450 to 655 nm (OD5_sss)
in a microplate reader.

Multiplex cytokine assay. Splenocytes from immunized BALB/c, WBB6F1
Wiw”, or WBB6F1 WT mice were harvested 14 days after the final immuni-
zation and stimulated in vitro with 10 pg rHA/ml. After 72 h, culture super-
natants from in vitro unstimulated and rHA-stimulated cells were analyzed by
a Bio-Plex multiplex cytokine assay (Bio-Rad Laboratories, Hercules, CA)
according to the manufacturer’s instructions. Samples were analyzed on a
Luminex 100 analyzer (Luminex, Austin, TX). The mean concentrations of
cytokines in supernatants from rHA-stimulated cells were calculated relative
to those in unstimulated cells.

IFN-y ELISPOT assay. Splenocytes from immunized mice were harvested
14 days after the final immunization and stimulated at a cell density of 1 X 107
cells/ml with a mixture of two H-2K9-restricted class I HA peptides, HA, 4 o4s
(IYSTVASSL) and HA 44, 470 (LYEKVKSQL) (MBL, Nagoya, Japan), at a
final concentration of 10 ug total peptide/ml complete RPMI (25). After 24 h
of incubation at 37°C, plates were washed, and gamma interferon (IFN-v)-
producing cells were measured by use of an enzyme-linked immunospot
(ELISPOT) assay kit (BD Biosciences, San Diego, CA) according to the
manufacturer’s instructions.

Tetramer assay. Splenocytes from immunized mice were harvested 14 days
after the final immunization and used as effector cells to determine HA,4o_»45-
specific CTL responses. Splenocytes (7 X 10° cells) were added to wells in a
24-well plate, followed by addition of 1 ml of medium containing a CTL epitope
peptide (HA,40 2455 IYSTVASSL) at a final concentration of 1 pg/ml. After
incubation at 37°C for 2 days, medium containing human recombinant IL-2
(rIL-2) (Shionogi Co., Osaka, Japan) was added to each well of CTL effector
cells, to a final concentration of 10 U human rIL-2/ml. Effector cells were stained
for tetramers after restimulation for 7 days. For analysis, 1 X 10° cells were
treated with purified anti-mouse CD16/CD32 Ab (Fc-y III/IT receptor Ab; BD
Biosciences Pharmingen, San Diego, CA) and then stained with phycoerythrin
(PE)-conjugated H-2K%-HA,,_,45 peptide tetramer (MBL, Nagoya, Japan) for
20 min at room temperature. Fluorescein isothiocyanate (FITC)-conjugated
CD8a (clone KT15; MBL, Nagoya, Japan) was added for an additional 20 min.
Cells were analyzed with a FACS Canto flow cytometer (BD Biosciences Phar-
mingen). Data analysis was done with FlowJo (TreeStar, Eugene, OR) software.

Histopathological analysis. BALB/c mice were immunized intranasally with
rHA (1 pg/mouse), with or without IL-1a, IL-1B, IL-18, or IL-33 (1 wg/mouse),
on days 0 and 28. Fourteen days after the final immunization, the heads of the
mice were severed from the bodies and placed in fixative solution (4% parafor-
maldehyde). The samples then were sectioned and stained with hematoxylin and
eosin (H&E) or Luna stain and examined for pathological changes under a light
microscope. Histopathological examination was performed by the Applied Med-
ical Research Laboratory (Osaka, Japan).

Influenza virus infection in vivo. To examine the prophylactic effect of IL
cytokine treatment against influenza virus, mice were immunized intranasally on
days 0 and 28 with 1 pg PR8 HA vaccine (inactivated-product vaccine with
influenza virus A/Puerto Rico/8/34) (Charles River, North Franklin, CT)/mouse
plus 1 pg CT or IL-1 family cytokine/mouse. Fourteen days after the final
immunization, mice were fully anesthetized by intraperitoneal injection of pen-
tobarbital, and each was infected by intranasal application of 25 wl PBS contain-
ing 256 hemagglutinating units (HAU) of influenza virus A/PR/8/34 (HINT1)
(kindly provided by the Research Institute for Microbial Diseases of Osaka
University, Osaka, Japan) per mouse. This procedure produced upper and lower
respiratory tract infections.

Statistical analysis. All results are expressed as means * standard errors of
the means (SEM). Differences were compared using Bonferroni analysis of
variance (ANOVA).

RESULTS

Comparative analysis of rHA-specific Ab responses induced
by 26 different IL cytokines. One potential advantage of suc-
cessful mucosal immunization is the possibility of eliciting both
systemic IgG and mucosal sIgA Ab responses against invading
pathogens. Therefore, in this study, we tested 26 different IL
cytokines (IL-1a, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9,
IL-10, IL-11, IL-12, IL-13, IL-15, IL-17, IL-18, IL-19, IL-20,
IL-21, IL-22, IL-23, IL-27, IL-28A, IL-28B, IL-31, and IL-33)
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FIG. 1. Ab responses induced by IL-1 family cytokines. BALB/c mice were immunized intranasally at 0 and 28 days with rHA alone or
rHA plus each interleukin. (A) Plasma was collected 14 days after the final immunization and analyzed by ELISA for rHA-specific IgG, IgG1,
and IgG2a. (B) Saliva, nasal washes, fecal extracts, and vaginal washes were collected 14 days after the final immunization and analyzed by
ELISA for rHA-specific sIgA. Data are presented as means = SEM (n = 5). #*, P < 0.01 compared to the value for the rHA-treated group.

as mucosal vaccine adjuvants. To examine the potential of
these IL cytokines as mucosal vaccine adjuvants, BALB/c mice
were immunized intranasally with 1 pg rHA plus 1 pg of an IL
cytokine on days 0 and 28. Fourteen days after the final im-
munization, we examined the level of anti-rHA IgG in plasma
by ELISA (Fig. 1A). Intranasal immunization with rHA plus
11 of the IL cytokines (IL-le, IL-1p3, IL-2, IL-3, IL-4, IL-7,
IL-9, IL-13, IL-15, IL-18, IL-28A, and IL-33) induced higher
rHA-specific IgG responses in plasma than those for mice
immunized with rHA alone (Fig. 1A). In particular, immuni-
zation with rHA plus IL-1a, IL-1pB, IL-18, or IL-33, referred to
as IL-1 family cytokines, resulted in the highest rHA-specific

IgG responses among the IL cytokines. The IgG subclass of the
rHA-specific responses was then examined to assess the type of
immune response induced by the 26 IL cytokines (Fig. 1A).
Plasma Ag-specific IgG subclasses reflect the subset of CD4*
T-helper cells induced by vaccination, with IgG1 and IgG2a
corresponding to Th2 and Th1 responses, respectively. Consis-
tent with the rHA-specific IgG responses, intranasal immuni-
zation with rHA plus IL-2, IL-3, IL-4, IL-7, IL-9, IL-13, IL-15,
or IL-28A generally produced a greater rHA-specific IgG1
subclass response than immunization with rHA alone but a
similar IgG2a response to that with rHA alone. In contrast,
mice immunized with rHA plus IL-1 family cytokines showed
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FIG. 2. Dose-response relationship for induction of rHA-specific Ab responses by nasal immunization with rHA plus an IL-1 family cytokine.
BALB/c mice were immunized intranasally at 0 and 28 days with rHA alone, rHA plus CT (1 pg/mouse), or rHA plus an IL-1 family cytokine (0.1,
0.3, or 1 pg/mouse). (A) Plasma was collected 14 days after the final immunization and analyzed by ELISA for rHA-specific IgG, at dilutions of
1/1,000, 1/5,000, and 1/250,000. (B) Nasal washes were collected 14 days after the final immunization and analyzed by ELISA for rHA-specific sIgA,
at dilutions of 1/6, 1/30, and 1/150. Data are presented as means = SEM (n = 5).

significantly higher IgGl and IgG2a Ab responses than
those immunized with rHA alone. These results indicate
that nasal administration of IL-1 family cytokines has the
potential to induce potent rHA-specific systemic IgG Abs,
as well as IgG1 and IgG2a Ab responses. We then studied
the rHA-specific sIgA response in mucosal secretions (i.e.,
in saliva, nasal washes, fecal extracts, and vaginal washes)
induced by the 26 IL cytokines (Fig. 1B). For these 26 IL
cytokines, IL-1 family cytokines induced the highest muco-
sal sIgA AD responses in salivary, nasal, fecal, and vaginal
mucosal secretions (Fig. 1B). Taken together, these results
indicate that nasal immunization with IL-1 family cytokines
effectively induced rHA-specific Ab responses in both sys-
temic and mucosal immune compartments, suggesting that

IL-1 family cytokines might be effective mucosal vaccine
adjuvants.

Dose-response relationship of IL-1 family cytokines as mu-
cosal vaccine adjuvants for induction of rHA-specific Ab re-
sponses. To determine the dose-response relationship of IL-1
family cytokines as mucosal vaccine adjuvants to induce rHA-
specific IgG and sIgA Ab responses, mice were immunized
intranasally with tHA plus 0.1, 0.3, or 1 pg of each IL-1 family
cytokine (Fig. 2). Immunization with rHA plus the IL-1 family
cytokines induced rHA-specific IgG in plasma in a dose-de-
pendent manner. Even rHA plus the lowest dose (0.1 pg) of
IL-1 family cytokines induced IgG to levels significantly higher
than those induced by rHA alone (Fig. 2A). Importantly, the
use of 1 wg of IL-1 family cytokines as an adjuvant resulted in
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FIG. 3. Cytokine responses induced by nasal immunization with rHA plus IL-1 family cytokines. BALB/c mice were immunized intranasally at
0 and 28 days with rHA alone, rHA plus CT, or rHA plus an IL-1 family cytokine. Fourteen days after the final immunization, splenocytes from
each group were cultured with 10 g rHA/ml. Culture supernatants were harvested after a 3-day incubation and then assayed for rHA-specific IL-4
(A), IL-5 (B), and IFN-vy (C), using a Bio-Plex multiplex cytokine assay. Data are presented as means = SEM (n = 5). %, P < 0.05; **, P < 0.01

compared to the value for the rHA-treated group. N.D., not done.

strong rHA-specific IgG Ab responses equivalent to those elic-
ited by CT, which is one of the most potent mucosal vaccine
adjuvants (Fig. 2A). Furthermore, the level of rHA-specific
sIgA induced by rHA plus 0.1 pg of each IL-1 family cyto-
kine in nasal secretions was significantly higher than that
induced by rHA alone (Fig. 2B). The level of rHA-specific
nasal sIgA induced in mice immunized intranasally with
rHA plus 0.3 ng of each IL-1 family cytokine was equivalent
to that observed in mice treated with 1 wg CT. Taken to-
gether, these results clearly indicate that nasal immuniza-
tion with an IL-1 family cytokine as a mucosal vaccine ad-
juvant induced dose-dependent levels of both rHA-specific
IgG and sIgA Abs in the mucosal and systemic immune
compartments.

Induction of rHA-specific Th1- and Th2-type responses af-
ter nasal administration of IL-1 family cytokines as mucosal
vaccine adjuvants. To evaluate the ability of IL-1 family cyto-
kines to boost rHA-specific cytokine responses induced by
mucosal immunization, splenocytes from mice that had been
immunized intranasally with rHA alone, rHA plus CT, or rHA
plus an IL-1 family cytokine were restimulated in vitro with
rHA and then assayed for Thl (IFN-y) and Th2 (IL-4 and
IL-5) cytokines (Fig. 3). Splenocytes from mice immunized
with tHA alone did not show significant cytokine production
compared to those from PBS-treated mice. Consistent with the
IgG subclass results (Fig. 1A), mice immunized with IL-1 fam-
ily cytokines had higher levels of IL-4 and IL-5 (Th2-associated
sIgA-enhancing cytokines) than mice given rHA alone. In par-
ticular, the highest levels of IL-4 and IL-5 were detected in
splenocytes of mice immunized with rtHA plus IL-18 or IL-33,
and these responses were significantly higher than those in

splenocytes of mice immunized with CT. It was also notewor-
thy that IFN-y, a Thl cytokine, was induced in mice immu-
nized intranasally with rHA plus an IL-1 family cytokine. Thus,
IL-1 family cytokines might induce CTL responses when ad-
ministered nasally. These results show that as mucosal vaccine
adjuvants, IL-1a, IL-1B, IL-18, and IL-33 elicit both Th1- and
Th2-type cytokine responses.

In vivo CTL induction by nasal immunization with rHA plus
IL-1 family cytokines as mucosal vaccine adjuvants. Virus
clearance is known to require strong Thl-polarized immune
responses characterized by IFN-y production and CTL re-
sponses in the systemic compartment. To investigate the ability
of IL-1 family cytokines to act as mucosal vaccine adjuvants
and to induce rHA-specific Th1/CTL immune responses, we
measured H-2KYHA, ,, ».s tetramer™ CD8" T cells (Fig. 4A)
and H-2KY/HA,,,_».s-specific IFN-y-secreting cells (Fig. 4B)
in splenocytes from mice that had been immunized intranasally
with tHA alone, rHA plus CT, or rHA plus an IL-1 family
cytokine. The level of H-2KYHA,,4 545 tetramer” CD8" T
cells induced by rHA plus IL-1B was found to be similar to that
induced by rHA alone, but the level induced by rHA plus
IL-1a, IL-18, or IL-33 was significantly greater than that in-
duced by rHA alone (Fig. 4A). Furthermore, the level of func-
tionally active H-2KY/HA,,, ,.s-specific IFN-y-secreting cells
induced by rHA plus IL-1a, IL-18, or IL-33 was the same as or
greater than that in mice intranasally immunized with rHA
plus CT (Fig. 4B). Taken together, these results indicate that
the IL-1 family cytokines IL-1a, IL-18 and IL-33 induce high-
avidity CD8" CTLs. Therefore, intranasally administered IL-
la, IL-18, and IL-33 might be useful adjuvants for develop-
ment of an effective mucosal influenza vaccine.
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FIG. 4. Measurement of H-2KY/HA 4o »4s tetramer ™ CD8* T cells and H-2KY/HA,, ».g-specific IFN-y-secreting cells in the spleen after nasal
immunization with rHA plus an IL-1 family cytokine. BALB/c mice were immunized intranasally at 0 and 28 days with rHA alone, rHA plus CT,
or rHA plus an IL-1 family cytokine. Fourteen days after the final immunization, splenocytes from immunized mice were harvested and stimulated
with H-2K-restricted class I HA peptide at a final concentration of 10 g total peptide/ml. (A) For detection of H-2KY/HA, 4 45 tetramer™ CD8*
T cells, splenocytes from immunized mice were cultured in medium containing a CTL epitope peptide (HA,4y_»45; [YSTVASSL) plus 10 U human
IL-2/ml for 7 days, stained for CDS, and analyzed for tetramer-binding cells by flow cytometry. FI, fluorescence intensity. (B) After 24 h of
incubation, IFN-y-producing cells were measured by an ELISPOT assay. Data are presented as means = SEM (n = 5). *, P < 0.05 compared to

the value for the rHA-treated group.

Histopathological changes due to IL-1 family cytokines ad-
ministered intranasally as mucosal vaccine adjuvants. Al-
though enterotoxin-based adjuvants show strong mucosal im-
munity-inducing ability, they have significant toxic side effects
on the central nervous system due to the presence of a specific
receptor, GM1 ganglioside, which is highly expressed in neu-
ronal tissue (39). To evaluate the in vivo toxicity of IL-1 family
cytokines, histopathological changes in nasal tissues of mice
given 1 pg of IL-1 family cytokines were investigated. No
histological changes indicative of severe inflammation or mem-
brane barrier disruption were observed in the nasal cavities of
mice nasally administrated 1 pg of an IL-1 family cytokine
(Fig. 5A). In particular, there was no evidence of massive
accumulations of mononuclear cells around the airways and
blood vessels or of infiltrates in the nasal tissues for all mice
examined. Importantly, mice immunized intranasally with IL-1
family cytokines did not induce the goblet cell hyperplasia
observed in patients with asthma and chronic obstructive pul-
monary disease. Furthermore, Luna staining revealed that IL-1
family cytokine-treated mice did not develop infiltration of
Luna-stained eosinophils into the nasal septum (Fig. 5B).
Although further evaluation is required, these results indi-
cate that the toxicity of IL-1 family cytokines is likely to be
relatively low.

Antiviral immune response to influenza virus infection in
mice after nasal immunization with IL-1 family cytokines as
mucosal vaccine adjuvants. To determine the level of protec-
tion against viral infection provided by IL-1 family cytokines,
BALB/c mice were immunized intranasally with 1 pug PR§ HA
alone or with 1 pg of an IL-1 family cytokine on days 0 and 28.
The immunized mice were then challenged with 256 HAU of
mouse-adapted PR8 virus 14 days after the final immunization.
The survival and weight of the infected mice were observed
every other day (Fig. 6). All mice in the group receiving PBS
alone and 86% of the mice immunized with PR8 HA alone
died within 7 days of infection. In contrast, mice immunized
intranasally with PR8 HA plus an IL-1 family cytokine showed
a marked increase in survival (Fig. 6A). Notably, mice immu-
nized with PR8 HA plus IL-1B or IL-18 had 100% survival 14

days after challenge, though with a slight loss of body weight
(Fig. 6B). These results indicate that IL-1 family cytokines are
potent nasal vaccine adjuvants for providing protection against
viral infection.

Role of MCs in rHA-specific immune responses induced by
nasal immunization with rHA plus IL-1 family cytokines. MCs
are localized predominantly at the interface between the host
and the environment (i.e., skin and mucosal surfaces). Recent
reports have demonstrated the importance of IL-18-mediated
MC activation for host defense, including innate sensing of
pathogens (35) and recruitment of DCs and T lymphocytes to
sites of inflammation. These findings prompted us to investi-
gate whether MCs have a significant role in the immune re-
sponse induced by IL-1 family cytokines as mucosal vaccine
adjuvants. Hence, we examined MC-dependent rHA-specific
systemic IgG and mucosal sIgA Ab responses induced by IL-1
family cytokine adjuvants. For this study, we compared the
induction of specific Ab responses in MC-deficient (W/W") and
WT mice immunized intranasally with rHA plus an IL-1 family
cytokine (Fig. 7A and B). Both WT and W/ mice immunized
with rHA had only minimal rHA-specific IgG Ab responses.
However, rHA plus an IL-1 family cytokine induced significant
rHA-specific IgG Ab responses in WT mice. W/W" mice im-
munized with rHA plus IL-1«, IL-1B, or IL-33 also had signif-
icant rHA-specific IgG Ab responses (Fig. 7A), suggesting that
IL-1a, IL-1B, and IL-33 act in an MC-independent manner. In
contrast, the rHA-specific IgG Ab response induced in W/W”
mice by IL-18 was considerably lower than that in WT mice
(Fig. 7A). Similar results were found for mucosal sIgA Ab
responses: a significant response was seen with rHA plus IL-
la, IL-1B, or IL-33 in both WT and W/W" mice, and a de-
creased response was seen with rHA plus IL-18 in W/W" mice
compared to WT mice (Fig. 7B). We then compared IL-4,
IL-5, IL-2, and IFN-y production in WT and W/W” mice im-
munized with tHA plus IL-1 family cytokines (Fig. 7C). WT
mice immunized with rHA plus IL-1 family cytokines showed
significantly more rHA-specific IL-4, IL-5, IL-2, and IFN-y
production than did WT mice immunized with rHA alone. In
contrast, the responses induced by rHA plus IL-18 were sig-
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(B) HA plus IL-10,

TR

FIG. 5. Histopathological analysis of the nasal cavities of mice immunized intranasally with IL-1 family cytokines. Frontal cross sections of the nasal
cavities of mice were taken after two administrations of PBS, rHA alone, or rHA plus an IL-1 family cytokine. Sections were prepared and stained with
H&E (A) or Luna stain (B) to assess pathological changes. Overall views of the nasal epithelium (A) and of Luna-stained eosinophils in the nasal septum
(B) are shown.

nificantly reduced in W/W" mice. In addition, although rHA- W/W” mice. Collectively, these results indicate that MCs have
specific IL-2, IL-4, and IL-5 production in W/W" mice immu- a crucial role in the rHA-specific immune response induced by
nized with rHA plus IL-33 was comparable to that in WT mice, nasal immunization with tHA plus IL-18. In particular, MCs
the rHA-specific IFN-y response was significantly reduced in appear to have an important role in regulating rHA-specific
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FIG. 6. Protection of BALB/c mice against lethal influenza virus infection by IL-1 family cytokine adjuvants. BALB/c mice were immunized
intranasally at 0 and 28 days with rHA alone, rHA plus CT (1 pg/mouse), or tHA plus an IL-1 family cytokine (1 pg/mouse). Fourteen days after the
final immunization, mice were intranasally infected with 256 HAU of influenza virus A/PR/8/34. Mice were monitored for survival (A) and weight loss
(B) for 14 days after infection. The results are expressed as percent survival (A) and percent initial body weight (B). Data are presented as means = SEM
(n=4t07).
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FIG. 7. Role of MCs in induction of rHA-specific inmune responses by nasal immunization with rHA plus IL-1 family cytokines. WBB6F1
W/W” and WT mice were immunized intranasally at 0 and 28 days with rHA alone, rHA plus CT (1 pg/mouse), or rHA plus an IL-1 family cytokine
(1 wg/mouse). Plasma and fecal extracts were collected 14 days after the final immunization and analyzed by ELISA for rHA-specific IgG in plasma
(A) and rHA-specific sIgA in fecal extracts (B). (C) Also, 14 days after immunization, splenocytes from each group of WBB6F1 W/W" and WT
mice were cultured with 10 pg rHA/ml. Culture supernatants were harvested after a 3-day incubation, and rHA-specific cytokine production (IL-4,
IL-5, IL-2, and IFN-v) in the culture supernatants was analyzed using a Bio-Plex multiplex cytokine assay. Data are presented as means = SEM

(n = 5).

IFN-y-mediated Thl-type immunity in mice immunized with
rHA plus IL-33 as a mucosal vaccine adjuvant.

DISCUSSION

Of the 26 different IL cytokines studied here, intranasal
immunization with tHA plus an IL-1 family cytokine (IL-la,
IL-1B, IL-18, and IL-33) induced the highest levels of rHA-
specific systemic IgG. High levels of sIgA were also observed in
the mucosa of IL-1 family cytokine-treated mice. However,
IL-12 and IL-15 have been reported to promote systemic and
mucosal immunity to intramucosally coadministered protein

Ags (8, 45), although more frequent immunization was re-
quired to produce adjuvant activity. The apparent discrepancy
concerning the adjuvant activity of IL-12 and IL-15 in this
study and previous reports may be due to differences in immu-
nization regimens and vaccine doses.

For IL-1 family cytokines, we showed that intranasal admin-
istration of rHA plus IL-1a, IL-18, or IL-33 induced higher
levels of CD8" CTLs than intranasal administration of rHA
alone, whereas the level induced by rHA plus IL-1p was similar
to that induced by rHA alone. In agreement with these results,
IL-1B has been reported to have a pivotal role in development
of Th2-type immune responses (20). A previous report by
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Shibuya et al. (36) showed that IL-1a is necessary for optimal
Thl development and IFN-y secretion in BALB/c mice. In
addition, Karupiah et al. (46) showed that IL-18 and IL-12p40
regulate cellular immune responses through CD8" T-cell ac-
tivation. Thus, our data are in agreement with previous reports
that IL-1a and IL-18 play a pivotal role in inducing Thl-type
immune responses. Furthermore, there have been a few re-
ports on the potential of IL-33 to induce a Thl-type immune
response (37). In the present study, we showed that of the IL-1
family cytokines, IL-33 induced the highest levels of CTL and
IFN-y™ cells. We are currently investigating the mechanism of
IL-33 in Th1/CTL immunity.

We found that intranasal coadministration of influenza vac-
cine with IL-1 family cytokines provided protection against
influenza viral infection, with IL-13 and IL-18 providing com-
plete protection. It is known that nasal secretions containing
locally produced sIgA and serum-derived IgG Abs contribute
to forming a first line of defense for combating influenza viral
infections (42, 44). Therefore, the prophylactic effects of IL-1
family cytokines may be due mainly to Ab-mediated immunity
against influenza virus. Furthermore, previous studies have
pointed out the importance of influenza-specific CD8" CTLs
for host recovery from lethal influenza virus infections and
protection against further infection (7, 15). Although the
mechanism by which IL-18 provided complete protection
against influenza remains to be elucidated, high-avidity CD8™"
CTLs induced by IL-1a, IL-18, or IL-33 probably confer pro-
tection against influenza viral infection. Recently, a require-
ment for NK cells or NKT cells for control of influenza virus
infections was identified (10, 13). Since IL-18 is known to
regulate NK and NKT cell activity (4, 38), it is possible that
restimulation of these cells may have resulted in the reduction
in virus replication and morbidity observed after viral chal-
lenge. We are currently investigating the involvement of these
cell subsets in the induction of protection against influenza
virus by IL-18.

Unfortunately, potent adjuvant action is often correlated
with increased toxicity, as exemplified by CT adjuvant, which
although it is potent is too toxic for human use. Therefore, one
of the major challenges in adjuvant research is to gain potency
while minimizing toxicity (17). Intranasal administration of 1
pg of an IL-1 family cytokine for four consecutive days has
been shown to induce asthma-like symptoms, including airway
hyperresponsiveness and goblet cell hyperplasia in the lungs
(26). In contrast, in this study, we found that mice immunized
intranasally with IL-1 family cytokines did not exhibit acute
toxicity, i.e., there was no cytokine-induced mortality, no ob-
vious weight loss, no abnormal behavior, and no histopatho-
logical changes. In addition, use of 0.1 pg of an IL-1 family
cytokine as a nasal vaccine adjuvant was still effective at induc-
ing systemic IgG and nasal sIgA Ab responses. Thus, although
further safety evaluation is needed, our findings indicate a
broad therapeutic utility for IL-1 family cytokines when used as
adjuvants for mucosal vaccination.

To develop optimal vaccines for clinical applications, it is
important to understand their mechanism of action on the
immune system in terms of efficacy as well as safety (23). The
present study demonstrates that the enhanced mucosal vaccine
adjuvant effect of IL-18 operates via an MC-dependent mech-
anism. The rHA-specific immune response induced by intra-
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nasally administered rHA plus IL-18 in WT mice was signifi-
cantly reduced in W/W" mice. In addition, the level of the
rHA-specific IFN-y response in mice intranasally immunized
with THA plus IL-33 was minimal in W/W" mice. Although
studies are needed on the role of MCs in generation of Ag-
specific immunity, the studies reported here show that MCs
have a role in the effect of IL-18 as an adjuvant and in aug-
mentation of the CTL response induced by IL-33 as a nasal
vaccine adjuvant. MC activators (e.g., compound 48/80) have
been reported to stimulate protective immune responses
against infections (28, 32). In addition, these immune re-
sponses are correlated with DC trafficking and lymphocyte
recruitment to draining lymph nodes (DLN). Nakae et al. (30)
suggested that MC-derived tumor necrosis factor alpha
(TNF-«) is required for enhanced recruitment of lymphocytes
and DCs to DLN. MC-dependent induction of IL-18 mucosal
vaccine adjuvant activity may involve these types of processes.
In agreement with this possibility, the IL-18 receptor was
highly expressed on the surfaces of MCs but not in nasal
passage-associated lymphoid tissue CD11c" DCs, and IL-18
induced robust TNF-a and IL-6 production from MCs in a
concentration-dependent manner in vitro (unpublished data).
Although further studies are required, IL-18 appeared to ex-
hibit MC-dependent adjuvant activity that was not directly
regulated by DC functions, such as DC migration and DC
activation.

In summary, IL-1 family cytokines used as mucosal vaccine
adjuvants induced two layers of protective immunity when
administered intranasally with an influenza virus vaccine Ag,
indicating that they may be suitable for use in antiviral nasal
vaccines.
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