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Introduction

Summary

Listeriolysin O (LLO) derived from Listeria monocytogenes is highly capable
of inducing interleukin (IL)-12, IL-18 and interferon (IFN)-Y, and facilitates
the generation of Thl cells. We have recently shown that recombinant
LLO (rLLO) inhibits generation of ovalbumin (OVA)-specific Th2 immune
response by skewing maturation of antigen-specific T cells into Th1 cells. In
the present study, we investigated the effect of rLLO on the effector phase of
Th2-dependent allergic rhinitis in BALB/c mice sensitized with OVA. In mice
sensitized intraperitoneally and challenged intranasally with OVA, nasal aller-
gic symptoms such as sneezing and nose-scratching were observed at a high
frequency. A high titre of anti-OVA IgE antibody was detected in sera and a
large number of eosinophils migrated into the nasal tissue. However, rLLO
treatment during the intranasal challenge inhibited the allergic symptoms,
production of anti-OVA IgE antibody and eosinophil infiltration. Though
rLLO did not affect antigen-specific cytokine production from splenic CD4* T
cells, rLLO significantly suppressed OVA-specific IL-4 and IL-5 production
from nasal mononuclear cells. We further found that rLLO inhibited the
recruitment of CD4* T cells in nasal mucosa, and diminished the transcrip-
tion and cell surface expression of CCR4 on splenic CD4* T cells. Moreover,
rLLO was able to inhibit the passive cutaneous anaphylaxis reaction mediated
by anaphylactic antibodies (IgE and IgG,) and mast cells. Taken together,
these data showed that rLLO suppresses the effector phase of allergic rhinitis
by inhibition of Th2 cell recruitment to nasal mucosa and type I allergic
reaction.

Keywords: allergic rhinitis, CCR4, listeriolysin O, nasal mucosa, passive cuta-
neous anaphylaxis reaction

Y [5-7]. Furthermore, we have shown that IFN-y is mainly
produced by natural killer (NK) cells, which are activated by

Listeria monocytogenes is a gram-positive, facultative intrac-
ellular bacterium and the major virulence genes (plcA, hly,
mpl, actA and plcB) of L. monocytogenes have been identified
[1,2]. Among the virulence gene products, listeriolysin O
(LLO), a 58-kD protein encoded by hly, is a member of a
large family of cholesterol-dependent cytolysins and contrib-
utes to intracellular multiplication by disruption of the pha-
gosomal membrane resulting in bacterial escape into the
cytosol [3,4]. In addition to the membrane-lytic activity, we
have found that LLO is highly capable of inducing various
inflammatory cytokines, including interleukin (IL)-1, IL-6,
tumour necrosis factor-o, IL-12, IL-18 and interferon (IFN)-

both IL-12 and IL-18 produced from macrophages in
response to LLO [6,8]. Since LLO was recently reported to be
a ligand of Toll-like receptor 4 (TLR4) [9], the proinflam-
matory cytokine-inducing property of LLO is thought to be
a consequence of the activation of the TLR4 signal pathway.
Due to such a high Thl cytokine-inducing activity of LLO,
the protective immunity to L. monocytogenes was induced
when mice were immunized with killed or avirulent L.
monocytogenes together with LLO, whereas the protection
was not generated in mice immunized with killed or aviru-
lent L. monocytogenes alone [10,11]. These results indicate
that LLO serves as a strong Th1 adjuvant.
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Allergic rhinitis including pollinosis is a typical Th2
immune disorder characterized by a high level of antigen-
specific IgE production and eosinophil infiltration in a nasal
tissue [12]. Approximately 15 to 20% of the population were
estimated to suffer from allergic rhinitis [13]. Because the
enhanced IgE production and inflammatory response in
rhinitis are due to the predominant production of Th2
cytokines such as IL-4, IL-5 and IL-13, the allergic symptoms
can be alleviated by inhibition of Th2 cytokine responses.
Based on the idea of counterbalance between Th1l and Th2
cells [14], several adjuvants that preferentially induce Thl
response have been tested for their inhibitory activity to
allergic response. There are many reports to show that Thl
adjuvants inhibited allergic response when they were admin-
istered during sensitization [15,16]. In addition, administra-
tion of CpG-oligodeoxynucleotides at the effector phase is
reported to have exerted a suppressive effect as well [17].
These results suggest that some Thl adjuvants may exert a
therapeutic effect on Th2-dependent allergic disorders even
if given at the effector phase. In those patients whose allergic
state has been established, alleviation at the effector phase is
of significant clinical importance.

We have recently shown that recombinant LLO (rLLO) is
able to suppress allergic responses by the inhibition of the
generation of antigen-specific Th2 cells when rLLO was
administered during sensitization [8]. Thus, in the present
study, we investigated whether rLLO is able to suppress the
OVA-induced allergic rhinitis at the effector phase.

Materials and methods

Mice

Female BALB/c mice (Japan SLC, Shizuoka, Japan) raised
and maintained under specific-pathogen-free conditions,
were used at 7-8 weeks of age. All the experimental proce-
dures performed on mice were approved by the Animal Eth-
ics and Research Committee of Kyoto University Graduate
School of Medicine.

Construction and purification of recombinant LLO

We have prepared rLLO as described previously [7]. The
level of LPS was measured by a Limlus colour KY test (Wako
Pure Chemical industries, Osaka, Japan), and was confirmed
to be less than 50 pg of LPS per mg of protein. Since the puri-
fied rLLO exerted a high level of cytotoxic activity to mam-
malian cells, we incubated rLLO in PBS (pH 8:0) for 2 h at
37 °C to inhibit the membrane-lytic activity [8,18]. Pre-
treated rLLO did not exhibit any haemolytic activity to sheep
erythrocytes at the concentration (250 ug/ml) used for in
vivo experiments [7]. The non-membrane-lytic rLLO was
used for the experiments after confirming the presence of
cytokine-inducing activity in vitro using murine spleen cells

(8].

Sensitization and challenge of mice with OVA

Mice were sensitized intraperitoneally with 10 ug of OVA
(Nacalai Tesque, Kyoto, Japan) adsorbed onto 2 mg of alum
(Pierce Chemical Company, Rockford, IL, USA) (OVA in
alum) on day 1 and day 8. Non-immunized control mice
received alum alone on the same schedule. Allergic rhinitis
was induced by intranasal daily administration of 10 pul of
PBS containing 100 pug of OVA from day 15 to day 21. To
investigate the effect of rLLO on the effector phase of rhinitis,
a group of mice were injected intraperitoneally with 100 ug
of rLLO (250 ug/ml) on days 15, 18 and 20. A group of OVA-
sensitized mice without rLLO administration were injected
intraperitoneally with PBS. Non-immunized control mice
were administered intranasally with OVA and intraperito-
neally with PBS on the same schedule.

Observation of nasal allergic symptoms

The severity of allergic rhinitis was determined by measuring
the frequency of sneezing and nose-scratching for 10 min
after the last intranasal challenge with OVA as described pre-
viously [8,19]. In order to eliminate any biased measure-
ment, mice in non-labelled cages were subjected to a single-
blind observation by examiners without identifying the
experimental group.

Detection of anti-OVA IgE antibody

One day after the last intranasal challenge, sera were col-
lected. The titre of anti-OVA IgE antibody was determined
by ELISA as described previously [13,20] and defined as the
reciprocal of the highest serum dilution that gave a two-fold
higher OD value at 450 nm than that of control group.

Histological examination

The nasal tissues were removed one day after the last
intranasal challenge and fixed in 10% neutral formalin and
decalcified. Coronal nasal sections were stained with haema-
toxylin and eosin, and the total number of eosinophils at the
submucosal region of nasal septum was counted under a
microscope with 10X 40 magnification as described
previously [8,12].

Cytokine production after stimulation with OVA in vitro

One day after the last intranasal challenge, splenic CD4* T
cells were enriched by using anti-CD4 Microbeads and the
MACS system (Miltenyi Biotec, Gladbach, Germany) and
suspended at 5 10° cells/ml in the presence of peritoneal
adherent cells (5 x 10* cells/ml) as antigen-presenting cells in
RPMI 1640 (Gibco-BRL, Gaithersburg, MD, USA) supple-
mented with 10% heat-inactivated FBS (Gibco-BRL), 50 ng/
ml gentamicin (Wako Chemicals USA, Richmond, VA, USA)
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and 5 X 10~ M 2-mercaptoethanol (Nacalai Tesque). Then,
the nasal cells were released from nasal tissues by treatment
with collagenase (Liberase Blendzyme 3; Roche Diagnostics,
Indianapolis, IN, USA), and mononuclear cells were sepa-
rated using a stepwise Percoll gradient as described by
Asanuma et al. [21]. The resultant nasal mononuclear cells
were suspended at 2 X 10° cells/ml in culture medium. Cells
were stimulated with 100 pug/ml of OVA for 72 h at 37 °C in
5% CO,. In some experiments, spleen cells were collected
from OVA-sensitized mice on day 15, and stimulated with
100 pg/ml of OVA alone or OVA plus 10 pg/ml of rLLO for
72 h. The level of IL-4 and IL-5 in the culture supernatant
was determined by using OptEIA mouse ELISA set specific
for IL-4 and IL-5 (BD Biosciences Pharmingen, San Diego,
CA, USA). The level of IFN-y production was determined by
ELISA as described previously [6,7].

Detection of IL-5- or IFN-Y-producing cells by
ELISPOT assay

One day after the last intranasal challenge, spleen cells were
stimulated at 5x 10° cells/ml with 100 pg/ml of OVA for
48 h. Cells were collected and antigen-specific IL-5- or IFN-
y-producing cells were enumerated by ELISPOT assay, as
described previously [8].

Detection of CD4* T cells in nasal mucosa by flow
cytometric analysis

One day after the last intranasal challenge, cells in the nasal
mucosa were isolated and stained with PE-Cy5-conjugated
rat anti-mouse CD4 monoclonal antibody (Pharmingen).
The population of CD4" T cells was analysed using a FACS-
Calibur (BD Biosciences). Data were expressed as the per-
centage of positive cells in the nasal mononuclear cells and
the total number of CD4" T cells per nasal mucosa was also
indicated.

Expression of TARC and MDC in nasal mucosa

One day after the last intranasal challenge, cells were col-
lected from nasal tissues after collagenase treatment. Total
RNA was extracted from the cells (1x10° cells) with
NucleoSpin RNA II (Macherey Nagel, Duren, Germany) and
cDNA was reverse transcribed using a random primer (Invit-
rogen, Carlsbad, CA, USA) as described previously [6]. PCR
was performed by using KOD-plus DNA polymerase (TOY-
OBO, Osaka, Japan). The primers used in the present study
are as follows [6,22,23]: 5-CCTGGCTGCTCTGCTTCT
GGGGAC-3" and 5’-GGCATCCCTGGAACACTCCACTG-3’
for TARC, 5'-GCCCTCTGGTCATTAGACACCTG-3" and 5’-
TCGTTGGCAAGGCTCTTGCTG-3" for MDC and 5-TG
GAATCCTGTGGCATCCATGAAAC-3" and 5’-TAAAACGC
AGCTCAGTAACAGTCCG-3’ for B-actin. Each PCR prod-
uct (5ul) was electrophoresed on a 2% agarose gel and
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stained with ethidium bromide. The band of the PCR
product was visualized on a UV transilluminator. The den-
sity of each band was compared using National Institutes of
Health (NIH) image 1-63 software after normalization on
the basis of the density of B-actin band. Data were expressed
as a fold increase upon the intensity of corresponding PCR
product of control group, which was arbitrarily assigned as
1-0.

CCR4 expression on splenic CD4* T cells

To investigate the effect of in vivo administration of rLLO on
CCR4 expression on CD4" T cells, spleen cells were collected
one day after the last intranasal challenge. Splenic CD4" T
cells were enriched by using anti-CD4 Microbeads and
MACS system, and the transcriptional level of CCR4 was
determined by RT-PCR using the following primer set: 5’
ATCGTGCACGCGGTATTCTCC-3" and 5-GACGGGGTT
AAGGCAGCAGTGA-3" for CCR4 [24]. We also determined
the level of surface expression of CCR4 on CD4" T cells.
Spleen cells were stained with PE-Cy5-conjugated rat anti-
mouse CD4 monoclonal antibody (Pharmingen) and rabbit
anti-mouse CCR4 polyclonal antibody (Zymed Laborato-
ries, South San Francisco, CA, USA), followed by FITC-con-
jugated goat anti-rabbit IgG (Zymed Laboratories). The level
of surface expression of CCR4 on CD4" T cells was analysed
using a FACSCalibur. Data were expressed as the percentage
of CCR4" cells in CD4" T cells and mean fluorescence inten-
sity (MFI) of CCR4" cells was also indicated.

To investigate the effect of rLLO on CCR4 expression
on CD4" T cells in vitro, spleen cells were collected from
OVA-sensitized mice on day 15 and stimulated for 72h
with 100 pg/ml of OVA alone or OVA plus 10 pug/ml of
rLLO in the absence or presence of 2 ug/ml of goat anti-
mouse IL-12p70 antibody (Genzyme/Teche, Minneapolis,
MN, USA) or control antibody (normal goat 1gG; Gen-
zyme/Teche). Cells were collected for analysis of the level
of transcription and surface expression of CCR4 on CD4"
T cells.

Passive cutaneous anaphylaxis (PCA) reaction at auricle

Mice were anaesthetized lightly with ether and injected
intradermally into the auricle with 20 pl of appropriately
diluted sera containing anti-OVA anaphylactic antibodies
(IgE and IgG,), which were obtained from mice immu-
nized with OVA in alum. Twenty-four hours later, 250 ul
of 0-25% Evans blue (Nacalai Tesque) in PBS containing
OVA (1 mg/ml) was injected intravenously. To test the
effect of rLLO on the PCA reaction, mice were injected
intraperitoneally with 100 pug of rLLO 30 min before injec-
tion of the Evans blue solution. Auricles were collected
30 min after injection of the Evans blue solution and the
amount of dye in the auricle was measured as described
previously [25].
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Statistical analysis

Mann—Whitney’s U-test and Student’s ¢-test were used to
determine the statistical significance of the values obtained.
P < 0-05 was considered statistically significant.

Results

Administration of rLLO at effector phase of rhinitis
inhibits the allergic responses

We have recently shown that rLLO is capable of inhibiting
generation of OVA-specific Th2 immune response by skew-
ing maturation of antigen-specific T cells into Th1 cells [8].
The result prompted us to examine whether Th2-dependent
allergic responses are suppressed when rLLO is administered
at the effector phase. To test the possibility, we examined the
effect of rLLO on a murine model of rhinitis induced by
OVA. Upon intranasal challenge with OVA, nasal allergic
symptoms such as sneezing and nose-scratching were
observed at a high frequency in OVA-sensitized mice (OVA/
OVA) but not in non-sensitized and OVA-challenged control
mice (PBS/OVA) (Fig. 1a). In addition, both anti-OVA IgE
titre in sera and eosinophil infiltration in nasal mucosa were
increased in OVA/OVA mice (Fig. 1b,c), indicating that a
typical allergic rhinitis was induced. On the other hand, the
allergic symptoms were considerably alleviated in OVA-
sensitized mice that were given rLLO during the intranasal
challenge with OVA (OVA/OVA + rLLO) (Fig. 1a). Anti-OVA
IgE titre in sera and eosinophil infiltration in nasal mucosa
were significantly reduced (Fig. 1b,c). These results indicated
that rLLO was capable of suppressing the effector phase of
allergic rhinitis in OVA-sensitized mice.

Administration of rLLO at effector phase of
rhinitis does not affect development of
antigen-specific CD4" T cells

To elucidate the mechanism by which rLLO suppressed the
effector phase of allergic rhinitis in sensitized mice, we exam-
ined whether rLLO influences the generation of OVA-
specific Th2 cells in spleen. One day after the last intranasal
challenge with OVA, splenic CD4" T cells were stimulated
with the antigen and the production of IL-4, IL-5 and IFN-y
was measured. A high level of IL-4 and IL-5 production
was observed in splenic CD4" T cells of OVA/OVA mice
(Fig. 2a,b), and IFN-y production was also detected
(Fig. 2¢). A similar level of production of these cytokines was
detected in splenic CD4" T cells of OVA/OVA + rLLO mice
(Fig. 2a—c). ELISPOT assays revealed that the number of
IL-5- or IFN-y-producing cells in the spleens of OVA/OVA
mice was comparable to those of OVA/OVA +rLLO mice
(Fig. 2d). These results indicated that rLLO administered at
the effector phase did not affect the development of OVA-
specific CD4" T cells in spleen.
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Fig. 1. The effect of rLLO administration on allergic rhinitis. BALB/c
mice were sensitized and challenged with OVA, with or without rLLO.
(a) The frequency of sneezing and nose-scratching was counted for
10 min after the last intranasal challenge (n =5 or 6 mice for each
group). (b) The titre of anti-OVA IgE in sera was determined by ELISA
(n=5 or 6 mice for each group). (c) The number of eosinophils infil-
trating into the nasal septum was counted under a microscope with
10 % 40 magnification (n=>5 or 6 mice for each group). Data are the
mean * SD, and representative of two independent experiments. n.d.,
not detected. *P < 0-05 by Mann—Whitney’s U-test, compared to
OVA/OVA.

Administration of rLLO inhibits antigen-specific Th2
cytokine production from nasal mononuclear cells

Since administration of rLLO did not affect the development
of OVA-specific Thl or Th2 cells in spleen, we next investi-
gated cytokine production from cells of the nasal mucosa.
One day after the last intranasal challenge, the nasal tissues
were treated with collagenase and the average number
(x 10°+ SD) of cells per nasal mucosa was 1-89+0-11 in
PBS/OVA mice, 4-26 + 0-24 in OVA/OVA mice and 2-1 + 0-30
in OVA/OVA + rLLO mice. Then, nasal mononuclear cells
were separated and stimulated with OVA and the production
of IL-4, IL-5 and IFN-y was measured. A high level of IL-4
and IL-5 production was detected in cells of OVA/OVA mice
(Fig. 3a,b). However, administration of rLLO significantly
reduced the production of these Th2 cytokines (Fig. 3a,b).
On the other hand, we detected the control level of IFN-y
production from cells of both OVA/OVA mice and OVA/
OVA + rLLO mice (Fig. 3¢c). Production of IL-4, IL-5 and
IFN-y was not detected in cells of control mice (PBS/OVA).
In addition, we found that though the percentage and the
number of CD4" T cells increased significantly in the nasal
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Fig. 2. The effect of rLLO administration on OVA-specific cytokine production in spleen. BALB/c mice were sensitized and challenged with OVA, with
or without rLLO. Splenic CD4" T cells were stimulated with OVA for 72 h. The level of (a) IL-4, (b) IL-5 and (c) IFN-vy in culture supernatants was

determined by ELISA. (d) Spleen cells were stimulated with OVA for 48 h. Cells were collected and IL-5- and IFN-y-producing cells were enumerated
by ELISPOT assay. Data are the mean * SD, and representative of two independent experiments. n.d., not detected.
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Fig. 3. The effect of rLLO administration on OVA-specific cytokine production and the number of CD4" T cells in nasal mucosa. BALB/c mice were
sensitized and challenged with OVA, with or without rLLO. Nasal mononuclear cells were stimulated with OVA for 72 h. The level of (a) IL-4, (b) IL-
5 and (c) IFN-y in culture supernatants was determined by ELISA. (d,e) Cells obtained from nasal mucosa were counted and stained with PE-Cy5-
conjugated anti-mouse CD4 monoclonal antibody. Flow cytometric analysis was performed. Data are expressed as (d) the percentage of positive cells
in nasal mononuclear cells and (e) the total number of CD4" T cells per nasal mucosa was also indicated. Data are the mean * SD, and representative
of two independent experiments. n.d., not detected. *P < 0-05 by Student’s #-test, compared to OVA/OVA.
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mucosa of OVA/OVA mice, they did not increase in OVA/
OVA 4+ rLLO mice (Fig.3d,e). These results suggest that
rLLO inhibits the recruitment of CD4" T cells to nasal
mucosa, resulting in the suppression of Th2 immune
responses and allergic symptoms.

Administration of rLLO down-regulates CCR4
expression on CD4* T cells

It has been shown that CCR4 is a chemokine receptor that is
exclusively expressed on Th2 cells and responds to CCL17
(TARC: thymus and activation-regulated chemokine) and
CCL22 (MDC: macrophage-derived chemokine) that are
produced at the site of allergic inflammation [24,26,27].
Since our results suggest that rLLO modulates the recruit-
ment of Th2 cells to nasal mucosa, we extracted total RNA
one day after the last intranasal challenge and analysed the
transcriptional level of TARC and MDC in nasal mucosa and
CCR4 transcription in splenic CD4" T cells of OVA/OVA
mice and OVA/OVA + rLLO mice. The transcription of these
chemokines was increased in both experimental groups of
mice and there was no significant difference in the transcrip-
tional level (Fig. 4a). However, the administration of rLLO
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Fig. 4. The effect of rLLO administration on the expression of TARC,
MDC and CCR4. BALB/c mice were sensitized and challenged with
OVA, with or without rLLO. (a) The nasal cells were collected and the
transcriptional level of TARC and MDC was examined by RT-PCR. (b)
The transcriptional level of CCR4 in splenic CD4"* T cells was examined
by RT-PCR. The number in parentheses represents a fold increase, which
was determined by densitometric analysis as described in Materials and
methods. (¢, d) The level of surface expression of CCR4 on splenic
CD4* T cells was examined by flow cytometric analysis and data were
expressed as (c) the percentage of CCR4" cells in CD4" T cells and (d)
mean fluorescence intensity (MFI) of CCR4" cells was also indicated.
Data are expressed as the mean £ SD and are representative of two
independent experiments. *P < 0-05 by Student’s ¢-test, compared to
OVA/OVA.

might have reduced the production of these chemokines,
since a reduction of the cells infiltrating into the nasal
mucosa was noted. On the other hand, we detected enhanced
transcription of CCR4 in CD4" T cells of OVA/OVA mice
(Fig. 4b) but the transcriptional level was profoundly sup-
pressed in CD4" T cells of OVA/OVA + rLLO mice (Fig. 4b).
In addition, the percentage of CCR4" cells in CD4" T cells
was markedly increased in the spleen of OVA/OVA mice, but
was significantly reduced by rLLO administration (Fig. 4¢).
We also observed that the cell surface intensity of CCR4 was
decreased in OVA/OVA + rLLO mice as compared to OVA/
OVA mice (Fig. 4d). These results suggested that administra-
tion of r(LLO down-regulated the expression of CCR4 on Th2
cells in vivo, resulting in an inhibition of Th2 cell recruit-
ment to nasal mucosa. Moreover, rLLO administration
decreased the expression level of CRTH2 (chemoattractant
receptor-homologous molecule expressed on Th2 cells),
another Th2-type chemoattractant receptor for PGD, [28]
(data not shown).

Recombinant LLO down-regulates CCR4 expression via
induction of IL-12 production

In order to elucidate the mechanism by which rLLO admin-
istration down-regulates the expression of CCR4 in vivo, we
stimulated spleen cells from OVA-sensitized mice in vitro,
with OVA alone or OVA plus rLLO, and determined the tran-
scriptional level of CCR4 in CD4" T cells. Consistent with the
in vivo result, RT-PCR analysis revealed that stimulation
with OVA induced the transcription of CCR4 but rLLO
inhibited the transcription (Fig.5a). It has been reported
that IL-12 has the ability to down-regulate the expression of
Th2-type chemoattractant receptors [29-31] and LLO is able
to induce the production of IL-12 [6,8]. Based on these find-
ings, we speculated that rLLO might inhibit the transcription
of CCR4 via induction of IL-12 production. To test this pos-
sibility, we added anti-IL-12 antibody to investigate its effect
on CCR4 transcription. As expected, the antibody almost
restored the transcriptional level that existed prior to reduc-
tion by rLLO, while control antibody did not (Fig.5a).
Moreover, flow cytometric analysis indicated that the per-
centage of CCR4" cells in CD4" T cells was dramatically
increased after stimulation with OVA, but was significantly
inhibited by rLLO (Fig. 5b). Recombinant LLO also reduced
the cell surface intensity of CCR4 (Fig. 5¢). The inhibitory
effect of rLLO was cancelled by anti-IL-12 antibody
(Fig. 5b,c). These results indicate that rLLO down-regulates
the expression of CCR4 via the induction of endogenous IL-
12 production. We also observed a high level of IL-4 and IL-
5 production in spleen cells from OVA-sensitized mice on
stimulation with OVA in vitro (Fig. 5d). However, rLLO sup-
pressed the production of Th2 cytokines and increased the
production of IFN-y (Fig.5d). Moreover, we found that
rLLO did not affect the production of these cytokines from
the resultant CD4" T cells after re-stimulation with OVA
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Fig.5. In vitro effect of r(LLO on CCR4 expression and OVA-specific cytokine production. Spleen cells from OVA-sensitized mice were stimulated with
OVA alone or OVA plus rLLO in the absence or presence of anti-IL-12 antibody or control antibody for 72 h. (a) The transcriptional level of CCR4
in splenic CD4" T cells was examined by RT-PCR. The number in parentheses represents a fold increase, which was determined by densitometric
analysis as described in Materials and methods. (b,c) The level of surface expression of CCR4 on splenic CD4" T cells was examined by flow cytometric
analysis and data were expressed as (b) the percentage of CCR4" cells in CD4" T cells and (c) mean fluorescence intensity (MFI) of CCR4" cells was
also indicated. (d) The level of IL-4, IL-5 and IFEN-7 in the culture supernatants was determined by ELISA. Data are expressed as the mean + SD and
are representative of three independent experiments. n.d., not detected. *P < 0-05 by Student’s t-test, compared to OVA/(OVA).

alone (data not shown). These results suggest that rLLO is
able to inhibit the production of IL-4 and IL-5 from Th2 cells
without affecting the development of CD4" T cells in vitro as
well as rLLO administration in vivo. Taken together, it
appears that rLLO is capable of modulating several functions
of Th2 cells such as CCR4 expression and the production of
Th2 cytokines.

Recombinant LLO inhibits PCA reaction

In the present study, we showed that nasal allergic symptoms
were remarkably alleviated in mice injected three times with
rLLO. However, a similar alleviation was observed in mice
given a single injection of rLLO before the last intranasal
challenge (data not shown). The result raised a possibility
that rLLO was capable of directly inhibiting type I allergic
reaction. To test this possibility, we determined the effect of
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rLLO on the PCA reaction. The sera containing OVA-specific
anaphylactic antibodies were injected into the auricle of
naive mice, and the magnitude of the PCA reaction was mea-
sured 30 min after injection of the Evans blue solution con-
taining OVA. We observed a massive extravasation of dye at
the auricle (Fig. 6). However, rLLO treatment inhibited the
response dramatically (Fig.6). In addition, although the
inhibitory effect on the PCA reaction was induced when
rLLO was administered 30 min before injection of Evans
blue solution, such an effect was not detected when it was
administered 3 h before the injection. Based on these find-
ings, it seems that the inhibitory property of rLLO to type I
allergic reaction may be involved in inhibition of the effector
phase of allergic rhinitis, independent of IL-12 production
and inhibition of Th2 cell recruitment. The precise mecha-
nism of the effect of rLLO on PCA reaction is to be deter-
mined in a future study.
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Fig. 6. The effect of rLLO on the PCA reaction at auricle. Twenty micro-
liter of sera pooled from mice immunized with OVA in alum was
injected intradermally into the auricle. Twenty-four hours later, 250 ul
of Evans blue solution containing OVA was injected intravenously. To
test the effect of rLLO on the PCA reaction, mice were injected intrap-
eritoneally with 100 pg of rLLO 30 min before injection of the Evans
blue solution. The magnitude of the PCA reaction was determined by
measurement of the amount of dye in the auricle as described in Mate-
rials and methods (7 = 3 mice for each group). Data are the mean * SD,
and are representative of three independent experiments. *P < 0-05 by
Student’s t-test, compared to none (no treatment).

Discussion

Allergic rhinitis is an immune disorder characterized by a
high level of antigen-specific IgE production and eosinophil
infiltration in a nasal tissue, and is caused by the predomi-
nant production of Th2 cytokines such as IL-4, IL-5 and IL-
13 [12,14]. Because LLO is able to serve as a Th1 adjuvant by
induction of IL-12 and IFN-v, which interfere with the activ-
ity of Th2 cytokines [6,10,11], and suppress allergic response
when rLLO is administered during sensitization [8], in the
present study, we tested whether rLLO exerts its inhibitory
effect on the effector phase of allergic rhinitis. The results
clearly showed that rLLO remarkably suppressed nasal aller-
gic symptoms induced upon intranasal challenge with OVA.
The level of anti-OVA IgE titre in sera and eosinophil infil-
tration in nasal mucosa were decreased by administration of
rLLO. We further found that administration of rLLO sup-
pressed antigen-specific Th2 cytokine production from nasal
mononuclear cells of OVA/OVA mice and decreased the
number of CD4" T cells in nasal mucosa. The inhibitory
action of rLLO appears to be attributed to inhibition of Th2
cell recruitment to the site of allergic responses.

CD4" T cells are divided into two subsets based on their
profiles of cytokine production [32]. In the last decade, some
surface molecules including chemokine receptors have been
reported to be preferentially expressed on Thl or Th2 cells
[33]. CXCR3 and CCRS5 are expressed on Thl cells, while
CCR3, CCR4 and CCR8 are expressed on Th2 cells
[24,26,27,33]. Among these chemokine receptors, CCR4
appears to act as a predominant receptor for the recruitment
of Th2 cells when antigen was administered repeatedly in a
murine model of allergic inflammation [24]. Our results

clearly indicate that administration of rLLO decreased the
transcription and cell surface expression of CCR4 on splenic
CD4" T cells. It is probable that down-regulation of the
receptor by rLLO modulates Th2 cell recruitment to nasal
mucosa and is one of mechanisms by which rLLO suppresses
allergic responses at the local sites.

In the present study, we showed that rLLO is capable of
suppressing the production of Th2 cytokines in vitro
(Fig. 5d). We believe that administration of rLLO at the
effector phase of allergic rhinitis might suppress the produc-
tion of Th2 cytokines in vivo as well. This may be one of the
reasons why administration of rLLO suppressed the produc-
tion of anti-OVA IgE antibody without affecting the devel-
opment of CD4" T cells in spleen, since IL-4 and IL-13 are
the only cytokines known to induce Ig class switching to IgE
[34].

IL-4 is known to serve not only as a mast cell growth factor
but also as the major mast cell chemoattractant [35,36].
Therefore, it is possible that the decrease of Th2 responses in
nasal mucosa modulated the mast cell (IgE)-mediated nasal
symptoms, in concert with the decreased production of anti-
OVA IgE antibody.

It has been shown that eosinophil recruitment to the site
of allergic inflammation involves Th2 cytokines, chemokines
(RANTES, eotaxin) and other molecules, and the eotaxin/
CCR3 signalling pathway is a fundamental regulator of aller-
gen-induced eosinophilia [37]. As IL-4 and IL-5 are known
to cooperate with eotaxin in eosinophil recruitment [37], it
is possible that the decreased local production of these Th2
cytokines inhibited eosinophil infiltration in nasal mucosa.

It was reported that IL-12 has the ability to down-regulate
the expression level of Th2-type chemoattractant receptors
in vitro [29-31]. We also found that the down-regulation of
CCR4 expression by rLLO was cancelled by anti-IL-12 anti-
body in in vitro experiments. It is likely that administration
of rLLO decreased in vivo expression of CCR4 via induction
of IL-12 production, since LLO, one of the TLR4 ligands is
capable of inducing IL-12 from APCs [6]. On the other hand,
it was reported that LPS, a representative TLR4 ligand sup-
pressed allergic responses, including the PCA reaction, via
induction of nitric oxide synthase 2 (NOS2) and this inhib-
itory effect was independent of IL-12 because suppression of
allergic rhinitis by LPS was detected in IL-127" mice [38].
This finding raises the alternative possibility that rLLO may
be able to suppress allergic responses independent of IL-12.
Actually, we found that rLLO was capable of inhibiting the
PCA reaction. The inhibitory effect was observed when rLLO
was administered 30 min before injection of the Evans blue
solution but not 3 h before the injection. In addition, our
preliminary data showed that rLLO is also capable of inhib-
iting histamine-induced skin reaction, suggesting that rLLO
directly or indirectly inhibits the histamine/H]1 receptor sig-
nalling, and affects vascular endothelial cells to cause a
decrease in vascular permeability. In the case of rhinitis
induced by OVA, we found that the allergic symptoms were
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alleviated by a single injection of rLLO before the last intra-
nasal challenge. These results suggest that rLLO has an addi-
tional alternative ability to inhibit the allergic responses
independently of the inhibition of Th2 cell recruitment. The
precise inhibitory mechanism of rLLO on the PCA reaction
is currently under investigation.

In summary, we demonstrated that rLLO was capable of
inhibiting Th2 cell response at the effector phase of allergic
rhinitis in OVA-sensitized mice, and the inhibitory mecha-
nism was possibly attributed to suppression of Th2 cell
recruitment to the nasal mucosa and type I allergic reaction.
We believe that the further study from such a viewpoint may
provide important informations into the therapy against
allergic disorders such as allergic rhinitis, bronchial asthma
and atopic dermatitis.
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