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IL-15 prevents allergic rhinitis through
reactivation of antigen-specific CD8™ cells

Noriaki Aoi, MD,** Tokuko Masuda, BS,? Daisuke Murakami, MD,? Toshiki
Yajima, MD, PhD,? Hiroyuki Mizubuchi, MS,? Hisakata Yamada, MD, PhD,?
Hideyuki Kawauchi, MD, PhD,? and Yasunobu Yoshikai, MD, PhD?

Fukuoka and Izumo, Japan

Background: Allergic rhinitis is one of the most common
allergic inflammatory diseases characterized by a predominant
Ty2 response with antigen-specific IgE synthesis. IL-15 plays
important roles in activation and maintenance of memory
CDS™T cells capable of producing IFN-y, which regulates
Tx2 responses.

Objective: To investigate the roles of endogenous IL-15 in
allergic inflammation, we examined allergic rhinitis in IL-15
knockout (KO) mice sensitized with ovalbumin followed by
intranasal rechallenge with ovalbumin.

Methods: IL-15KO mice were sensitized intraperitoneally
with ovalbumin/complete Freund’s adjuvant on day 0 and
ovalbumin/IFA on day 7, and then were intranasally challenged
with ovalbumin on days 21, 22, 23, 24, and 25. Nasal symptoms
and histologic changes were examined. IgE production and Ty2
responses were measured by ELISA. Purified CD8™ T cells or
recombinant IL-15 were administered into ovalbumin-
sensitized mice.

Results: The levels of IgE production and Ty2 responses in
IL-15KO mice were comparable to those in control mice after
ovalbumin sensitization. However, sneezing, infiltration of
eosinophils into the nasal mucosa, and T2 cytokine production
were aggravated in ovalbumin-sensitized IL-15KO mice after
intranasal challenge with ovalbumin. Adoptive transfer of CD8™*
T cells from ovalbumin-sensitized mice suppressed the T2
responses in mice but not in IL-15KO mice. Administration

of IL-15 with ovalbumin significantly prevented the development
of allergic rhinitis in ovalbumin-sensitized mice.

Conclusion: We demonstrate with IL-15KO mice that
endogenous IL-15 plays an important role in suppression of
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allergic rhinitis at effector phase. Intranasal administration of
IL-15 is useful as a therapeutic approach to control allergic
rhinitis.

Clinical implications: Intranasal administration of
recombinant IL-15 might become new immunotherapy for
allergic rhinitis. (J Allergy Clin Inmuno] ENEE;EEN:ENN-EEN,)
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Allergic rhinitis is one of the most common allergic
inflammatory diseases, affecting between 10% to 25% of
the world’s population, and its prevalence has increased
over the last decade." Allergic rhinitis is characterized by a
predominant Ty?2 response, antigen-specific IgE synthesis
and infiltration of eosinophils into the nasal mucosa.” The
allergic responses are largely divided into 2 phases: sys-
temic response in the induction phase and allergic inflam-
mation in the effector phase:.3'6 Ty2 cells and IgE specific
for the allergen are generated in secondary lymphoid tis-
sues at the induction phase after sensitization. The effector
phase is characterized by sneezing, pruritus and rhinor-
rhea, and nasal congestion with infiltration of the nasal
mucosa with inflammatory cells, including basophils, eo-
sinophils, neutrophils, newly synthesized mast cells, and
mononuclear cells, which occur at mucosa after challenge
with the allergen.

IL-15 was initially identified by its ability to stimulate
proliferation of T-cell clones, an activity similar to that of
IL-2.78 However, in contrast with IL-2, which is produced
only by activated T cells, IL-15 is produced by many types
of cells, including monocytes, macrophages,” dendritic
cells,10 keratinocytes,11 and epithelial cells.'? Studies
using IL-15 knockout (KO) mice have revealed that IL-15
plays important roles in the development, proliferation,
and maintenance of natural killer (NK) cells,”!3 T-cell
receptor 3 intestinal intraepithelial lymphocytes,'* and
memory phenotype CD8" T cells.'>'® IL-15 has been
reported to promote IFN-y production from murine Ty1
clones via upregulation of IL-12 receptor B1."7 We previ-
ously found that IL-15 transgenic mice contained an in-
creased number of memory CD8" T cells in a naive
state and showed an impaired Ty2 responses in a murine
model of asthma via activation of CD8" T cells."® On
the other hand, IL-15 has been reported to induce IL-5 pro-
duction by allergen-specific T2 clones'® and promote the
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Abbreviations used
CFA: Complete Freund’s adjuvant
KLH: Keyhole limpet hemocyanin
KO: Knockout
LN: Lymph node
NK: Natural killer
WT: Wild-type

survival of B cells,20 mast cells,21 and eosinophils.22 Thus,
the roles of endogenous IL-15 in allergic responses remain
elusive.

In this study, to elucidate the role of endogenous IL-15
in allergy, we analyzed allergic responses at the induction
and effector phases in mouse models for allergic rhinitis
using IL-15KO mice. We found that IL-15 attenuated the
allergic symptoms at the effector phase by activation of
antigen-specific CD8 ™ T cells. On the basis of this finding,
we have proposed a therapeutic application of IL-15 for
allergic rhinitis.

METHODS
Mice

IL-15KO mice were purchased from Taconic (Germantown, NY).
Age-matched and sex-matched C57BL/6 wild-type (WT) mice were
purchased from Charles River Japan Inc (Hino, Japan) and used as
control mice. These mice were bred in specific pathogen-free condi-
tions in our institute. All mice were used at 6 to 10 weeks of age. The
animal experiments were approved by our institutional review com-
mittee according to a notice of the Prime Minister’s Office of Japan
(#6 of March 27, 1980) for the care and use of laboratory animals.

Antibodies and reagents

Fluorescein isothiocyanate—conjugated anti-mouse IgE (23G3),
phycoerythrin-conjugated anti-CD117 (2B8), biotin-conjugated
antimouse/human CD45R (RA3-6B2), biotin-conjugated antimouse
NK1.1 (PK136), and purified antimouse CD11b (M1/70) were pur-
chased from eBioscience (San Diego, Calif). Biotin-conjugated anti-
mouse CD11c (HL3) and biotin-conjugated antimouse I-A® (25-9-3)
were purchased from Becton Dickinson (Franklin Lakes, NJ).
MicroBeads conjugated to monoclonal rat antimouse CD4 (L3T4)
antibodies (GK1.5), MicroBeads conjugated to streptavidin, and
MicroBeads conjugated to goat antirat IgG were purchased from
Miltenyi Biotec GmbH (Bergisch Gladbach, Germany). Ovalbumin
(grade V) was purchased from Sigma (St Louis, Mo). CFA
and IFA were purchased from Rockland Immunochemicals, Inc
(Gilbertsville, Pa).

Sensitization and challenge

IL-15KO mice and WT mice were intraperitoneally sensitized
with 100 pg ovalbumin mixed with 100 pL complete Freund’s
adjuvant (CFA) on day 0. Seven days later (day 7), the mice were
intraperitoneally injected with 100 pg ovalbumin mixed with 100 pL
IFA. Nonsensitized mice were injected with PBS mixed with 100 pL
CFA on day 0 followed by intraperitoneal injection with PBS mixed
with 100 pL IFA 7 days later. In some experiments, mice were
intraperitoneally sensitized with 100 g keyhole limpet hemocyanin
(KLH, Wako, Osaka) mixed with 100 wL. CFA on day 0 followed by
intraperitoneal injection with 100 pg KLH mixed with 100 pL IFA

J ALLERGY CLIN IMMUNOL
umm 2006

on day 7. On days 21, 22, 23, 24, and 25 after the first sensitization,
ovalbumin-sensitized IL-15KO and WT mice were intranasally chal-
lenged with 10 wL ovalbumin dissolved in PBS (10 mg/mL) into the
bilateral nostril. Some ovalbumin-sensitized mice were intranasally
challenged with 10 nL PBS as controls.

Evaluation of nasal signs

Before the last rechallenge with ovalbumin or PBS, the mice were
placed into an observation cage (1 animal/cage) for about 10 minutes
for acclimatization. After the challenge with ovalbumin or PBS, the
mice were placed into the observation cage again, and the numbers of
sneezes were counted for 10 minutes by the method of Sugimoto etal.**

Measurement of ovalbumin-specific IgE,
IgG,, and IgG.,,

Levels of ovalbumin-specific IgE, IgG;, and IgG,, on day 21 were
measured by ELISA according to the method of Ishimitsu et al.'®
Briefly, sample wells of an ELISA plate were coated with 100 wL
ovalbumin (100 pg/mL) overnight at 37°C, washed with borate-
buffered saline containing 0.05% Tween 20, and then blocked with
1% BSA in borate-buffered saline for 30 minutes. The plates were
incubated with diluted samples (samples for IgE diluted 1:100;
1gGy, 1:100000; and IgGs,,, 1:100) for 90 minutes at room tempera-
ture. After further washing, the plates were incubated with peroxidase-
conjugated antimouse IgE (Nordic Immunology, Minneapolis, Minn),
1gG;, or IgG,, (Zymed Laboratories, Inc, San Francisco, Calif) for 90
minutes at room temperature. After further washing, the plates were
incubated for 20 minutes at room temperature with 100 pwL/well of
o-phenylendiamine solution, and the reactions were stopped with
sulfuric acid. Then the plates were read for OD at 492 nm.

Measurement of ovalbumin-specific cytokine
production by CD4* T cells from the spleen
and cervical lymph nodes

On day 21 after the first sensitization with ovalbumin or PBS,
spleen cells from IL-15KO and WT mice were incubated on nylon-
wool columns for 60 minutes at 37°C in 5% CO,. After elution, CD4*
Tcellsand CD8* T cells were positively purified to >95% using mag-
netic adsorbent sorting (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany). Purified CD4* T cells (1 X 10°) from the spleen were cul-
tured with mitomycin C—treated naive splenocytes (1 X 10°) and
ovalbumin (200 pg/mL) for 48 hours at 37°C in 5% CO,. In some
experiments, 12 hours after the last nasal challenge with ovalbumin
or PBS, purified CD4™ T cells (5 X 10%) from cervical lymph nodes
(LNs) were cultured with mitomycin C—treated naive splenocytes
(5 X 10°) and ovalbumin (100 wg/mL) for 48 hours at 37°C in 5%
CO,. The concentrations of IL-4, IL-5, IL-13, and IFN-y in the super-
natants were analyzed by ELISA using a Cytokine Development Kit
(GT, Minneapolis, Minn).

Histologic examination

Mice were killed 12 horus after the last nasal challenge with
ovalbumin or PBS. The heads were removed and fixed in 10%
formaldehyde solution for 24 hours at room temperature. After
fixation, the heads were decalcified in 5% formic acid for 36 hours at
room temperature and neutralized in 5% sodium sulfate solution for
12 hours at room temperature. Coronal nasal sections were then
stained with hematoxylin and eosin, and the number of eosinophils
in each side of the posterior edge of the nasal septum was counted
microscopically in a high power field.

Transfer assays

Spleen cells of WT mice that had been sensitized with ovalbumin/
CFA and ovalbumin/IFA at a 7-day interval were obtained 21 days
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FIG 1. Ovalbumin-specificimmunoglobin production and T2 response in IL-15KO and WT mice on day 21 af-
ter ovalbumin sensitization. A, Serum levels of ovalbumin-specific immunoglobins in IL-15KO mice and WT
mice that had been sensitized with ovalbumin/CFA followed by ovalbumin/IFA (m) or PBS/CFA followed by
PBS/IFA as controls ([]). B, Cytokine production by CD4™ T cells from the spleens of IL-15KO and WT mice
that had been sensitized with ovalbumin/CFA followed by ovalbumin/IFA in the presence (m) or absence ([J)
of ovalbumin. The data are representative of 3 independent experiments. Pooled cells from 3 to 4 mice of
each group were used in each experiment. Results are shown as the means of triplicate determinations = SDs.
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FIG 2. Allergic symptoms and eosinophil infiltration into the nasal mucosa after nasal challenge with
ovalbumin (OVA) or PBS in OVA-sensitized IL-15KO and WT mice. A, The numbers of sneezes after challenge
with ovalbumin (m) or PBS (). B, Coronal nasal sections stained with hematoxylin and eosin. C, The number
of eosinophils infiltrating into the nasal mucosa after the last nasal challenge with OVA (m) or PBS (). Data
were obtained from 3 independent experiments, and results are geometric means = SDs. In each experiment,

5 to 8 mice were used. **P < .01; ***P < .001.

after the first sensitization, and T cells were enriched by though
nylon-wool columns to >80%. Nylon-wool column-passed T cells
(2 X 107) were transferred intravenously into naive IL-15KO and WT
mice. In some experiments, spleen cells of WT mice that had been
sensitized with ovalbumin/CFA and ovalbumin/IFA at a 7-day inter-
val or with KLH/CFA and KLH/IFA at a 7-day interval were obtained
21 days after the first sensitization and passed though nylon-wool
columns. CD8™ T cells (1 X 107) were negatively purified by using
MACS by depletion of the cells expressing CD4, CD11b, CDlIc,
NK1.1, CD45R, or I-A® to >90% and were adoptively transferred
into IL-15KO and WT mice that had been sensitized with ovalbu-
min/CFA and ovalbumin/IFA at a 7-day interval 21 days previously.
Some ovalbumin-sensitized IL-15KO and WT mice were intrave-
nously injected with CD8™ T cells (I X 107) from WT mice that
had been intraperitoneally sensitized with KLH/CFA and KLH/IFA

at a 7-day interval as controls. Just after the transfer, these recipient
mice were intranasally challenged with 10 nL ovalbumin or PBS
into the bilateral nostrils for 5 days. Mice were killed 12 hours after
the last intranasal challenge, and then analysis of cytokine production
by CD4™ T cells from cervical LNs and histologic examinations of
nasal mucosa were performed as described.

Intranasal administration of exogenous IL-15

Wild-type mice were intraperitoneally sensitized with ovalbumin/
CFA and ovalbumin/IFA at a 7-day interval. On days 21, 22, 23, 24,
and 25 after the first sensitization, ovalbumin-sensitized WT mice
were intranasally challenged with 10 wL ovalbumin dissolved in PBS
(10 mg/mL) containing recombinant murine IL-15 (10 pwg/mL) into
the bilateral nostrils. Some ovalbumin-sensitized WT mice were
intranasally challenged with 10 wL ovalbumin or PBS for 5 days as
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FIG 3. Cytokine production by CD4™ T cells from cervical LNs after nasal challenge with ovalbumin or PBS in
ovalbumin-sensitized IL-15KO and WT mice in the presence (m) or absence ([J) of ovalbumin. The data are rep-
resentative of 3 independent experiments. Pooled cells from 3 to 5 mice of each group were used in each
experiment. Results are shown as the means of triplicate determinations = SDs. *P < .05; ***P < .001;

NS, nonsignificant difference.
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FIG 4. Effect of adoptive transfer of ovalbumin (OVA)-sensitized
T cells at the effector phase of allergic rhinitis. A, Immunization pro-
tocol. T cells from spleens of OVA-sensitized WT mice were trans-
ferred into naive IL-15KO and WT mice, which were subsequently
challenged with OVA or PBS. B, The number of eosinophils infil-
trating into the nasal mucosa after the last nasal challenge with
OVA (m) or PBS (). Data were obtained from 3 independent exper-
iments, and results are geometric means + SDs. In each experi-
ment, 3 to 5 mice were used. C, Cytokine production by CD4"
T cells from cervical LNs of the recipient mice in the presence (m)
or absence ([J) of ovalbumin. The data are representative of 3
independent experiments. Pooled cells from 3 to 5 mice of each
group were used in each experiment. Results are shown as the
means of triplicate determinations + SDs. **P < .01; ***P < .001;
NS, nonsignificant difference.

controls. Counting of the number of sneezes and histologic exami-
nations of nasal mucosa were performed as described.

Statistical analysis

The statistical significance of the data was determined by Student
t test. A value of P < .05 was taken as significant.

RESULTS

IL-15KO mice showed aggravated allergic
inflammation at the effector phase of
allergic rhinitis

To determine the role of IL-15 in Ty2 response with IgE
production at the induction phase after immunization, IL-
15KO and WT mice were sensitized with ovalbumin/CFA
and then with ovalbumin/IFA 7 days later. ovalbumin-

specific IgE, IgGy, and IgG,, in the serum from ovalbu-
min-sensitized IL-15KO and WT mice were assessed on
day 21 after the first sensitization. There was no significant
difference between ovalbumin-specific IgE, 1gG;, and
IgGy, levels in ovalbumin-sensitized IL-15KO and those
in WT mice (Fig 1, A).

We next examined cytokine production by CD4™ T
cells from the spleen of ovalbumin-sensitized IL-15KO
and WT mice on day 21. There was no significant differ-
ence in IL-4, IL-5, IL-13, or IFN-y production in response
to ovalbumin by CD4 ™ T cells from the spleens of ovalbumin-
sensitized IL-15KO mice and WT mice (Fig 1, B). Thus,
IL-15KO mice showed IgE production and Ty2 response
comparable to those in WT mice at the induction phase.

We next assessed the role of IL-15 at the effector phase
in an allergic rhinitis model of mice. Ovalbumin-sensitized
IL-15KO and WT mice were intranasally challenged with
10 pL ovalbumin into the bilateral nostrils on days 21, 22,
23,24, and 25. The number of sneezes by each mouse over
a 10-minute period after the last nasal challenge with
ovalbumin or PBS was counted. The number of sneezes
was significantly greater in IL-15KO mice than in WT
mice (P < .01; Fig 2, A). Thus, IL-15KO mice showed ag-
gravated symptoms at the effector phase of allergic rhinitis.

We counted the number of eosinophils infiltrating into
the nasal mucosa microscopically 12 hours after the last
nasal challenge with ovalbumin or PBS. The infiltration of
eosinophils into the nasal mucosa was aggravated in
IL-15KO mice compared with that in WT mice (P < .001;
Fig 2, B and C).

We next examined cytokine production by CD4"
T cells from cervical LNs at effector phase. CD4™ T cells
from cervical LNs of IL-15KO mice produced large
amounts of IL-4, IL-5, and IL-13 in response to ovalbumin
compared with the amounts produced by CD4* T cells
from cervical LNs of WT mice (P < .05; Fig 3). Thus,
IL-15KO mice showed aggravated T2 responses at effec-
tor phase of allergic rhinitis.

IL-15-dependent CD8™ T cells suppressed
Th2 response at the effector phase of
allergic rhinitis

To determine which cells are responsible for inhibition

of Ty2 response at the effector phase of allergic rhinitis,
we first transferred 2 X 107 nylon wool columns-passed
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FIG 5. Effect of adoptive transfer of CD8™ T cells at the effector phase on allergic rhinitis in WT mice. A, Immu-
nization protocol. CD8™ T cells from spleens of naive, ovalbumin (OVA)-sensitized, or KLH-sensitized WT mice
into OVA-sensitized WT mice, which were subsequently challenged with OVA or PBS. B, The number of eo-
sinophils infiltrating into the nasal mucosa. Data were obtained from 3 independent experiments, and results
are geometric means = SDs. In each experiment, 3 to 5 mice were used. C, Cytokine production by CD4" T
cells (5 X 10°) from cervical LNs of the recipient mice in response to OVA. The data are representative of 3
independent experiments. Pooled cells from 3 to 4 mice of each group were used in each experiment. Results

are shown as the means of triplicate determinations

i.n., Intranasally.

spleen cells from ovalbumin-sensitized WT mice into
naive IL-15KO or WT mice and then intranasally challenged
ovalbumin. Transfer of nylon-wool—passed spleen cells
induced eosinophil infiltration with T2 response after intra-
nasal challenge with ovalbumin (Fig 4, A). The degree of
eosinophil infiltration and T2 response were significantly
aggravated in naive IL-15KO mice compared with naive
WT mice (P <.01; Fig4, B and C). These results suggested
that regulatory T cells existed in spleen of ovalbumin-sen-
sitized WT mice and suppressed Ty2 response in IL-15-de-
pendent manner at the effector phase of allergic rhinitis.
IL-15 has been reported to stimulate memory CD8*
T cells to expand and show increased IFN-y production
and cytotoxic activities.”*>” We next transferred CD8 ™"
T cells from ovalbumin-sensitized or KLH-sensitized
WT mice into ovalbumin-sensitized WT mice, which
were then intranasally challenged with ovalbumin. As
shown in Fig 5, B and C, transfer of CD8™ T cells from
ovalbumin-sensitized WT mice but not from naive or
KLH-sensitized WT mice suppressed infiltration of eosin-
ophils into the nasal mucosa and T2 cytokine production
by CD4™ T cells from cervical LNs of ovalbumin-sensi-
tized and challenged WT mice (P < .05). These results sug-
gested that ovalbumin-specific CD8" T cells had a

+ SDs. *P < .05; NS, nonsignificant difference.

regulatory function in Ty2 response at the effector phase
of allergic rhinitis.

We next transferred the CD8 ™ T cells from ovalbumin-
sensitized mice into ovalbumin-sensitized IL-15KO mice
and examined Ty2 responses after intranasal challenge
with ovalbumin (Fig 6, A). When 1 X 107 CD8™ T cells
were transferred into ovalbumin-sensitized WT mice,
infiltration of eosinophils into the nasal mucosa and Ty2
cytokine production by CD4" T cells of cervical LNs
were significantly suppressed (P < .05; Fig 6, B and C).
On the other hand, the T2 responses were not affected af-
ter transfer with the CD8™" T cells in ovalbumin-sensitized
IL-15KO mice (Fig 6, B and C). These results suggested
that ovalbumin-specific CD8" T cells suppressed the
Ty2 response at the effector phase of allergic rhinitis
and that IL-15 was indispensable for activation of these
CD8™ T cells for suppressive function.

Exogenous IL-15 prevents allergic rhinitis in
ovalbumin-sensitized WT mice

Our results revealed that endogenous IL-15 attenuated
allergic responses at the effector phase of allergic rhinitis.
These results raise the possibility that IL-15 is applicable
to therapeutic use for controlling allergic rhinitis. To test
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FIG 6. Effect of adoptive transfer of ovalbumin (OVA)-sensitized
CD8" T cells at the effector phase on allergic rhinitis in IL-15KO
mice. A, Immunization protocol. CD8" T cells from spleens of
OVA-sensitized WT mice were transferred into OVA-sensitized IL-
15KO and WT mice, which were subsequently challenged with
OVA. B, The number of eosinophils infiltrating into the nasal
mucosa. Data were obtained from 3 independent experiments,
and results are geometric means *= SDs. C, Cytokine production
by CD4" T cells from cervical LNs of the recipient mice in the pres-
ence of OVA. The data are representative of 3 independent exper-
iments. Pooled cells from 3 to 4 mice of each group were used in
each experiment. Results are shown as the means of triplicate
determinations = SDs. *P < .05; NS, nonsignificant difference.
i.v., Intravenously.

this, we examined the effects of exogenous IL-15 on
allergic rhinitis at the effector phase. After nasal challenge
of ovalbumin together with IL-15 for 5 days, the num-
ber of sneezes, histologic change of nasal mucosa, and
cytokine production by CD4™ T cells from cervical LNs
were examined. The number of sneezes was reduced by
addition of IL-15 at the effector phase compared with
PBS (P < .05; Fig 7, A). The number of eosinophils infil-
trating into the nasal mucosa was also reduced by addition
of IL-15 at the effector phase (Fig 7, B and C). Thus, ad-
ministration of IL-15 at effector phase was able to prevent
allergic rhinitis.

DISCUSSION

In this study, we examined the role of endogenous IL-15
in allergic rhinitis using IL-15KO mice. Ty2 response
with antigen-specific IgE production was normally in-
duced in IL-15KO mice after sensitization with ovalbu-
min. However, allergic rhinitis as assessed by symptoms,
eosinophil infiltration into the nasal mucosa, and Ty2
responses in regional LN was aggravated in ovalbumin-
sensitized IL-15KO mice after intranasal challenge with
ovalbumin. Ovalbumin-specific CD8" T cells showed a
suppressive effect on Ty2 response at the effector phase
of allergic rhinitis only in the presence of IL-15. Thus,
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these results suggest that endogenous IL-15 plays a
regulatory role in allergic rhinitis via suppression of T2
response at the effector phase. It is notable that in vivo
addition of exogenous IL-15 at the effector phase signifi-
cantly ameliorated allergic rhinitis, providing an insight
into a therapeutic approach using IL-15 to control allergic
diseases.

There are several lines of evidence that IL-15 affects
CD4™" Tyl or T2 responses at the induction phase after
primary immunization. IL-15 has been reported to induce
IL-12 receptor B1 directly on mouse T cells at the tran-
scriptional level via activation of signal transducer and
activator of transcription 5.'” We have reported that over-
expression of IL-15 induced CD4™" Tyl response after
Listeria monocytogenes infection via bystander activation
of memory CD8 ™" T cells producing IFN-y.?® We have also
reported that the CD4" T2 response was significantly
reduced in IL-15 transgenic mice sensitized with oval-
bumin.'® On the other hand, IL-15 has been shown to
induce IL-5 production of human T2 clones'® and to in-
duce proliferation of activated B cells in vitro, correspond-
ing to the enhancement of IgE and IgG.>° However, in the
current study, we showed that IgE production and CD4 ™"
Ty2 response normally occurs in IL-15KO mice at the
induction phase after sensitization with ovalbumin. In
contrast with overexpression of IL-15, endogenous
IL-15 may not be mandatory in induction of systemic
Ty2 response after ovalbumin immunization.

The effector phase in allergic rhinitis is characterized by
sneezing, pruritus and rhinorrhea, and nasal congestion
with infiltration of the nasal mucosa with inflammatory
cells, including basophils, eosinophils, neutrophils, newly
synthesized mast cells, and mononuclear cells, which are
mainly mediated by secondary Ty2 responses by memory
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CD4" T cells.>® We found that ovalbumin-specific CD8™*
T cells are responsible for suppression of the Ty2 response
in regional LNs at the effector phase of allergic rhinitis.
Notably, transfer of CD8" T cells from ovalbumin-
sensitized WT mice could not control infiltration of eo-
sinophils into the nasal mucosa and the Ty2 response in
regional LNs at the effector phase in IL-15KO mice,
suggesting that the regulatory function in the CD8* T
cells is totally dependent on IL-15 at the effector phase.
IL-15—-dependent CD8™ T cells may be mainly respon-
sible for suppression of allergic rhinitis at the effector
phase.

Tyl cells, which secrete IL-2, IFN-y, and TNF-a for
the induction of cell-mediated immunity, inhibit the prolif-
eration of Ty2 cells, which secrete IL-4 for IgE produc-
tion, whereas Ty?2 cells shut down IFN-y production by
Tl cells.?>° Thus, Tyl and T2 cells are mutually
regulated. We previously reported that the CD4 ™ Ty?2 re-
sponse was significantly reduced in IL-15 transgenic mice
sensitized with ovalbumin, whereas the Ty1 response ca-
pable of inducing IFN-vy production in response to oval-
bumin was not increased in sensitized IL-15 transgenic
mice.'® Instead, CD8™* T cells from ovalbumin-sensitized
IL-15 transgenic mice produced an appreciable amount of
IFN-v in response to ovalbumin and depletion of CD8* T
cells aggravated allergic asthma, indicating that CD8* T
cells were responsible for impaired Ty2 response with
IgE production. Therefore, it is possible that IL-15—depen-
dent CD8™ T cells suppress the secondary T2 response
at the effector phase of allergic rhinitis via production
of IFN-v. Recently, Miyahara et al’! have reported that ef-
fector CD8 " T cells producing TL-13 are responsible for
airway hyperresponsiveness in mice immunized with
ovalbumin/alum. These CD8™ T cells appeared to be acti-
vated in an IL-15-independent manner. On the other hand,
IL-15-dependent central memory CD8™ T cells showed
no suppressive effect on airway hyperresponsiveness.32
Ruckert et al’® have recently reported that treatment
with soluble IL-15 receptor « both at induction and effec-
tor phases prevents allergen-specific T2 cell response
and allergic inflammation at the effector phase in vivo.*
The discrepancy may be explained by the differences in
mouse strains and adjuvants used for sensitization. They
used Ty2-prone BALB/c mice immunized with ovalbu-
min/alum, which develop preferentially a T2 response,
whereas we used Tyl-prone C57BL/6 mice immunized
with ovalbumin/CFA, which develop both Ty1/T¢1 and
T2 responses.>*5 We speculate that IL-15—dependent
CD8™ T cells capable of producing IFN-y are preferen-
tially generated in C57BL/6 mice sensitized with ovalbu-
min/CFA but not in BALB/c mice sensitized with
ovalbumin/alum. We have recently reported that IL-15
plays an important role in early activation of memory
CD8™" T cells for cytotoxicity after re-exposure to anti-
gen.27 Thus, it is also possible that memory CD8™ T cells
kill antigen-presenting cells such as dendritic cells for Ty2
response and suppress the afterresponse in allergic rhinitis.
There are several lines of evidence that regulatory CD8 " T
cells downregulate immune responses via production of
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suppressive cytokines such as IL-10 and TGF-$3 and via
inductions of cytotoxic T lymphocyte—associated antigen
expression,36 raising another possibility that regulatory
CD8™ T cells producing suppressive cytokines are respon-
sible for the suppression. However, we did not detect such
cytokines in the CD8™ T cells in response to ovalbumin.
Further experiments are needed to clarify the mechanism
whereby the CD8™" T cells suppress the allergic rhinitis
at the effector phase.

It is notable that administration of exogenous IL-15
together with allergen prevented allergic rhinitis in mice.
Our results obtained by using IL-15KO mice revealed that
antigen-specific CD8" T cells downregulated Ty2 re-
sponse at the effector phase of allergic rhinitis in the
presence of endogenous IL-15. These results provide an
insight into a therapeutic approach to control allergic rhi-
nitis by IL-15. In fact, we showed that administration of
exogenous IL-15 together with allergen prevented allergic
rhinitis in mice. We have recently reported that exogenous
IL-15 is able to activate memory CD8" T cells at a very
early stage after reinfection, conferring robust protection
against L monocytogenes.27 Exogenous IL-15 may ex-
pand and activate memory CD8™ T cells to downregulate
the T2 response at the effector phase of allergic rhinitis.
IL-15 may be useful for treatment of allergic rhinitis.

We thank Yoko Kobayashi, Kazue Kaneda, and Norihiko
Kinoshita for their excellent technical assistance.

REFERENCES

1. Salib RJ, Drake-Lee A, Howarth PH. Allergic rhinitis: past, present and
the future. Clin Otolaryngol 2003;28:291-303.

2. Gelfand EW. Inflammatory mediators in allergic rhinitis. J Allergy Clin
Immunol 2004;114:S135-8.

3. Hamelmann E, Tadeda K, Oshiba A, Gelfand EW. Role of IgE in the
development of allergic airway inflammation and airway hyperrespon-
siveness: a murine model. Allergy 1999;54:297-305.

4. Holt P, Macaubas GC, Stumbles PA, Sly PD. The role of allergy in the
development of asthma. Nature 1999;402:12-7.

5. Pawankar R. y8 T cells in allergic airway diseases. Clin Exp Allergy
2000;30:318-23.

6. Borish L. Allergic rhinitis: systemic inflammation and implications for
management. J Allergy Clin Immunol 2003;112:1021-31.

7. Waldmann TA, Tagaya Y. The multifaceted regulation of interleukin-15
expression and the role of this cytokine in NK cell differentiation and
host response to intracellular pathogens. Annu Rev Immunol 1999;17:
19-49.

8. Grabstein KH, Eisenman J, Shanebeck K, Rauch C, Srinivasan S, Fung
V, et al. Cloning of a T cell growth factor that interacts with the beta
chain of the interleukin-2 receptor. Science 1994;264:965-8.

9. Carson WE, Ross ME, Baiocchi RA, Marien MJ, Boiani N, Grabstein K,
et al. Endogenous production of interleukin 15 by activated human mon-
ocytes is critical for optimal production of interferon-gamma by natural
killer cells in vitro. J Clin Invest 1995;96:2578-82.

10. Jonuleit H, Wiedemann K, Muller G, Degwert J, Hoppe U, Knop J, et al.
Induction of IL-15 messenger RNA and protein in human blood-derived
dendritic cells: a role for IL-15 in attraction of T cells. J Immunol 1997;
158:2610-5.

11. Blauvelt A, Asada H, Klaus-Kovtun V, Altman DJ, Lucey DR, Katz SI.
Interleukin-15 mRNA is expressed by human keratinocytes, Langerhans
cells, and blood-derived dendritic cells and is downregulated by ultravi-
olet B radiation. J Invest Dermatol 1996;106:1047-52.

12. Weiler M, Rogashev B, Einbinder T, Hausmann MJ, Kaneti J, Chaimo-
vitz C, et al. Interleukin-15, a leukocyte activator and growth factor, is



8 Aoi et al

20.

21.

22.

produced by cortical tubular epithelial cells. J] Am Soc Nephrol 1998;9:
1194-201.

. Carson WE, Giri JG, Lindemann MJ, Linett ML, Ahdieh M, Paxton R,

et al. Interleukin (IL)-15 is a novel cytokine that activates human natural
killer cells via components of the IL-2 receptor. J] Exp Med 1994;180:
1395-403.

. Inagaki-Ohara K, Nishimura H, Mitani A, Yoshikai Y. Interleukin-15

preferentially promotes the growth of intestinal intraepithelial lympho-
cytes bearing y8 T cell receptor in mice. Eur J Immunol 1997;27:
2885-91.

. Kennedy MK, Glaccum M, Brown SN, Butz EA, Viney JL, Embers M,

et al. Reversible defects in natural killer and memory CDS8 T cell lineages
in interleukin 15-deficient mice. J Exp Med 2000;191:771-80.

. Lodolce JP, Boone DL, Chai S, Swain RS, Dassopoulos T, Trettin S,

et al. IL-15 receptor maintains lymphoid homeostasis by supporting
lymphocyte homing and proliferation. Immunity 1998;9:669-76.

. Musikacharoen T, Oguma A, Yoshikai Y, Chiba N, Masuda A, Matsu-

guchi T. Interleukin-15 induces IL-12 receptorf3; gene expression though
PU.1 and IRF 3 by targeting chromatin remodeling. Blood 2005;105:
711-20.

. Ishimitsu R, Nishimura H, Yajima T, Watase T, Kawauchi H, Yoshikai

Y. Overexpression of IL-15 in vivo enhances Tcl response which inhibits
allergic inflammation in a murine model of asthma. J Immunol 2001;166:
1991-2001.

. Mori A, Suko M, Kaminuma O, Inoue S, Ohmura T, Nishizaki Y, et al.

IL-15 promotes cytokine production of human T helper cells. J Immunol
1996;156:2400-5.

Armitage RJ, Macduff BM, Eisenman J, Paxton R, Grabstein KH. IL-15
has stimulatory activity for the induction of B cell proliferation and
differentiation. J Immunol 1995;154:483-90.

Masuda A, Matsuguchi T, Yamaki K, Hayakawa T, Yoshikai Y. Interleu-
kin-15 prevents mouse mast cell apoptosis though STAT6-mediated
Bcl-xL expression. J Biol Chem 2001;276:26107-13.

Hoontrakoon RH, Chu W, Gardai SJ, Wenzel SE, McDonald P, Fadok
VA, et al. Interleukin-15 inhibits spontaneous apoptosis in human eosin-
ophils via autocrine production of granulocyte macrophage-colony stim-
ulating factor and nuclear factor-kappaB activation. Am J Respir Cell
Mol Biol 2002;26:404-12.

. Sugimoto Y, Kawamoto E, Chen Z, Kamei C. A new model of allergic

rhinitis in rats by topical sensitization and evaluation of H;-receptor
antagonists. Immunopharmacology 2000;48:1-7.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

36.

J ALLERGY CLIN IMMUNOL
umm 2006

Becker TC, Wherry EJ, Boone D, Murali-Krishna K, Antia R, Ma A,
et al. Interleukin 15 is required for proliferative renewal of virus-specific
memory CD8 T cells. J Exp Med 2002;195:1541-8.

Yajima T, Nishimura H, Wajjwalku W, Harada M, Kuwano H, Yoshikai
Y. Overexpression of interleukin-15 in vivo enhances antitumor activity
against MHC class I-negative and -positive malignant melanoma though
augmented NK activity and cytotoxic T-cell response. Int J Cancer 2002;
99:573-8.

Yajima T, Nishimura H, Ishimitsu R, Watase T, Busch DH, Pamer EG,
et al. Overexpression of IL-15 in vivo increases antigen-driven memory
CD8" T cells following a microbe exposure. J Immunol 2002;168:
1198-203.

Yajima T, Nishimura H, Sad S, Shen H, Kuwano H, Yoshikai Y. A novel
role of IL-15 in early activation of memory CD8* CTL after reinfection.
J Immunol 2002;174:3590-7.

Yajima T, Nishimura H, Ishimitsu R, Yamamura K, Watase T, Busch
DH, et al. Memory phenotype CD8" T cells in IL-15 transgenic mice
are involved in early protection against a primary infection with Listeria
monocytogenes. Eur J Immunol 2001;31:757-66.

Paludan SR. Interleukin-4 and interferon-y: the quintessence of a mutual
antagonistic relationship. Scand J Immunol 1998;48:459-68.

O’Garra A. Cytokines induce the development of functionally heteroge-
neous T helper cell subsets. Immunity 1998;8:275-83.

Miyahara N, Takeda K, Kodama T, Joetham A, Taube C, Park JW, et al.
Contribution of antigen-primed CD8* T cells to the development of air-
way hyperresponsiveness and inflammation is associated with IL-13.
J Immunol 2004;172:2549-58.

Miyahara N, Swanson BJ, Takeda K, Taube C, Miyahara S, Kodama T,
et al. Effector CD8" T cells mediate inflammation and airway hyper-
responsiveness. Nat Med 2004;10:865-9.

Ruckert R, Brandt K, Braun A, Hoymann HG, Herz U, Budagian V, et al.
Blocking IL-15 prevents the induction of allergen-specific T cells and
allergic inflammation in vivo. J Immunol 2005;174:5507-15.

. Shibaki A, Katz SI. Induction of skewed Th1/Th2 T-cell differentiation

via subcutaneous immunization with Freund’s adjuvant. Exp Dermatol
2002;11:126-34.

. Billiau A, Matthys P. Modes of action of Freund’s adjuvants in experi-

mental models of autoimmune diseases. J Leukoc Biol 2001;70:849-60.
Xystrakis E, Dejean AS, Bernard I, Druet P, Liblau R, Gonzalez-Dunia
D, et al. Identification of a novel natural regulatory CD8* T-cell subset
and analysis of its mechanism of regulation. Blood 2004;104:3294-301.



	IL-15 prevents allergic rhinitis through reactivation of antigen-specific CD8+ cells
	Methods
	Mice
	Antibodies and reagents
	Sensitization and challenge
	Evaluation of nasal signs
	Measurement of ovalbumin-specific IgE, IgG1, and IgG2a
	Measurement of ovalbumin-specific cytokine production by CD4+ T cells from the spleen and cervical lymph nodes
	Histologic examination
	Transfer assays
	Intranasal administration of exogenous IL-15
	Statistical analysis

	Results
	IL-15KO mice showed aggravated allergic inflammation at the effector phase of allergic rhinitis
	IL-15-dependent CD8+ T cells suppressed TH2 response at the effector phase of allergic rhinitis
	Exogenous IL-15 prevents allergic rhinitis in ovalbumin-sensitized WT mice

	Discussion
	References


