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Influence of viral infection on the development of nasal hypersensitivity
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Summary

Background The underlying relationship between viral infections und allergic diseases of the upper
respiratory tract has not been well clarified.

Methods 1n order to clarify the relationship between viral infection and nasal hypersensitivity, mice
were sensilized with ovalbumin (OVA) and then infected intranasally with respiratory syncytial virus
(RSV), after which their nasal sensitivity to histamine or antigen was examined.

Results  Non-sensitized mice showed transient mild nasal hypersensitivity following nasal
administration of histamine after intranasal RSV inoculation. In mice sensitized with OVA, RSV
infection significantly exaggerated their nasal hypersensitivity to histamine and OVA. Treatment of
these mice with a neurokinin (NK)-1/NK-2 receptor antagonist, but not with anti-IL-5 antibodies.
reduced their hypersensitivity. The infiltration of nasal mucosa with eosinophils was temporarily
associated with accelerated rate of RSV elimination in these animals.

Conclusion RSV infection induced transient nasal hypersensitivity. Several mechanisms, including
impairment of nasal epithelial cells are thought to mediate this effect. In allergen-sensitized mice,
RSV inoculation strongly enhanced nasal hypersensitivity.

Keywords histamine, nasal hypersensitivity, RSV
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Introduction

Recent epidemiological evidence has suggested that acute
respiratory viral infections exacerbate the symptoms of pre-
existing reactive airway diseases and is the most important
trigger of acute asthmatic attacks [1-4]. Viruses, rather than
bacteria, cause most acute respiratory tract infections, and
asthma attacks in children are often preceded by viral
infection [5-7].

The nasal cavity is often the first target of invading viruses,
because it is the point of entry into the respiratory tract. The
common cold is the most widespread viral infectious
condition and is usually caused by viruses such as rhino-
viruses, parainfluenza viruses, influenza viruses, adenoviruses

and respiratory syncytial virus (RSV) [8, 9]. However, the

relationship between viral infections and allergic diseases in
the upper respiratory tract has not been well defined. The
results from studies that have examined the influence of atopy
on the development of the symptom after viral infections are
controversial {10-13]. Bardin et al. {11} observed more severe
cold symptoms in atopic subjects than in non-atopic subjects
after experimental rhinovirus infection. However, in another
study, augmented nasal allergic inflammation induced by
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antigen provocation before viral inoculation did not result in
a worsening of cold symptoms [12]. The effects of the
common cold on nasal hypersensitivity or allergic rhinitis
have not been clearly established.

Nasal responses to viral infection are thought to differ
depending on the viral species. Although rhinoviruses causes
little damage to epithelial cells in the respiratory tract, RSV
induces marked cytopathic effects [13]. RSV is an RNA virus
infection which usually results in common cold symptoms,
although progression to lower respiratory tract symptoms,
the most common being bronchiolitis, frequently occurs in
infants, RSV causes about 60% of the bronchitis cases in
children [i4, 15). In prospective studies, as many as 75-90%
of infants with a clinical diagnosis of bronchiolitis subse-
quently developed recurrent episodes of wheezing suggestive
of childhood asthma and experienced airway histamine or
methacholine hypersensitivity which persisted for several
years [16-22].

In the present study, we have shown that RSV infection
contributes to the exacerbation of nasal hypersensitivity in an
allergic rhinitis mouse model.

Materials and Methods

Animals

Eight-week-old male C57BL/6 mice (Nippon Clea, Shizuoka,
Japan) that were raised on ovalbumin (OVA)-free chow were
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used in this study. Hartley strain guinea-pigs (Nippon Clea)
were also used to measure passive cutaneous anaphylaxis
(PCA). The use of these laboratory animals was approved by
the local Animal Ethics Committee (Yamanashi Medical
University) and the experiments were conducted in confor-
mity with the guidelines of the committee.

Experimental infection with respiratory syncytial virus

The long strain of RSV (prototype RSV group A strain) was
grown in HEp-2 cells in minimal essential medium (MEM)
supplemented with 2% fetal calf serum (FCS), 2mm
L-glutamine and antibiotics. RSV was partially purified by
polyethylene glycol precipitation, followed by centrifugation
in a 35-65% discontinuous sucrose gradient, as described
elsewhere [23]. RSV (I x 10 plaque-forming units (PFU))
in a volume of 20pL was administered intranasally to
mice, Uninfected Hep-2 cells were processed similarly and
used as controls.

Virus assay

Lungs and nasal tissues were collected and homogenized in
MEM containing 2% FCS and were stored at — 70 °C until
they were assayed. RSV was assayed by the plaque method
using HEp-2 cells in 24-well microplates. The overlay for the
plaque assay consisted of MEM supplemented with 2% FCS,
antibiotics and 1% methyicellulose. Plates were incubated for
7 days at 37°C. After the methylcellulose was removed, the
plaques were fixed with 10% formaldehyde and stained with
0.1% crystal violet.

Fvaluation of sensitivity to histamine in nasal mucosa

One microlitre of various concentrations of histamine, diluted
in phosphate-buffered saline (PBS), was administered into
each nostril of the experimental mice. The number of nasal
rubbing attacks that occurred during the ensuing 10 min was
then counted.

Experimental protocol for sensitization with ovalbumin

Mice were immunized with 10pug OVA (grade V, Sigma
Chemical Co., St Louis, MO, USA) intraperitoneally with
alum once a week for 4 weeks. Heat-killed bordetella pertussis
(1 x 10® bacterial units) was used as an adjuvant in the first
immunization. Five days after the last immunization, the mice
were either inoculated with RSV or sham-infected with
sonicated non-RSV-infected HEp-2 cells. Two micrograms
OVA in 2uL PBS was administered intranasally for 5
consecutive days after the inoculation. Sensitized mice were
divided into the following experimental groups and treated as
follows. Group 1 consisted of 30 mice treated with a
neutralizing 1L-5 antibody or a neurokinin (NK)-1/NK-2
antagonist. A rat neutralizing monoclonal antibody (mAb)
directed against mouse 1L-5 (PharMingen, San Diego, CA,
USA) and a control isotype mouse 1gGI mAb (PharMingen)
were used. Antibodies were injected intraperitoneally twice a
week at a dose of 0.1 mg for 1 week before RSV inoculation,
and were administered intranasally for 5 consecutive days
afler inoculation. Group 2 consisted of 10 OVA-sensitized
mice who received 0.04 pg of the NK-1/NK-2 antagonist [24}

FK224 (Fujisawa Co Lid, Osaka, Japan) intranasally for 5
consecutive days after RSV inoculation. On the day following
the last nasal administration of OVA, the nasal rubbing
attacks were counted for 10 min. The sensitivity of the mice to
histamine was examined 24 h later in a similar manner.

Treatment of ovalbumin-sensitized mice with a
neutralizing anti-interferon-y monoclonal antibody or with
interferon-y

OV A-sensitized mice received 0.1 mg of anti-IFN-y neutraliz-
ing mAb (PharMingen) or control mAb intraperitoneally
twice a week and then intranasally for 5 consecutive days
before nasal provocation with OVA. Other OVA-sensitized
mice were administered 1 pg of I[FN-y (PharMingen) intra-
nasally for 5 consecutive days before provocation with OVA.

Detection of ovalbumin-specific immunoglobulin E
antibody

OVA-specific IgE antibodies were detected by PCA [25].
Briefly, 100pL of undiluted and twofold diluted serum
samples were injected intradermally into the dorsal skin of
shaved guinea-pigs. Three days later, the animals were
challenged intravenously with 1 mg OVA together with 1%
Evans blue. A blue lesion of a diameter greater than 5mm, as
determined 30min after the challenge, was considered to be
positive. PCA titres were expressed as the reciprocal of the
highest dilution giving a positive reaction.

Histological examination

On the 4th day after RSV inoculation the mice were killed by
CO, overdose. The heads of the mice were detached along the
line between the upper and lower jaws, and they were then
fixed in formalin and decalcified. The section of the nasal
cavity anterior to the eyeball was examined and processed for
paraffin sectioning. Tissue sections were stained with PAS
and the number of infiltrating eosinophils in the whole nasal
septum mucosa of each section was determined.

Fluorescence-activated cell sorting analysis

Nasal mucosal tissue from the above mice was cut into small
pieces, which were then teased gently through a nylon mesh
using frost glass slides. The disrupted mucosa was then
suspended in RPMI-1640 containing 10% FCS, penicillin
(100 units/mL) and streptomycin (100 pg/mL). After washing
twice with medium, CD3™ T cells were purified in 0.2mL of
RPMI-1640 using magnetic beads (Dynal, Great Neck, NY,
USA). Following purification, the medium was supplemented
with 10% FCS. 10 nasal CD3™ T cells collected from seven
RSV-infected OVA-sensitized mice or from non-infected
OVA-sensilized mice were stained with fluorescein-conju-
gated anti-CD4 antibody (PharMingen) and fixed overnight
with 4% paraformaldehyde (Sigma Chemical Co). The fixed
cells were permeabilized by incubation in PBS with 1%
bovine serum albumin and 2% saponin (Sigma Chemical Co)
for 10min. A phycoerythrin-conjugated anti-IFN-y antibody
(PharMingen) or an anti-IL-5 antibody (PharMingen),
diluted to 20 pg/mL in PBS, was then added. After a 30 min
incubation, the cells were washed with PBS and were
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analyzed using a FACScan (Becton Dickinson, Fullerton,
CA, USA).

Statistical analysis

Comparisons between groups were evaluated using Student’s
¢ test and Wilcoxon's test.

Results

Viral replication and nasal histamine sensitivity

After nasal inoculation with 10°PFU of RSV. mild replica-
tion of RSV in the respiratory tract was observed with peak
levels occurring in the lung on day 4 and the levels then
declined until day 7 as shown previously [26]. RSV was
recovered from the nasal mucosa for 12 days after inocula-
tion.

Non-specific stimulation of the nasal mucosa of mice also
resulted in nasal rubbings. The number of nasal rubbing
attacks observed in 20 normal mice following nasal installa-
tion of 2pul. PBS was 9.4 2.9 (mean =+ SD). Thus, the
lowest histamine concentration administered intranasally in a
volume of 2 pL that was needed to induce more than 20 nasal
rubbing attacks was defined as the threshold level of nasal
histamine hypersensitivity. After RSV inoculation, the thresh-
old decreased and reached its lowest on day 4. It returned to
normal by day 14 (Fig. [(a)).

Influence of respiratory syncytial virus infection on
ovalbumin-sensitized mice

The threshold of nasal hypersensitivity to histamine decreased
in OVA-sensitized mice and RSV infection in OVA-sensitized
mice induced a dramatic enhancement of nasal sensitivity to

histamine (Fig. 1(b)). The threshold of nasal hypersensitivity
to histamine observed in RSV-infected mice increased
gradually after the last nasal administration of OVA and 14
days later, it was the same as that of non-infected mice (data
not shown). Fluorescence-activated cell sorting analysis of
nasal mucosal T lymphocytes in the RSV-infected OVA-
sensitized mice not only revealed an increased expression of
IFN-y, but also of IL-5 (Table 1). Anti-IL-5 treatment of
RSV-infected OVA-sensitized mice using neutralizing anti-
bodies reduced the histamine sensitivity in some degree
(P<0.05) and the treatment with an NK-I/NK-2 antagonist
resulted in a marked reduction (P<0.001) of the sensitivity
(Fig. 1(b)).

After OVA nasal provocation the frequency of nasal rubb-
ing attacks dramatically increased in RSV-infected OVA-
sensitized mice, compared with non-infected sensitized mice
(Fig. 2). However, anti-IL-5 treatment of RSV-infected OVA-
sensitized mice did not significantly improve nasal symptoms
after OVA administration. On the other hand, an NK-1/NK-
2 antagonist resulted in a significant improvement (Fig. 2).

The number of eosinophils in the nasal mucosa was mark-
edly increased in RSV-infected OVA-sensitized mice com-
pared with those in non-infected OVA-sensitized mice (Fig.
3). The PCA titre, on the other hand, was not significantly
different between the two groups (mean £ SD; 21.1 £+ 21.0 in
infected sensitized mice, 16.6 & 11.4 in non-infected sensitized
mice). Anti-IL-5 treatment of RSV-infected OVA-sensitized
mice significantly reduced the number of infiltrated eosino-
phils, however, the treatment with an NK-1/NK-2 antagonist
had no effect on eosinophil infiltration.

The nasal administration of IFN-y to OVA-sensitized mice
increased the number of nasal eosinophils, but had no effect
on nasal symptoms (Fig. 4). Treatment with anti-IFN-y
neutralizing antibodies did not affect nasal symptoms or
eosinophil infiltration (Fig. 4).

Threshold histamine concentration to induce nasal rubbing attacks
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Fig. 1. Threshold histamine concentration needed to induce nasal rubbing attacks in respiratory syncytial virus (RSV)-infected non-sensitized mice (a) and
in ovalbumin (OVA)-sensitized mice (b). After RSV inoculation, the threshold decreased transiently and reached its lowest on day 4, Although the threshold
decreased in OVA-sensitized mice, RSV infection in OVA-sensitized mice induced a dramatic reduction of the threshold. The treatment with neurokinin
(NK)-1/NK-2 receptor antagonist but not with anti-IL-5 neutralizing antibodies improved the reduction. Non-OVA-sensitized mice were used as controls.
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Table 1. IL-5 and IFN-y expression of nasal mucosal T lymphocytes from
OVA-sensitized mice*

RSV-infected mice (%) Sham-infected mice (%)

IL-5 11.9 6.2
IFN-y 17.4 11.4

OVA, ovalbumin; RSV, respiratory syncytial virus.
*Mean of two groups and each group consisted of T lymphocytes collected
from nasal mucosa of seven mice.

(VA nasal provocation
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Fig. 2. The number of nasal rubbing attacks in ovalbumin (OVA)-
sensitized mice foliowing OVA provocation. Respiratory syncytial virus
(RSV) infection in OVA-sensitized mice induced a dramatic enhancement of
number of attacks. The anti-IL-5 treatment reduced the enhancement in
some degree and the topical administration of the neurokinin (NK)-1/NK-2
receptor antagonist did more.

Eosinophil infiltration
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Fig. 3. The number of eosinophils in the nasal mucosa. Respiratory
syncytial virus (RSV) infection markedly increased the eosinophil infiltration
in ovalbumin (OVA)-sensitized mice. The treatment with anti-IL-5 anti-
bodies reduced the number significantly but not with neurokinin (NK)-1/NK-
2 receptor antagonists.

RSV replication on day 4 was significantly reduced in
OVA-sensitized mice. However, the use of anti-IL-5 did not
exhibit any influence on viral replication and no reduction in
viral shedding was observed in anti-1L-5-treated OVA-
sensitized mice (Fig. 5).

Discussion

The above studies were designed to examine the mechanism
of nasal hypersensitivity observed during viral infections. A

murine RSV infection model was used in which the
quantitative analysis of nasal rubbing attacks was evaluated
as a measure of nasal hypersensitivity. Sneezes in mice are not
clearly distinguishable as in humans and are difficult to
quantify precisely. The evaluation of nasal obstruction is also
difficult, because mice cannot survive by breathing orally.
BALB/c mice are known to be sensitive to allergic reactions
[27), particularly in the lower respiratory tract, although their
nasal reactivity to histamine and other antigens is quite low
(data not shown). While C57BL/6 mice are known to mount a
Thl dominant immune response [28], IgE production is
inducible in these animals if the correct adjuvant, such as
alum, is used, and nasal hypersensitivity can be observed after
the topical administration of histamine or antigens. In light of
the above and because RSV replication in the nose of BALB/
¢ mice is tolerated well by these animals, we chose to use
C57BL/6 mice in our study.

The observations summarized in this report suggest that
experimentally induced infection with RSV results in
significant enhancement of nasal sensitivity to OVA and
histamine in previously sensitized animals. OVA-sensitized
animals also exhibited increased expression of IL-5 and IFN-
v and pronounced accumulation of eosinophils in the nasal
mucosa after RSV infection.

The mechanisms underlying the development of hypersen-
sitivity states after viral infections such as RSV have not been
clinically defined. It is possible that viral infection-associated
mucosal damage; recruitment of mast cells, eosinophils and
other cellular mediators of hypersensitivity; and activation of
cholenergic, adrenergic or non-adrenergic non-cholinergic
neurogenic mechanisms may play an important role in the
development of mucosal hypersensitivity states [29-31].

In the present studies, pre-treatment with anti-IL-5 resulted
in significant decrease in the accumulation of eosinophils.
However, such treatment did not influence the degree of viral
induced hypersensitivity. In fact, anti-IL-5 treatment was
associated with decreased viral elimination in the nasal cavity,
and as a result eosinophils may be associated with accelerated
RSV elimination. It has been shown that eosinophil cationic
protein and eosinophil-derived neurotoxin may act as
rebonuclease-dependent antiviral agents [32]. In the present
studies, it is interesting to note that use of IFN-y was
associated with increasing eosinophil counts but did not
influence nasal hypersensitivity reactions. Thus, although
eosinophils may play an important role in viral induced
allergic inflammation [33, 34], eosinophils did not seem to
contribute to nasal hypersensitivity to OVA in the current
experimental setting. IFN-y is a classical Thl cytokine that
has been shown to reduce allergic reactions when adminis-
tered during sensitization [35]. However, treatment of OVA-
sensitized animals with anti-IFN-y neutralizing antibody did
not decrease nasal sensitivity to OVA during RSV infection.

The observation of particular interest in the current studies
is the significant reduction of nasal hypersensitivity detected
after the use of NK-1/NK-2 antagonists, although such
treatment did not influence eosinophil counts. Recently, it has
been shown that infection with RSV frequently is associated
with activation of NK receptor sites [36-38]. Tachykinin
family of neuropeptides such as substance P have been shown
to exhibit sirong blinding affinity for NK receptors especially
NK-1. Such receptor-neuropeptide interactions are associated

1% 2005 Blackwell Publishing Ltd, Clinical and Experimental Allergy. 35:679-684
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Influence of IFN-y or of anti-1IFN-y antibodies on OVA- sensitized mice
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Fig. 4. Influence of IFN-y and anti-IFN-y antibodies on ovalbumin (OVA)-sensitized mice. The nasal administration of IFN-y increased the number of
eosinophils, but did not affect the nasal symptoms. Anti-IFN-y treatment had no effect on either nasal symptoms or eosinophil numbers.
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Fig. 5. Respiratory syncytial virus (RSV) repiication in the nasal mucosa
on day 4 after RSV inoculation. Replication was reduced in ovalbumin
(OVA)-sensitized mice, but this reduction was abolished in anti-IL-5-treated
OVA-sensitized mice. Non-OVA-sensitized mice were used as controls.

w

with a wide variety of biologic inflammatory effects, including
changes in vascular permeability, mucous secretion, leucocyte
chemotaxis and bronchoconstriction [39-41]. It is thus
suggested that RSV-associated increase in allergic nasal
hypersensitivity to OVA and possibly to other allergens
may in part be related to activation of neuropeptide receptors
during acute viral infection of the nasal mucosa.

It is possible that increased eosinophil recruitment is
mediated by chemokines induced by IFN-y. Recently
induction of eotaxin 3 and IP-10 by 1FN-y in mucosal cell
cultures has been demonstrated after experimental RSV
infection in in vivo settings [42-44). Based on these reports
and the present studies, it is proposed that a possible
relationship exists between IFN-y and induction, recruitment
and/or activation of eosinophils in allergic sensitization in the 11
nasal mucosa during viral infections.
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Airway Dilatation after Inhalation of a Beta-Agonist

37-YEAR-OLD WOMAN WITH A 25-YEAR HISTORY OF ASTH-

A ma that had been managed with inhaléd budesonide and al-
A buterol (salbutamol) as needed underwent high-resolution

multislice helical computed tomographic scanning. Thirty minutes after
the inhalation of albuterol, a cross-sectional multiplanar reconstruction
of the right upper lobe, obtained at maximal inspiration, revealed an in-
crease in the airway caliber. Each panel of images from these two videos
consists of the view before the inhalation on the left and the correspond-
ing view after the inhalation on the right. Panel A shows the segmental,
or third-generation, bronchus (arrows); Panel B the fourth-generation
bronchus at the branching point (arrows); and Panel C more of the pe-
riphery of the fourth-generation bronchus, with full wall visualization
(arrows). Panels D, E, F, and G show bronchial divisions from the fifth to
the eighth generation (arrows); the same bronchial divisions are shown
in the video clip. Panel H shows preinhalation airway occlusions (left-
hand image), which opened up after the inhalation (right-hand image).
The forced expiratory volume in one second, initially 1.27 liters (49.8
percent of the predicted value), increased by 0.49 liter after the inhalation
of albuterol. It is important to note that airway resistance is an inverse
function of the airway radius to the fourth to fifth power.
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Involvement of TNF Receptor-Associated Factor 6 in IL-25
Receptor Signaling’

Yuko Maezawa,* Hiroshi Nakajima,** Kotaro Suzuki,* Tomohiro Tamachi,* Kei Ikeda,*
Jun-ichiro Inoue,” Yasushi Saito,* and Itsuo Iwamoto*

IL-25 (IL-17E) induces 1L-4, IL-5, and IL-13 production from an unidentified non-T/non-B cell population and subsequently
induces Th2-type immune responses such as IgE production and eosinophilic airway inflammation. 1L-25R is a single transmem-
brane protein with homology to 1L-17R, but the IL-25R signaling pathways have not been fully understood. In this study, we
investigated the signaling pathway under TL-25R, especially the possible involvement of TNFR-associated factor (TRAF)6 in this
pathway. We found that IL-25R cross-linking induced NF-«B activation as well as ERK, JNK, and p38 activation. We also found
that 1L-25R-mediated NF-xB activation was inhibited by the expression of dominant negative TRAF6 but not of dominant
negative TRAF2. Furthermore, [L-25R-mediated NF-«B activation, but not MAPK activation, was diminished in TRAF6-deficient
murine embryonic fibroblast. In addition, coimmunoprecipitation assay revealed that TRAF6, but not TRAF2, associated with
1L-25R even in the absence of ligand binding. Finally, we found that IL-25R-mediated gene expression of 1L-6, TGF-B, G-CSF,
and thymus and activation-regulated chemokine was diminished in TRAF6-deficient murine embryenic fibroblast. Taken to-
gether, these results indicate that TRAF6 plays a critical role in 1L-25R-mediated NF-«xB activation and gene expression. The

Journal of Immunology, 2006, 176: 1013-1018.

nterleukin-25 has recently been identified as the fifth member
of the IL-17 cytokine family (1L-17E) by databasc searching
(1-4). The IL-17 family now consists of six family members,
namely IL-17 (IL-17A), IL-17B, IL-17C. IL-17D, IL-25, and 1L-
17F (5-7). Among IL-17 family members, IL-25 is less homologic
to other IL-17 family members. e.g., 18% homology to TL-17A at
amino acid level, Accordingly, in vivo biologic activities of IL-25
are markedly different from those described for I1-17 and other
1L-17 family cytokines (2-4, 8-10). Remarkably, it has been
shown that the enforced expression of IL-25 induces IL-4. IL-5,
and IL-13 production from an unidentified non-T/non-B cell pop-
ulation and subsequently induces Th2-type immune responses
such as eosinophilic airway inflammation, mucus production, and
airway hyperreactivity (2-4, 8).
1L-25R, which is also called IL-17BR. IL-17Rh1, or Bvi27,is a
56-kDa single transmembrane protein with homology to IL-17R
(1, 11, 12). IL-25R was first identified as a receptor for IL-17B
(11) but IL-25R has subsequently been shown to exhibit a higher
affinity for 11.-25 than for IL-17B (1). 1L-25 has also been dem-
onstrated to activate NF-«kB and induce IL-8 production in a hu-
man renal carcinoma cell line (1). However, the molecular com-
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ponents consisting of JL-25R signaling pathways and their
regulation are still largely unknown,

It has recenly been shown that TNFR-associated factor
(TRAF)? family proteins play a critical role in a number of sig-
naling pathways that activate NF-«B (13-16). TRAF family pro-
interaction with their cognate receptors or cytoplasmic signaling
proteins (13-16). Among TRAF family proteins, TRAF6 exhibits
the unique properties in that its TRAF-C domain interacts with a
peptide motif distinct from that recognized by other TRAF pro-
teins (17), supporting the findings that TRAF6 exhibits various
functions in regulating adaptive and innate immunity, bone me-
tabolism, and cell apoptosis (13-16). The structural analysis of the
peptide-TRAF6 interaction has clarified the TRAF6-binding motif
as  X-X-Pro-X-Glu-X-X-(aromatic/acidic residue) (17). The
TRAF6-binding motif is found not only in adaptor proteins such as
[L-1R-associated kinase (17) and TIFA (18) but also in membrane-
bound proteins such as CD40 and the receptor activator of NF-«xB
RANK (17). Importantly, the TRAF6-binding molif is present in
human and murine {L-25R.

In the present study, we investigated whether TRAF6 is in-
volved in IL-25R signaling. Our results have clearly demonstrated
a critical involvement of TRAF6 in 1L-25R-mediated NI*-«B ac-
tivation and gene expression.

Materials and Methods

Cell culture

X63 cells were maintained in RPMI 1640 medium with 10% FCS. 50 uM
2-ME, and antibiotics (complete RPMI 1640 medium). Ba/F3 cells were
cultured in complete RPMI 1640 medium supplemented with 10% (v/v) of
the supernatant of murine 11.-3-producing X63 cells (X63-11.-3; a gift from
Dr. H. Karasuyama, Tokyo Medical and Dental University, Tokyo, Japan)
(19). COS7 cells were cultured in DMEM supplemented with 10% FCS

¥ Abbreviations used in this puper: TRAF, TNFR-associated factor; TARC, thymus
and uctivalion-reguluted chemokine: MEF, murine embryonic fibroblast: DN. domi-
nant negative; MKK, MAPK kinase: WT, wild type.

0022-1767/06/502.00
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and antibiotics (complete DMEM). Wild-type (WT) murine embryonic fi-
broblast (MEF), TRAF6-deficient (TRAF6™'7) MEF (20). and Pla-E cells
(21) were established and maintained as described elsewhere.

Plasmids

DNA fragment coding the extracellular domain of murine IL-25R. a gift
from Dr. 1. D. Shaughnessy (University of Arkansas for Medical Sciences,
Little Rock, AR) (12) was fused fo the fragment coding C-terminal 187 aa
of MPL, a receptor for thrombopoietin (22), and cloned into expression
vector pCDNA3Z (pCDNA3J IL-25R-MPL). Expression vectors for WT
TRAF2, dominant negative (DN) TRAF2, Flag-tagged WT TRAFG6, and
Flag-tagged DN TRAFG were previously described (23). Expression vec-
tors for Flag-tagged [L-25 (BCMGS Flag-1L-25). Flag-tagged IL-25R
(pCMVI Flag-IL-25R), and mye-tagged intracellular region of IL-25R
(pCDNA3 mve-1L-25R) were constructed by PCR amplification using PFU
polymerase (Stratagene). The DNA fragment coding Flag-tagged IL-25R
was subsequently subcloned into the retrovirus vector pMX IRES-GFP to
generate pMX Flag-1L-25R-IRES-GFP. Alanine substitution of IL-25R on
glutaminic acid at aa 338 (IL-25R E338A) was generated by using a PCR-
based site-directed mutagenesis kit (Stratagene). The mutation was con-
firmed by DNA sequencing.

Cyrokines

X63 cells were transfected with BCMGS Flag-IL-25 to generate murine
TL-25-producing X63 cells (X63-1L-25). The supernatant of X63-1L.-23
cells was collected and used as a source of 1L-25. The supernatant of
murine 1L-3-producing X63 cells (X63-1L-3) and the empty vector
(BCMGS neo)j-transfected X63 cells (X63-control) were also used as
controls.

Bioassay for 1L-25

IL-3-dependent Ba/F3 cells were transfected with pCDNA3 JL-25R-MPL
and Ba/F3 cells that stably expressed IL-25R-MPL were selected by G418
(Ba/F3 IL-25R-MPL cells). The expression of IL-25R-MPL was evaluated
not only at mRNA levels by RT-PCR analysis but also at protein levels
with the response to the supernatant of X63-IL-25 cells. Subsequently.
bioactivity of IL-25 was assessed by the proliferative response of Ba/lF3
11.-25R-MPL cells. Briefly, Ba/F3 [1.-25R-MPL cells (2 X 10 cells/well)
were cultured in triplicate at 37°C in 96-well plates in the complete RPMI
1640 medium in the presence of X63-1L-25 conditioned medium or X63-
1L.-3 conditioned medium (as a positive control) for 36 h with 0.5 pCi of
[FH]thymidine added for the final 12 h. Empty vector (pCDNA3)-trans-
fected Ba/F3 cells were used as a negative control,

Retrovirus-mediated expression of IL-25R in MEF

A wuansient retrovirus packaging cell line of Plat-E cells (2 X 10%) was
transfected with 3 pg of pMX Flag-IL-25R-IRES-GFP using FuGENE6
transfection reagents (Roche Diagnostics). At 24 h after the transfection,
the medium was once changed and anolher 24 h later, the supernatant was
harvested as virus stocks and stored at —80°C until use. WT MEF or
TRAEG™~ MEF (1 X 10%) were infected with 2 m} of virus stocks for 4 h
in the presence of polybrene (1 pg/ml) and then diluted and maintained in
the complete DMEM. Under these conditions, the efficiency of infection
was 90% as assessed by GFP* cells by FACS.

Luciferase assay

CO87 cells (1 X 10°) were transfected with 1.0 ug of pCMV1 Flag-IL-25R
and 0.3 ug of NF-kB-responding Phorinus pyralis luciferase reporter vec-
tor pNF-kB-Luc (Stratagene) using FUuGENESG. In some experiments, ex-
pression vector for DN TRAF6 or DN TRAF2 was cotransfected. Empty
vector was added to adjust the total amount of plasmid DNA for transfec-
tion. To normalize for transfection cfficicncy. 10 ng of Renilla reniformis
luciferase reporter vector pRL-TK was added to each transfection. At 24 h
after the transfection, cells were stimulated with X63-1L-25 condition me-
dium or anti-Flag M2 mouse mAb (2 pg/ml: Sigma-Aldrich) at 37°C for
24 h, and the luciferase activity of Photinus pyralis and Renilla reniformis
were determined by the Dual-luciferase Reporter Assay System (Pro-
mega), Phorinus pyralis fuciferase activity of pNF-xB-Luc was normalized
by Renilla reniformis lcilerase activity of pRL-TK. Condition medium of
X63-control cells or mouse monoclonal [gGl (Ancell) was used as
controls.

Nuclear accumulation of NF-kB p63

WT MEF or TRAF6™'" MEF were infected with retrovirus of pMX Flag-
[L-25R-IRES-GFP as described earlier and Flag-IL-25R-expressing WT

ROLE OF TRAF6 IN IL-25R SIGNALING

MEF or TRAF6™'™ MEF were stimulated with X63-1L-25 condition me-
dium or anti-Flag M2 mAb (2 pg/ml) at 37°C for 30 min, Nuclear extracts
were prepared as described elsewhere (24), and DNA-binding activity of
NF-kB p65 in the nuclear extracts was detected by Transfactor NF-«B
chemiluminescent kit (BD Biosciences) according to the manufacturer’s
instruction. Briefly, nuclear extracts (5 pg) were added to wells coated with
NF-xB consensus oligonucleotides and incubated for | h at room temper-
ature. After washing. the wells were incubated with anti-NF-«B p63 rabbit
polyclonal Ab, followed by anti-rabbit IgG HRP and then chemilumines-
cent substrate mixture. Chemiluminescent intensities were measured with
Arvo 1420 multilabel counter (Wallac). For DNA competition experi-
ments, 0.5 pg of unlabeled competitor oligonucleotide was added to the
nuclear extracts.

linmunoblotting

MEF (1 X 107} were starved from FCS for over 12 h and (hen stimulated
with anti-Flag mAb (2 pg/mb), mouse rlL- 17 {100 ng/ml: R&D Systems),
or mouse riL-18 (10 ng/ml: PeproTech) for 30 min. The cells were then
lysed with cell lysis buffer (10 mM Tris-HCI, 150 mM NaClL. 2 mM EDTA.
0.875% Brij97, 0.125% Nonidet P-40, 8 mM DTT, and 1% protease in-
hibitor mixture (Sigma-Aldrich)) supplemented with 7 mM Na,VO,, 10
mM NaF, and 60 mM B-glycerophosphate. The aliquot of lysates was
applied for SDS-PAGE. The following Abs were used for immunoblotting:
anti-IkB-o (MBL. Japan), anti-p38c/SAP2a, anti-p38 (pT180/pY 182), anti-
ERKI. anti-ERK1/2 (pT202/pT204), anti-pan INK/SAPK1. and anti-JNK
(pT183/pT185) (BD Transduction).

Coimmunoprecipitation assuay

COS7 cells (4 X 10%) were transfected with pCDNA3 mve-11.-25R (1.0 pg)
and/or pME18S Flag-TRAFG6 (1.0 pg). pMEISS Flag-TRAF2 (1.0 ug). or
pME18S Flag-TRAFS (1.0 pg) using FuGENE6. Twenty-four hours after
the transfection, cells were harvested, lysed with cell lysis buffer. and cen-
trifuged to remove cellular debris. After preclearation, the supernatants
were immunoprecipitated with either anti-myc mAb (9E10: Santa Cruz
Biotechnology) or anti-Flag M2 mAb and 100 ul of protein G-Sepharose
(Pharmacia). The immunoprecipitates or the aliquot of whole cell lysates
were applied for immunoblotting with rabbit polyclonal anti-Flag Ab
(Sigma-Aldrich) or biotin-labeled anti-myc mAb (9E10; Santa Cruz
Biotechnology).

RT-PCR

Total cellular RNA was prepared. and RT-PCR analysis was performed as
previously described (24). In brief, Flag-1L-25R-expressing WT MEF or
TRAF6™/~ MEF were stimulated with anti-Flag mAb (2 pg/ml) at 37°C
for 3 h and the total cellular RNA was isolated using Isogen solution
(Nippon Gene) according to the manufacturer's instruction. The following
primer pairs were used for PCR: 1L-6 (ATGAAGTTCCTCTCTGCAA
GAG and GTTTGCCGAGTAGATCTCAAAG), G-CSF (GCTGTG
GCAAAGTGCACTATG  and  AAGCCCTGCAGGTACGAAATG).
TGF-B (ATTCAGCGCTCACTGCTCTTG and TCAGCTGCACTTG
CAGGAGC). and thymus and activation-regulated chemokine (TARC)
(TGAGGTCACTTCAGATGCTGC  and  ACCAATCTGATGGCCT
TCTTC). RT-PCR for f-actin was performed as a control. All PCR am-
plifications were performed at least three times with multiple sets of
experimental RNAs.

Data analysis

Data are summarized as mean = SD. The statistical analysis of the results
was performed by the unpaired £ test. Values for p << 0.05 were considered
significant.

Results

Establishment of a bioassay for IL-25

It has been reported that 1L-25 activates NF-«B in a renal carci-
noma cell line (1). but the signaling pathway under IL-25R is
largely unknown. To examine 11.-25 signaling in detail, we first
prepared ril.-25 and an assay that verifies the bioactivity of rll.-25.
Because 1L-25 belongs to the cystine knot family and correct re-
folding and dimer formation seem to be required for its biological
activity (6, 7). we used the mammalian cell-based cytokine ex-
pression system (19) rather than the Escherichia coli-based ex-
pression system. We first established X63 cells that stably pro-
duced mouse 1L-25 (X63-1L-25 cells) and used the supernatant of
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X63-11.-25 cells as a source of 1L.-25. To evaluate the bioactivity
of the produced 1L-25, we established Ba/F3 cells that expressed
1L-25R-MPL fusion protein (Ba/F3 IL-25R-MPL cells) and used
as a responding cell for IL-25 stimulation, As shown in Fig. |,
Bu/F3 IL-25R-MPL cells proliferated in response not only to the
supernatant of X63-I1L-3 cells but also to the supernatant of X63-
1L-25 cells in a dose-dependent manner, whereas control Ba/F3
cells proliferated in response to the supernatant of X63-11.-3 cells
but not to the supernatant of X63-1L-25 cells. As expected, either
Ba/F3 1L-25R-MPL cells or control Ba/F3 cells did not proliferate
in response to the supernatant of X63-control cells (Fig. 1).

IL-23R cross-linking induces NF-«B activation

We next established the system that mimicked IL-25R signaling to
clarify the 1L-25 signaling pathway in detail. To eliminate the pos-
sible involvement of the endogenously expressed 1L-25R, we used
Ab-mediated cross-linking of the receptors rather than ligand-me-
diated activation, Either WT IL-25R or Flag-IL-25R was ex-
pressed in COS7 cells, and these cells were stimulated with the
supernatant of X63-1L-25 cells or anti-Flag mAb. In cells express-
ing WT IL-25R, the supernatant of X63-1L-25 cells, but not stim-
ulation with anti-Flag mAb, activaied the NF-«B-responding
reporter construct (Fig. 24). In contrast, in cells expressing Flag-
11.-25R, both the supernatant of X63-1L-25 cells and anti-Flag
mAb activated NF-xB-responding reporter construct (Fig. 2A).
These results indicate that IL-25R signaling induces NF-«B acti-
vation and that the cross-linking with anti-Flag mAb mimics the
ligand-mediated  signaling of IL-25 in cells expressing
Flag-1L-25R.

TRAF6 is crucial for IL-25R-mediated NF-kB activation

It has been reported that TRAFG is involved in the signaling path-
ways of 1L-1- and 1L.-17-induced NF-xB activation (20, 25, 26).
To determine whether TRAF6 is involved in [L-25R-mediated sig-
naling, we investigated the effect of a DN TRAFG on IL-25R-
mediated NF-kB activation. As a conltrol, we examined the effect
of DN TRAF2 on IL-25R-mediated NF-«B activation in parallel.
As shown in Fig. 2B, the expression of DN TRAF®6, but not DN
TRAF2, inhibited 1L-25R-mediated NF-kB activation in a dose-
dependent manner (n = 4, p < 0.01), suggesting that TRAF6 but
not TRAF2 is involved in the signaling pathways of NF-«xB acti-
vation under IL-25R.

To further clarify the involvement of TRAF6 in IL-25R-medi-
ated signaling, we compared IL-25R-mediated IkB-« down-regu-
lation in Flag-1L-25R-expressing TRAF6 ™/~ MEF and in Flag-IL-
25R-expressing WT MEF. As controls. these cells were stimulated
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FIGURE 1. Establishment of a bioassay for IL-25. Control vector-trans-
fected Ba/F3 cells (Jefi) and 1L-25R-MPL-expressing Ba/F3 cells (right)
were cultured in the presence of the supernatant of X63-control. X63-1L-3,
or X63-1L-25 cells at the indicated concentrations at 37°C for 36 h with 0.5
uCi of IRHIthymidine added for the final 12 h. Data are mean * SD of
{*H]thymidine incorporation for {our independent experiments,
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FIGURE 2. 1L-25R signaling induces NF-kB activation by a TRAF6-
dependent mechanism. A, TL-25R cross-linking induces NF-«B activation.
COS7 cells were transfected with the expression vector for IL-25R or Flag-
tagged-1L-25R in the presence of pNF-kB-Luc and pRL-TK. Twenty-four
hours later, the cells were stimulated with the supernatant of X63-IL-25
cells (3%) or anti-Flag mAb (2 pg/ml) at 37°C for 24 h. Luciferase activ-
ities of pNF-kB-Luc were determined by a Dual-Luciferase Reporter Sys-
tem. Data are mean % SD of the relative luciferase activity of pNF-«B-Luc
for four experiments. Significantly different (+, p << 0.01) from the mean
value of unstimulated cells (control 1gG1). B, DN TRAFG6 inhibits [L-25R-
mediated NF-«B activation. The expression vector for Flag-tagged 11L-25R
was transfected 1o COS7 cells in the presence of pNF-kB-Luc and pRL-
TK. Where indicated, amounts of expression vector for DN TRAF6 or DN
TRAF2 were simultaneously transfected. Twenty-four hours later, cells
were incubated with anti-Flag mAb or control IgGl at 37°C for another
24 h, and the luciferase activities of pNF-xB-Luc were determined by the
Dual-Luciferase Reporter Assay System. Data are mean = SI) for four
experiments. Significant difference (*, p < 0.05 and =%, p < 0.01) is
shown. C, 1L-25R-mediated 1kB-a down-regulation is diminished in
TRAFG™™ cells. WT MEF and TRAF6™'~ MEF were infected with ret-
rovirus of pMX-Flag-IL-25R-IRES-GFP as described in Materials and
Methods. After infected cells were sorted and expanded, IL-25R was cross-
linked with anti-Flag mAb or control 1gG1 at 37°C for 20 min. As controls,
MEF infected with retrovirus of pMX-Flag-IL-25R-IRES-GFP were stim-
ulated with rlL-17 (100 ng/m}) or 1L-18 (10 ng/miy at 37°C for 20 min.
Cell lysates were subjected to immunoblotting with anti-lkB-a Ab. Shown
are representative blot (top) and mean = SD of the percentage of I«B-a
down-regulation determined by a densitometer (horrom) from four inde-
pendent experiments. Significantly different (%, p < 0.01) from the mean
value of the corresponding response of WT MEF. D, TRAF6 is required for
IL-25-induced nuclear accumulation of NF-kB p65. Flag-1L-25R-express-
ing WT MEF or TRAF6™/" MEF were stimulated with X63-IL-25 con-
dition medium (top) or anti-Flag mAb (boriom) at 37°C for 30 min. As
controls, supernatant of X63-control cells (rop) or control 1gG1 (hortom)
was used. Nuclear extracts were prepared from these cells. and the binding
activity to NF-xB consensus oligonucleotides was determined as described
in Materials and Merhods. Where indicated, unlabeled competitor oligo-
nucleotides were added to nuclear extracts 1o confirm specific binding.

Significant difference (=, p < 0.01) are indicated.
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FIGURE 3. TRAF6 but not TRAF2 nor TRAFS associates with IL-25R.
A, TRAF6 associates with [L-25R. COS7 cells were transfected with mye-
tagged 11.-25R and/or Flag-tagged TRAF6, and the cell lysates were im-
munoprecipitated (1P) with anti-myc Ab and followed by immunoblottings
(IB) with anti-Flag Ab or anti-myc Ab. Shown are representative data of
three independent experiments. B, TRAF2 and TRAFS do not associate
with IL-25R. COS7 cells were transfected with myc-tagged 1L-25R and
Flag-tagged TRAF6, Flag-tagged TRAF2, or Flag-tugged TRAFS. Cell
lysates were immunoprecipitated with anti-Flag Ab and followed by im-
munoblottings with anti-mye Ab or anti-Flag Ab. Shown are representative
data of three independent experiments. C. E338A mutation of [1.-25R at-
tenuates [1.-25R-mediated NF-xB activation. COS7 cells were transfected
with the expression vector for Flag-tagged 1L-25R WT or Flag-tagged-IL-
25R E338A (Flag IL-25R MT) in the presence of pNF-xB-Luc and pRL-
TK. Twenty-four hours later, the cells were stimulated with anti-Flag mAb
(2 pwg/mi) at 37°C for 24 h. Luciferase activities of pNF-xB-Luc were
determined by a Dual-Luciferase Reporter System. Data are means 22 SD
of the relative luciferase activity of pNF-xB-Luc for four experiments.
Significant difference (%, p << 0.05) is shown.

Relative Luciferase Activity

with IL-18 or TL-17, cytokines that activate the NF-«kB pathway
(5-7, 20, 27). As shown in Fig. 2C, the expression levels of IxB-«
in Flag-IL-25R-expressing WT MEF were down-regulated in re-
sponse to anti-Flag mAb, compared with the basal levels of 1«B-a
(control 1gG1) (n = 4, p << 0.01). Stimulation with the supernatant
of X63-1L-25 cells also down-regulated the expression levels of
IkB-c in Flag-11.-25R-expressing WT MEF (data not shown). Im-
portantly, TL-25R-mediated IxB-a down-regulation was signifi-
cantly impaired in Flag-1L-25R-expressing TRAF6™/~ MEF,
compared with that in Flag-1L-25R-expressing WT MEF (n = 4,
p < 0.01) (Fig. 20). As expected, IL-1- or IL-17-mediated IxB-a
down-regulation was also impaired in TRAF6™/" MEF (Fig. 20).

To further examine the involvement of TRAF6 in IL-25R-me-
diated NF-kB activaton, we compared 1L-25R-mediated nuclear
accumulation of NF-xB p65 in Flag-IL-25R-expressing WT MEF
and TRAF6™/~ MEF. Nuclear accumulation of NF-xkB p65 was
induced by 11.-25 stimulation (Fig. 2D, top panel) or by anti-Flag
mAb-mediated IL-25R cross-linking (Fig. 2D, bottom panel) in
Flag-IL-25R-expressing WT MEF. IL-25-mediated or anti-Flag
mAb-mediated nuclear accumulation of NF-kB p65 was signifi-
cantly decreased in Flag-1L-25R-expressing TRAF6™'~ MEF
(Fig. 2D). Taken together, these results indicate that TRAF6 is
involved in [L-25R-mediated NF-xB activation.

ROLE OF TRAF6 IN IL-25R SIGNALING

TRAFG associates with I1L-25R

We then examined whether TRAF6 associates with IL-25R by a
coimmunoprecipitation assay. Flag-tagged TRAF6 was expressed
with or without myc-tagged 1L-25R in COS7 cells and the amounts
of Flag-tagged TRAF6 in the immunoprecipilates with anti-nyc
mAb was evaluated. As shown in Fig. 34, anti-myc mAb copre-
cipitated Flag-tagged TRAF6. We also performed the immunopre-
cipitation with anti-Flag mAb and confirmed that myc-tagged 1L-
25R was coimmunoprecipitated with Flag-tagged TRAF6 (Fig.
3B). In contrast, mvc-tagged TL-25R was not coimmunoprecipi-
tated with Flag-tagged TRAF2 or TRAFS (Fig. 3B). These results
suggest that TRAFG but not TRAF2 or TRAFS can associate with
IL-25R and that this association occurs even in the absence of
ligand binding. Furthermore, IL-25R-mediated NF-xB activation
was attenvated in cefls expressing IL-25R E338A, in which
TRAF6-binding motif was mutated, compared with that in celis
expressing WT IL-25R (Fig. 3C). These results suggest that the
direct association between IL-25R and TRAFG is crucial for TL-
25-mediated NF-xB activation.

IL-25 induces MAPK activation bv a TRAF6-independent
mechanism

To determine whether 1L-25 activates other intracellular signaling
pathways such as MAPK pathways, we next examined the phos-
phorylation of ERK, JNK, and p38 in Flag-1L-25R-expressing
MEF upon stimulation with anti-Flag mAb. The phosphorylation
of ERK was markedly induced upon stimulation with anti-Flag
mAD at similar levels to that induced by IL-17 or IL-1 stimulation
(Fig. 4). The phosphorylation of JNK and p38 was also induced by
the stimulation with anti-Flag mAb, although it was weaker than
that induced by IL-17 or IL-1 stimulation (Fig. 4). These results
indicate that 11.-25 activates not only the NF-«B pathway but also
ERK, JNK, and p38 pathways. Interestingly, although IL-17- or
IL-1-mediated activation of JNK and p38 was impaired in
TRAF6™/ MEF (Fig. 4, lane 3 vs lane 7 and lane 4 vs lane 8,
respectively), IL-25R-mediated activation of ERK, JNK, and p38
was not impaired in TRAF6 ™'~ MEF (Fig. 4, lane 2 vs lane 6).
These results indicate that in contrast to IkB-« down-regulation

- WY
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p-JNK
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p-38 i wlin Gl GED s G A
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FIGURE 4. [L-25 activates ERK. INK. and p38 by a TRAF6-indepen-
dent mechanism, Similar o Fig. 2C. WT or TRAF6 ™'~ MEF infected with
retrovirus of pMX-Flag-IL-25R-IRES-GFP were incubated with control
IgGl, anti-Flag mAb, IL-17, or IL-1 at 37°C for 20 min, and cell lysates
were subjected to immunoblotting with anti-phospho-ERK, anti-ERK, anti-
phospho-JNK, anti-INK, anti-phospho-p38, or anti-p38 Ab. Shown are
representative blots from four independent experiments.
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FIGURE 5. 1L-25 up-regulates cytokine and chemokine mRNA expres-
sion in a TRAF6-dependent manner, WT MEF and TRAF6™'~ MEF were
infected with retrovirus of pMX-Flag-1L-25R-IRES-GFP us described in
Fig. 2C and then incubated with anti-Flag mAb or control 1gG1 at 37°C for
3 h. Total cellular RNA was prepared, and RT-PCR analysis for 1L-6,
TGF-B. G-CSF, TARC, and S-actin (as a control) was performed. Shown
are representative data of four independent experiments.

and subsequent NF-xB activation (Fig. 2, B and C), TRAF6-inde-
pendent pathways mainly contribute to the activation of ERK,
INK, and p38 under 1L-25R-mediated signaling.

TRAF6 is involved in IL-25R-mediated gene expression

To determine whether TRAF6 is involved in IL-25R-mediated
gene expression, we compared the mRNA induction of 1L-6,
TGE-B, G-CSF, and TARC in Flag-IL-25R-expressing WT MEF
with Flag-1L-25R-expressing TRAF6™'~ MEF upon stimulation
with anti-Flag mAb. Interestingly, the induction of mRNA expres-
sion of IL-6, TGF-B, G-CSF, and TARC by anti-Flag cross-linking
was significantly decreased in Flag-1L-25R-expressing TRAF6™/"
MEF, compared with that in Flag-IL-25R-expressing WT MEF
(Fig. 5). The induction of 1L-6, TGF-, G-CSF, and TARC mRNA
was also attenuated in Flag-IL-25R E338A-expressing WT MEF,
compared with that in Flag-1L-25R-expressing WT MEF (data not
shown). Taken together, these results suggest that TRAT6 plays an
important role in the production of cytokines and chemokines upon
IL-25R-mediated signaling.

Discussion

In this study. we show that TRAF6 mediates NF-xB activation in
1L-25R signaling. We found that 1L-25R-mediated signaling in-
duced NF-«B activation (Fig. 24) as well as ERK, INK, and p38
activation (Fig. 4). We also found that 1L-25R-mediated NF-«xB
activation was down-regulated by the expression of DN TRAF6
but not of DN TRAF2 (Fig. 2B). Furthermore, IL-25R-mediated
NE-xB activation, but not MAPK activation, was diminished in
TRAF6~/" MEF (Figs. 2C and 4). In addition, coimmunoprecipi-
tation assay revealed that TRAF6 associated with IL-25R in a li-
gand-independent manner (Fig. 3, A and B). Finally, we found that
11.-25R-mediated gene expression of 1L-6, TGF-B, G-CSF. and
TARC was diminished in TRAF6™/~ MEF (Fig. 4). Taken to-
gether, these resulis indicate that TRAF6 plays a critical role in
IL-25R-mediated NF-xB activation and gene expression.

Our results suggest that TRAFG directly associates with the cy-
toplasmic region of 1L-25R and induces NF-xB activation upon
ligund binding. The TRAF6-binding motif is conserved in the cy-
toplasmic region of mouse and human IL-25R and we showed the
association between 1L-25R and TRAF6 even in the absence of
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ligand binding (Fig. 3, 4 and B). We also found that the disruption
of the TRAF6-binding motif attenuated IL-25R-mediated NF-«B
activation (Fig. 3C). In contrast, although there is no TRAF6-bind-
ing motif in IL-17R. TRAF6 was coimmunoprecipitated with IL-
17R (26) and 1L-17-induced NF-«B activation was diminished in
TRAF6™'™ cells (26) (Fig. 2C). Therefore, the mechanisms un-
derlying TRAF6 activation may be different between IL-25R- and
IL-17R-mediated signaling.

In contrast, we show that IL-25R-mediated activation of ERK,
INK, and p38 is TRAF6-independent (Fig. 4). We found that IL-
25R-mediated ERK. JNK, and p38 activation was similarly ob-
served in WT and TRAF6™/~ MEF (Fig. 4). In contrast, we found
that IL-17R-mediated JNK and p38 activation was diminished in
TRAF6™'~ MEF (Fig. 4). Schwandner et al. (26) have also shown
that {L-17-induced JNK activation is impaired in TRAF6™/" cells.
These results indicate that TRAF6-independent pathways are pri-
marily involved in the activation of JNK and p38 under HL.-25R-
but not IL-17R-mediated signaling.

The mechanisms by which IL-25 activates these MAPKs have
not yet been elucidated. These MAPKs are activaied by their spe-
cific MAPK kinases: ERK is activated by MEK1T and MEK2, INK
is activated by MAPK kinase (MKK)}4 and MKK7, and p38 is
activated by MKK3 and MKK6 (28). These MAPK kinases are
also activated by various MAPK kinase kinases, such as Raf, TGF-
B-activated protein kinase 1, MEK kinase [, MLK. and apoptosis
signal-regulating kinase 1 (28). In preliminary experiments, we
found that TL-25R cross-linking modestly induced Raf-I and
MKK3 activation in Flag-IL-25R-expressing cells. However, the
induction of Raf-1 and MKK3 activation by IL-25R cross-linking
was weaker than that by IL-1 or 1L-17. Thus, other kinases may be
participated in the activation of these MAPKs under 1L-25R sig-
naling. Future studies revealing the signaling cascade of IL-25-
induced MAPKs activation especially in the undefined IL.-25-re-
sponding cells could help the understanding of the physiological
importance of MAPKSs activation through IL-25R signaling.

Our results also show that IL-25R-mediated signaling induces
the production of TARC by 4 TRAF6-dependent mechanism (Fig,
5). We also found that rIL-25-induced TARC expression in
NIH3T3 cells (data not shown). Our findings support the previous
report showing that the in vivo administration of IL-25-expressing
adenovirus induces the expression of chemokines including TARC
in the lung (4). TARC is a specific ligand for CCR4 (29, 30) and
induces chemotaxis of T cells, especially of Th2 cells (31, 32). It
has also been demonstrated that TARC plays a significant role for
the induction of Th2 cell-mediated eosinophil recruitment into the
airways in a murine model of asthma (33). We also found that mice
that specifically expressed 1L-25 in the lung under the control of
CC-10 (Clara celi 10-kDa) promoter exhibited the enhanced T cell
recruitment into the airways after Ag inhalation (T. Tamachi,
Y, Maezawa, K. lkeda, S.-i. Kagami, M. Hatano, Y. Seto, A. Suto,
K. Suzuki, N. Watanabe, Y. Saito, T. Tokuhisa, 1. Iwamoto, and
H. Nakajima, manuscript in preparation). Therefore, it is suggested
that the induction of TARC by 1L-25-induced NF-«B activation
may be involved in TL-25-mediated allergic inflammation.

[L-25 is expressed in Th2-polarized CD4™ T cells (2) and ac-
tivated mast cells (34). It has also been reported that in vivo ad-
ministration of 1L.-25 promotes the expression of Th2-cell associ-
ated cytokines such as 1L-4, IL-5, and IL-13 from a non-T/non-B
cell population (2, 4). These findings suggest that IL-25 is within
the amplification loop of Th2-type immune responses, In this re-
gard, a recent study has demonstrated that APCs such as macro-
phages and dendritic cells express IL-25R upon IL-4 stimulation
(35), suggesting that APCs may be involved in the 1L-25-induced
Th2-type immune responses. Further investigation is needed (o
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determine cell populations that respond to 11.-25 and trigger Th2-
type immune responses in vivo.

In summary. we have demonstrated that TRAFG is involved in
IL-25R-mediated NF-xB activation and gene expression. Because
IL-25 is suggested to be involved in Th2 cell-mediated allergic
inflammation by inducing Th2 cytokine production from an un-
identified non-T/non-B cell population, the elucidation of [L-25R-
mediated signaling provides a new tool for the treatiment of allergic
diseases such as bronchial asthma, atopic rhinitis, and atopic
dermatitis.
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Murine Plasmacytoid Dendritic Cells Produce IFN-y upon
IL-4 Stimulation'

Akira Suto, Hiroshi Nakajima,* Naoki Tokumasa, Hiroaki Takatori, Shin-ichire Kagami,
Kotaro Suzuki, and Itsuo Iwamoto

IL-4 plays a key role in inducing IL-4 production in CD4"* T cells, functioning as an important determinant for Th2 cell differ-
entiation. We show here that IL-4 induces IFN-vy production in B220* plasmacyteid dendritic cells (PDCs). By searching for cell
populations that produce IFN-y upon 1L-4 stimulation, we found that PDCs were a major IFN-y-producing cell upon IL-4
stimulation in wild-type and Rag-2~'" splenocytes. Isolated PDCs, but not CD11b™ DCs or CD8™ DCs, produced IFN-y upon IL-4
stimulation. In vivo, the depletion of PDCs by anti-Ly6G/C Ab prevented IFN-vy production induced by IL-4 administration. We
also found that IL-4 indaced IFN-vy production, but not IL-12 or IFN-« production, in PDCs and also strongly enhanced CpG
oligodeoxynucleotide-induced IFN-vy production, but not CpG oligodeoxynucleotide-induced IL-12 or 1IFN-o production. How-
ever, IL-4 did not induce IFN-y production in Stat6™'~ PDCs. Moreover, 1L-4 induced Stat4 expression in PDCs through a
Stat6-dependent mechanism, and only the Statd-expressing PDCs produced IFN-vy. Furthermore, IL-4 did not induce IFN-y
production in Statd~'~ PDCs. These results indicate that PDCs preferentially produce IFN-y upon IL-4 stimulation by Stat6- and

Statd-dependent mechanisms.

ytokine environment is critical for the differentiation and

commitment of immune cells. For example, 1L-4, a rep-

resentative Th2 cytokine, induces further Th2 cell differ-
entiation, whereas a Thl cytokine IFN-vy in coordination with
1L.-12 induces Thl cell differentiation (1-3). Although these pos-
itive feedback mechanisms are essential for the profound ditfer-
entiation of Th cells, the immune system also has a number of
intrinsic and extrinsic machinery to antagonize the excessive dif-
ferentiation of immune cells (4, 5).

Dendritic cells (DCs)® are a migratory group of bone marrow-
derived leukocytes with at least three subtypes in mouse spleen:
CD8" DCs, CD11b™ DCs, and B220™ DCs (“plasmacytoid DCs”)
(PDCs) (6. 7). Although CD8" DCs and CD11b™ DCs express
high levels of MHC class Il molecules and costimulatory mole-
cules such as CD80 and induce T cell proliferation, PDCs express
MHC class II molecules at very low levels, do not express CD80,
and fail to stimulate T cell proliferation (8, 9). These findings
suggest that PDCs are immature DCs with a weak ability as APCs.
On the other hand, PDCs localize in the T cell zone of lymphoid
tissues and produce a large amount of type I IFNs upon bacterial
or viral infection (10-12). Therefore, it is suggested that PDCs
play a key role in innate immune responses.
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Recently, a number of experiments have suggested that innate
immune responses contribute significant polarizing influences on
Th differentiation (13). The global view is that TLR activation of
APCs such as DCs induces cytokine production that favors Thl-
type immune responses and prevents the development of deleteri-
ous Th2 responses (13). On the other hand, a recent study has
shown that PDCs inhibit Th2 responses even in the absence of
TLR signaling (14). However, the role of PDCs in Th differenti-
ation js still largely unknown.

In this study, by searching for cell populations that produce
IFN-vy upon IL-4 stimulation, we found that PDCs were a major
IFN-y-producing cell upon IL-4 stimulation and that IL-4 prefer-
entially induced TFN-vy production in PDCs by a Stat6-dependent
mechanism. We also found that 1IL-4 induced Statd expression in
PDCs through a Stat6-dependent mechanism and that only the
Statd-expressing PDCs produced IFN-vy. Furthermore. we found
that Stat4-deficient PDCs did not produce IFN-y upon IL-4 stim-
ulation. Our results highlight a unique function of IL-4-induced
[FN-y production in PDCs in the immune regulation of cytokine
networks.

Materials and Methods
Mice

BALB/c mice were purchased from Charles River Laboratories. Stat6-de-
ficient ($ta16™/7) mice (15) and Rag-2™'~ mice were backcrossed for more
than eight generations onto BALB/c mice. Statd ™~ mice on a BALB/c
background were purchased from The Juckson Laboratory. OV A-specific
DOT1.10 TCR transgenic (DO11.10%) mice (16) were backerossed over 1)
generations onto BALB/c mice. All mice were housed in microisolator
cages under specific pathogen-free conditions and all experiments were
performed according to the guidelines of Chiba University.

Reagents

Mouse IL-2, IL-4, IL-7, IL-9, IL-13, and IL-15 were purchased from Pep-
roTech. Phosphorothioate-stabilized CpG oligodeoxynucleotide (ODN)
1668 (TCCATGACGTTCCTGATGCT) was purchased from Hokkaido
System Science.

0022-1767/05/802.00
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Flow cytometric analysis

Cells were stained and analyzed on a FACSCalibur (BD Biosciences) using
CellQuest soltware. The following Abs were purchased from BD Pharm-
ingen: anti-CD4 FITC, PE (H129.19), anti-CD§ FITC, PE (53-6.7), anti-
B220 FITC. PE, allophycocyanin, PerCP. biotin (RA3-6B2), anti-CD3 PE
(145-2C1 1), anti-CDI19 PE (ID3), anti-CD 1 1b (Mac-1) PE (M1/70), anti-
CD1lc FITC (HL3), anti-Ly6G/C PE (RB6-8C35), anti-erythroid PE (TER-
119, anti-pan NK PE (DXS5). anti-CD80 PE (16-10A1), anti-CD&0 PE
(GL.-1), and anti-1-A% PE (AMS-32.1). Before staining, FeRs were blocked
with anti-CD16/32 Ah (2.4G2: BD Pharmingen). Negative controls con-
sisted of isolype-matched, directly conjugated, nonspecific Abs (BD
Pharmingen).

Isolation of DC subtvpes

Splenic DCs were prepared using OptiPrep (Axis Shield) according to the
manufacturer’s instructions. In brief, spleens were cut into small fragments
and then digested with collagenase A (0.5 mg/mi; Roche) for 10 min at
37°C with continuous agitation. Digested fragments were filtered through
a stainless steel sieve, and cells were resuspended in 3 mi of HBSS and
then mixed with 1 ml of OptiPrep to make 15% iodixanol solution (density
1.085 g/ml). Cell suspension was overlaid with § ml of 12% iodixanol
solution (density 1.069 g/mi) and subsequently with 3 mi of HBSS. Low-
density cells were collected by centrifugation at 600 X ¢ for 15 min at
room temperature. Low-density cells were stained with anti-CD11¢ FITC
and FITC-stained cells were positively collected using anti-FITC mi-
crobeads (Miltenyi Biotec), according to the manufacturer’s instuctions.
The resultant cells were routinely >>95% pure CDl1lc? cells by FACS
analysis.

To isolate PDCs, low-density cells were prepared from wild-type (WD),
Stat6™’~ splenocytes. or Statd ™'~ splenocytes and then stained with a mix-
ture of PE-labeled Abs to CIDD3, CD19, CDI b, DX5, and TER-119. After
PE-stained cells were depleted using anti-PE microbeads (Miltenyi Biotec),
cells in flow-through were stained with anti-B220 biotin and subseguently
B220™ cells were positively collected using streptavidin microbeads
(Miltenyi Biotec). Alternatively, PDCs were purified using a PDC isolation
kit according to the manufacturer’'s instructions (Miltenyi Biotec). In both
cases, the resultant cells were >95% pure B220"CD19™ cells by FACS
analysis.

For CD11b* DCs purification, low-density cells were prepared from
WT splenocytes and stained with a mixture of PE-labeled Abs to CD3.
B220, DX5, TER-119, and CDS§. After PE-stained cells were depleted us-
ing anti-PE microbeads, cells in flow-through were stained with anti-
CD1l¢ FITC and CDIlc™* cells were positively collected using anti-FITC
microbeads. The resultant  cells  were  routinely  >95%  pure
CDI11b*CD8 " CD1lc” cells by FACS analysis.

For CD8" DCs purification, fow-density cells were prepared from WT
splenocytes and stained with a mixture of PE-labeled Abs against CD3,
B220, DX5, TER-119, and CDI11b and PE-stained cells were depleted
using anti-PE microbeads. Cells in flow-through were stained with anti-
CDlic FITC and CD1ic™ cells were positively collected using anti-FITC
microbeads, The resultant cells were routinely >95% pure
CDI1b~CD8*CD11c™ cells by FACS analysis.

Cell culture

Isolated PDCs, CD11b* DCs. or CD8* DCs were cultured (5 X 10%/ml) in
RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 50 uM
2-ME. 2 mM L-glutamine. and antibiotics (complete RPMI 1640 medium)
at 37°C for 72 h in the presence or in the absence of IL-4 20 ng/ml). In
some experiments, PDCs were stimulated with CpG ODN (10 ug/ml) for
48 or 72 h. PDCs were also stimulated with IL-2, 1L-7, TL-9, 1L.-13, or
TL-15 (20 ng/ml each) for 72 h to determine whether these cytokines induce
IFN-v production from PDCs. In other experiments, anti-IL-12 (p40/p70)
Ab (10 pg/ml, clone C17.8; BD Pharmingen), anti-IL-2R 8-chain Ab (10
pe/ml, clone TM-B1: BD Pharmingen), or anti-IL-18 Ab (5 ug/ml clone
93-10C: MBL) was added to neutralize IL-12. 1L-2 and IL-15, or 1L-18,
respectively. A mixture of anti-murine IFN-ae Ab (20 pg/ml. clone 4EA D)
(17). anti-murine IFN-B Ab (20 pg/ml, clone 7DE3) (17), and anti-type 1
IFN receptor antisera (10 pg/ml, R&D Systems) was used to neutralize
type [ IFNs.

ELISAs

The amounts of IFN-y and IL-12 in the culture supernatant were measured
by the enzyme immunoassay using murine IFN-y and IL-12 (p70) ELISA
kits from BD Pharmingen. The amounts of IFN-« in the culture supernatant
were measured by an JFN-« ELISA kit from PBL. The assays were per-
formed in duplicate according to the manufacturers’ instruction. The min-
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imum significant values of these assays were 31.3 pg/ml 1IFN-v, 62.5 pg/ml
IL-12. and 12.5 pg/m] IFN-c.

Turacellular staining for IFN-vy

Cells were stimulated with TL-4 (20 ng/ml) in the complete RPMI 1640
medivm for the indicated periods (48 or 72 h). Monensin (2 uM: Sigma-
Aldrich) was added for final 4 h to prevent cytokine release. After surface
staining, cells were fixed with IC FIX (BioSource International). perme-
abilized with 1C PERM (BioSource International), and stained with anti-
IFN-y allophycocyanin (XMG1.2; BD Pharmingen) as described previ-
ously (18).

Intracellular Staid staining

Intracellular staining for Statd was performed as described elsewhere (19)
with minor modifications. In brief, isolated PDCs from WT splenocytes or
Stat6 "’ splenocytes were cultured for 48 h in the presence or in the ab-
sence of TL-4 (20 ng/ml). Cells were harvested, washed with PBS, fixed
with [C FIX, and permeabilized with 90% methanol and subsequently with
1C PERM. Cells were then incubated with anti-Statd Ab (Zymed) or con-
trol rabbit IgG (Serotec) for 30 min at room temperature. After washing,
cells were incubated with Alexa Fluor 647-conjugated anti-rabbit IgG Ab
(Molecular Probes) and analyzed on a FACSCalibur. In the case of double
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FIGURE 1. B220* PDCs produce IFN-y upon 1L.-4 stimulation. A,
Splenocytes from Rag-2~'~ mice were cultured with or without 11.-4 (20
ng/ml) for 3 days with monensin added for the final 4 h. After cells were
stained with anti-B220 and either anti-CD11¢ or anti-DXS5, intracellular
staining for IFN-y was performed. Representative FACS profiles of anti-
CD1le vs anti-IFN-y staining (leff panels) and anti-CD11c¢ vs anti-B220 or
anti-DX35 vs anti-B220 staining gating on either IFN-y™" cells or IFN-y~
cells (right panels) are shown. B, CD! fc* low-density splenocytes were
isolated from WT mice as described in the Materials and Methods. Cells
were then cultured with or without 1l.-4 for 3 days and analyzed for the
expression of CD11e, B220, CD1Y, CD8, CD11b, Ly6G/C, and [-A° to-
gether with the intracellular IFN-y. Shown are representative FACS pro-
files of anti-CD11c vs anti-IFN-v staining from four independent experi-
ments ({eft panels). Representative FACS profiles of anti-CDI19 vs anti-
B220, anti-CD3 vs anti-B220. and anti-CD8 vs anti-B220 staining on
IFN-y* cells, as well as histograms for anti-Ly6G/C, ami-CD1lb, and
anti-I-A? staining on IFN-vy" cells are shown in the right panels. Dashed
lines indicate the staining with isotype-matched control Abs.
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from WT splenocytes as described in Materials and Methods. Each DC
subtype was cultured with or without TL-4 for 3 days, and the amounts of
IFN-v in the supernatants were measured by ELISA. Representative FACS
profiles of isolated each DC subtype are shown in the left panels. Data are
means = SD from four independent experiments. NIJ = not detectable. B,
PDCs produce [FN-vy upon L-4 stimulation in vivo. Rag-2""" mice were
injected i.p. with anti-Ly6G/C Ab (500 pg/mouse) or rat 1gG2b (as a con-
trol). Twenty-four hours later, riL-4 (10 ug/mouse) or saline (as a control)
was injected i.v. in the retro-orbital vein of mice, The levels of [FN-y in the
serum were determined by ELISA at 24 and 48 h after IL-4 injection. Data
are means £ SD for four mice in each group. ND, not detectable. *, Sig-
nificantly different from the mean value of the corresponding control re-
sponse (control 1gG2b); p <C 0.01.
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intracellular staining for Statd and IFN-v, FITC-conjugated anti-rabbit 1gG
Ab (Zymed) was used as a second Ab.

RT-PCR analysis

Total cellular RNA was prepared and RT-PCR analysis was performed as
described previously (20). The primer pairs for Staid were 5'-CTTGGGT
GGACCAATCTGAA-3 and 5'-TGGTCTTGAGACTTCGCACG-3". The
primer pairs for GATA3 and T-bel were described elsewhere (21). RT-
PCR for B-actin was performed as a control. All PCR amplifications were
performed at least three times with multiple sets of experimental RNAs.

Tagman PCR analysis

The expression levels of Statd mRNA were determined by real-time PCR
using a standard protocol on ABI PRISM 7000 instrument (Applied Bio-
systems). PCR primers and fluorogenic probes for Stat4, T-bet, and
GATA3 were described previously (22). The levels of Staid mRNA were
normalized to the levels of GAPDH mRNA (Applied Biosystems).

Effect of in vivo depletion of PDCs on IFN-vy production
induced by IL-4 administration

To deplete PDCs in vivo, anti-Ly6G/C Ab (500 pg/mouse; BD Pharmin-
aen) was injected L.p. to Rag-2"/" mice as described previously (12). As a
control, purified rat 12G2b (BD Pharmingen) was injected to Rag-2"'"
mice. In some experiments, 120G8 Ab (500 pg/mouse; a gift from Drs. G.
Trinchieri and D. La Face, Schering-Plough Research Institute. Dardilly,
France) (23) was injected to Rag-2~'~ mice to deplete PDCs. Twenty-four
hours later, riL-4 (10 pg/mouse) or saline (as a control) was injected i.v.
in the retro-orbital vein of the mice. The levels of IFN-vy in sera were
determined by ELISA using a highly sensitive mouse IFN-y ELISA kit
(AN-18; BD Pharmingen) at 24 and 48 h after IL-4 injection. The mini-
mum significant value of this assay was 3 pg/ml IFN-y.

Thl and Th2 cell differentiation

Splenic CD4™ T cells from DO11.10™ mice were purified (:>90% pure by
flow cytometry) using T cell enrichment columns (R&D Systems) and
stimulated with plate-bound anti-CD3e mAb (5 ug/ml, clone 145-2CI1
BD Pharmingen) plus anti-CD28 mAb (5 pg/ml, clone 37.51; BD Pharm-
ingen) at 37°C for 48 h in the presence of IL-12 (7.5 ng/ml; R&D Systems)
(Th1 condition) or IL-4 (15 ng/mi; R&D Systems) and anti-1FN-y mAb (15
ug/ml, clone XM(31.2: BD) Pharmingen) (Th2 condition) as described pre-
viously (18).

Data analysis

Data are summarized as mean = SD. The statistical analysis of the results
was performed by the unpaired ¢ test. Values of p < (.05 were considered
significant.
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FIGURE 3. [L-4 induces IFN-y but not IL-12 or IFN-a production in PDCs. Isolated PDCs from WT splenacytes were cultured with 1L-4 (20 ng/mi)
and/or CpG ODN (10 pg/ml) for 3 days. and the amounts of IFN-y. [L-12, and JFN-wv in the supernatants were measured by ELISA. Data are means =

SD from four independent experiments. ND. not detectable. #, p < 0.001.
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FIGURE 4.
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Results
B220"% PDCs produce IFN-vy upon 1L-4 stimulation

To examine he negative-feedback regulation of cytokine net-
works, we searched for cell populations that produce IFN-y upon
IL-4 stimulation. We found that ~5% of IL-4-stimulated Rag-
27'" splenocytes became positive for intraceltular IFN-v staining
(Fig. 1A, lefr panels). Multicolor FACS analyses revealed that the
majority of 11.-4-induced, IFN-y-producing cells expressed CD11c
at low levels, expressed B220 at high levels, but lacked the ex-
pression of DX5 (Fig. 14, right panels). In contrast, the majority
of IFN-vy-nonproducing cells in IL-4-stimulated Rag-2""" spleno-
cytes were positive for DXS but negative for B220 (Fig. 14), sug-
gesting that these IFN-y-nonproducing cells are NK cells.

To further characterize cell populations that produce IFN-y
upon [L-4 stimulation, CD1c™ low-density splenocytes were iso-
lated from WT mice and then stimulated with IL-4. Again, the
majority of IL-4-induced, IFN-y-producing cells expressed B220
at high levels and expressed CD1l1c at low levels (Fig. 15). IFN-
y-producing cells were also positive for anti-Ly6G/C staining (Fig.
1B). Moreover. IFN-y-producing cells expressed class 11 MHC
molecules (I-A%) at very low levels but lacked the expression of
CD19Y, CD3, CD8, and CD11b (Fig. 1B). These results suggest that
the IL-4-induced, TFN-y-producing ceils are very similar to type I
IFN-producing PDCs (10-12).

PDCs but not CDI11b" DC or CD8" DCs produce IFN-y upon
IL-4 stimulation

To determine whether PDCs specifically produce IFN-y upon IL-4
stimulation, isolated PDCs, CD11b* DCs, and CD8™ DCs were
examined for their ability of IFN-vy production upon 1L-4 stimu-
lation. Consistent with the data obtained by intracellular IFN-y
staining (Fig. 1), isolated PDCs produced a considerable amount of
IFN-vy upon IL-4 stimulation (625.5 & 79.9 pg/mi, means = SD,
n = 4) (Fig. 24). On the other hand, TL-4-stimulated CD8" DCs
produced little IFN-y (74.3 = 32.2 pg/ml, n = 4) and IL-4-stim-
ulated CD11b™ DCs did not produce TFN-vy (Fig. 24). Together
with the data shown in Fig. 1, these results indicate that among DC
subtypes, PDCs specifically produce IEN-vy upon IL-4 stimulation.

We also examined whether PDCs produced IFN-y upon 1L-4
stimulation in vivo. As shown in Fig. 2B, when rlL-4 was admin-
istered i.v. to Rag-2~/" mice, a considerable amount of IFN-y was
detected in the serum after 24 and 48 h. Importantly, the depletion
of PDCs with preinjection of anti-Ly6G/C Ab significantly de-
creased the IL-4-induced IFN-vy production (n = 4 mice, p < 0.01)
(Fig. 2B). A similar trend was observed with 120G8 Ab. which
depletes PDCs more specifically (23), although statistical signifi-
cance was not achieved due to the limited number of mice exam-
ined (data not shown). These results suggest that PDCs produce
IFN-vy upon 11.-4 stimulation in vivo.

IL-4 preferentially induces IFN-vy production in PDCs

PDCs have been identified as a potent producer of IFN-a and
IL-12 upon viral or bacterial infection (8-12). Therefore. we ex-
amined whether 1L-4-induced IFN-« and 1L-12 production in iso-
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lated PDCs. However, 1.-4 did not induce the production of IFN-a
or IL-12 (p70) in PDCs (n = 4) (Fig. 3). In contrast, PDCs pro-
duced considerable amounts of IFN-vy, IFN-a. and IL-12 upon
CpG ODN stimulation, 4 potent stimulator of PDCs through TLR9
(24, 25) (Fig. 3). Furthermore, IL-4 strikingly enhanced CpG
ODN-induced 1FN-vy production ~-10-fold but not CpG ODN-in-
duced IFN-q or 1L-12 production in PDCs (7 = 4, p < 0.001) (Fig.
3). These results indicate that 1.-4 preferentially induces IFN-y
production in PDCs.

IL-4 induces IFN-vy production in PDCs by a Star6-dependent
mechanism

It is well established that IL-4 uses Stat6 as a signaling molecule
(26). Therefore, we next studied whether Staté was required for
IL-4-induced [FN-y production in PDCs using Stat6-deficient
(Stat6™") mice. The number of PDCs (CD197B2207CD11c"™Y
cells) in spleen was similar between Stat6 ™'~ mice and WT mice
(Fig. 4A), suggesting that Stat6 is not essential for the development
of PDCs. However, when isolated PDCs were stimulated with
IL-4. WT PDCs but not Stat6 ™" PDCs produced IFN-vy (Fig. 4A).
On the other hand, CpG ODN-induced IFN-vy production was sim-
ilarly observed between WT PDCs and Stat6™'~ PDCs (data not
shown). These results indicate that among signaling molecules un-
der TL-4, Stat6 is essential for IFN-vy production in PDCs. We also
examined the effect of IL-13, which shares type IT IL-4R with I1.-4
and activates Stat6 (26), on IFN-vy production in PDCs. However,
IL-13 did not induce IFN-y production in PDCs (Fig. 4B) nor
enhance IL-4-induced IFN-vy production in PDCs (Fig. 4B), sug-
gesting that type I IL-4R but not type II IL-4R is involved in
1L-4-induced IFN-vy production in PDCs. Moreover, another rep-
resentative Th2 cytokine, 1L-3, did not induce IFN-~y production
nor enhance IL-4-induced IFN-y production in PDCs (data not
shown).

Other ye-dependent cvtokines do not induce IFN-y production
nor enhance IL-4-induced IFN-vy production in PDCs

To determine whether other ye-dependent cytokines induce IFN-y
production in PDCs, isolated PDCs were stimulated with IL-2,
IL-7, 1L-9, and IL-15 in the presence or in the absence of TL-4 for
3 days. As shown in Fig. 4C, none of yc-dependent cytokines,
except for IL-4 induced IFN-vy production in PDCs (Fig. 4C). In
addition, none of them significantly enhanced IFN-vy production in
TL-4-stimulated PDCs (Fig. 40).

1L-4 does not alter the maturation state of PDCs

It has been shown that the ability of DCs for cytokine production
depends on their maturation state (27, 28). We then examined
whether 1L-4 changed the maturation state of PDCs and thus in-
duced IFN-y-producing ability. Consistent with previous reports
(8-12), isolated PDCs expressed I-A¢ at very low levels, and
lacked the expression of CD80 (Fig. 4D) and CD86 (data not
shown). IL-4 did not alter the expression levels of 1-AY, CD80, and
CD86 of PDCs (Fig. 4D and data not shown). In contrast. when
PDCs were stimulated with CpG ODN, the expression levels of
1-A? and CDSO were significantly increased (Fig. 40). In addition,

experiments. ND, not detectable. D. IL-4 does not alter the maturation state of PDCs. Isolated PDCs from WT splenocytes were cultured with JL-4 (20
ng/ml) or CpG ODN (10 pg/ml) for 48 h, and the levels of 1-AY and CD80 on PDCs were analyzed by FACS. Shown are representative histograms, and
the mean fluorescent intensities for anti-1-A¢ and anti-CD80 staining on live cells (propidium iodide (PD™ cells) from four independent experiments.
Forty-three percent of PDCs could survive in the presence of IL-4, whercas 69% of PDCs could survive in the presence of CpG ODN (data not shown).
E, T-bet is not induced by IL-4 in PDCs. Isolated PDCs from WT splenocytes were cultured with or without IL-4 (20 ng/ml) for 16 h. As controls.
Thl-polarized cells or Th2-polarized cells were prepared from DOI1.10 TCR transgenic mice as described in the Materials and Methods. Shown are
representative data of RT-PCR analysis for T-bet. GATA3, and B-actin mRNA from four independent experiments.
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FIGURE 5. IL-4 induces Stald expression in PDCs by a Stat6-dependent mechanism. A, Isolated PDCs from WT splenocyles were cultured with or
without TL-4 (20 ng/mi) for 16 h. As s control for Stat4-expressing cells, Thl-polarized cells were prepared from DOTO™ mice as described previously (15).
Shown are representative data of RT-PCR analysis for Stat4 and B-actin mRNA from four independent experiments (left panels). Tagman PCR analysis
for Statd and GAPDH (as a control) mRNA was performed, and the levels of Stald mRNA were normalized to the levels of GAPDH mRNA (middle panel).
Data are means = $D from four independent experiments. #, Significantly different from the mean value of control response (PBS); p << 0.01. [solated PDCs
from WT splenocytes or Stat6™" splenocytes were stimulated with or without [1-4 (20 ng/ml) for 48 h, and the expression levels of Stat4 were evaluated
by intracellular staining. Shown are representative FACS profiles from four independent experiments (right panels). B, 1L-d-induced, Statd-expressing
PDCs produce IEN-v. Isolated PDCs from WT splenocytes were cultured with or without IL-4 (20 ng/m!) for 48 h. Intracellular (Figure legend continties)



