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Roles of protein tyrosine kinase Syk in nasal polyps

T. Yamada, N. Takahashi, H. Sunaga, N. Narita, H. Yamamoto and S. Fujieda

Department of Otorhinolaryngology, University of Fukui, Fukui, Japan

Summary

The non-receptor protein tyrosine kinase Syk is widely expressed and plays an important role in
intracellular signal transduction in haematopoietic cells including B cells, mast cells, eosinophils,
platelets, macrophages, neutrophils and T cells. We found that Syk is expressed in human nasal
polyp tissue-derived fibroblasts and plays a critical role in chemokine production and activation of
c-Jun N-terminal kinase 1 stimulated with lipopolysaccharide or IL-1. In mast cells, cross-linking
FceR1 via IgE bound to multivalent antigen induces tyrosine phosphorylation of immunoreceptor
tyrosine-based activation motifs, and binds and modifies the activity of Syk, thereby initiating
downstream signalling. In eosinophils, Syk is essential for activating the antiapoptotic pathway and
generating reactive oxygen intermediates in response to Fcy receptor engagement. In nasal polyps,
Syk inhibition might influence the levels and function of specific IgE to Staphylococcus aureus
enterotoxins that are thought to drive local eosinophilic inflammation therein. The regulation of Syk

expression may prove to be a useful strategy in the treatment of airway diseases.

Keywords

Introduction

Pathogenetic findings in nasal polyps show infiltrating cells
including mast cells, lymphocytes, eosinophils and neutro-
phils that can release cytotoxic and neurotoxic products that
give rise to vascular denervation, exudation and oedema [1, 2].
Nasal polyps and middle turbinate bones have been found to
contain more macrophages, lymphocytes, plasma cells, HLA-
DR-positive cells and eosinophils than inferior turbinates [3].
Furthermore, median levels of histamine, tryptase and
eosinophil cationic protein (ECP) are significantly higher in
nasal lavage of patients with nasal polyps than in samples from
subjects with normal nasal mucosa. Because tryptase and ECP
in nasal fluids are correlated with symptom scores, eosinophils
and mast cells are believed to play key roles in the pathogenesis
of nasal polyposis [4].

Recent studies have demonstrated strong local up-regula-
tion of IgE synthesis in nasal polyps with the formation of
specific IgE to Staphylococcus aureus enterotoxins, suggesting
a possible role of superantigens in these pathologic processes
[5, 6]. The concentrations of IL-5, ECP, total IgE and specific
IgE to S. aureus enterotoxins were significantly increased in
aspirin-sensitive patients compared with aspirin-tolerant
patients with nasal polyps as well as in normal controls [7].
Hence, staphylococcal superantigens may drive local eosino-
philic inflammation in nasal polyp tissue [8]. Figure 1 shows a
proposed mechanism of nasal polyp formation. Numerous
epithelial and inflammatory cells participate in this process

Correspondence: Takechiyo Yamada, Shimoaizuki, Matsuoka, Fukui 910-
1193, Japan.
E-mail: ymdtkcy@fmsrsa.fukui-med.ac.jp

chemokine, eosinophils, fibroblast, IgE, mast cells, nasal polyp, Syk

under a variety of conditions including hypoxia, oxidant
exposure and bacterial, fungal and viral infection with or
without allergy. Nasal fibroblasts also play an important role
in both nasal polyposis and allergic rhinitis through the
release of biologically active factors [9, 10].

We have found that the non-receptor protein tyrosine
kinase Syk is expressed in numerous primary human nasal
polyp tissue-derived fibroblast lines [11]. Syk is a widely
expressed tyrosine kinase that plays an important role in
intracellular signal transduction in haematopoietic cells
including B cells, mast cells, eosinophils, platelets, macro-
phages, neutrophils and T cells [12-19]. Here, we focus on the
roles of Syk in nasal polyps formation and discuss the
implications for therapy based on our results using human
nasal polyp tissue-derived fibroblasts.

Human mast cells and B cells

Human mast cells and basophils expressing the high-affinity
IgE receptor FceRI play a key role in allergic diseases. FceRI
cross-linking stimulates the release of allergic mediators [20].
FceRI aggregation induces release of preformed mediators
and synthesis of later-acting leukotrienes, chemokines and
cytokines [21]. The FceRI is a heterotetramer consisting of a
single IgE-binding o-subunit, a P-subunit and two disulfide-
linked y-subunits. The B- and y-subunit cytoplasmic tails each
contain a conserved immunoreceptor tyrosine-based activa-
tion motif (ITAM). Cross-linking FceRI via IgE bound to
multivalent antigen including staphylococcal superantigens
induces tyrosine phosphorylation of ITAMs and binds and
modifies the activity of Syk, which plays a critical role in
initiating downstream signalling [22, 23] (Fig. 2a).
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Fig. 1. Mechanism ot nasal polyp formation. *Some commonly observed
pathological findings in nasal polyps.

We demonstrated an association between B cell antigen
receptor (BCR) and Syk and activation of Syk by cross-
linking [12]. The BCR is a complex between membrane Ig and
the Ig-o and Ig-B heterodimer. The cytoplasmic domains of
Ig-o. and Ig-B each contain an ITAM. Cross-linking activates
Syk through ITAMs and thereby induces vigorous signalling
reactions [24] (Fig. 2b). Specific IgE to S. aureus enterotoxins
is produced in nasal polyps through this signalling because
foreign antigens are recognized by BCR as an obligatory early
step in B cell activation.

Nasal fibroblasts

Fibroblasts, a rich source of chemokines, interact with
eosinophils and thereby play a key role in the pathogenesis
of airway disease. Human nasal fibroblasts cultured from
nasal polyp tissue express a variety of cytokines that induce
differentiation of human haemopoietic progenitor cells [25].
Figure 3a shows Syk expression in the cytosol of nasal polyp-
derived fibroblasts by immunohistochemical staining using
the traditional ABC technique [26].

High concentrations of regulated on activation, normal
T cell expressed and secreted (RANTES) have been demon-
strated in nasal polyp specimens [27], and cultured nasal
polyps have been shown to release RANTES spontaneously
[28]. Stimulation with lipopolysaccharide (LPS) induces
expression of RANTES mRNA in cultured nasal fibroblasts
and secretion of RANTES protein [29]. The level of Syk
expression is associated with RANTES production induced
by LPS stimulation in nasal fibroblasts [11]. Overexpression
of wild-type Syk increases RANTES production from human
nasal fibroblasts. However, fibroblasts transfected with
inactive Syk vector fail to produce high levels of RANTES.

Fig. 2. Syk plays critical roles in intraceliular signal transduction in human
mast cells (a) and B cells (b).

Pre-treatment of antisense oligodeoxynucleotides to Syk
inhibits RANTES production and activation of c-Jun
N-terminal kinase 1 (JNK1) stimulated with LPS.

IL-1 induces interaction of TNF receptor-associated factor
6 (TRAF6) with IL-1 receptor-associated kinase that is
rapidly recruited to the IL-1 receptor after IL-1 induction. We
found that Syk plays an important role in IL-I-induced
chemokine production through a signalling complex invol-
ving Syk and TRAF6. Overexpression of wild-type Syk by
gene transfer enhanced RANTES production from nasal
fibroblasts stimulated with IL-1. Decrease of Syk expression
by administration of Syk-antisense inhibited RANTES
production in response to IL-1. Syk is required for the IL-
l-induced chemokine production with TRAFG6 in fibroblasts
of nasal polyps through JNK and p38 phosphorylation [30]
(Fig. 3b).

Roles of Syk in various other cells

Table 1 shows some recently reported roles of Syk in other
cells located in nasal polyp tissues. In human eosinophils, Syk
is essential for the activation of the antiapoptotic pathway(s)
induced through the IL-3/IL-5/granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) receptor B-subunit [15].
Furthermore, eosinophils derived from Syk (—/—), but not
wild-type mice, were incapable of generating reactive oxygen
intermediates in response to Fcy receptor engagement,
although eosinophil differentiation and survival were not
affected [31].

165



(a)

IL-1

cytokine & chemokine
genes expression

Fig. 3. Syk expressed in human nasal fibroblasts (a) and its signal
transduction (b).

We found that Syk plays an important role in LPS-induced
chemokine production from nasal fibroblasts. In neutrophils,
Syk associates with Toll-like receptor 4 (TLR4) following
LPS stimulation, and plays a pivotal role in the LPS-induced
signalling pathway and monocyte chemoattractant protein
(MCP)-1 expression [32]. Syk (—/—) neutrophils fail to
undergo respiratory burst, degranulation or spreading in
response to pro-inflammatory stimuli while adherent to
immobilized integrin ligands or when stimulated by direct
cross-linking of integrins [33]. In response to Fcy receptor
engagement, Syk (—/—) neutrophils were incapable of
generating reactive oxygen intermediates [34]. Syk (—/-)
macrophages were also defective in phagocytosis induced by
the Fcy receptor [34]. In monocytes, Syk is essential for B,
integrin signalling and cell spreading [35]. Collagen induces
tyrosine phosphorylation of Syk in platelet aggregation [36],
and Syk phosphorylation is required for dendritic cell
maturation induced by Fc receptor-mediated antigen pre-
sentation [37].

While we have demonstrated the roles of Syk in nasal
fibroblasts, it has also been reported that Syk proteins are
expressed in other non-haematopoietic cells such as endothe-
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Table 1. Roles of Syk in various cells

Cell Cellular function or signal transduction References
Eosinophils Antiapoptotic pathway(s) through [15]
the IL-3/IL-5/GM-CSF-Rp
Generating reactive oxygen [31]
mediators in response to FcyR
engagement
Neutrophils Association with TLR4 [32]
(LPS stimulation), MCP-1-expression
Degranulation or spreading [33]
{proinflammatory stimuli)
Generating reactive oxygen mediators [34]
in response to FcyR engagement
Platelets Collagen-induced signal transduction {36}
Macrophages Phagocytosis induced by FcyR engagement [34]
Monocytes B2 integrin signalling and cell spreading [35]
Dendritic cells FeR-mediated antigen presentation [37]
and cell maturation
Endothelial cells Proliferation and migration " [38]
Epithelial cells TNF-induced NF-xB [39]

GM-CSF, granulocyte-macrophage colony-stimulating factor; TLR, Toll-like
receptor; LPS, lipopolysaccharide; MCP, monocyte chemoattractant protein;
NF-kB, nuclear factor-xB.

lial and epithelial cells. The proliferation and migration of
human umbilical vein endothelial cells are severely impaired
by adenovirus-mediated expression of Syk dominant-negative
mutants [38]. In Jurkat T cells, TNF activates Syk protein
tyrosine kinase, leading to TNF-induced mitogen-activated
protein kinase (MAPK) activation, nuclear factor-kB (NF-xB)
activation and apoptosis [39].

Conclusion

Fibroblasts are a rich source of chemokines, cytokines and
other inflammatory mediators, and as such are known to play
a major role in the pathogenesis of airway diseases including
bronchial asthma, cystic fibrosis and rhinosinusitis with
polyps. Nasal fibroblasts produce RANTES [9, 10], eotaxin
[40}, MCP-1 and GM-CSF [41]. On LPS stimulation,
RANTES expression leads to eosinophilic recruitment and
activation [28, 42, 43]. Syk is required for this process [11].
LPS also increases IL-4-induced production of eotaxin, which
is a potent mediator in the development of tissue eosinophilia
[44], and significantly induces gene expression and production
of GM-CSF and IL-8 in nasal tissue-derived fibroblasts [45].
We have demonstrated that IL-8 may be an important aspect
of the effect of treatment on nasal polyps [46].

LPS induces tyrosine phosphorylation of Syk and activates
JNK1 in nasal fibroblast lines. The Syk-generated signal
cooperates to enhance JNK activation in T lymphocytes [47],
and MAPK activation has been shown to be compromised in
the macrophages of Syk (—/—) mice after Fcy receptor
stimulation [35]. Syk is an important component leading to
activation of NF-xkB in human monocytic cell lines [48].
Decreased Syk expression has been shown to attenuate JNK1
activation in nasal fibroblast lines in the same way that
oxidative stress-induced JNK activation is significantly



decreased in B cells that do not express Syk [49]. Experiments
on the roles of src homology 2 (SH2) domains of Syk have
revealed that the C-terminal SH2 domain of Syk is required
for induction of JNK activation in oxidative stress [50].
Recently, TLR has been implicated in the recognition of
various bacterial cell wall components including LPS [51].
Syk associates with TLR4 upon LPS stimulation [32].
TRAF6 mediates both IL-1- and LPS-induced signalling.
We found a signalling complex involving Syk and TRAF6
after 1L-1 induction, leading to chemokine production and
subsequent eosinophil infiltration [30].

An Syk-negative variant of rat basophilic leukemia-2H3
cells failed to release histamine by FceRI aggregation,
whereas reconstituted cells with stable expression of Syk
could release histamine [52]. Syk-deficient mast cells failed to
degranulate, synthesize leukotrienes and secrete cytokines
[53]. Furthermore, Syk may be critical in cell survival after
damage in inflammatory diseases, as antiapoptotic pathways
involve Syk-dependent signalling [15, 49].

Syk expression affects chemokine production in airway
diseases. Syk antisense oligodeoxynucleotides delivered by
aerosol to the lungs in vivo depressed Syk expression and
pulmonary inflammation [54]. Syk is associated with Fc
receptors and the B cell receptor involved in allergic diseases,
antibody-mediated autoimmune diseases and nasal polyps.
Syk inhibition might control the levels and function of specific
IgE to S. aureus enterotoxins in nasal polyps. Because the role
of Syk in regulating vascular homeostasis and other house-
keeping functions is minimal or masked by redundant Syk-
independent pathways, targeting Syk may be an optimal
approach to the effective treatment of a multitude of chronic
inflammatory diseases without undue toxicity [55]. In
conclusion, manipulation of Syk expression may prove to
be a useful strategy in the treatment of airway diseases such as
asthma and nasal polyposis.
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Abstract

Double-stranded RNA (dsRNA) and the viral RNA mimic, polyinosine—polycytidylic acid (poly(1:C)), are recognized by toll-like receptor 3
(TLR3) that mediates the innate immune response to viral infections. In this study, we investigated the effects of poly(I:C) on the production of
chemokines (IL-8, RANTES, and eotaxin), Type I [FNs (IFN« and IFN), Thl-cytokines (IL-12 and IFNv), and pro-inflammatory cytokines
(TNF-o and IL-1B) by human nasal mucosa-derived fibroblasts. Human nasal fibroblasts were treated with poly(1:C), and levels of cytokines and
chemokines were measured by ELISA. Incubation with poly(I:C) significantly enhanced the secretion of RANTES and IL-8. However, eotaxin,
IL-1B, TNF-o, IFNe, IFNv, and 1L-12 were not secreted from nasal fibroblasts stimulated with poly(I:C). The JNK inhibitor SP600125 and the
PI3-kinase inhibitor LY294002 significantly blocked the poly(L:C)-induced release of RANTES and IL-8, whereas the p38 MAP kinase inhibitor
SB203580 suppressed poly(I:C)-induced secretion of IL-8, but not RANTES. Nasal fibroblasts play an important role in initiating antiviral

responses and inflammation of the nasal cavity by producing chemokines leading to enhanced inflammatory cell recruitment.

© 2005 Elsevier Inc. All rights reserved.
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Introduction

Viral infections of mammalian cells result in the activation
of innate immune responses mediated by Type I IFENs, IFNa
and IFNP, and other cytokines [1,2]. Most of the viruses
causing upper respiratory infections including rhinoviruses,
coxsackievirus, echovirus, influenza viruses, and RSvirus are
RNA viruses. RNA viruses synthesize double-stranded RNA
(dsRNA) during replication [3], and this is a potent stimulus for
innate anti-viral responses through the secretion of cytokines
[4]. It is known that dsRNA binds only intracellular targets,
including the dsRNA-dependent protein kinase (PKR) [5].
However, cells derived from PKR KO mice still responded to
the synthetic dsSRNA analogue, polyinosine—polycytidylic acid
(poly(I:C)), suggesting the existence of another receptor
expressed on the cell surface, which recognizes dsRNA [6,7].
Recently, toll-like receptor (TLR) 3-deficient mice have been

* Corresponding author. Fax: +81 776 61 8118.
E-mail address: noborut@fmsrsa.fukui-med.acjp (N. Takahashi).

shown to have reduced responses to dsRNA and poly(I:C),
suggesting that TLR3 is involved in the recognition of dsRNA
[8]. Toll-like receptors play a key role in innate immunity by
recognizing conserved microbial pathogen-associated molecu-
lar patterns (PAMPs) [9—11]. Recognition of the invading
pathogen then triggers production of cytokines and chemokines
and up-regulation of co-stimulatory molecules in phagocytes
and antigen presenting cells, leading to the activation of T cells
[8,12-14].

The nasal mucosa is often affected by viral infection. Thus,
it is suspected that dsSRNA might also be an important stimulus
for the synthesis of cytokines and chemokines. Recently, it was
proposed that fibroblasts are not passive players in the immune
system. Fibroblasts have been considered mainly a physical
barrier, but several studies have shown that they may be
important modulators of local inflammation due to their
capacity to release a variety of pro-inflammatory mediators,
including IL-8, RANTES, eotaxin, and GM-CSF [15-17].
Eotaxin, RANTES, and GM-CSF are implicated in the
recruitment and enhanced survival of eosinophils [18-20],
and IL-8 is a potent chemoattractant for neutrophils [21].
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Infiltration by these inflammatory cells causes acute inflam-
mation of the nasal mucosa and helps to exacerbate chronic
inflammation including allergic rhinitis and nasal polyps. Thus,
fibroblasts are important sentinel cells in the immune systems.

In this study, we investigated the effects of poly(I:C) on the
production of chemokines (IL-8, RANTES, and eotaxin), Type
I IFNs (IFNa and IFN), Thl-cytokines (IL-12 and IFNv), and
pro-inflammatory cytokines (TNF-o, IL-1f) in human nasal
mucosa-derived fibroblasts. Signaling pathways for the activa-
tion by poly(I:C) in nasal fibroblasts were also examined by
using inhibitors of MAP kinase (U0126, SB203580,
SP600125) and 1.Y294002.

Materials and methods
Reagents

The following reagents were used: SP600125 as the specific
inhibitor for JNK (BIOMOL, Plymouth Meeting, PA),
SB203580 as the specific inhibitor for p38 MAP kinase
(Promega, Madison, WI), U0126 as the specific inhibitor for
MEK-1 (Promega), LY294002 as the specific inhibitor for P13
kinase (Promega), poly(I:C) (Amersham Bioscience, Piscat-
away, NJ), IL-1p (PeproTech EC, England), TNFa (PeproTech
EC), 1L-4 (PeproTech EC), IFNvy (PeproTech EC), LPS
(MERCKX bioscience, Germany), CpG, a synthetic oligodeox-
ynucleotide that contains CpG motifs mimicking bacterial
DNA (5'-ACCGATCGTTCGGCCGGTGACGGCACCA-3")
[22], p44/42 MAP Kinase rabbit polyclonal antibody (Ab)
(Cell Signaling, Beverly, MA), SAPK/INK rabbit polyclonal
Ab (Cell Signaling), phospho-p44/42 MAPK (E10) mouse
monoclonal Ab (Cell Signaling), phospho-SAPK/INK (G9)
mouse monoclonal Ab (Cell Signaling), phospho-p38 MAPK
(28B10) mouse monoclonal Ab (Cell Signaling), phospho-
AKT (587F11) mouse monoclonal Ab (Cell Signaling), AKT
Rabbit polyclonal Ab (Cell Signaling), and p38 (A12) mouse
monoclonal Ab (Santa Cruz Biotechnology, Santa Cruz, CA).

Human nasal mucosa-derived fibroblast cell culture and
stimulation

Nasal mucosa of the inferior turbinate was obtained from
patients with chronic sinusitis or allergic rhinitis when they
underwent nasal surgery. Nasal specimens were cultured in 10-
cm dishes containing RPMI 1640 medium (Nissui Pharmaceu-
tical, Tokyo, Japan) supplemented with 10% heat-inactivated
FCS (Gibco, Grand Island, NY), 0.29 mg/ml glutamine, 100 U/
ml penicillin, and 100 pg/ml streptomycin, at 37°C in 5% CO,
and humidified air. Nasal fragments were removed and the first
passage was performed. After a period of 3-4 weeks, nasal
mucosa-derived fibroblast cell lines were established. The cells
were used at passage numbers 3-5. Epithelial cells were
confirmed not to be contaminated by immunohistochemical
examination using cytokeratin and vimentin markers. The cells
were then placed in a 24-well flat-bottomed tissue culture plate
(Coming, Coming, NY) at an initial density of 1 x 10° cells/
well for cytokine production or 10-cm dish for Western blotting
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and RT-PCR. When the cells were growing in sub-confluent
conditions, the culture medium was replaced with serum-free
RPMI 1640 medium, and then the cells were stimulated by
poly(1:C). Where indicated, cells were also pretreated for 1
h with pharmacological inhibitors. Inhibitors were dissolved in
dimethyl sulfoxide (DMSO) at 10 mM and further dilutions
were made in cell culture medium. DMSO vehicle controls
were included in each experiment.

Cytokine and chemokine assay

The cells were cultured in the presence of poly(I:C) for
appropriate periods, then culture supernatants were harvested
and stored at —80°C. Amounts of cytokines and chemokines in
the cell culture supernatant were measured with commercially
available ELISA kits. All the kits were purchased from
Biosource International (Camarillo, CA) except for the IFNf
ELISA kit, which was purchased from TFB (Tokyo, Japan).
Measurements were performed according to the manufacturer’s
directions. All samples were assayed in duplicate.

Immunoblot analysis

The cells were washed twice with ice-cold PBS and
collected by scraping, then centrifuged and pelleted at 4°C.
The cells were homogenized in lysis buffer [50 mM Tris—HC]
(pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM
PMSEF, 0.5 mM EDTA, 0.6 pM leupeptin, 2 M pepstatin A,
and 1 mM PMSF] by pipetting and sonication. Protein
concentrations were measured using the BioRad Protein Assay
Kit (BIORAD, Hercules, CA) in all experiments. Lysates were
centrifuged at 10000 rpm for 10 min at 4°C and the
supernatants were used for immunoblotting. The supernatants
were added to a twofold volume of sample buffer [95%
laemmli sample buffer (BIORAD) and 5% 2-mercaptoethanol].
After heating at 95°C for 5 min, the samples were electro-
phoresed. Proteins were transferred electrophoretically onto
polyvinylamidedifiuoride (PVDF) membranes (Amersham
Bioscience). The blotted membranes were rinsed with 5%
non-fat dry milk diluted in PBS containing 0.1% Tween 20 for
60 min at room temperature, then incubated with the
appropriate antibodies for 16 h at 4°C. After being washed,
the membranes were treated with HRP-conjugated anti-mouse
immunoglobulin (Ig) Ab or HRP anti-rabbit Ig Ab (DAKO,
Carpinteria, CA) for 60 min at room temperature. Peroxidase
color visualization was achieved with TMB membrane
Peroxidase Substrate (KPL, Gaithersburg, MD).

Real time PCR

Total RNA was extracted using a total RNA isolation
NucleoSpin™ RNA II Kit (MACHERY-NAGEL, Diiren
Germany). The reverse franscription reaction was performed
with TagMan® RT Reagents (Applied Biosystems Japan,
Tokyo, Japan) using random hexamer primers. The amplifica-
tion of TLRs and p2microglobulin-cDNA was performed in a
MicroAmp optical 96-well reaction plate (Applied Biosys-



tems). All TagMan® probe/primer combinations used in this
study were TagMan® Gene Expression Assay products
purchased from Applied Biosystems. p2-Microglobulin was
chosen as the reference housekeeping gene because it is
convenient to assay and highly expressed. Furthermore, in
order to select the housekeeping gene, we evaluated it using a
TagMan® Human Endogenous Control Plate, which was most
suitable. TagMan® PCR was performed in a 20-ul volume
using TagMan® Universal PCR master mix (Applied Biosys-
tems). The reaction was performed in an ABI PRISM 7000
Sequence Detection System (Applied Biosystems). Reaction
mixtures were pre-incubated for 2 min at 50°C. The PCR
program was 10 min of Taq Gold activation at 95°C, followed
by 40 cycles of 15 s at 95°C and 1 min at 60°C (maximum
ramping speed between temperatures). Human cDNA equiva-
lent to 50 ng of total RNA from each sample was assayed in
each tube.

The threshold cycle number (Ct) was determined with
sequence Detector Software (version 1.1: Applied Biosystems)
and transformed using comparative Ct methods as described by
the manufacturer with B2microglobulin as the calibrater gene.

a
1600 ¢

Data and statistical analysis

Data in the text and figure legends are expressed as the
mean = SEM of observations obtained from human nasal
fibroblasts cultured from 8 donors, if not otherwise specified.
Statistical analysis was performed using the Wilcoxon signed-
ranks test to assess the difference in cytokine production levels.
Macintosh computers (Apple computer, Cupertino, CA) with
Statview software (Abacus Concepts, Berkeley, CA) were used
for all statistical analyses.

Results
Human nasal fibroblasts express TLRs

We first set out to determine the expression of TLRs on
human nasal fibroblast cells. The expression of mRNA for
TLRs on fibroblasts was confirmed by real time RT-PCR. To
assess the relative expression levels of TLR mRNAs on the
cells, a logarithmic scale was used in Fig. la. TLR3, 4, and 9
were highly expressed. TLR1, 2, 5, and 6 were also detected,

100 L

TLRs/ 2microglobulin (% 10)

nd nd. n.d.

TLR1 TLR2 TLR3 TLR4

TLRS

TLR6 TLR7 TLR8 TLRY TLRIO

TLR3 mRNA (fold-increase)

1]

4

Comtrol  IL-1B

TNF-a«  LPS

CpG 1L-4 IFNy  poly(I:C)

Fig. 1. (a) TLR1-10 mRNA expression levels were assayed by real time RT-PCR using a cDNA template derived by reverse transcriptase from 50 ng of RNA from
human nasal fibroblast cells. Reactions were performed in three wells, and results are expressed relative to expression levels of f2microglobulin. Data are presented
as the mean + SEM (n = 12). (b) Analysis of expression of TLR3 mRNA induced by cytokines and PAMPs using real time PCR. Fibroblasts were treated with IL-1{
(2 ng/ml), TNF-a (10 ng/ml), LPS (5 pg/ml), CpG (100 pg/ml), IL-4 (10 ng/ml), IFNvy (10 ng/ml), or poly(I:C) (10 pg/ml) for 6 h. Total RNA was isolated and
reverse transcribed to cDNA., The cDNAs were used for real time PCR as described in Materials and methods. Data are expressed as the mean = SEM of the fold
increase relative to the control (n = 6). *P < 0.05 compared with control using Wilcoxon’s signed-ranks test.
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but their expression levels were lower than those of TLR3, 4,
and 9. Human nasal fibroblast cells did not express TLR 7, 8, or
10 (Fig. la).

We examined the effect on TLR3 mRNA expression of the
TLR ligands LPS, CpG, and poly(I:C), pro-inflammatory
cytokines IL-13, and TNFa, Thl cytokine IFNy, and Th2
cytokine IL-4. Fibroblasts were treated with the agonists for 6
h, and TLR3 mRNA expression was assessed by real time
PCR. The expression of TLR3 mRNA was increased 5.4-fold
(P < 0.05) in nasal fibroblasts by poly(I:C). However, other
PAMPs and cytokines had no significant effect on the level of
mRNA for TLR3.

Human nasal fibroblasts produce IL-8 and RANTES when
stimulated with poly(I:C)

Production of IL-8, RANTES, eotaxin, IL-1{, TNF-q,
IFNea, IFNB, IFNvy, and IL-12 in poly(I:C)-stimulated nasal
fibroblasts was determined in the supernatants by ELISA.
Culture supernatants from the fibroblast cells stimulated with
various concentrations of poly(l:C) were collected 48 h after
the stimulation. A significant release of IL-8 and RANTES
was observed with 0.1 pg/ml poly(1:C) (Fig. 2a), and a
release of IFNP was observed with 10 pg/ml poly(I:C), but
the amount of IFNPR was very small (Fig. 2b). The rank
order for maximal release stimulated by poly(I:C) from
human nasal fibroblast cells was IL-8 > RANTES >> IFEN-g.
The release of eotaxin, IL-1R, TNF-o, IFNa, IFNvy, and IL-
12 could not be detected by ELISA (<1-10 pg/ml) at 8, 24,
48, 72, and 148 h after treatment with poly(I:C). Since IL-
8 production reached a plateau on stimulation with 10 pg/ml
of poly(1:C), 10 pg/ml of poly(I:C) was used in all
subsequent experiments. The time course of IL-8 and
RANTES production was determined. Concentrations of
IL-8 and RANTES in the supernatants changed with time
with significant increases detected at 8, 24, 48, and 72 h (Fig.
2¢). Optimal harvest time was 48 h after stimulation with 10
pg/ml of poly(I1:C).

Poly(1:C) induces phosphorylation of p38 MAP kinase, JNK,
and AKT

To determine poly(I:C)-induced intracellular signaling,
p38 MAP kinase, JNK, and ERK in nasal fibroblast cells
were immunoblotted after stimulation with 10 pg/ml of
poly(I:C). The exposure of the cells to poly(I:C) triggered a
slow phosphorylation of p38 MAP kinase and JNK.
Amounts of phosphorylated threonine and tyrosine of p38
MAP kinase and JINK in poly(I:C)-stimulated cells increased
at 30 min (Fig. 3a) and 60 min (Fig. 3b), respectively. The
activation of ERK in poly(I:C)-stimulated cells was un-
changed during 2 h (Fig. 3¢). In addition to MAP kinase,
AKT, regulated by the phosphoinositide products of PI3-
kinase, was examined. Amounts of phosphorylated serine of
AKT in poly(I:C)-stimulated cells increased at 120 min (Fig.
3d). The upper panels of the figure show that equal amounts
of p38 MAP kinase, JNK, ERK, and AKT were immuno-
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Fig. 2. Poly(I:C) induces production of IL-8, RANTES, and IFNR by
human nasal fibroblasts. Human nasal fibroblast cells were cultured either
with medium or with various concentrations of poly(I:C) (0.01, 0.1, 1, 10,
and 100 pg/ml) for 48 h. The concentrations of IL-§ (circles), RANTES
(triangles) (a), and IFNB (b) in the culture supernatants were determined
by ELISA. Human nasal fibroblast cells were cultured with either medium
or poly(I:C) (10 pg/ml) and the concentrations of IL-8 (circles) and
RANTES (triangles) in the culture supernatants were determined at 4, 8,
24, 48, and 72 h after stimulation (c). The results are expressed as the
mean ¥ SEM.

blotted with phosphorylation-independent specific antibodies
to p38 MAP kinase, JNK, ERK, and AKT regardless of the
time course, indicating that poly(I:C)-induced p38 MAP
kinase, JNK, ERK, and AKT phosphorylation occurred in
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Fig. 3. Poly(I1:C) induced the threonine and tyrosine phosphorylation of p38 MAP kinase and JNK but had no effect on the phosphorylation of ERK. Poly(1:C) also
induced the serine phosphorylation of AKT. Human nasal fibroblast cells were separated by 10-20% SDS-PAGE, transferred to membranes and blotted with a
specific antibody to phosphorylated p38 MAP kinase (phospho-p38) (a, bottom), p38 MAP kinase (a, top), phospho-INK (b, bottom), INK (b, top), phospho-ERK
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Fig. 4. Human nasal fibroblasts were pre-incubated with SB203580, an
inhibitor of p38 MAP kinase; U0126, an inhibitor of MEK; SP600125, an
inhibitor of JNK; or LY294002, an inhibitor of P13 kinase. Data in the graphs
show the effects of U0126, SB203580, SP600125, and LY264002 on IL-8 (a)
and RANTES (b) production in cells stimulated with poly(I:C) (10 pg/ml) for
48 h. Data are presented as mean values = SEM (IL-8 n = 7, RANTES » = 10).
*P < 0,05, **P < 0.01 compared with the levels without inhibitor using
Wilcoxon’s signed-ranks test.
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the absence of changes in ERK, p38 MAP kinase, JNK, and
AKT protein levels (Figs. 3a—d).

Effect of MAP kinase inhibitors and PI3 kinase inhibitor on
IL-8 production in nasal fibroblast cells stimulated with

poly(I:C)

The p38 MAP kinase inhibitor SB203580, the INK inhibitor
SP600125, the ERK inhibitor Ul1026, and the PI3-kinase
inhibitor LY294002 were examined to determine whether they
inhibit production of IL-8 in nasal fibroblasts stimulated with
poly(I:C) (Fig. 4a). Pre-incubation with SB203580, SP600125,
and LY 294002 suppressed the poly(I:C)-induced production of
IL-8 in a dose-dependent manner. The INK inhibitor SP600125
had the greatest effect. SP600125 decreased the production of
IL-8 in poly(I:C)-stimulated nasal fibroblasts by 87.9%
compared to the control level (P < 0.05). The ERK inhibitor
U0126 had no effect on the levels of IL-8 present in the
supernatants of cells stimulated with poly(I:C). There were no
differences in cell shape and viability among the four inhibitors
(data not shown).

Effect of MAP kinase inhibitors and PI3 kinase inhibitor on
RANTES production in nasal fibroblast cells stimulated with

poly(1:C)

The four inhibitors were also examined to determine
whether they affect the production of RANTES by poly(I:C)-
stimulated nasal fibroblasts (Fig. 4b). The same samples used
to measure IL-8 levels were examined for RANTES. SP600125
and 1Y294002 inhibited the production of RANTES by nasal
fibroblast cells stimulated with poly(I:C) in a dose-dependent
manner. SP600125 had the greatest effect inhibiting production
in poly(I:C)-stimulated nasal fibroblasts by 84.3% relative to
the control (P < 0.01). LY294002 had a similar effect to
SP600125 on the production of RANTES by nasal fibroblasts
(P <0.01). SB203580 and U0126 had no effect on the level of



RANTES present in the supernatants of cells that were
stimulated with poly(L:C).

Discussion

In this study, we demonstrated that nasal mucosa-derived
fibroblasts express a large amount of TLR3 mRNA. Stimula-
tion with poly(I:C) directly induced production of IL-8 and
RANTES in nasal fibroblasts. The signal pathway for IL-8 and
RANTES production was via JNK and PI3 kinase. Addition-
ally, p38 MAP kinase was also important for the production of
IL-8.

The nose is the target of a substantial number of infectious
agents that produce agonists for TLRs, including gram-
negative and positive bacteria, mycobacteria, fungi, viruses,
and numerous helminthes. Despite this fact, relatively little is
known about the expression of toll-like receptors on nasal
fibroblast cells. The presence of TLRs on primary bronchial
epithelial cells and BEAS-2B airway epithelial cells [23], as
well as alveolar and bronchial epithelial cells [24], has been
demonstrated. TLR3 was highly expressed on nasal fibroblast
cells as it was on primary bronchial epithelial cells. The
expression of TLR3 in primary bronchial epithelial cells was
positively regulated by the influenza A virus and by dsRNA
[24], and expression of TLR3 in the MRC-5 human lung
fibroblast cell line and A549 human lung epithelial cell line
was positively regulated by respiratory syncytial virus [25]. We
confirmed that poly(I:C) also up-regulated TLR3 expression in
human nasal fibroblasts.

Poly(1:C) is a potent and selective stimulus for the secretion
of IL-8 and RANTES, but not pro-inflammatory cytokines (IL-
1@ and TNF-a), Thl cytokines (IFNvy and IL-12), or eotaxin.
We previously showed that pro-inflammatory cytokines and
IFNwv induced production of RANTES by nasal fibroblasts
[17,26,27]. However, these cytokines were not expressed in
nasal fibroblast cells stimulated with poly(I:C). Thus, RANTES
was produced as a direct effect of poly(I:C), not in an autocrine
manner. Type I IFNs, IFNa and IFNB, are key effectors in the
innate immune responses to viral infections. However, in this
study, significant production of IFNa and IFNR by nasal
fibroblasts was not induced by a viral mimic, poly(l:C). We
also confirmed that IFN« and IFNB were not detected in the
culture supernatants even if the incubation was extended to 7
days after poly(l:C) stimulation. Recently, several studies
showed that plasmacytoid dendritic cells (pDCs) play a pivotal
part in antiviral immune responses because of their extraordi-
nary capacity to produce Type I IFNs against viral infection
[28,29]. They also sense viral ssRNA or its degradation
product via TLR7/8, leading to the production of Type I IFNs
[30,31]. In contrast, nasal fibroblasts may not recognize the
viral genome of ssRNA viruses because TLR7/8 mRNA was
not detected in nasal fibroblasts. Since RNA viruses produce
dsRNA during RNA replication, it is considered that in the
proliferative phase of the infection, nasal fibroblasts have an
antiviral effect.

Poly(1:C), a synthetic dSRNA polymer, was shown to act as
an adjuvant [32], and has been used to mimic RNA viral
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infections. All TLRs share a common cytoplasmic signaling
domain, the toll-interleukin 1 (IL-1) receptor domain (TIR
domain). This domain mediates the association between TLRs
and adaptors, such as MyD88 and TIRAP [11,33]. MyD88 is
used by most TLRs. However, only TLR3 was associated with
another adaptor, TRIF (also called TICAM-1) [34-36]. Signal
transduction pathways downstream of TRIF lead to NF-xB,
IRF-3, and MAP kinases [37-39]. NF-kB is most commonly
the transcription factor assoctated with IL-8 and RANTES
production [40,41]. AP-1, which can be activated by p38 MAP
kinase and JNK, is also an important positive regulator of IL-
8 and RANTES promotor activity [42,43]. Although it is not
clear which pathway mediates the signaling of poly(I.C) to
MAP kinases, it is suggested that poly(I:C} activates the TLR3-
TRIF-MAP kinase pathway in nasal fibroblast cells.

The observation that the p38 MAP kinase inhibitor
SB203580 blocks production of 1L-8 but not RANTES
suggested that there are different signaling pathways involved
in the up-regulation of these two chemokines by poly(1:C).
There are conflicting reports about the involvement of p38
MAPK and RANTES. In bronchial epithelial cells, Gern et al.
reported that SB203580 did not inhibit the production of
RANTES induced by dsRNA [44]. Kujime et al. reported that
SB203580 did inhibit RANTES production induced by
Influenza in vitro [45]. In airway smooth muscle cells,
Hallsworth et al. reported that SB203580 did not inhibit the
production of RANTES induced by IL-1$ {46]. Maruoka et al.
reported that SB203580 did inhibit RANTES production
induced by PAF [47]. In nasal fibroblasts, the result might
change if the stimulation is different. Gern et al. also reported
that SB203580 inhibited IL-8 production induced by dsRNA in
bronchial epithelial cells {44]. However, the mechanisms
activating p38 MAP kinase and producing IL-8 in epithelial
cells and fibroblast cells also remain unclear. Further study is
necessary.

Our study added the result to Gem’s work that JNK and PI3-
kinase are also important to the production of IL-8 and
RANTES stimulated by poly(I:C). Recently, Sarkar reported
that the PI3 kinase-AKT pathway plays an essential role in the '
TLR3-mediated TBK-1 to IRF-3 pathway [48]. IRF-3 binds to
the promotor region of RANTES and plays a crucial role in
gene expression {49,50]. There is no report that IRF3 binds to
the promotor region of IL-8. It is thought that the pathway to
IRF-3 does not lead to IL-8 production though it may lead to
RANTES production. NF-kB plays an important role in the
gene expression of 1L-8 [51]. Xianwu Li reported that PI3-
kinase is an important mediator of LPS signaling leading to the
activation NF-kB through AKT in human wmicrovascular
endothelial cells [52]. The signal transduction pathway
downstream of TLR3-TRIF-PI3K may associate with not only
IRF3 but also NF-kB.

RANTES is a highly effective chemoattractant for T
lymphocytes, monocytes, eosinophils, and basophils [20,53].
Infections with some viruses have been shown to induce
RANTES expression in a wide variety of cells [54—59]. Thus,
virus-induced RANTES expression could be a major element
in the pathogenesis of viral infection. IL-8 is an important



mediator of the inflammatory response to many stimuli,
including viruses [60—62). Most importantly, IL-8 is a major
neutrophil chemoattractant and activator {21]. It was confirmed
in our laboratory that IL-1R, TNFe, and LPS also induced
production of both IL-8 and RANTES by nasal fibroblasts
(data not shown). But less RANTES was produced in response
to IL-1R, TNFo, and LPS than to poly(I:C). However, the rank
order for maximal capacity to stimulate production of IL-8 by
human nasal fibroblast cells was IL-13 > TNF-a > LPS >
poly(L:C). This difference may contribute to the specific role of
nasal fibroblasts in protection against viral infections. T cells
and granulocytes recruited to the airways are likely to
contribute to antiviral activity. On the other hand, increased
cellular inflammation could also add to airway obstruction and
dysfunction, leading to symptoms in the upper and lower
airway. If the function of chemokines secreted during viral
infections was defined further, specific inhibitors of the signal
pathway associated with chemokine production might be used
to regulate cellular inflammation in the pathogenesis of virus-
induced inflammation of the nasal cavity, rhinosinusitis and
exacerbations of allergic rhinitis.
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The efficacy of short-term administration of 3
antihistamines vs placebo under natural

exposure to Japanese cedar pollen

Sawako Hyo, MD#*; Shigeharu Fujieda, MDT; Ryo Kawada, MD*; Shikifumi Kitazawa, PhD¥; and
Hiroshi Takenaka, MD*§

Background: Japanese cedar pollinosis, a common disease with morbidity of approximately 20% in the Japanese population,
is characterized by subjectively irritating symptoms during an annual 3-month period.

Objective: To investigate the effectiveness of cetirizine hydrochloride, loratadine, and fexofenadine hydrochloride in reducing
pollinosis symptoms induced while walking in a park during the pollen season.

Methods: A randomized, double-masked, placebo-controlled trial was conducted in 113 individuals with Japanese cedar
pollinosis during 2 days in March 2003 in Osaka Expo Park, Osaka, Japan. Participants (aged 2057 years) were divided into
4 groups according to treatment assignment: cetirizine hydrochloride, 10 mg/d; fexofenadine hydrochloride, 120 mg/d;
loratadine, 10 mg/d; and placebo (lactose), twice daily. Symptoms were recorded hourly during the study. Furthermore, all
the patients completed the Japanese version of the Rhinoconjunctivitis Quality of Life Questionnaire before and after the
trial.

Results: Self-evaluated symptom scores in all 3 active treatment groups showed significant improvements compared with the
placebo group. Furthermore, the cetirizine group showed significant improvement in the domains of frequency of nose blowing
and nasal obstruction compared with placebo. In addition, improvement in Japanese Rhinoconjunctivitis Quality of Life
Questionnaire scores was higher in the cetirizine group than in the loratadine and placebo groups.

Conclusion: Cetirizine seems to be more effective than fexofenadine and loratadine at reducing subjective symptoms in this

study population.

INTRODUCTION

Japanese cedar pollinosis (JCP) is a relatively common dis-
order in Japan, presenting serious social problems between
February and April each year. The age-adjusted prevalence of
JCP in Japan in 2001 was 19.4% using the cross-sectional
random sampling method, and the estimated prevalence after
correlation of possible biases was 13.1%.! Because the ben-
eficial effects of H;-specific antagonists on improving symp-
toms in patients with seasonal allergic rhinitis (SAR) are well
established, antihistamine drugs are administered as the
mainstay of treatment in most of these patients. However,
owing to the availability of many varieties of antihistamines,
including second-generation H,-receptor antagonists, it is
overwhelming for Japanese physicians to decide which drug
provides the greatest clinical benefit and the fewest adverse
effects in patients with JCP. Hence, the rating of antihista-
mines principally from the standpoint of efficacy by using
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placebo-controlled, randomized, double-masked clinical tri-
als has considerable merit for patients and physicians alike.

Quality of life (QOL) is a subtle concept that includes
many physical and psychological factors. Although the symp-
toms of JCP, such as sneezing, rhinorrhea, nasal congestion,
and itchy and watery eyes, are not life threatening, they
unarguably reduce QOL in patients with the disease. Hence,
to evaluate impairment in QOL caused by SAR and to eval-
uate the clinical benefits of anti-SAR medications, not only
total symptom scores but also QOL scores, as evaluated by
the 36-Item Short-Form Health Survey? or the Rhinoconjunc-
tivitis Quality of Life Questionnaire (RQLQ), have been
popularly used worldwide in recent years.*> Several such
studies have reported that general QOL score is sufficiently
sensitive for use in antiallergy drug trials in Western coun-
tries.® However, Asian people, including the Japanese, have
different cultures and lifestyles than their Western counter-
parts; thus, it remains unclear whether QOL score is corre-
lated with total symptom score in patients who take antihis-
tarnines to control their JCP.

In this context, we conducted a randomized, double-
masked, placebo-controlled study of the effects of 3 second-
generation antihistamines (cetirizine hydrochloride, 10 mg;
fexofenadine hydrochloride, 120 mg; and loratadine, 10 mg)
against naturally induced symptoms caused by walking in a
park during the Japanese cedar pollen season. Study drugs
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