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Whereas acetylcholine (ACh) acts as a bronchoconstrictor and stimulator of mucus secretion from bron-
chial epithelium, it acts via o7 nicotinic Ach receptors (nAChRs) on macrophages in the airways to exert
anti-inflammatory effects by reducing synthesis of pro-inflammatory cytokines, such as tumor necrosis
factor-ot (TNF-ot). Moreover, the effects of ACh are modified by secreted ly-6/urokinase-type plasminogen
activator receptor-related peptide-1 (SLURP-1), a positive allosteric modulator of a7 nAChR signaling.
Our aim was to explore the roles played by SLURP-1 in the pathophysiology of asthma by assessing
SLURP-1 expression in the OVA-sensitized murine asthma model and in cultured human bronchial epi-
thelial cells. Using real-time PCR we found that expression of SLURP-1 mRNA is down-regulated in the
lungs of asthmatic model mice, as compared to healthy mice. In addition, immunohistochemical studies
confirmed the diminished expression of SLURP-1 in the bronchioles of asthmatic mice, and showed it was
due to extensive metaplasia of mucus-secreting cells and the concomitant loss of ciliated epithelial cells.
Expression of SLURP-1 mRNA and protein was also significantly down-regulated in human epithelial cells
stimulated with the pro-inflammatory cytokine interleukin-13 (IL-13), which is related to asthmatic con-
dition. Thus SLURP-1 appears to be down-regulated in both an animal model of asthma and human epi-
thelial cells treated with an inflammatory cytokine related to asthma. Those findings suggest that
diminished expression of SLURP-1 in asthma attenuates its negative regulation of airway inflammation,
and that perhaps changes in SLURP-1 expression could serve as a marker of airway damage in asthma.

© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Airway hyperreactivity is one of the main characteristics of
asthma; i.e., a lower concentration of the acetylcholine (ACh) is re-
quired for bronchial contraction in patients with asthma than in
healthy controls [1]. The ACh is released from postsynaptic para-
sympathetic cholinergic neurons innervating the airway smooth
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muscle and submucosal glands [2] and is also synthesized and re-
leased by non-neural cells, such as epithelial and inflammatory
cells [2-9]. Evidence suggests this non-neural cholinergic system
is involved in the regulation of a variety of cell functions, including
proliferation, apoptosis and cytokine production [5,9,10], but the
roles played by non-neural ACh in the pathophysiology of the lung
remain unclear.

ACh exerts its effects via muscarinic and nicotinic receptors
(mAChRs and nAChRs, respectively), both of which are present
within the airways [4]. Among the many nAChR subtypes, o7
nAChRs expressed in macrophages are involved in down-regulat-
ing the production and release of pro-inflammatory cytokines,


http://dx.doi.org/10.1016/j.bbrc.2010.07.006
mailto:naoyama@musashino-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2010.07.006
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

714 0. Narumoto et al./Biochemical and Biophysical Research Communications 398 (2010) 713-718

such as tumor necrosis factor-ot (TNF-ot) and high mobility group
box-1 protein (HMGB-1), thereby suppressing inflammatory re-
sponses [11-13]. Moreover, o7 nAChRs are key regulators of air-
way epithelial cells and appear to play a crucial role in the
differentiation of bronchial epithelial cells [14].

Secreted lymphocyte antigen-6/urokinase-type plasminogen
activator receptor-related peptide-1 (SLURP-1) was first identified
in a urine peptide library and purified from human blood [15]. Sub-
sequently, Chimienti et al. [16] used Xenopus oocytes expressing
recombinant human o7 nAChRs to show that SLURP-1 binds to
o7 nAChRs and exerts an allosteric effect. In addition, we recently
showed that SLURP-1 is expressed in ciliated bronchial epithelial
cells, where it acts as a positive modulator of o7 nAChR signaling
[17]. In that context, the aim of the present study was to explore
the involvement of SLURP-1 in the pathophysiology of asthma.
We found that SLURP-1 expression is profoundly down-regulated
in a murine model of asthma due to extensive metaplasia of mu-
cus-secreting cells in the bronchial epithelium. Moreover, we con-
firmed that human airway epithelial cells also express SLURP-1,
and that its expression is down-regulated by the presence of inter-
leukin (IL)-13, which is abundant in asthmatic airways and plays a
key role in the pathogenesis of asthma [18,19].

2. Materials and methods
2.1. Antibodies

An anti-SLURP-1 antibody against a 13-amino acid peptide cor-
responding to amino acids 77-89 (CLATDPDGIGVAH) - i.e., “loop
3,” a helical protrusion of murine SLURP-1 - was raised in a New
Zealand White rabbit immunized with peptide-keyhole limpet
hemocyanin [20,21]. Anti-human SLURP-1 monoclonal antibody
(clone 4D1) was purchased from Abnova Corp (Taipei, Taiwan).
Goat anti-mouse Mucin 5AC (clone K-20) was from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Mucin 5AC (MUC5AC)/gastric
mucin Ab-1 (clone 45M1) mouse monoclonal antibody was from
Thermo Fisher Scientific Anatomical Pathology (Fremont, CA, USA).

2.2. Animals

Specific pathogen-free female BALB/c mice (8-10 weeks old)
were purchased from SLC (Shizuoka, Japan). The animals were
housed in a specific pathogen-free environment and allowed free
access to food and water. All experimental protocols were ap-
proved by the Musashino University Animal Care Committee and
were in accordance with the NIH Guide for the care and use of lab-
oratory animals. Mice were initially intraperitoneally immunized
twice with 10 pug of ovalbumin (OVA) and 2 mg of aluminum
hydroxide gel (on days 0 and 14), as previously reported [22,23].
After immunization, the animals were made to inhale OVA
(20 mg/ml) at a flow rate of 0.3 ml/min for 10 min daily for 7 days
using a micromist nebulizer (Devilbiss, Somerset, PA, USA). The
mean particle diameter was 3.0 pm. Saline-treated mice served
as controls.

2.3. Histological examination

Details of the procedures for immunohistochemical examina-
tion of SLURP-1 in the lung have been reported [17]. Briefly, mice
were transcardially perfused with phosphate-buffered saline
(PBS), followed by 4% paraformaldehyde in 100 mM phosphate
buffer (pH 7.4). The lungs were then excised, immersed in 4% para-
formaldehyde for 2 h at 4 °C, washed in PBS, and soaked overnight
in 30% sucrose in PBS. The specimens were then embedded in OCT
compound (Miles, Elkhart, IN, USA) and quickly frozen, after which
sections were cut at a thickness of 10 um using a Leica CM3050

cryostat and thaw-mounted on poly-i-lysine-coated glass slides
(Matsunami Glass, Osaka, Japan). The lung sections were incubated
first with anti-SLURP-1 (1:1000) and goat anti-Mucin 5AC (1:200)
overnight, and then with Alexa Flour 488-conjugated donkey anti-
IgG (Molecular Probes, Eugene, OR, USA). Finally, the sections were
counterstained with 4/,6’-diamidino-2-2phenylindole (DAPI, Roche
Diagnostics, GmbH, Mannheim, Germany) and mounted using Vec-
tashield Mounting Medium (Vector Laboratories, Burlingame, CA,
USA). Control tissues were prepared by omitting the primary anti-
bodies from the incubation solutions, and no specific immunoreac-
tivity was observed. Immunofluorescence images were examined
using a Leica TCS-SP2 confocal microscope (Leica Microsystems,
Wetzlar, Germany) with excitation wavelengths of 350, 488 and
543 nm. Images were collected and analyzed using Leica Confocal
Software (Leica Microsystems).

2.4. Culture of human airway epithelial cells

Normal human bronchial epithelial cells (NHBEs) were pur-
chased from Lonza Walkersville Inc. (Walkersville, MD, USA). The
cells were cultured in bronchial epithelial growth medium supple-
mented with retinoic acid and epidermal growth factors (Single-
Quot” kit, Lonza Walkersville Inc.) on collagen type-I coated
dishes. For air-liquid interface cultures, cells were first cultured
on collagen type-I inserts (Becton Dickinson Labware, Bedford,
USA) until confluent, after which the medium was removed from
the upper part of each well, and the NHBEs were cultured for
2 weeks until differentiated into ciliated cells, as previously de-
scribed [24-27]. To culture in asthmatic conditions, NHBEs were
cultured for 10days after adding recombinant human IL-13
(10 ng/ml; PeproTech Inc., Rocky Hill, NJ, USA) to the lower part
of each well [24].

2.5. Analysis of mRNA expression

Lungs were excised from mice and immediately frozen in liquid
nitrogen until used for experimentation. RNA was extracted from
lung tissue or cultured cells using Trizol Reagent (Invitrogen
Corporation, Carlsbad, CA, USA) and a modification of the acid
guanidium-phenol-chloroform method, after which cDNA was
synthesized using an iScript cDNA Synthesis kit (Bio-Rad Laborato-
ries Inc., Hercules, CA, USA) containing RNase H+ reverse transcrip-
tase and a blend of oligo-dT and random hexamer primers [20].
Levels of mRNA were quantified by real-time polymerase chain
reaction (PCR) using a Light Cycler-Fast Start DNA Master SYBR
Green | kit (Roche Diagnostics, Mannheim, Germany) and Light-
Cycler 2.0 (Roche Applied Science, Mannheim, Germany). Quantifi-
cation was accomplished using a standard curve generated with
five dilutions of cDNA. Results are shown as ratios of the level of
SLURP-1 mRNA normalized to the level of glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) mRNA. The primers used were as
follows: mouse GAPDH, 5'-TGCACCACCAACTGCTTAGC-3' (forward)
and 3’-GGCATGGACTGTGGTCATGAG-5' (reverse), 87 bp; mouse
SLURP-1, 5'-TTCCGAGACCTCTGCAACTC-3' (forward) and 3’-ATAA
GCGTGGGGTATGGAAG-5' (reverse), 163 bp; human GAPDH 5'-TG
CACCACCAACTGCTTAGC-3’ (forward) and 3'-GGCATGGACTGTGGT
CATGAG-5' (reverse), 87 bp; and human SLURP-1, 5-TTCCGAGAC
CTCTGCAACTC-3' (forward) and 3'-ATAAGCGTGGGGTATGGAAG-5’
(reverse), 163 bp.

2.6. Immunoblotting

Lung tissue or cultured cells were homogenized in Pro-prep
protein extraction solution (Intron, Biotechnology Inc., Sangedae-
won, Korea), after which the homogenates were centrifuged at
1000 xg for 30 min at 4 °C, and the supernatants were collected.
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The proteins were separated by SDS-PAGE and transferred to a
polyvinlyidene difluoride membrane (Amersham Hybond-P, GE
Healthcare, USA). After blocking with 5% dried, fat-free milk in
PBS containing 0.05% Tween-20, the membrane was incubated first
with rabbit anti-mouse-SLURP-1 antibody (1:1000) and then with
horseradish-conjugated anti-rabbit antibody (GE Healthcare). We
used anti-human SLURP1 (1:1000) and biotinylated polyclonal rab-
bit anti-mouse immunoglobulin (DAKO, Glostrup, Denmark) to de-
tect human SLURP-1, after which the blots were developed by
incubation with horseradish peroxidase-conjugated streptavidin
(DAKO). As a positive control, we used human epithelial cell ex-
tracts immunoprecipitated using anti-human SLURP-1 and Catch
and Release (Millipore Corporation Billerrica, MA, USA). Signals
were visualized using ECL reagents (GE Healthcare) and quantified
using an image analyzer (LAS 3000, Fuji Film, Kanagawa, Japan).

2.7. Statistical analysis

Data were statistically analyzed using the Wilcoxon/Kruskal-
Wallis test. Values of P < 0.05 were considered significant.

3. Results

3.1. SLURP-1 mRNA and protein expression in the murine asthma
model

We initially used real-time PCR to assess the expression of
SLURP-1 mRNA in lungs harvested from mice, and found that it
was significantly (P < 0.05) suppressed in OVA-treated asthmatic
mice, as compared to control (Fig. 1A). Moreover, western blot
analysis confirmed that expression of SLURP-1 protein was also
significantly weaker in lungs from OVA-treated mice than control
mice (Fig. 1B).
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Fig. 1. SLURP-1 mRNA and protein expression in asthmatic lung in mice. (A) SLURP-
1 mRNA expression was assessed using real-time PCR. Data are means + SEM of six
mice. *P < 0.05 vs. control. (B) Immunoblots showing the levels of SLURP-1 protein
determined in lung homogenates from OVA asthmatic and control mice. Below are
the relative levels of SLURP-1 normalized to those of GAPDH. Total eight samples
from eight mice were used for the immunoblots. The summarized data was
means + SEM was 0.36 + 0.047-fold (OVA/control, P < 0.05).

Histological examination of the airways of OVA-treated mice re-
vealed the presence of epithelial damage, such as metaplasia of hy-
per-mucus-secreting cells, and infiltration of eosinophils, as has
been reported previously [23,28] (Fig. 2A). Immunohistochemical
analysis showed that SLURP-1 protein was expressed exclusively
in epithelial cells, and was not expressed in the mucin 5AC-positive
mucus-producing cells (Fig. 2B). SLURP-1 expression was dramati-
cally reduced in the bronchiole of OVA-treated mice, most likely
because ciliated epithelial cells were extensively replaced by hy-
per-mucus-secreting cells (Fig. 2B).

3.2. Expression of SLURP-1 mRNA and protein in the human bronchial
epithelial cells

To determine whether SLURP-1 is also expressed in human
bronchial epithelial cells, we assessed its expression in NHBEs.
The cells were cultured at an air-liquid interface without IL-13 (re-
ported to promote differentiation into ciliated epithelial cells), or
with [L-13 in the medium (reported to promote differentiation into
mucus-secreting cells, which is relevant to asthmatic conditions)
[24]. We examined the effect of IL-13 on expression of SLURP-1
mRNA in NHBEs using real-time PCR. We found that levels of
SLURP-1 mRNA were significantly (P<0.01) up-regulated when
NHBEs were cultured at the air-liquid interface without IL-13, as
compared to the levels in cells cultured with IL-13 and in control
cells (Fig. 3A). In addition, immunoblotting confirmed the expres-
sion of SLURP-1 protein in NHBEs (Fig. 3B). These results are con-
sistent with our findings in the murine asthma model, and
suggest that differentiation of ciliated epithelial cells into mucus
producing cells is associated with a loss of SLURP-1 expression.

4. Discussion

In the present study, we found that expression of SLURP-1
mRNA and protein was down-regulated in a murine asthma model,
and we confirmed that SLURP-1 is also expressed in human bron-
chial epithelial cells. In normal bronchioles, the epithelium is com-
prised mainly of ciliated epithelial cells, with a small number of
mucus-secreting cells, and SPLURP-1 is exclusively expressed in
the ciliated epithelium [17]. The apparent reason for the down-reg-
ulation of SLURP-1 expression in the lungs of mice with OVA-in-
duced asthma was metaplasia of mucus-secreting cells, which
replaced the ciliated epithelial cells in the bronchial epithelium.
Consistent with that idea, IL-13 significantly reduced expression
of both SLURP-1 mRNA and protein in cultured human bronchial
epithelial cells.

SLURP-1 has been shown to act as a positive allosteric modula-
tor of o7 nAChR signaling that augments the biological effects of
o7 nAChR agonists [16,29]. For example, SLURP-1 enhances carba-
chol-induced effects on apoptosis and expression of cell differenti-
ation markers in human Kkeratinocytes [29]. Ciliated bronchial
epithelial cells have the ability to synthesize ACh and express o7
nAChRs [4,14,17]. Moreover, o7 nAChR knockout mice exhibit de-
layed regeneration of airway epithelium following injury, suggest-
ing that signaling via a7 nAChRs plays a key regulatory role in
epithelial homeostasis [14]. It is thus plausible that ACh and
SLURP-1 released from ciliated bronchial epithelial cells act in an
autocrine fashion via o7 nAChRs to exert protective effects and
facilitate recovery of the epithelium following injury. Down-regu-
lation of SLURP-1 expression in asthma likely disrupts epithelial
homeostasis, leading to remodeling of the bronchial epithelium
and greater susceptibility to infections, such as influenza and
pneumonia.

Nicotine, which is highly toxic to humans, suppresses certain
aspects of the asthmatic phenotype, both in vivo and in vitro
[30-32]. In macrophages and splenocytes, a7 nAChR signaling is
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Fig. 2. (A) Hematoxlin/eosin staining of frozen lung sections: upper panels, 100x; lower panels, 400x. (B, C): Confocal micrographs of SLURP-1 (red) and MUC5AC (green)
immunostaining in OVA asthmatic and control mice. DNA was counterstained with DAPI (blue). Merged images showing labeling of both SLURP-1 and MUC5AC are on the
right. Low-power images (100x ) are shown in panel B; high-power images (400x ) are in panel C. Seven mice in each group (control and OVA) were used for the experiments.

involved in the negative regulation of pro-inflammatory cytokines regulate expression and release of pro-inflammatory cytokines
[33]. Upon their release from bronchial epithelial cells, SLURP-1 from macrophages and lymphocytes, thereby attenuating inflam-
and ACh diffuse over airway, where they likely function to down- matory and immune responses.
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Fig. 3. Effect of IL-13 on expression of SLURP-1 mRNA and protein in NHBEs. (A)
Relative levels of SLURP-1 mRNA expression in NHBEs cultured with or without IL-
13. Levels of SLURP-1 mRNA were determined by real-time PCR and normalized to
those of GAPDH. Bars indicate mean + SEM of three or four samples. **P < 0.01 vs.
control. Control means NHBE cultured in the medium without air-liquid interface
culture. (B) Immunoblot showing expression of SLURP-1 protein. As a positive
control, we used human epithelial cell extracts immunoprecipitated using anti-
human SLURP-1. The similar experiments were undertaken using four different
samples. The summarized data was 6.9 + 0.5 vs. 18.6 * 1.8-fold increase compared
to control (epithelial cells with IL-13 vs. without IL-13, P < 0.05, n = 4 each group).
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Taken together, our findings suggest that SLURP-1 expression is
diminished in the lungs of asthma patients due to a reduction in
the numbers of ciliated epithelial cells in the bronchioles. This
hypothesis is currently under investigation. SLURP-1 has also been
detected in the plasma, urine, sweat, saliva and tears of humans,
suggesting the molecule is quite stable [21,34], which could make
it possible to employ detection of SLURP-1 in plasma or urine as a
marker of airway damage in asthma.

5. Conclusion

Expression of SLURP-1, a positive allosteric modulator of o7
nAChR signaling, is down-regulated in a murine asthma model
and in humans, mainly due to extensive metaplasia of mucus-
secreting cells. Restoring SLURP-1 may mitigate such remodeling
of the airway epithelium and diminish production of pro-inflam-
matory cytokines mediated via a7 nAChRs.
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