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Short palate, lung, and nasal epithelial clone-1 (SPLUNC1) is a pro-
tein abundantly expressed by the respiratory epithelium of the prox-
imal lower respiratory tract, a site of great environmental exposure.
Previous studies showed that SPLUNC1 exerts antimicrobial effects,
regulates airway surface liquid and mucociliary clearance, and sup-
presses allergic airway inflammation. We studied SPLUNC1 to gain
insights into its role in host defense. In the lower respiratory tract,
concentrations of SPLUNC1 are high under basal conditions. In mod-
els of pneumonia caused by common respiratory pathogens, and in
Th1-induced and Th2-induced airway inflammation, SPLUNC1 secre-
tion is markedly reduced. Pathogen-associated molecular patterns
and IFN-y act directly on airway epithelial cells to inhibit SPLUNC1
mRNA expression. Thus, SPLUNC1 is quickly suppressed during in-
fection, in response to an insult on the epithelial surface. These
experiments highlight the finely tuned fluctuations of SPLUNC1 in
response to exposures in the respiratory tract, and suggest that the
loss of SPLUNC1 is a crucial feature of host defense across air-
breathing animal species.
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The respiratory tract continuously interacts with environmental
irritants and pathogens. These stimuli constitute part of an intri-
cate network of signals that activate host defenses. Airway ep-
ithelial cells participate actively in this process by producing
antimicrobial and immune mediators that maintain homeostasis
during steady-state conditions, and promote inflammation during
injury.

The palate, lung, and nasal epithelial clone (PLUNC) genes are
members of the bactericidal permeability—increasing protein fold-
containing (BPIF)/PLUNC protein family (1, 2). These genes are
focally expressed by epithelial cells throughout the respiratory
tracts of multiple air-breathing vertebrates (3). In total, 11 human
genes and 14 murine genes have been described to date, located
within a single locus on chromosome 20 and chromosome 2,
respectively (4, 5). These genes code for the PLUNC proteins,
which are classified into six short and eight long PLUNCS, based
on their lengths.

Short PLUNC 1 (SPLUNCI) is a 25-kD protein secreted by
epithelial cells in the upper airway and proximal lower respira-
tory tract (3, 6-10). SPLUNCI is readily detected in human
saliva and in nasal and bronchial epithelial washings at concen-
trations ranging from 34.7 ng/ml to 13.8 mg/ml (6, 10-12). In
tracheal epithelial-cell supernatants SPLUNCI constituted 10%
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CLINICAL RELEVANCE

Short palate, lung, and nasal epithelial clone-1 (SPLUNC1)
is highly expressed in the respiratory tract under basal
conditions, and is inhibited by common respiratory patho-
gens and airway inflammation. The rapid flux of SPLUNC1
suggests that it serves as a sensor of environmental expo-
sure to pathogens and irritants. Understanding the regu-
lation of SPLUNCI will provide insights into its role during
health and disease.

of the total soluble protein, making it one of the most highly
expressed proteins produced by airway epithelial cells (7).

SPLUNCI shares structural similarities with the immunomo-
dulatory proteins bactericidal permeability—increasing protein
(BPI) and lipopolysaccharide-binding protein (4, 13-15). It was
initially hypothesized to express antimicrobial functions, and has
been shown to inhibit the growth of multiple pathogens (16-19),
inhibit biofilm formation, and possess surfactant properties (20,
21). Although most studies of SPLUNCI have focused on these
antimicrobial effects, SPLUNCI also regulates the epithelial so-
dium channel (ENaC) to maintain airway surface liquid depth, af-
fects mucociliary clearance, and regulates inflammation, thereby
limiting allergic airway inflammation (10, 22-24).

Here we show that SPLUNCT is present at high concentrations
in murine airways under basal conditions, whereas it is suppressed
by low-level environmental pathogen—associated molecular pat-
terns (PAMPs) and inflammatory signals. During acute infection
and inflammation, SPLUNCI is markedly inhibited. These are the
first experiments to capitalize on the mechanisms of SPLUNC1
fluctuation. SPLUNCI is finely tuned by PAMPs and IFN-vy, sug-
gesting that it serves as a sensor of environmental exposures to
trigger its multifaceted effects that aid in host defense.

MATERIALS AND METHODS

Mice

We used 6- to 14-week-old C57BL/6 (National Cancer Institute,
Frederick, MD), tlr4~'~, myd88™'~ (25-27), ifnyrl = (28) (Jackson
Laboratories, Bar Harbor, ME), and CC10-rtTA-IL-13 (29) mice in

protocols approved by the Animal Care and Use Committee of Yale
University.

Bronchoalveolar Lavage

At the time the mice were killed, bronchoalveolar lavage (BAL) was
performed with 1 ml of PBS. BAL fluid (BALF) was collected for
ELISA, and cells were counted as previously described (30).

Models of Airway Inflammation

LPS (5 wg, Escherichia coli; Sigma-Aldrich, Saint Louis, MO) was
administered intranasally, and mice were killed at the time intervals
to be indicated. Airway inflammation was induced by the transfer of
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OT-II (ovalbumin-specific T cell receptor transgenic) CD4 Th1 or Th2
cells into C57BL/6 recipient mice, followed by challenge with inhaled
1% ovalbumin (OVA) for 10 days (30, 31). CC10-rtTA-IL-13 mice,
doxycycline-inducible IL-13 transgenic mice, and nontransgenic litter-
mate control mice were treated with doxycycline (Sigma-Aldrich) for
14 days to stimulate IL-13 production in the airway.

Models of Respiratory Infection

Pseudomonas aeruginosa (5 X 10* colony-forming units) and Strepto-
coccus pneumoniae (1 X 10° colony-forming units) were administered
intratracheally to C57BL/6 mice that were killed at 4 hours or 3 days,
respectively. Influenza A virus (1/20 lethal dose 50% ) was administered
intranasally, and mice were killed on Day 7. Control mice received PBS
intratracheally or intranasally, or underwent no treatment.

Cell Culture

Murine tracheal epithelial cells (mTECs) were isolated from C57BL/6
mice and cultured on transwell plates at an air-liquid interface (ALI),
following previously described methods (32). mTECs were treated with
LPS (10-100 ng/ml; Sigma-Aldrich), recombinant murine IFN-y (rmIFN-y,
1, 10, or 100 ng/ml; Peprotech, Rocky Hill, NJ), or recombinant murine
IL-13 (rmIL-13, 1 or 10 ng/ml; Peprotech) for 24 hours, 48 hours, or 10 days.
Two hundred microliters of PBS were placed on the apical membrane
surface and collected after 30 minutes to measure protein secretion. NCI-
H292 cells were cultured to confluence and treated with recombinant hu-
man IFN-y (1 or 10 ng/ml; eBioscience, San Diego, CA) or human IL-13
(1 or 10 ng/ml; Peprotech). Western blots of H292 cell lysates indicated
SPLUNCI protein production. RNA was extracted from individual wells
for quantitative PCR.

ELISA and Lung Immunohistochemistry
and Western Blotting

Plates were coated with BALF, followed by polyclonal sheep anti-mouse
SPLUNCT antibody (R&D, Minneapolis, MN), anti-sheep HRP (Millipore,
Billerica, MA), 3,3',5,5'-tetramethylbenzidine substrate (KPL, Gaithersburg,
MD), and were measured at optical densities of 450 and 550 nm. Formalin-
fixed, paraffin-embedded lung sections were stained with anti-mouse
SPLUNCI (R&D). Trachea, bronchi. and lung parenchyma were dis-
sected from naive C57BL/6 mice, and cell and tissue homogenates were
run on nitrocellulose membranes that were probed with anti-mouse
SPLUNCI (R&D).

Quantitative PCR

RNA was prepared from whole lung tissue or tracheal epithelial cells,
using the TRIzol reagent (Invitrogen, Carlsbad, CA). Quantitative PCR

A
"

W Tiie,
e .’,‘ﬂf’n

4

.

ol “
3

4
. -

<25 kD

reactions were performed (SYBR FAST; KAPA Biosystems, Woburn,
MA). Murine PCR primers used for amplification included SPLUNCI1
(5'-GTCCACCCTTGCCACTGAACCA-3'and 3'-CACCGCTGAGA
GCATCTGTGAA-5") and B-actin (5'-GTCCACACCCGCCACCA
GTTCG and 3'-GACCCATTCCCACCATCACACCCT-5"). Human
PCR primers used for amplification included SPLUNC1 (5'-TGC
TGGAACTTGGCCTTGTGCA-3" and 3'-ACCAGGGGCGTATTC
ACTTGGA-5") and glyceraldehyde 3—phosphate dehydrogenase (GAPDH;
5" TGGAGAAGGCTGGGGGCTCATTT-3' and 3'-TGGTGCAGGAG
GCATTGCTGAT-5"). For each set of primers, validation experiments
showed a linear dependency of threshold cycle values at different RNA
concentrations. The data were analyzed after murine genes were normalized
to B-actin and human genes were normalized to GAPDH, and P values
were obtained using Data Assist software, version 2.0 (Applied Biosystems,
Carlsbad, CA).

Statistical Analysis

Results are reported as mean (+= SEM) values, unless otherwise spec-
ified. Statistical significance was determined by the Student ¢ test.

RESULTS

SPLUNCT Is Expressed at High Concentrations in the Proximal
Airways of Mice

SPLUNCI is produced by secretory epithelial cells in the trachea
and in the proximal large bronchi in the lower respiratory tract
(Figure 1A) (3). This is reflected in the high expression and
secretion of SPLUNCI in the large airways, and its minimal ex-
pression in the distal airways and lung parenchyma (Figure 1B).
The amount of SPLUNCI protein, measured in naive mice at
2-5 pg/ml in a 1-ml lung lavage sample, is high in the trachea, low
in the distal bronchi, and almost absent in the peripheral lung
tissue (Figure 1C). SPLUNCI is age-dependent, gender-dependent,
and strain-dependent. SPLUNCI protein was 2.4-fold higher in
BAL fluid from 6-month-old compared with 6-week-old male
CS57BL/6 mice (4,769 versus 1,997 ng/ml, respectively; P = 0.001),
0.39-fold lower in 6-week-old female compared with male
C57BL/6 mice (1,255 versus 1,997 ng/ml, respectively; P =
0.0008), and 2.1-fold higher in 6-week-old BALB/c compared
with C57BL/6 mice (4,306 versus 1,997 ng/ml, respectively; P =
0.00013). Based on the high basal level of secretion of SPLUNC1
in the proximal lower airways, the reported multiple functions
of SPLUNCI related to host protection, and the variability of
SPLUNCI1 under different conditions, we hypothesized that

Figure 1. Short palate, lung, and nasal epithe-
lial clone-1 (SPLUNCT) is produced by epithelial
cells in the main airways. SPLUNCT1 expression
was assessed by immunostaining and Western
blotting on lung sections and tissue homoge-
nates from naive C57BL/6 mice. The trachea
and proximal bronchi show that SPLUNC1 is
abundantly expressed in the airway epithelium
(A and B), whereas the expression of SPLUNC1
L e is decreased in the distal portion of the main-
Lo . stem bronchi (B), and becomes undetectable in
W0 e peripheral lung tissue (C).
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SPLUNCI is important in the maintenance of airway homeo-
stasis. Thus, we investigated the effects of infection and inflam-
mation on SPLUNCI.

Infection with Respiratory Pathogens
and LPS Inhibits SPLUNCI1

SPLUNCI1 was significantly reduced in the BALF of mice with
pneumonia induced by infection with Pseudomonas aeruginosa,
Streptococcus pneumoniae, and influenza A (Figure 2). To study
the effects of infection on SPLUNCI over time, we adminis-
tered the Gram-negative endotoxin LPS intranasally to C57BL/6
mice, and measured SPLUNCI1. SPLUNCI increased 3 hours
after LPS administration, then declined, with a nadir at 24 hours,
and it remained well below the basal concentration through
48 hours (Figure 3A). SPLUNCI1 RNA declined steadily after LPS
administration (Figure 3B). This suggests that stored SPLUNCI1
is released early after infection, possibly serving to limit the
pathogen burden and increase mucociliary clearance. The sub-
sequent decline in SPLUNCI after pathogen exposure and its
persistent low concentrations in infection are not consistent
with an antimicrobial function. Moreover, the loss of SPLUNC1
may serve another function in host protection.

As SPLUNCI declined in response to LPS, an associated in-
crease in neutrophilic inflammation was evident, suggesting
an interrelationship between SPLUNCI and inflammation. To
study the effects of LPS in the regulation of SPLUNCI indepen-
dent of inflammation, we investigated SPLUNCI in mice lacking
the LPS signaling receptor Toll-like receptor—4 (TLR4). We hy-
pothesized that in naive mice, exposure to low concentrations of
PAMPs from the air and from bacteria colonizing the respira-
tory tract (33) would be observed, although no airway inflam-
mation would be evident. In the BALF of naive #Ir4~’~ mice,
SPLUNCI was twofold higher compared with #r4"* mice (Fig-
ure 4A), indicating that the basal activation of TLR4 inhibits
SPLUNCI. To determine whether the TLR4-mediated effects
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Figure 2. SPLUNCT1 is reduced in pneumonia. Pneumonia was induced
in C57BL/6 mice with Pseudomonas aeruginosa (4 hours, n = 10 mice/
group), Streptococcus pneumoniae (3 days, n = 4-5 mice/group), and
influenza A virus (7 days, n = 4 mice/group). Control mice received PBS
(S. pneumoniae and influenza A) or no treatment (P. aeruginosa).
SPLUNC1 was measured in bronchoalveolar lavage fluid (BALF) by
ELISA. Mean values are representative of 2-3 experiments. *P < 0.05.
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Figure 3. SPLUNCT is inhibited by LPS. LPS (5 png) was administered
intranasally to C57BL/6 mice, and the mice were killed at different time
points. (A) SPLUNC1 concentrations, as measured in BALF by ELISA, are
compared with total cell counts in BALF at intervals of 3, 8, 24, and
48 hours. (B) SPLUNC1 expression was assessed in RNA from lung
tissue by quantitative PCR at intervals of 3, 8, 24, and 48 hours. Mean
values are shown (n = 4 mice/group), and are representative of three
experiments. RQ, relative quantitation.

on SPLUNCI were transduced through the common TLR adap-
tor molecule myeloid differentiation primary response gene 88
(MyDS88), we measured SPLUNCI in naive mice deficient in
MyD88. SPLUNCI1 was also strikingly elevated in the BALF
from myd88~'~ compared with myd88** mice, indicating that
SPLUNCI is regulated by TLR4 ligands downstream from
MyDS88 signals (Figure 4A). The amount of SPLUNC1 was
higher in myd88~"~ compared with t/r4~/~ mice, suggesting that
the activation of other MyD88-dependent innate immune
receptors, in addition to TLR4, suppresses SPLUNC1 under
basal conditions. Therefore, these data suggest that PAMPs en-
countered in the lower respiratory tract under steady-state con-
ditions tonically suppress SPLUNCI1 and maintain its normal
concentrations.

LPS Inhibits SPLUNC1 through Effects
on the Airway Epithelium

To determine whether LPS inhibits SPLUNCI1 through TLR4 in
airway epithelial cells, we treated cultured primary mTECs with
LPS. LPS inhibited SPLUNCI expression by 48 hours (Figure
4B), which shows that LPS can inhibit SPLUNCI via direct effects
on the tracheal epithelium. However, SPLUNCI1 expression
remained high in these cultured epithelial cells 24 hours after
treatment with LPS (Figure 4B), in contrast with observations
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Figure 4. Regulation of SPLUNC1 by LPS. (A) SPLUNC1 was measured
by ELISA in BALF from naive tir4*/*, tird~'~, myd88*'*, and myd88~/~
mice (n = 6 mice/group). (B) Tracheal epithelial cells from C57BL/6
mice were grown in culture and treated with LPS (100 pg) for 24 and
48 hours. Control cells (—) were untreated and cultured for 48 hours.
SPLUNCT expression was measured by quantitative PCR. Mean values
are shown, and are representative of three experiments. TLR4, Toll-like
receptor—4. *P < 0.05.

of mice in which SPLUNC1 RNA was inhibited by 24 hours. This
suggests that other signals, in addition to the action of LPS on
airway epithelial cells, may modulate SPLUNCI in vivo.

Inflammation Inhibits SPLUNC1

As depicted in Figure 3A, SPLUNCI concentrations declined in
response to a pathogenic stimulus as inflammation increased. To
test whether inflammation inhibits SPLUNCI1, we measured
SPLUNCI1 in the BALF of mice with lymphocyte-driven airway
inflammation. SPLUNC1 was suppressed in mice with Thi-

induced, neutrophil-predominant, and Th2-induced eosinophilic
airway inflammation, indicating that the activation of the adap-
tive immune response also inhibits SPLUNCI (Figure SA). Be-
cause the induction of inflammation in these models requires an
inhaled challenge with OV A that contains LPS (34), we inves-
tigated SPLUNCI in a model of allergic inflammation that does
not require inhaled stimuli for the induction of inflammation.
Inducible, airway-specific IL-13 transgenic mice (CC10-rtTA-
IL-13) were treated with doxycycline for 14 days to stimulate
airway inflammation (35). Doxycycline-treated CC10-rtTA-IL-
13 mice exhibited a marked reduction in SPLUNCI, compared
with doxycycline-treated, nontransgenic littermate control mice
(Figure 5B). Note that these models of allergic airway inflam-
mation, although driven by Th2 cytokines, also involve the ac-
tivation of many inflammatory pathways (31, 34, 36, 37). SPLUNC1
was also reduced in myd88 ™~ mice after the transfer of Th2 cells,
indicating that MyD88 signals are not essential for the inhibition of
SPLUNCI during inflammation (Figure 5C). These studies show
that inflammation inhibits SPLUNCI, independent of innate
immune signals.

Inflammatory Cytokines Exert Different Effects
on SPLUNC1

To begin defining the specific inflammatory mediators that reg-
ulate SPLUNCI1 and to avoid the complex mix of inflammatory
cytokines present in vivo in models of Thl and allergic airway
inflammation, we cultured mTECs in vitro with the prototypical
Th1 and Th2 cytokines, IFN-y and IL-13, for 24 and 48 hours.
IFN-vy potently inhibited SPLUNCI expression by 24 hours (not
shown), and SPLUNCI remained suppressed at 48 hours (Fig-
ure 6A). IFN-y inhibited SPLUNC1 RNA over a range of doses
(1-100 ng/ml). IFN-y also reduced SPLUNCI protein secretion
(Figure 6B). In contrast, IL-13 increased SPLUNCI gene ex-
pression at both 24 hours (not shown) and 48 hours (Figure 6A),
and this effect was independent of IL-13 dose, because the ef-
fect was observed at both 1 ng/ml (not shown) and 10 ng/ml of
IL-13. SPLUNCI secretion was also increased by IL-13 after
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2500 ~ 14000 -
Figure 5. Th1 and Th2 inflammation inhibit
9000 + SPLUNCT. (4) SPLUNCT was measured by ELISA
12000 H in BALF from C57BL/6 (wild-type) mice with
2000 ~ inflammation induced by Th1 or Th2 cells and
_ 7500 - inhaled ovalbumin (OVA). Mean values are shown
£ 10000 - (n = 5 mice/group), and are representative of
8’ three experiments. (B) SPLUNC1 was measured
— 1500 A 6000 - in BALF from CC10-rtTA-IL-13 doxycycline-
(2) 8000 - inducible transgenic mice (Tg*) and littermate
D control mice (Tg~) treated with doxycycline
i 4500 A (Dox) in drinking water for 14 days to induce
w 1000 6000 allergic inflammation. Mice were 18 weeks of
age, and higher SPLUNC1 concentrations were
observed in Tg~ mice, as expected. (C)
3000 4000 SPLUNC1 was measured by ELISA in BALF from
myd88*/* and myd88~/~ mice after the transfer
500 of Th2 cells and inhaled OVA. Control mice did
1500 2000 not receive a cell transfer or inhaled OVA. Mean
values are shown (n = 5 mice/group), and are
representative of three experiments. *P < 0.05.
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Cell transfer - Th1 Th2 Tg - + Cell transfer Th2 - Th2
Inhaled OVA - + + Dox + + Inhaled OVA + - +
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48 hours, although this result was not statistically significant.
These experiments contrast with previous work showing that
IL-13 inhibited SPLUNCI expression and secretion in airway
epithelial cells after longer periods of culture (16, 37). We next
treated mTECs with IL-13 for 10 days. Again, IL-13 stimulated
SPLUNCT secretion (Figure 6B) and expression (not shown),
whereas 10-day treatment with IFN-y inhibited SPLUNCI.
Thus, longer periods of cytokine treatment did not change the
effects on SPLUNCI production. These findings also indicate
that the reduction of SPLUNCI observed in allergic inflamma-
tion induced by Th2 cells or in IL-13 transgenic mice (Figure 5)
is not attributable to the effects of 11.-13, but rather to the dom-
inant effects of other inflammatory mediators induced by Th2
cytokines that are present in the complex inflammatory response
in these animals. Clearly, SPLUNCI is modulated differently by
cytokines in the murine airway epithelium.

To determine whether IFN-y is an exclusive regulator of
SPLUNCI in inflammation, we measured SPLUNCI in IFN-y
receptor (R)-deficient mice with airway inflammation. Th1 air-
way inflammation inhibited SPLUNCI in both ifngrl™* and
ifngrl”’~ mice compared with naive mice (Figure 6C). This
shows that other factors, in addition to IFN-y, inhibit SPLUNC1
in inflammation. Yet, in naive ifngrl " mice, SPLUNCI was
increased in comparison with ifngrl ™" mice, indicating that
very low concentrations of IFN-vy, not detectable in BALF by
ELISA, inhibit SPLUNCI under steady-state conditions. These
experiments show that IFN-vy is a potent inhibitor of SPLUNC1,
although other inflammatory mediators also inhibit SPLUNCI.

SPLUNCT1 Regulation in Human Airway Epithelial Cells Mirrors
Murine Responses

Given the homology of SPLUNCI in mice and humans and their
similar pattern of expression in the lower respiratory tract, we
investigated SPLUNCI regulation in human bronchial epithelial
cells to determine whether regulation was also comparable among
species. After treatment with IFN-y, the human mucoepidermoid

carcinoma epithelial cell line NCI-H292 exhibited a marked
reduction in SPLUNCI1, whereas IL-13 stimulated SPLUNC1
expression after 48 hours (Figure 7). These data show that in
mice and humans, a parallel regulation of SPLUNCI1 by IFN-y
and IL-13 occurs.

DISCUSSION

SPLUNCI is heavily secreted into the trachea in healthy humans
and other air-breathing animals. Its antimicrobial effects in con-
junction with its high expression in the proximal lower airways,
where pathogen exposure in the lung is the greatest, support the
role of SPLUNCI as a host-defense protein (33). Here we show
that SPLUNCI is exquisitely controlled by pathogens and in-
flammatory mediators. Under basal conditions and very early
during infection, the amount of SPLUNCI is high. The rapid
down-modulation and loss of SPLUNCI, as these data show,
imply that the fluctuation of SPLUNCI also plays a role in host
defense. In addition to its antimicrobial functions, SPLUNCI1
suppresses allergic airway inflammation, has surfactant proper-
ties, regulates the epithelial sodium channel ENaC that modu-
lates the airway surface liquid, and enhances mucociliary clearance
(10, 23, 24, 38). These studies strongly suggested that the loss of
SPLUNCI during inflammation and infection is important in host
defense. SPLUNCI is a multifunctional, airway-specific protein
whose production may be coordinated to maintain airway homeo-
stasis in both health and disease.

SPLUNCT has well-defined antimicrobial properties (16-19).
It blocks microbial invasion in the respiratory tract by inhibiting
pathogen growth, and through its surfactant properties inhibits
biofilm development (16, 19, 20, 24). Already high in the air-
ways of healthy animals, the amount of SPLUNCI is further
increased early after exposure to Gram-negative endotoxin. A
boost in SPLUNCI1 in response to a pathogen may further in-
hibit microbial invasion, as suggested by studies of SPLUNCI1
transgenic mice in which the overproduction of SPLUNCI
inhibited Pseudomonas infection (18). In addition to its effects
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Figure 7. IFN-y and IL-13 exert different effects on SPLUNC1 in human
airway epithelial cells. NCI-H292 cells were cultured with IFN-y (10 ng/ml)
or IL-13 (10 ng/ml) for 48 hours. SPLUNC1 mRNA expression was measured
by quantitative PCR. Data are representative of three experiments. *P < 0.05.

on typical Gram-negative pathogens, SPLUNCI1 has been
shown to inhibit pulmonary infection with Mycoplasma pneu-
moniae (16). SPLUNCI blocks the growth of Pseudomonas,
Mycoplasma, Haemophilus, and Epstein-Barr virus in vitro
(16, 19, 24). Therefore, under steady-state conditions, high
concentrations of SPLUNCI1 will inhibit many pulmonary
pathogens.

High concentrations of SPLUNCI in the healthy lung may
also maintain extracellular sodium and thus sustain liquid on
the airway surface, and in conjunction with its surfactant effects,
will promote the removal of pathogens through the mucociliary
escalator. Under steady-state conditions, SPLUNC1 may also
suppress airway inflammation (23). Maintaining an airway free
of infection and inflammation through effective airway mucus
clearance will ensure the primary function of the lungs, namely,
effective gas exchange.

SPLUNCI drops precipitously after LPS exposure, and was
reduced 70% after 24 hours. In models of acute pulmonary in-
fection with both Gram-negative and Gram-positive bacteria or
virus, SPLUNCI1 was also markedly reduced. Low concentra-
tions of SPLUNCI in infection contrast with observations of el-
evated SPLUNCI in a model of Mycoplasma pneumonia (16).
The increase of SPLUNCI in Mycoplasma infection is an effect
downstream from TLR2 (39). Therefore, SPLUNCI1 may be
differentially regulated in response to the activation of different
innate immune pathways. Importantly, the suppression of
SPLUNCTI in response to infection appears to be the prototyp-
ical response to common pulmonary infections.

Both PAMPs and cytokines inhibit SPLUNCI1. Our experi-
ments on naive /r4~’~ and ifngrl ’~ mice suggest that amounts
of SPLUNCI1 would be even higher if environmental irritants
and pathogens were absent. Thus, SPLUNCI is suppressed in
the basal state, when very low concentrations of environmental

pathogens and inflammatory mediators are present in the lung.
SPLUNCI is more dramatically inhibited by infection and
inflammation. These findings suggest that SPLUNCI serves as
a sensor of environmental risk. The greater the exposure, and
the higher the risk to the host, the more SPLUNCI is inhibited.
Again, this fine-tuning suggests that the fluctuation of SPLUNC1
aids in host defense.

We show that IFN-vy rapidly and potently inhibits SPLUNC1
by its direct effects on epithelial cells. In contrast, the inhibition
of SPLUNC1 by PAMPs was slower and resulted in less sup-
pression of SPLUNCI. This raises the possibility that the pat-
tern recognition receptor-induced inhibition of SPLUNCI is
mediated by cytokines. TNF-a and IL-1B, common cytokines
induced downstream from TLR4, did not inhibit SPLUNC1
in vitro when tested on cultured human tracheal epithelial cells
(9), indicating that SPLUNCI inhibition is not a universal re-
sponse to inflammatory cytokines.

Whereas others showed that IL-13—-treated epithelial cells in
culture demonstrate reduced SPLUNCI expression (16, 40), our
experiments showed the opposite. These divergent findings may
reflect different culture or treatment conditions, because pri-
mary epithelial cell cultures require many cell-derived additives,
and any material containing LPS may affect SPLUNCI. In con-
trast to the in vitro effects of a single Th2 cytokine (IL-13), Th2
inflammation in mice inhibits SPLUNCI. Thus, in the complex
in vivo allergic environment with many activated inflammatory
cells and cytokines, factors other than IL-13 appear to inhibit
SPLUNCI. Further defining the inflammatory conditions that
modulate SPLUNCI will strengthen our understanding of the
role SPLUNCI plays in host defense.

Our observations of SPLUNCI regulation in human airway
epithelial cells paralleled our observations in mice. These data
conform to observations of humans in whom SPLUNC1 was
modulated in response to irritants. Epithelial cells from the lower
respiratory tracts of five nonsmokers expressed high concentra-
tions of SPLUNCI protein, whereas five subjects who smoked
expressed markedly lower concentrations of SPLUNCI (41).
Nasal epithelial SPLUNCI1 was also reduced in cigarette smoke—
exposed and irritant-exposed subjects, compared with control
subjects (42). In patients with allergic rhinitis, SPLUNCI con-
centrations in nasal lavage fluid were lower during the allergy
season, compared with concentrations before allergy season (43).
These studies show that irritants and airway inflammation in humans
are associated with reduced SPLUNCI. In contrast, SPLUNCI was
increased in the airways of a limited number of subjects with chronic
airway diseases such as chronic obstructive pulmonary disease
(COPD) and cystic fibrosis (6, 9, 44). Given that these subjects often
exhibit chronic infection and impaired mucociliary clearance, such
conditions may result in the dysregulation of SPLUNCI.

Cytokines and other environmental stimuli are known to mod-
ulate airway epithelial cell phenotypes, leading, in some cases, to
increased secretory and/or goblet cells (45). Goblet cells do not
produce SPLUNCT1 (46). Other changes in the subsets of proxi-
mal, lower respiratory tract airway epithelial cells will likely affect
SPLUNCI production. In Th2 inflammation with low amounts of
SPLUNCI in the airways, numbers of immunoreactive SPLUNCI1
cells in the trachea were comparable to those in our observations
of naive mice (not shown). However, we have not investigated
alterations in SPLUNCI1-producing cells among MyD88-deficient
mice that exhibited increases in submucosal gland abundance and
mucus cells (47). Chronic changes in the airway epithelial cell
composition in conjunction with, or as a result of, inflammation
may explain elevations in SPLUNCI in disease states such as
COPD and cystic fibrosis (6, 9, 44).

Studies of SPLUNCI have primarily focused on its antimicrobial
properties. We now show that the down-regulation of SPLUNCI1
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occurs in a range of infections, and these effects appear to be com-
mon to mouse and man. Fluctuations of SPLUNCI may regulate
inflammation and mucociliary clearance, thus aiding in host-
protective functions that extend beyond its antimicrobial effects.
SPLUNCI may serve as a sensor of exposure to environmental
PAMPs and irritants, thus clarifying its high variability in health
and disease. The tight control of SPLUNCI suggests that its flux
is important to aid in the rapid activation of innate immune
responses and to initiate inflammatory responses, thus serving
as a gatekeeper or integrator of innate and adaptive immunity.

Author disclosures are available with the text of this article at www.atsjournals.org.
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