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Multifunctional Role of Human SPLUNCI in Pseudomonas aeruginosa
Infection
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The human short PLUNC1 (SPLUNCI1) protein has been identified as a component of the pulmonary antimicrobial response
based on its structural similarity to the bactericidal/permeability-increasing (BPI) protein. Using a genetically modified mouse
model, we recently verified the antimicrobial activity of SPLUNCI against Pseudomonas aeruginosa in vivo. To further define
the mechanism of epithelial SPLUNC1-mediated antibacterial action, we carried out studies to determine how SPLUNCI pro-
tects the host from acute respiratory infections. P. aeruginosa treated with recombinant human SPLUNCI protein showed de-
creased growth in vitro. This antibacterial activity was due to growth inhibition, as a consequence of a SPLUNC1-induced in-
crease in bacterial cell permeability. Removal of SPLUNCI allowed the recovery of P. aeruginosa and suggested no permanent
cell injury or direct killing of bacteria. Further investigation showed coating of bacterial cells by SPLUNCI1. We suggest that this
“bacterial cell coating” is necessary for the bacteriostatic function of SPLUNCI1. Additionally, we demonstrated a novel role for
SPLUNCI1 as a chemoattractant that facilitated migration of macrophages and neutrophils. Taking the findings together, we pro-

pose synergistic roles for human SPLUNCI as an antibacterial agent with bacteriostatic and chemotactic activities.

umans are constantly exposed to different types of bacteria;

however, respiratory infections are relatively rare. Various
proteins play important roles in innate immunity to eliminate
invading microbes or to keep them under control so that the adap-
tive immune response can subsequently clear the remaining
pathogenic microbes. Conversely, dysfunction of innate immune
responses may contribute to infection and inflammatory disor-
ders. The human SPLUNCI (Short Palate, Lung, Nasal Epithe-
lium Clone 1) protein has been identified as a component of in-
nate immunity because of its structural similarity to BPI and its
abundant expression throughout the oral cavity and respiratory
tract of humans and many other mammals (1-7). Since the upper
respiratory tract, including the nasal and oral cavities, is the major
route of entry of most pathogens into the body, we carried out the
present study to determine the mechanisms by which the
SPLUNCI protein controls microbial growth.

SPLUNCI is also referred to as SPURT, LUNX, NASG, or
BPIFA1 and belongs to the BPI-fold-containing (BPIF) protein
family based on its structural similarity to BPI (2, 3, 8, 9).
SPLUNCI encodes a secreted protein found abundantly in human
sputum and tracheobronchial secretions, as well as in saliva (10),
nasal lavage fluid (5), and apical secretions from cultured human
tracheobronchial epithelial cells (3, 11). Normally, SPLUNC1
proteins are present in healthy individuals at relatively low con-
centrations (~10 to 250 pg/ml in airway epithelial secretion [12])
and increase significantly upon infection by pathogenic microbes
(11). Recent studies from our laboratory and those of others have
demonstrated its in vivo function against several pathogenic bac-
teria, including Pseudomonas aeruginosa and Mycoplasma pneu-
moniae (13-16). However, the detailed mechanism of SPLUNC1-
mediated antibacterial activity has not yet been conclusively
demonstrated.

P. aeruginosa, a Gram-negative bacterium, was used as model
organism in this study because this opportunistic pathogen is of-
ten associated with hospital-acquired infections and also repre-
sents a great threat to immunocompromised people. P. aeruginosa
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is widespread in nature, inhabiting soil, water, plants, and animals
(including humans). It is the most common pathogen isolated
from patients who have been hospitalized longer than 1 week and
is a frequent cause of nosocomial infections such as pneumonia,
urinary tract infections, and bacteremia. It also causes secondary
infections in immune-deficient individuals with tuberculosis,
cancer, and, particularly, cystic fibrosis (17-20). Although we
have clearly demonstrated that mice overexpressing SPLUNCI1
exhibit enhanced protection against P. aeruginosa (15), in vitro
studies of the antimicrobial activity of SPLUNCI1 were inconclu-
sive (21,22). It has been suggested that SPLUNCI may be required
for regulation of certain physical properties, such as airway surface
liquid volume (23) and surface tension, that may interfere with the
biofilm formation of the bacteria (12, 16). In this study, we ex-
tended our previous in vivo studies of SPLUNCI antimicrobial
activity to elucidate the mechanisms of SPLUNCI-mediated ac-
tivity against P. aeruginosa using several in vitro assays. We report
that SPLUNCI plays a dual role as an antibacterial agent by di-
rectly increasing bacterial cell permeability and as a chemoattrac-
tant signal that recruits macrophages and neutrophils to the site of
infection.

MATERIALS AND METHODS

Bacterial strains, culture media, and chemicals. Pseudomonas aeruginosa
PAO1 containing green fluorescent protein (GFP) plasmid (pMF230; car-
benicillin resistant) was kindly provided by Garth Ehrlich of Allegheny
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Singer Research Institute, Allegheny General Hospital, Pittsburgh, PA.
Trypticase soy broth (TSB; Becton, Dickinson and Company) or agar
(TSA; Becton, Dickinson and Company) supplemented with 400 pg/ml
carbenicillin was used to grow these bacteria.

Purification of human recombinant SPLUNCI protein. The human
SPLUNCI gene (NCBI reference sequence NM_130852.2) was cloned
into p2N vector without the secretion signal sequence (nucleotides 1 to
127, amino acids 1 to 19) for expression in Escherichia coli. The His tag
sequence was attached at the N-terminal end of SPLUNCI to facilitate
protein purification. A standard DNA extraction method using a Qiagen
miniprep kit (Qiagen) was used to extract DNA from E. coli. Cloned DNA
was verified through PCR amplification using forward (5'-CGAAGAGG
CCAAGAAACAG-3’) and reverse (5'-GTCAAGCTCCTTGACCAAATC
C-3") primers before sequencing. DNA sequencing was performed by the
Genomics and Proteomics Core Laboratories at the University of Pitts-
burgh, Pittsburgh, PA. SPLUNCI protein was expressed in E. coli, and cell
lysates were purified using nickel and ion exchange columns. The expres-
sion of SPLUNCI was confirmed by Western blotting with both anti-His
and anti-SPLUNCI antibodies (R&D, Minneapolis, MN).

Determination of SPLUNCI antimicrobial activity. The antimicro-
bial activity of SPLUNCI protein was tested by incubating Pseudomonas
aeruginosa-pMF230 with recombinant human SPLUNCI protein (1 to 5
pg/ml) for 2 h, a typical time for a bactericidal assay in Gram-negative
bacteria (24). Pseudomonas aeruginosa-pMF230 was grown in TSB (pH
7.2) supplemented with 400 wg/ml carbenicillin at 37°C. The bacterial
culture was adjusted to an optical density at 600 nm (ODy,) of ~0.225
(~8 X 107 CFU/ml), and ~10° cells were added to a flat-bottom 96-well
plate (Greiner Bio-One, Germany). SPLUNCI (1 pgand 5 pg) was added
to determine the antibacterial activity. Samples were collected every 30
min for bacterial plating and determining the number of CFU per milli-
liter. A similar antibacterial activity assay was performed with “protein-
carrying buffer” and was used as a negative control. Since P. aeruginosa-
pMF230 contains GFP, GFP fluorescence measurements were also used as
an alternative approach to quantitatively monitor growth of P. aerugi-
nosa-pMF230 (data not shown). To determine the long-term antibacterial
activity of SPLUNCI, P. aeruginosa-pMF230 was grown and the ODy,
was adjusted to ~0.201 (~4 X 10° CFU/ml) to avoid the overgrowth of P.
aeruginosa-pMF230. Bacteria at that concentration were grown with or
without SPLUNCI (1 wg) for 24 h, and the effect of SPLUNCI1 on bacterial
growth was determined by counting the number of CFU after growing
serial dilutions on TSB agar plates. All experiments were performed at
least 3 times, and data were presented as means * standard deviations
(SD).

Detection of lipopolysaccharide (LPS) contamination in the recom-
binant SPLUNCI protein. The presence of LPS in SPLUNCI recombi-
nant protein was determined with a HEK-Blue LPS detection kit (Invivo-
Gen, San Diego, CA) according to the manufacturer’s protocol.
Quantitation of residual LPS in the sample was performed with a Toxin-
Sensor Chromogenic LAL endotoxin assay kit (GenScript, Piscataway,
NJ) using the manufacturer’s protocol.

Detection of SPLUNCI binding to LPS. A modified, enzyme-linked
immunosorbent assay (ELISA)-based LPS binding method was used to
detect interaction between LPS and SPLUNCI (25). Briefly, a 96-well
plate was coated overnight with purified LPS (500 ng/well) from Pseu-
domonas aeruginosa 10 (Sigma, St. Louis, MO) or E. coli K-12 (Life Tech-
nologies, Grand Island, NY). Wells were washed and blocked with 1%
bovine serum albumin (BSA)—phosphate-buffered saline (PBS) for 1 h;
then, 2-fold dilutions of purified SPLUNCI (500 ng) were added to each
well in duplicate. PBS was used as a control for this experiment. An anti-
body specific to human SPLUNCI (R&D, Minneapolis, MN) was used to
detect the LPS-bound SPLUNCI. After the secondary antibody reaction
performed using horseradish peroxidase (HRP)-conjugated anti-goat
IgG, enzyme activity was detected using a TMB Ultra 1-step assay (Pierce
Biotechnology, Inc., Rockford, IL). Absorbance was detected in a BioTek
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spectrophotometer (BioTek, Winooski, VT). This experiment was per-
formed three times, and the data were presented as means * SD.

Removal of SPLUNCI from Pseudomonas aeruginosa-pMF230 and
growth recovery assay. P. aeruginosa-pMF230 was grown as described
above for 4 h at 37°C in a black, flat-bottom 96-well plate with 5 pg
SPLUNCI. Bacterial cells were briefly centrifuged to remove the culture
supernatant. P. aeruginosa-pMF230 cells were washed with either 0.1%
Triton X-100 or PBS to remove the attached SPLUNCI from bacterial
cells. Fresh TSB medium (~100 wl) was added immediately to the washed
bacterial cells, which were then grown for 6 h at 37°C. P. aeruginosa-
PMF230 treated with SPLUNCI without any washing was used as a con-
trol. GFP fluorescence readings were recorded at 0 h, 3 h, and 6 h to show
the bacterial growth recovery. This experiment was performed 3 times,
and data were presented as means * SD.

Outer membrane assay of P. aeruginosa-pMF230 permeabilization
by SPLUNCI protein. The outer membrane permeabilization ability of
SPLUNCI was determined by a 1-N-phenyl-napthylamine (NPN; Molec-
ular Probes, Eugene, OR) assay (26). P. aeruginosa-pMF230 was grown
with 3 pg (the lowest concentration that exhibited measurable antibacte-
rial activity in 2 h; data not shown) of SPLUNCI. Bacterial cells were
washed and resuspended in 5 mM HEPES buffer (pH 7.4) and were used
for the permeabilization assay. The uptake of the fluorescent (blue color)
hydrophobic probe NPN was measured as described by Loh et al. (26).
Fluorescence of NPN was measured by a fluorescent spectrophotometer
(BioTek, Winooski, VT) at wavelengths of 350 nm (excitation) and 420
nm (emission). The classic permeabilizing agent EDTA (2 mM) was used
as a positive control, and buffer alone was used as a negative control. This
experiment was performed three times, and data were presented as
means * SD. The same experiments were performed with ethidium bro-
mide or propidium iodide, and the data were presented as means = SD of
the results of the three experiments.

Confocal microscopy to detect the coating of SPLUNC1 on P.
aeruginosa-pMF230. P. aeruginosa-pMF230 was grown for 2 h from
diluted overnight culture. Bacterial cells were mixed with SPLUNCI
and incubated at 37°C for 15 min. The mixture was added onto clean
glass slides and allowed to bind onto glass for 15 min. The control slide
had P. aeruginosa-pMF230 only (without SPLUNCI). Slides were fixed
in 4% paraformaldehyde for 10 min at room temperature. After three
washes in PBS, slides were incubated with a SPLUNCI-specific anti-
body and detected with a Cy5-conjugated secondary antibody. Images
were captured in a Fluoview 1000 confocal microscope equipped with
a 60X (1.4 numerical aperture [NA]) oil immersion optic (Olympus,
Center Valley, PA).

In vitro cell migration assay. Murine RAW246.7 cells (ATCC TIB-71;
ATCC, Manassas, VA) and human neutrophils differentiated from HL-60
cells (ATCC CCL-240; ATCC, Manassas, VA) were used in the cell migra-
tion assay. This assay was performed in a Boyden chamber with polycar-
bonate membranes and a pore size of 8 um or 3 pm (Costar, Corning,
NY) for murine RAW246.7 cells or human neutrophils, respectively, ac-
cording to a method described by Yona et al. (27). SPLUNCI (1 pg)
mixed in Dulbecco’s modified Eagle’s medium (DMEM) or RPMI me-
dium was added into the lower compartment of the chamber. A 100-ng
volume of monocyte chemoattractant protein-1 (MCP-1) (R&D) (a po-
tent chemoattractant for macrophages) and 1 pug of N-formyl-methionyl-
leucyl-phenylalanine (fMLP) (Sigma) (a known chemoattractant for neu-
trophil) were added in separate wells as positive controls. Buffer alone was
used as a negative control. The RAW?246.7 cells (~2.5 X 10°/ml) or neu-
trophils (~5 X 10°/ml) were added in the upper compartment of the
chambers, on top of the membrane. The incubations were carried out at
37°Cin a 5% CO, atmosphere for 2 h and 4 h. EDTA (10% [0.5 M]) was
added to the bottom chamber to release the migrated cells at 4°C for 20
min before the cells were counted using a Cellometer Vision system (Nex-
celom Bioscience, Lawrence, MA). The data were reported as the means =
SD of three representative cell counts.
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FIG 1 Activity of SPLUNCI against Pseudomonas aeruginosa-pMF230. (A) P.
aeruginosa-pMF230 was grown with or without SPLUNCI. Bacterial CFU with
1 pg or 5 pg of SPLUNCI or in the presence of buffer, as a negative control,
were measured. The growth reduction of P. aeruginosa-pMF230 was reproduc-
ible in repeated experiments. (B) P. aeruginosa-pMF230 was grown with or
without SPLUNCI for 24 h. Bacterial CFU with 1 pg of SPLUNCI or in the
presence of buffer, as a negative control, were measured. All experiments were
performed at least 3 times, and data are presented as means = SD. Both graphs
showed statistical significance (¥, P < 0.005; **, P < 0.01) of the differences
between the SPLUNCI protein and buffer control results. #, P < 0.01 (1 pg
versus 5 wg for the SPLUNCI -treated groups).

Statistical analysis. For all experiments, results were expressed as the
means * SD of the results of at least 3 independent experiments. One-way
or two-way analysis of variance (ANOVA) was used to calculate the sta-
tistical significance of the differences between the treatment group results.
A P value of <0.05 was considered to be statistically significant.

RESULTS

Characterization of recombinant human SPLUNCI. Sequenc-
ing results confirmed the successful cloning of SPLUNCI into a
p2N vector without any changes in nucleotide sequence. Western
blotting of this purified protein showed strong signals corre-
sponding to the SPLUNCI -specific antibody and suggested that
the recombinant SPLUNCI protein was pure and ~25 kDa in size.
Both Lowry tests and ELISAs were performed to determine the
protein concentrations. LPS is a cell membrane component of
Gram-negative bacteria such as E. coli. During lysis of bacterial
cells, LPS may be released from the outer membrane into lysate
and contaminate the sample. Since a recombinant SPLUNCI ex-
pression purification was performed in E. coli, a possible LPS con-
tamination in the SPLUNCI protein sample was analyzed prior to
the LPS binding assay with the HEK-Blue LPS assay kit. This assay
showed minimal presence of LPS in the SPLUNCI preparation.
Further quantification with a ToxinSensor Chromogenic Limulus
Amebocyte lysate (LAL) endotoxin kit showed negligible LPS con-
tamination in SPLUNCI1 (<0.03 endotoxin units [EU] of LPS/1
g SPLUNCI).

Antibacterial activity of SPLUNC1 on P. aeruginosa-
PMF230. The antibacterial function of SPLUNCI was tested in
vitro on P. aeruginosa-pMF230. The number of bacterial CFU per
milliliter was slightly decreased (~1 log decrease in growth) com-
pared to the number seen with the control (Fig. 1A) with 1 pg
recombinant protein. However, a significant inhibition of bacte-
rial growth was observed with 5 g at all time points (Fig. 1A).
This clearly indicated a dose-dependent antibacterial function of
SPLUNCI on P. aeruginosa-pMF230. An alternative approach to
monitor the growth inhibition by measuring GFP fluorescence
intensity also showed similar trends in the bacterial growth inhi-
bition and confirmed the antibacterial function of this protein
(data not shown). To determine if SPLUNCI could maintain its
antibacterial activity for a longer period of time, we monitored the
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FIG 2 LPS binding property of SPLUNCI. Binding of LPS from P. aeruginosa
10 or LPS from E. coli K-12 with different concentrations of SPLUNCI is

shown. All experiments were performed at least 3 times, and data are presented
as means * SD.

bacterial growth with 1 pg SPLUNCI for 24 h. SPLUNCI dis-
played significant growth inhibition of P. aeruginosa-pMF230
during the 24-h incubation period when monitored by bacterial
CFU count (Fig. 1B).

Binding of SPLUNCI1 to bacterial LPS. The LPS binding prop-
erty may enhance interaction between the Gram-negative bacteria
and SPLUNCI during infection. In order to determine how
SPLUNCI interacts with bacterial LPS, we used the ELISA-based
LPS binding assay (25). Results obtained indicated strong LPS
binding with SPLUNCI (Fig. 2). Our LPS detection assay showed
LPS contamination at a negligible level with SPLUNCI (<0.03 EU
of LPS/1 wg of SPLUNCI). The very minute quantity of LPS that
existed in the SPLUNCI was unlikely to affect the results of the
LPS binding assay. Buffer alone (PBS) showed no LPS binding,
and LPS (from P. aeruginosa 10 or E. coli K-12), used as a positive
control, showed strong binding when detected with a LPS-specific
antibody (data not shown).

SPLUNCI displays a bacteriostatic property in preventing bac-
terial growth via affecting cell permeability. When SPLUNCI-
treated P. aeruginosa-pMF230 was observed under a time-lapse
microscope, bacterial cells appeared nonmotile in the presence of
SPLUNCI. It also showed no change in bacterial cell shape or size,
which suggested an inhibition of cellular processes, especially re-
garding motility (data not shown). This result suggested that
SPLUNCI may control bacterial number by inhibiting bacterial
growth (bacteriostatic) rather than by killing bacteria directly
(bactericidal).

We performed pulse-chase experiments to determine if
SPLUNCI is bacteriostatic or bactericidal against P. aeruginosa-
pMF230. Bacteria were first treated with 5 pg of SPLUNCI and
grown for 4 h, washed with PBS or 0.1% Triton X-100, and then
grown for an additional 6 h in fresh TSB medium to examine the
bacterial growth recovery. P. aeruginosa-pMF230 showed signifi-
cant recovery after the removal of SPLUNCI1 with 0.1% Triton
X-100 or PBS washes. Removal of SPLUNCI with 0.1% Triton
X-100 or PBS washes resulted in the significant recovery in bacte-
rial growth compared with the bacteria without any wash (Fig. 3A;
P < 0.001 [**] and P < 0.05 [*], respectively).

To further understand SPLUNCI-mediated bacteriostatic
function, we determined if SPLUNCI1 changed bacterial cell wall
permeability. 1-N-Phenyl-naphthylamine (NPN) emits fluores-
cence weakly in an aqueous environment but strongly in the hy-
drophobic interior of cell membranes. Upon destabilization of the
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FIG 3 Bacteriostatic activity of SPLUNCI against Pseudomonas aeruginosa-pMF230 via increased cell permeability. (A) The antibacterial activity of SPLUNCI1
is bacteriostatic. Pseudomonas aeruginosa-pMF230 was grown with 5 mg SPLUNCI for 4 h and then briefly washed with PBS or 0.1% Triton X-100. P.
aeruginosa-pMF230 was grown for 6 h in fresh medium, and the GFP fluorescence was measured at 0 h, 3 h, and 6 h. Bacteria grown without washes were used
as a control. Experiments were performed 3 times, and data are presented as means = SD. The data showed statistical significance (*, P < 0.05; **, P < 0.001) in
comparisons of PBS and Triton X-100 treatments with the no-wash control. (B) A P. aeruginosa-pMF230 cell permeability assay was performed by growing the
bacterial cell in the presence of 3 mg of SPLUNCI (gray bars). EDTA (2 mM) was added to 1-N-phenyl-naphthylamine (NPN), ethidium bromide (Et-Br), or
propidium iodide (PI) as positive controls (black bars), and the fluorescence of these positive controls was measured. Bacteria were grown alone (buffer; white
bars) as a negative control. Experiments were repeated 3 times, and data are presented as means = SD. The graph showed a statistically significant difference (**

P < 0.001) between SPLUNCI proteins and the no-protein (buffer) control when treated with NPN.

bacterial outer membrane by antimicrobial agents, the dye enters
the damaged membrane, where it emits stronger fluorescence.
Uptake of the NPN blue fluorescent probe (molecular weight,
219.28) by P. aeruginosa-pMF230 after 1 h of preincubation with
SPLUNCI correlated with a considerable increase in fluorescence
compared to the buffer control (Fig. 3B). A relatively small
amount of NPN fluorescence was detected in the buffer control
(~1% of the amount seen with the positive EDTA control and
~1.6% of that seen with treatment with SPLUNC1), likely due to
the fact that the fluorescence of this compound is higher in a lipid
environment (intracellular) than in an aqueous environment (ex-
tracellular) (28). A similar permeability-increasing effect by
SPLUNCI on bacterial cell walls was also seen with ethidium bro-
mide dye (molecular weight, 394.31), although at a lower intensity
than that seen with NPN.

Interestingly, the permeability assay performed with pro-
pidium iodide (molecular weight, 668.4) failed to show any in-
creased dye intensity after SPLUNCI was added (Fig. 3B). These
observations strongly suggest that the increase of cell permeability
in P. aeruginosa-pMF230 was due to SPLUNCI-mediated forma-
tion of small pores that are large enough to be permeable with
NPN and, to a lesser extent, ethidium bromide but not with pro-
pidium iodide.

Coating of P. aeruginosa-pMF230 with SPLUNCI.
SPLUNCI-mediated bacteriostatic activity and bacterial growth
inhibition may require direct binding of SPLUNCI to P. aerugi-
nosa to initiate changes in cell permeability. To determine if
SPLUNCI binds to bacteria, GFP-labeled P. aeruginosa-pMF230
cells were treated with SPLUNCI, and the SPLUNCI was detected
by immunofluorescence (IF) microscopy. P. aeruginosa-pMF230
exhibited green fluorescence (constitutive GFP expression; Fig.
4A), and SPLUNCI was stained red (Cy5-conjugated secondary
antibody; Fig. 4D). The coating of SPLUNCI on the bacterial cells,
which inhibited bacterial growth, resulted in a loss of bacterial
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green fluorescence (Fig. 4B), and the bacteria appeared red due to
the fluorescent staining of SPLUNCI (Fig. 4H). There were a small
number of bacterial cells, however, that escaped the coating of
SPLUNCI, probably due to the inclusion of washing steps during
the staining procedure. Fluorescent quantitation showed coating
with SPLUNCI in most of the P. aeruginosa-pMF230 cells
(Fig. 4]), and very limited GFP fluorescence indicated the bacterial
inactivation caused by the SPLUNCI treatment.

SPLUNCI stimulates macrophage and neutrophil migra-
tion. Since recruited inflammatory cells also contribute to innate
immunity through the phagocytosis of bacteria, we examined if
secreted SPLUNCI in the airway plays a role in the migration of
phagocytic cells. Recombinant SPLUNCI protein (1 pg) showed
significant effects on the migration of RAW264.7 cells and neu-
trophils (Fig. 5). It appeared that SPLUNCI showed slightly less
recruitment to macrophages, as exemplified by the migration of
RAW264.7 cells compared to that of the neutrophils (Fig. 5) after
2 h of incubation. Macrophages showed decreased migration after
4 h, but we observed a significant increase in neutrophil migration
in the same 4-h time interval.

DISCUSSION

The human innate immune system keeps the microbial popula-
tion in the internal environment under control. There are many
players in this system, and each has its unique way to eliminate
pathogenic microbes. Since oral and nasal areas are the main por-
tals of microbial entry into the human body, these areas generally
require maximum protection against invading pathogens. Recent
investigations by our group and others have shown that
SPLUNCI is abundant in these areas and that its level increases
considerably upon infection (1, 5, 11, 14, 15, 29). Our previous
published in vivo study demonstrated that SPLUNCI plays a ma-
jor role in bacterial clearance (15) and that the increased expres-
sion of SPLUNCI in mouse airways significantly enhanced sur-
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FIG 4 Binding of SPLUNCI to Pseudomonas aeruginosa-pMF230. Immunostaining experiments were performed without (panels A, C, E, and G) and with
(panels B, D, F, and H) SPLUNCI. P. aeruginosa-pMF230 is shown in green (GFP) and SPLUNCI in red (Cy5). (I and J) Quantitation of double fluorescence.
Fluorescence was calculated using the percentages of total cells counted in 15 different randomly selected fields, and data are presented as means * SD.

vival of Pseudomonas-induced severe respiratory infection. Other
investigators showed in vitro findings on the antibacterial action of
SPLUNCI on either the planktonic or biofilm forms (12, 22) of
bacterial growth. However, the mechanism of the antimicrobial
function of SPLUNCI remains unexplained. Results from our
current in vitro studies have shed light on the antibacterial mech-
anisms of SPLUNCI during infection.

The SPLUNCI gene has a sequence similarity to BPI, another
antibacterial protein in the primary granules of polymorphonu-
clear leukocytes (PMN). Since airway epithelial cells do not usu-
ally express BPI, SPLUNCI may have a biological activity similar
to that of BPI but represents the epithelial cell-originated antibac-
terial response of the BPI-PLUNC (BPIF) protein family. The bi-
ological role of BPT has been studied extensively, and BPI has been
shown to have functions in killing bacteria and in neutralizing the
effects of bacterial LPS (30). Similar antibacterial activity was re-
ported for SPLUNCI in in vivo experiments, but the mechanism
of antimicrobial function remains unclear (15). In this study, we
successfully expressed and purified recombinant human
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SPLUNCI in order to understand the biological role associated
with this protein. The recombinant SPLUNC1 was biologically
active and showed antibacterial activity when used against P.
aeruginosa-pMF230. Our LPS binding assay indicated strong LPS
binding activity with SPLUNCI (Fig. 2).

SPLUNCI showed antibacterial activity, although differences
in dosages were required to achieve complete growth inhibition.
P. aeruginosa-pMF230 showed a lower growth rate instead of a
decline in the cell numbers after addition of exogenous SPLUNCI,
which suggested that SPLUNCI does not possess direct bacterial
killing functions. Removal of bound SPLUNCI with 0.1% Triton
X-100 or PBS (Fig. 3A) reinstated normal bacterial growth, con-
firming that SPLUNC1-mediated antibacterial activity was due to
the bacterial growth inhibition (bacteriostatic) and not to bacte-
rial killing (bactericidal).

Our analysis suggested that the concentration ratio between
bacteria and SPLUNCI is critical for total growth inhibition (as
indicated by the dosage versus antibacterial activity results in Fig.
1). Furthermore, we demonstrated that the growth inhibition was
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FIG 5 Chemotaxis of macrophage and neutrophils by SPLUNCI. The assay was performed in a Boyden chamber, where 1 wg of SPLUNCI mixed in growth
medium was added in the lower compartment of the chambers and RAW264.7 cells or HL-60 induced neutrophils were added in the top chambers. Cell
migration was measured after 2-h and 4-h incubation periods. (A) Percentage of RAW264.7 cell migration in the presence of SPLUNCI. A 100-ng volume of
MCP-1 was used as a positive control, and buffer alone was used as a negative control. Data are presented as the means * SD of three representative cell counts.
(B) Percentage of neutrophil migration in the presence of SPLUNCI. A 1-ug volume of fMLP was used as a positive control and buffer alone as a negative control.
Data are presented as the means * SD of three representative cell counts. Both graphs showed statistically significance (¥, P < 0.05) of the differences between
the SPLUNCI protein and buffer control results.
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due to the formation of discrete pores in the outer membrane and
that this may represent a key feature in the SPLUNCI1-mediated
antibacterial mechanism (Fig. 3B). A similar antibacterial charac-
terization has been reported with two other immune proteins,
attacin and collectin (31, 32). These proteins can also restrict the
growth of bacteria through membrane permeabilization without
directly killing bacteria. The McCormack laboratory demon-
strated that the bacterial membrane integrity of E. coli K-12 could
be compromised by surfactant protein D (SP-D) but also that the
increased permeability did not lead to reduced bacterial viability.
They used the thiol-specific fluorophore ThioGlo1 and the fluo-
rescent probe STYO 9 to determine the release of thiol-containing
proteins after the treatment and membrane permeabilization
(32). Additionally, limited migration of ethidium bromide and no
observed migration of propidium iodide dye in P. aeruginosa-
PMF230 treated with SPLUNCI suggested the formation of a rel-
atively small pore size during growth inhibition. This estimated
pore size was sufficient to reduce growth of the bacteria but not
large enough to cause bacterial lysis. A similar finding (creation of
asmall pore and growth inhibition) was reported by Dowling et al.
(33) when they treated bacteria (E. coli) with rotavirus VP5 pro-
tein.

Our immunostaining data clearly demonstrated the coating of
P. aeruginosa-pMF230 by SPLUNCI. We did not observe any co-
localization or equal intensities of the two fluorescence signals
after the treatment with SPLUNCI because the GFP was not func-
tionally expressed in the inhibited bacterial cells (a similar obser-
vation in GFP fluorescent reduction/elimination in inhibited cells
was reported by Kamau et al. [34]).

Since growth inhibition alone is not sufficient for complete
bacterial removal, we looked for an additional role for SPLUNCI.
We demonstrated that SPLUNCI acts as an antimicrobial agent by
coating the bacteria, resulting in the growth inhibition of bacteria.
This activity keeps the number of bacterial cells under control and
may allow time for other immune components to act for a com-
plete removal of the pathogenic microorganism. Results from our
cell migration assay clearly demonstrated that bacterium-bound
SPLUNCI can enhance the migration of macrophages and neu-
trophils to the site of infection. This may happen in real-life situ-
ations, and it could represent an additional, indirect role of
SPLUNCI in bacterial clearance.

Based on our observation, we proposed a “SPLUNCI1-medi-
ated antimicrobial model” to describe the multiple functions of
SPLUNCI during infection as illustrated in Fig. 6. The main func-
tion of this protein appears to be to bind to microbes and arrest/
inhibit microbial growth, thereby keeping the number of both
endogenous and invading bacteria relatively low with its bacterio-
static effect. In the meantime, SPLUNCI1 enhances the migration
of phagocytic cells, which is important for the final elimination of
microbes. Based on its abundant expression in upper respiratory
tract, it is likely that SPLUNCI also plays a similar antimicrobial
role during the normal “noninfected” homeostasis stages to main-
tain a fairly sterile environment in airways to combat overgrowth
of indigenous bacteria.

Taken together, our data suggest the following: (i) the
SPLUNCI concentration increases during bacterial infection to
coat the increased number of bacterial cells; (ii) SPLUNCI1-medi-
ated antibacterial properties likely act through a bacteriostatic ef-
fect to suppress the growth of bacteria, and this suppression is
through the formation of small pores on the bacterial outer mem-
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FIG 6 Proposed model for the synergistic function of SPLUNCI. We have
proposed that the SPLUNCI secretion increases severalfold upon infection to
keep up with the ratio between the protein and microbes. SPLUNCI binds to
bacteria upon contact and inhibits bacterial growth through its bacteriostatic
activity by increasing the bacterial cell permeability, keeping the number of
existing bacteria from significantly increasing (1). At the same time, SPLUNCI1
recruits phagocytic cells to the site of infection to remove the controlled bac-
terial population (2). SPLUNCI was previously shown to have surfactant
properties, which were suggested to inhibit the biofilm form of bacterial
growth (3). This cumulative function of SPLUNCI controls the bacterial load
and shows antimicrobial activity during bacterial infection.

brane; and (iii) SPLUNCI1 enhances the migration of macro-
phages and neutrophils after its binding to bacteria for subse-
quent, successful removal of bacteria from sites of infection. We
propose that these are the cumulative activities (direct and indi-
rect) of SPLUNCI1-mediated antimicrobial functions in control-
ling the bacterial load in the oral and nasopharyngeal regions.
Further demonstrations of an association between the SPLUNC1
structural integrity and these multiple functions and characteriza-
tions of the potential motifs critical to the bacterial binding and
growth inhibition, phagocyte migration, and LPS binding should
provide insights into how SPLUNCI interacts with bacteria and
may provide an alternative approach for treating respiratory in-
fection.
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