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The SPLUNC1-βENaC complex prevents
Burkholderia cenocepacia invasion in normal
airway epithelia
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Abstract

Cystic fibrosis (CF) patients are extremely vulnerable to Burkholderia cepacia complex (Bcc) infections. However, the
underlying etiology is poorly understood. We tested the hypothesis that short palate lung and nasal epithelial clone
1 (SPLUNC1)–epithelial sodium channel (ENaC) interactions at the plasma membrane are required to reduce Bcc
burden in normal airways. To determine if SPLUNC1 was needed to reduce Bcc burden in the airways, SPLUNC1
knockout mice and their wild-type littermates were infected with B. cenocepacia strain J2315. SPLUNC1 knockout
mice had increased bacterial burden in the lungs compared to wild-type littermate mice. SPLUNC1-knockdown
primary human bronchial epithelia (HBECs) were incubated with J2315, which resulted in increased bacterial burden
compared to non-transduced HBECs. We next determined the interaction of the SPLUNC1-ENaC complex during
J2315 infection. SPLUNC1 remained at the apical plasma membrane of normal HBECs but less was present at the
apical plasma membrane of CF HBECs. Additionally, SPLUNC1-βENaC complexes reduced intracellular J2315 burden.
Our data indicate that (i) secreted SPLUNC1 is required to reduce J2315 burden in the airways and (ii) its interaction
with ENaC prevents cellular invasion of J2315.

Keywords: CFTR, BPIFA1, pH, Cystic fibrosis, Innate defense

Background
Cystic fibrosis (CF) is a genetic, multi-organ disease that
results from loss in function of the CF transmembrane
conductance regulator (CFTR)-anion channel. Subse-
quently, diminished anion secretion results in dehydra-
tion and loss of pathogen clearance, causing an increase
in chronic bacterial infections and inflammation in the
lower airways, and eventual reduction in lung function
[1, 2]. Indeed, over 80% of the CF population ultimately
succumbs to respiratory failure [3]. Respiratory infec-
tions start early in life, with Staphylococcus aureus and
Haemophilus influenza predominantly colonizing the

lungs of CF children, and Pseudomonas aeruginosa
colonization occurring in older children and teenagers
[4]. The Burkholderia cepacia complex (Bcc), which con-
sists of 18 genetically distinct Gram-negative species and
is relatively harmless in normal individuals, but espe-
cially virulent in CF patients [5–8]. The epidemic B. cen-
ocepacia lineage ET-12 (strain J2315), is predominantly
found in European and Canadian CF populations [6].
Rather than colonizing the airways, it leads to cellular
invasion and septicemia called Cepacia syndrome that is
associated with a rapid decline in health and significantly
increased mortality [9, 10]. Moreover, J2315 are multi-
drug resistant, making treatment difficult [1, 11, 12] and
CF patients with J2315 infections are usually not consid-
ered for lung transplants as survival rates after trans-
plantation are low [13].
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The short palate, lung, and nasal epithelial clone
(SPLUNC1; gene name BPIFA1; also referred to as
PLUNC, SPURT, NASG, and LUNX) is found in human
saliva, sputum, nasal fluid, and bronchoalveolar lavage
(BAL) at concentrations of up to 10 μM [14, 15].
SPLUNC1 shares structural homology to the bacteri-
cidal/permeability-increasing (BPI) proteins and in-
creases in concentration during Th1 inflammation.
SPLUNC1 has surfactant-like and antimicrobial-activity
against Gram-negative bacteria, such as P. aeruginosa,
Klebsiella pneumonaie, and J2315 [15–21]. SPLUNC1
knockout mice infected with P. aeruginosa are unable to
clear bacterial infections [17]. Additionally, SPLUNC1
maintains airway hydration through negative regulation
of the epithelial sodium channel (ENaC). Knockdown of
SPLUNC1 in human bronchial epithelial cultures
(HBECs) leads to airway surface liquid (ASL) dehydra-
tion and in chinchilla models decreases mucociliary
clearance [22, 23]. We previously solved the crystal
structure of SPLUNC1 and found that it possesses salt
bridges that enables it to interact with ENaC in a pH-
dependent fashion [19]. These charged surfaces also
maintain antimicrobial activity in a pH-dependent man-
ner [24]. Importantly, SPLUNC1 fails to bind to the ap-
ical surface of CF HBECs at acidic pH (≤ pH 7) and its
failure to bind to ENaC at the acidic ASL pH contributes
to Na+ hyperabsorption and airway surface liquid dehy-
dration in CF airways [19]. As such, incapability of the
CF lung’s innate defense system leads to chronic
colonization with opportunistic bacteria [25].
In normal airways, SPLUNC1 binds to the β-subunit

of ENaC. While the αγENaC become internalized,
βENaC remains at the apical membrane of HBECs and
bound to SPLUNC1 to form a SPLUNC1-βENaC com-
plex [26]. SPLUNC1 has anti-J2315 effects in cell-free
systems [20] but its relevance in vivo, and to CF patho-
genesis remains unclear. Here, we further explored the
physiological role of the cell surface SPLUNC1-βENaC
complex and we tested the hypothesis that a failure of
SPLUNC1-ENaC interactions had adverse consequences
on innate defense in the lung against J2315 infections.

Materials and methods
Bacterial culture
B. cenocepacia strain J2315 was grown in Luria broth
(LB) as described [20].

Expression and purification of human SPLUNC1
Recombinant human SPLUNC1 (rSPLUNC1) were
expressed and purified as previously described [19, 27].
SPLUNC1 tagged with either AlexaFluor 594 or 633
were made using Dylight NHS Ester Dyes (Thermo Sci-
entific) following the manufacturer’s protocol.

Constructs
Human wild type α-, β-, γ-ENaC were used in combina-
tions of tagged subunits as previously described [26].

Tissue procurement and cell culture
Normal and CF HBECs were obtained from main
stem bronchi following protocols approved by UNC’s
Office of Human Research Ethics and cultured as de-
scribed [28]. Demographics of bronchi donors are
listed in Table 1. Knockdown of SPLUNC1 was per-
formed using lentiviral shRNA as described [23]. Hu-
man embryonic kidney (HEK293T) cells were cultured
in MEM-α media with 10% FBS, 1x penicillin/strepto-
mycin at 37 °C, 5% CO2.

Mouse infection
Studies were conducted in accordance with NIH guide-
lines and approved by the Institutional Animal Care and
Use Committee at UNC-Chapel Hill. Eight to ten week
of age C57BL/6 J SPLUNC1−/− and wild-type littermate
mice were infected through intratracheal instillation with
5 × 107 colony forming units (CFU)/mouse J2315, and
sacrificed 24 h later as previously described [17]. BAL
was collected and whole lung was excised and homoge-
nized to determine bacterial counts.

Cell infection
For HBECs, cells were washed apically to remove en-
dogenous SPLUNC1, pretreated ±10 μM rSPLUNC1 and
inoculated apically with 103–106 CFU/ml J2315 (in log
phase growth) for 2 h, 37 °C. For HEK293T cells were
transfected using Lipofectamine 2000 (Invitrogen) fol-
lowing the manufacturer’s instructions and transfected
with 0.5 μg/DNA of each construct 12 h before the ex-
periment. HEK293T cells were infected with J2315 at
MOI of 30 for 2 h, 37 °C.. For HBECs, 100 μl PBS was
added apically for 5 min and then collected as apical la-
vages. HBECs were then washed 5x with PBS before
from HBECs before cell lysis. Media/apical lavages and
cell lysates for both HEK293T cells and HBECs were
collected and aliquots were serially diluted and plated on
LB agar plates to determine bacterial counts.

Cell imaging
HBECs were incubated with 10 μM rSPLUNC1 labeled
with DyLight633 and 0.1 μM calcein-AM (green) muco-
sally for 3 h, 37 °C, 5%CO2. Cells were then washed and
ASL was labeled with dextran-rhodamine. Transfected
HEK293T cells were pretreated with rSPLUNC1 for 1 h,
37 °C, and infected with J2315 labeled with Syto9
(Thermo) at MOI 30 for 2 h, 37 °C [29]. HEK293T cells
were labeled with SNARF-1 30min before imaging.
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Endogenous SPLUNC1 detection
10 μg of sample was denatured and probed for a western
blot as previously described [27].

Statistical analysis
All data are shown as mean ± standard deviation. Data
were analyzed using software Prism (GraphPad Software,
Inc.) using either Lorentizian curve fitting, nonparamet-
ric tests (Kruskal-Wallis followed by Dunn’s multiple
comparison test, or the Mann-Whitney U-test, as appro-
priate). p < 0.05 was considered statistically significant.
All experiments were performed a minimum of three
separate times.

Results
The absence of SPLUNC1 increases bacterial susceptibility
in murine airways and in HBECs
J2315, is susceptible to SPLUNC1 in vitro. However,
SPLUNC1’s role in immunity against J2315 is poorly
understood. Therefore, we focused on SPLUNC1’s anti-
microbial activity role against J2315 in the airways.
SPLUNC1 knockout (SPLUNC1−/−) C57bBL/6 J mice
were used as an in vivo model. Male and female
SPLUNC1−/− mice and their wild-type littermate con-
trols (SPLUNC1+/+) were infected intratreacheally with
5 × 107 CFU/mouse J2315 and the bacterial burden de-
termined 24 h later [17]. Wild-type mice had ~ 30 CFU/

ml J2315 in their BAL and ~ 3000 CFU/ml in whole lung
lysate (Fig. 1a-b). In contrast, SPLUNC1−/− mice had in-
creased bacterial load (> 3 log10 units of J2315) in both
the BAL and whole lung compared to wild-type mice,
changes that were significantly different (Fig. 1a-b), sug-
gesting that SPLUNC1 is required to reduce J2315 sus-
ceptibility in vivo.
Since SPLUNC1 was required to reduce J2315 burden

in mice, we next determined SPLUNC1’s antimicrobial
role in HBECs from normal donors. We stably knocked
down SPLUNC1 in HBECs by lentiviral infection using
shRNA. SPLUNC1-knockdown HBECs had reduced
SPLUNC1 protein expression in both the ASL and lys-
ate, while scrambled shRNA (control) was without effect
(Fig. 2a-b). 106 CFU/ml J2315 was then incubated muco-
sally for 2 h. Knockdown HBECs (lacking SPLUNC1)
showed significantly increased J2315 burden in both the
ASL and HBEC lysate (Fig. 2c-d), an effect that was
abolished by the addition of 10 μM recombinant
SPLUNC1 (rSPLUNC1).

SPLUNC1’s binding to βENaC protects cells from J2315
invasion
We have previously shown that SPLUNC1 preferentially
associates with plasma membrane βENaC at the expense
of αγENaC [26]. Since βENaC alone is incapable of con-
ducting Na+ [30, 31], we next searched for a

Table 1 Donor demographics for normal and CF bronchi. Mean ± SD ages were 38.9 ± 13.4 and 24.6 ± 8.0 years for normal and CF
donors respectively

Donor Age Sex Ethnicity Diagnosis/Genotype

Normal bronchi donors 1 46 F Caucasian N/A

2 55 F Caucasian N/A

3 43 M Caucasian N/A

4 22 F Caucasian N/A

5 54 F Caucasian N/A

6 46 F Caucasian N/A

7 36 M Unknown N/A

8 37 M African American N/A

9 31 F Caucasian N/A

10 16 M Caucasian N/A

11 52 M Caucasian N/A

15 60 M Caucasian N/A

CF bronchi donors 1 29 F Caucasian delF508/1154 ins TC

2 37 M Unknown delF508/delF508

3 28 F Caucasian delF508/R347P

4 27 F Unknown delF508/delF508

5 23 F Unknown delF508/W1282X

6 30 F Unknown del508/3905insT

7 28 M Unknown delF508/delF508
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Fig. 1 SPLUNC1 knockout mice have increased susceptibility to J2315 infection. Male and female SPLUNC1−/− and wild-type littermate mice were
infected intratracheally with 5 × 107 CFU/mouse J2315. 24 h after infection, mice were euthanized and (a) BAL and (b) whole lung were collected.
Whole lung was homogenized and aliquots of lung and BAL were serially diluted and plated to determine bacterial counts. N = 6–8 mice per
group. * = p < 0.05, ** = p < 0.01

Fig. 2 Stable SPLUNC1 knockdown increases J2315 burden in HBECs. SPLUNC1 was stably knocked down in normal HBECs using lentivirus-
induced shRNA. Scrambled shRNA was used as a control. a Western blots of SPLUNC1 in ASL and in whole cell lysate. b Mean densitometry, non-
transduced (white bar), scrambled shRNA (black bar), SPLUNC1 shRNA (gray bar). HBECs were pretreated ±10 μM rSPLUNC1for 1 h, then mucosally
infected with 106 CFU/ml J2315 for 2 h, 37 °C, 5% CO2. Aliquots of (c) ASL lavage and (d) cell lysate were serially diluted and plated on agar for
bacterial counts. n = 2 HBECs cultured from N = 4 individual donors. (White bar = non-transduced, black bar = scrambled shRNA, gray bar =
SPLUNC1 shRNA). * = p < 0.05, ** = p < 0.01
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physiological role for the SPLUNC1-βENaC complex.
We hypothesized that the βENaC-SPLUNC1 complex at
the plasma membrane formed an antimicrobial shield
that limited invasive J2315 from entering cells.
SPLUNC1 is present in the ASL at concentrations above
the IC50 for J2315 (~ 0.1 μM) [20, 32]. We transfected
HEK293T cells with αβγENaC or vehicle and pretreated
them with either 10 μM rSPLUNC1 or vehicle and in-
fected them with J2315 labeled with Syto9 at a mid-
range MOI of 30 for 2 h. HEK293T cells were labeled
with SNARF-1. Using confocal microscopy and measur-
ing pixel fluorescent intensity of J2315-Syto9 across the
cell, we observed that J2315-Syto9 remained at the cell
periphery when pre-treated with rSPLUNC1. However,

in the absence of rSPLUNC1, J2315-Syto9 was internal-
ized (p = 0.0001) (Fig. 3a-b).
To further study βENaC’s role in preventing J2315 in-

vasion, HEK293T cells transfected with various ENaC
subunit combinations ± SPLUNC1 were infected with
J2315 for 2 h. In the presence of rSPLUNC1, J2315 levels
in the media were significantly reduced, independently
of ENaC expression (Fig. 3c). Interestingly, intracellular
J2315 levels were only reduced when αβγENaC were co-
expressed and rSPLUNC1 was present. However, cells
lacking βENaC while in the presence of rSPLUNC1
failed to reduce J2315 internalization (Fig. 3d), suggest-
ing that SPLUNC1’s interaction with βENaC prevents
J2315 entry into the cells.

Fig. 3 The plasma membrane SPLUNC1-βENaC complex protects cells from B. cenocepacia invasion. αβγENaC-transfected HEK293T cells were pre-
treated with rSPLUNC1 or vehicle for 1 h, followed by infection J2315 labeled with Syto9 for 1 h at an MOI of 30. Representative XZ (a) scanned
fluorescence images of B. cenocepacia-Syto9 (green) and HEK293T labeled with SNARF-1 (red) (N = 3). b Graph of mean pixel intensity of J2315 in
relationship to cell. Cells pre-treated with vehicle (black) or with rSPLUNC1 (blue) and curve fitted using Lorentizian (N = 36), p = 0.0001. c-d
SPLUNC1 was co-expressed with different combinations of ENaC subunits and infected with J2315 for 2 h at MOI of 30 (N = 4). Relative J2315
burden in the (c) media and (d) lysate. * p < 0.05, ** p < 0.01, **** p < 0.0001. Scale bars are 20 μm
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SPLUNC1 does not reduce bacterial burden in CF HBECs
We have previously shown that SPLUNC1 does not bind
to ENaC expressed in CF HBECs and fails to maintain
antimicrobial activity due to the low pH seen in CF air-
way surface liquid [19, 24]. We next tested whether the
SPLUNC1-βENaC complex provided the same protec-
tion against cellular invasion by J2315 in CF human air-
way epithelia. Normal and CF HBECs were pretreated
with 10 μM rSPLUNC1 labeled with DyLight633 and the
ASL was labeled with rhodamine-dextran. We have pre-
viously shown that SPLUNC1 binding to ENaC is abro-
gated at the mildly acidic pH seen in CF ASL (~pH 6.5)
[19]. Consistent with this observation, SPLUNC1
remained on the apical membrane of normal HBECS but
its presence was significantly reduced at CF HBEC apical
membranes (Fig. 4a-b) [19]. rSPLUNC1 pretreated HBECs
were then infected them with J2315 for 2 h (Fig. 4c-d).
rSPLUNC1 decreased J2315 levels in the apical lavage of
normal HBECs (Fig. 4c). In contrast, rSPLUNC1 failed to
decrease J2315 burden in the lavage of CF HEBCs, sug-
gesting that SPLUNC1’s antimicrobial activity fails in the

absence of functional CFTR (Fig. 4d). Moreover, J2315
burden in the lavage was significantly greater in CF
HBECs compared to normal HBECs (Fig. 4d), suggesting
that the CF environment is permissive for J2315 survival.
We also observed that rSPLUNC1 decreased J2315 burden
in the lysate of normal HBECs, indicating that the extra-
cellular binding of SPLUNC1 to βENaC was crucial for
protection against cellular invasion (Fig. 4d). Importantly,
SPLUNC1 was unable to decrease J2315 burden in the lys-
ate of CF HBECs again indicating that SPLUNC1 is inef-
fective in CF airway epithelia (Fig. 4d).

Discussion
While relatively harmless to normal people, Bcc are an
extremely virulent group of pathogens in immunocom-
promised patients, including those with CF. Infection
with these pathogens often results in Cepacia syndrome,
which is characterized by necrotizing pneumonia and
septicemia followed by death [8, 10]. Unlike other
Gram-negative bacteria (e.g. P. aeruguinosa) that tend to
chronically colonize CF mucus, Bcc are invasive and

Fig. 4 CF HBECs have reduced SPLUNC1 at plasma membrane and increased J2315 burden. Normal and CF HBECs were pre-treated with 10 μM
rSPLUNC1-DyLight633 for 3 h. a Representative XZ-scanned fluorescence images of HBECs (green), rSPLUNC1-DyLight633 (yellow) and ASL (red)
(N = 3–5). b SPLUNC1 fluorescent intensity from panel A. Normal or CF HBECs were treated with 10 μM rSPLUNC1 (black) or without (white) prior
to J2315 infection for 2 h at an MOI of 3 (N = 4). Relative J2315 burden in the (c) apical lavage and (d) cell lysate compared to normal vehicle
treatment. All data shown as mean ± SEM. * p < 0.05, ** p < 0.01. Scale bars are 25 μm
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rapidly enter the epithelia [8]. Why CF patients are so
susceptible to this organism is not known. However, the
airways’ innate immune system provides the first line of
defense against invading pathogens, and utilizes phago-
cytic cells, cytokines, mucins and AMPs to prevent bac-
terial colonization [33, 34]. Whilst AMPs such as LL-37
and human beta defensins have been extensively studied
[12, 35], less is known about SPLUNC1’s antimicrobial
abilities. However, here we demonstrated that SPLUNC1
played a hitherto underestimated role in preventing
J2315 infection. Mice lacking SPLUNC1 (SPLUNC1−/−)
were significantly more susceptible to J2315 with in-
creased bacterial growth than their wild-type littermate
controls (Fig. 1), which is consistent with previous re-
ports of increased susceptibility to P. aeruginosa and K.
pneumonaie [16, 17]. Additionally, stable knockdown of
SPLUNC1 expression in normal HBECs similarly re-
sulted in increased J2315 burden, while addition of
rSPLUNC1 to the ASL reduced J2315 levels, suggesting
that in vivo effects of SPLUNC1 on J2315 are reprised
in vitro (Fig. 2). As part of the innate immunity,
SPLUNC1 also increases mucocilliary clearance that can
reduce bacterial burden in the airways [15, 17, 21]. In-
deed, mice that overexpress SPLUNC1 have increased
protection against Mycoplasma pneumonia and P. aeru-
ginosa [36, 37]. Given the extent of J2315 burden in
SPLUNC1−/− mice and SPLUNC1 knockdown HBECs,
we propose that SPLUNC1, therefore likely plays a piv-
otal role in preventing J2315 infection in mammalian
airways.
Consistent with recent studies on the effect of

SPLUNC1 on J2315 [20, 21, 24], our data indicated that
SPLUNC1 limited J2315 burden in the extracellular mi-
lieu independently of ENaC expression levels. However,
SPLUNC1 in the absence of βENaC failed to limit J2315
invasion (Fig. 3). Thus, the interaction between βENaC
and SPLUNC1 at the plasma membrane appeared neces-
sary to reduce J2315 invasion. SPLUNC1 is a multifunc-
tional protein, which has different domains that perform
different functions. Its S18 domain interacts with ENaC
[38], the α6 domain interacts with the Orai1 Ca2+ chan-
nel, while the α4 domain contains its antimicrobial activ-
ity [21, 24, 39]. We have previously shown that
αβγENaC dissociates once SPLUNC1 binds to βENaC,
resulting in αγENaC being internalized while βENaC re-
mains at the plasma membrane bound to SPLUNC1
[26]. J2315 interacts with epithelial cells’ glycolipid re-
ceptors via its cable pili [40] resulting in intracellular in-
vasion through membrane-bound vacuoles or
rearrangement of cytoskeleton [41, 42]. However,
SPLUNC1 is abundantly found in the airways and can
bind to the lipopolysaccharide (LPS) of Gram-negative
bacterial membranes [18] to inhibit bacterial adhesion,
and endocytosis into epithelial cells. Indeed, inhibition

of J2315 attachment to epithelial cells by dextran re-
sulted in reduced virulence in the lungs [43]. We there-
fore speculate that αγENaC served as a chaperone to
bring βENaC to the plasma membrane, where it is pre-
sented to SPLUNC1, which simultaneously serves as an
antimicrobial shield to prevent bacterial internalization.
Despite being effective in normal HBECs, SPLUNC1

failed to affect J2315 burden in the airway surface liquid
of CF HBECs and was also ineffective at reducing cellu-
lar invasion into CF cultures (Fig. 4). SPLUNC1 contains
salt bridges that are pH-sensitive, which renders
SPLUNC1 nonfunctional in acidic conditions such as
that seen in CF HBECs. Non-functional SPLUNC1 is un-
able to bind to ENaC [1] resulting in less SPLUNC1 at
the apical membrane of CF HBECs. In normal condi-
tions, SPLUNC1 binds to βENaC and remains at the
plasma membrane [2]. Additionally, SPLUNC1 fails to
reduce bacterial burden in the acidic pH of the CF air-
ways [24]. Thus, we hypothesize that the abnormal pH
in CF airway surface liquid leads to a double hit in that
it (i) directly reduces SPLUNC1’s antimicrobial activity
and (ii) prevents SPLUNC1 from binding to ENaC at the
apical plasma membrane. These failures of SPLUNC1’s
antimicrobial actions, combined with a failure to clear
mucus, reduce CF airway epithelia’s ability to prevent
J2315 invasions. Similar characteristics have been seen
with other antimicrobial proteins: Attacin and collectin
will bind to the LPS and remain in the outer membrane
of Gram-negative bacteria to reduce bacterial burden
[44, 45]. Other peptides, such as CdsN peptide, have
been shown to disrupt protein interaction of bacteria’s
type III secretion system preventing bacterial invasion
[46]. Here SPLUNC1 is able to both i) remain in the
bacteria’s outer membrane [18], while ii) prevent
invasion.

Conclusion
Our data indicate that the absence of SPLUNC1-
βENaC’s antimicrobial shield leaves CF airway epithelia
especially vulnerable to J2315 invasion. This may explain
why CF lungs are especially vulnerable to increased cel-
lular invasion and mortality [9, 10]. Thus, we propose
that the interaction between SPLUNC1 and ENaC serves
the dual function of (i) regulating airway hydration by
limiting Na+ absorption and (ii) of preventing J2315 in-
vasion. Therapeutic strategies that restore SPLUNC1-
βENaC interactions in CF airways, such as raising airway
surface liquid pH, may not only limit ENaC hyperactivity
but could also reduce levels of bacterial infections by
placing SPLUNC1 at the apical plasma membrane.

Abbreviations
AMP: Antimicrobial peptides; ASL: Airway surface liquid; BAL: Bronchoalveolar
lavage; Bcc: Burkholderia cepacia complex; BPI: Bactericidal/permeability-
increasing; CF: Cystic Fibrosis; CFTR: Cystic fibrosis transmembrane

Ahmad et al. Respiratory Research          (2020) 21:190 Page 7 of 9



conductance regulator; CFU: Colony forming units; ENaC: Epithelial sodium
channel; HBEC: Human bronchial epithelia cell; HEK293T: Human embryonic
kidney; LB: Luria broth; SPLUNC1: Short palate lung and nasal epithelial clone
1; rSPLUNC1: Recombinant human short palate lung and nasal epithelial
clone 1

Acknowledgements
We thank Dr. Scott H. Randell (the UNC CF Center Tissue Procurement and
Cell Culture Core) for providing cells, Dr. Colin Bingle (University of Sheffield)
for providing the SPLUNC1 construct, Dr. Michael Miley and Richard Feng
(UNC) for purifying rSPLUNC1 and rSPLUNC1 mutants, Dr. John LiPuma
(University of Michigan) for sending the J2315 strain, Dr. Miguel Valvano
(Queen’s University, Belfast) for sending the J2315-GFP strain, and Dr. Peter Y.
Di (University of Pittsburg) for the SPLUNC1-/- mice.

Authors’ contributions
SA, CSK, and RT designed and performed research and analyzed data. SA
and RT wrote the manuscript and all other authors edited/approved the
manuscript.

Funding
This work was funded by U.S. National Institutes of Health (NIH) National
Heart, Lung, and Blood Institute Grant R01-HL108927, NIH National Institute
of Diabetes and Digestive and Kidney Diseases Grant P30-DK065988, the UK
Cystic Fibrosis Trust (INOVCF, SRC003), and Cystic Fibrosis Foundation Grants
R026-CR11 and TARRAN17G0.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Robert Tarran holds equity in Eldec Pharmaceuticals. The other authors
declare no competing financial interests.

Author details
1Department of Cell Biology and Physiology, The University of North
Carolina, Marsico Lung Insitute, 115 Mason Farm Rd CB 7545, UNC, Chapel
Hill, NC 27599, USA. 2Present address: Max Planck Institute for Biology of
Ageing, Cologne, Germany.

Received: 20 May 2020 Accepted: 13 July 2020

References
1. Horsley A, Jones AM, Lord R. Antibiotic treatment for Burkholderia cepacia

complex in people with cystic fibrosis experiencing a pulmonary
exacerbation. Cochrane Database Syst Rev. 2016;1:CD009529.

2. Ramsey KA, Ranganathan S, Park J, Skoric B, Adams AM, Simpson SJ, et al.
Early respiratory infection is associated with reduced spirometry in children
with cystic fibrosis. Am J Respir Crit Care Med. 2014;190:1111–6.

3. Lyczak JB, Cannon CL, Pier GB. Lung infections associated with cystic
fibrosis. Clin Microbiol Rev. 2002;15:194–222.

4. Elborn JS. Cystic fibrosis. Lancet. 2016;388:2519–31.
5. Mahenthiralingam E, Baldwin A, Vandamme P. Burkholderia cepacia

complex infection in patients with cystic fibrosis. J Med Microbiol. 2002;51:
533–8.

6. Mahenthiralingam E, Vandamme P, Campbell ME, Henry DA, Gravelle AM,
Wong LT, et al. Infection with Burkholderia cepacia complex genomovars in
patients with cystic fibrosis: virulent transmissible strains of genomovar III
can replace Burkholderia multivorans. Clin Infect Dis. 2001;33:1469–75.

7. Vanlaere E, Lipuma JJ, Baldwin A, Henry D, De Brandt E, Mahenthiralingam
E, et al. Burkholderia latens sp. nov., Burkholderia diffusa sp. nov.,
Burkholderia arboris sp. nov., Burkholderia seminalis sp. nov. and

Burkholderia metallica sp. nov., novel species within the Burkholderia
cepacia complex. Int J Syst Evol Microbiol. 2008;58:1580–90.

8. Govan JR, Deretic V. Microbial pathogenesis in cystic fibrosis: mucoid
Pseudomonas aeruginosa and Burkholderia cepacia. Microbiol Rev. 1996;60:
539–74.

9. Burns JL, Jonas M, Chi EY, Clark DK, Berger A, Griffith A. Invasion of
respiratory epithelial cells by Burkholderia (pseudomonas) cepacia. Infect
Immun. 1996;64:4054–9.

10. Martin DW, Mohr CD. Invasion and intracellular survival of Burkholderia
cepacia. Infect Immun. 2000;68:24–9.

11. Rhodes KA, Schweizer HP. Antibiotic resistance in Burkholderia species. Drug
Resist Updat. 2016;28:82–90.

12. Turner J, Cho Y, Dinh NN, Waring AJ, Lehrer RI. Activities of LL-37, a
cathelin-associated antimicrobial peptide of human neutrophils. Antimicrob
Agents Chemother. 1998;42:2206–14.

13. Chaparro C, Maurer J, Gutierrez C, Krajden M, Chan C, Winton T, et al.
Infection with Burkholderia cepacia in cystic fibrosis: outcome following
lung transplantation. Am J Respir Crit Care Med. 2001;163:43–8.

14. Bingle CD, Bingle L. Characterisation of the human plunc gene, a gene
product with an upper airways and nasopharyngeal restricted expression
pattern. Biochim Biophys Acta. 2000;1493:363–7.

15. Gakhar L, Bartlett JA, Penterman J, Mizrachi D, Singh PK, Mallampalli RK,
et al. PLUNC is a novel airway surfactant protein with anti-biofilm activity.
PLoS One. 2010;5:e9098.

16. Liu Y, Bartlett JA, Di ME, Bomberger JM, Chan YR, Gakhar L, et al. SPLUNC1/
BPIFA1 contributes to pulmonary host defense against Klebsiella
pneumoniae respiratory infection. Am J Pathol. 2013;182:1519–31.

17. Liu Y, Di ME, Chu HW, Liu X, Wang L, Wenzel S, et al. Increased susceptibility
to pulmonary pseudomonas infection in Splunc1 knockout mice. J
Immunol. 2013;191:4259–68.

18. Sayeed S, Nistico L, St Croix C, Di YP. Multifunctional role of human
SPLUNC1 in Pseudomonas aeruginosa infection. Infect Immun. 2013;81:285–
91.

19. Garland AL, Walton WG, Coakley RD, Tan CD, Gilmore RC, Hobbs CA, et al.
Molecular basis for pH-dependent mucosal dehydration in cystic fibrosis
airways. Proc Natl Acad Sci U S A. 2013;110:15973–8.

20. Ahmad S, Tyrrell J, Walton WG, Tripathy A, Redinbo MR, Tarran R. Short
palate, lung, and nasal epithelial clone 1 has antimicrobial and Antibiofilm
activities against the Burkholderia cepacia complex. Antimicrob Agents
Chemother. 2016;60:6003–12.

21. Walton WG, Ahmad S, Little MS, Kim CS, Tyrrell J, Lin Q, et al. Structural
features essential to the antimicrobial functions of human SPLUNC1.
Biochemistry. 2016;55:2979–91.

22. McGillivary G, Bakaletz LO. The multifunctional host defense peptide
SPLUNC1 is critical for homeostasis of the mammalian upper airway. PLoS
One. 2010;5:e13224.

23. Garcia-Caballero A, Rasmussen JE, Gaillard E, Watson MJ, Olsen JC,
Donaldson SH, et al. SPLUNC1 regulates airway surface liquid volume by
protecting ENaC from proteolytic cleavage. Proc Natl Acad Sci U S A. 2009;
106:11412–7.

24. Ahmad S, Gilmore RC, Alexis NE, Tarran R. SPLUNC1 loses its antimicrobial
activity in acidic cystic fibrosis airway secretions. Am J Respir Crit Care Med.
2019;200:633–6.

25. Delhaes L, Monchy S, Frealle E, Hubans C, Salleron J, Leroy S, et al. The
airway microbiota in cystic fibrosis: a complex fungal and bacterial
community--implications for therapeutic management. PLoS One. 2012;7:
e36313.

26. Kim CS, Ahmad S, Wu T, Walton WG, Redinbo MR, Tarran R. SPLUNC1 is an
allosteric modulator of the epithelial sodium channel. FASEB J. 2018;32:
2478–91.

27. Webster MJ, Reidel B, Tan CD, Ghosh A, Alexis NE, Donaldson SH, et al.
SPLUNC1 degradation by the cystic fibrosis mucosal environment drives
airway surface liquid dehydration. Eur Respir J. 2018;52:1.

28. Terryah ST, Fellner RC, Ahmad S, Moore PJ, Reidel B, Sesma JI, et al.
Evaluation of a SPLUNC1-derived peptide for the treatment of cystic fibrosis
lung disease. Am J Phys Lung Cell Mol Phys. 2018;314:L192–205.

29. Fehlner-Gardiner CC, Valvano MA. Cloning and characterization of the
Burkholderia vietnamiensis norM gene encoding a multi-drug efflux protein.
FEMS Microbiol Lett. 2002;215:279–83.

Ahmad et al. Respiratory Research          (2020) 21:190 Page 8 of 9



30. Kellenberger S, Schild L. Epithelial sodium channel/degenerin family of ion
channels: a variety of functions for a shared structure. Physiol Rev. 2002;82:
735–67.

31. Weisz OA, Johnson JP. Noncoordinate regulation of ENaC: paradigm lost?
Am J Physiol Ren Physiol. 2003;285:F833–42.

32. Irander K, Borres MP, Ghafouri B. The effects of physical exercise and
smoking habits on the expression of SPLUNC1 in nasal lavage fluids from
allergic rhinitis subjects. Int J Pediatr Otorhinolaryngol. 2014;78:618–22.

33. Hoffmann JA, Kafatos FC, Janeway CA, Ezekowitz RA. Phylogenetic
perspectives in innate immunity. Science. 1999;284:1313–8.

34. Ryu JH, Kim CH, Yoon JH. Innate immune responses of the airway
epithelium. Mol Cell. 2010;30:173–83.

35. Joly S, Maze C, McCray PB Jr, Guthmiller JM. Human beta-defensins 2 and 3
demonstrate strain-selective activity against oral microorganisms. J Clin
Microbiol. 2004;42:1024–9.

36. Lukinskiene L, Liu Y, Reynolds SD, Steele C, Stripp BR, Leikauf GD, et al.
Antimicrobial activity of PLUNC protects against Pseudomonas aeruginosa
infection. J Immunol. 2011;187:382–90.

37. Chu HW, Thaikoottathil J, Rino JG, Zhang G, Wu Q, Moss T, et al. Function
and regulation of SPLUNC1 protein in mycoplasma infection and allergic
inflammation. J Immunol. 2007;179:3995–4002.

38. Hobbs CA, Blanchard MG, Alijevic O, Tan CD, Kellenberger S, Bencharit S,
et al. Identification of the SPLUNC1 ENaC-inhibitory domain yields novel
strategies to treat sodium hyperabsorption in cystic fibrosis airway epithelial
cultures. Am J Phys Lung Cell Mol Phys. 2013;305:L990–L1001.

39. Wu T, Huang J, Moore PJ, Little MS, Walton WG, Fellner RC, et al.
Identification of BPIFA1/SPLUNC1 as an epithelium-derived smooth muscle
relaxing factor. Nat Commun. 2017;8:14118.

40. Sajjan U, Wu Y, Kent G, Forstner J. Preferential adherence of cable-piliated
burkholderia cepacia to respiratory epithelia of CF knockout mice and
human cystic fibrosis lung explants. J Med Microbiol. 2000;49:875–85.

41. Schwab U, Leigh M, Ribeiro C, Yankaskas J, Burns K, Gilligan P, et al. Patterns
of epithelial cell invasion by different species of the Burkholderia cepacia
complex in well-differentiated human airway epithelia. Infect Immun. 2002;
70:4547–55.

42. Schwab UE, Ribeiro CM, Neubauer H, Boucher RC. Role of actin filament
network in Burkholderia multivorans invasion in well-differentiated human
airway epithelia. Infect Immun. 2003;71:6607–9.

43. McClean S, Callaghan M. Burkholderia cepacia complex: epithelial cell-
pathogen confrontations and potential for therapeutic intervention. J Med
Microbiol. 2009;58:1–12.

44. Carlsson A, Nystrom T, de Cock H, Bennich H. Attacin--an insect immune
protein--binds LPS and triggers the specific inhibition of bacterial outer-
membrane protein synthesis. Microbiology. 1998;144(Pt 8):2179–88.

45. Wu H, Kuzmenko A, Wan S, Schaffer L, Weiss A, Fisher JH, et al. Surfactant
proteins a and D inhibit the growth of gram-negative bacteria by increasing
membrane permeability. J Clin Invest. 2003;111:1589–602.

46. Stone CB, Bulir DC, Emdin CA, Pirie RM, Porfilio EA, Slootstra JW, et al.
Chlamydia pneumoniae CdsL regulates CdsN ATPase activity, and disruption
with a peptide mimetic prevents bacterial invasion. Front Microbiol. 2011;2:
21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ahmad et al. Respiratory Research          (2020) 21:190 Page 9 of 9


	Abstract
	Background
	Materials and methods
	Bacterial culture
	Expression and purification of human SPLUNC1
	Constructs
	Tissue procurement and cell culture
	Mouse infection
	Cell infection
	Cell imaging
	Endogenous SPLUNC1 detection
	Statistical analysis

	Results
	The absence of SPLUNC1 increases bacterial susceptibility in murine airways and in HBECs
	SPLUNC1’s binding to βENaC protects cells from J2315 invasion
	SPLUNC1 does not reduce bacterial burden in CF HBECs

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

