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Abstract Although the biology the PLUNC (recently
renamed BPI fold, BPIF) family of secreted proteins is
poorly understood, multiple array based studies have suggested that some are differentially expressed in lung diseases. We have examined the expression of BPIFB1
(LPLUNC1), the prototypic two-domain containing family
member, in lungs from CF patients and in mouse models of
CF lung disease. BPIFB1 was localized in CF lung samples
along with BPIFA1, MUC5AC, CD68 and NE and directly
compared to histologically normal lung tissues and that of
bacterial pneumonia. We generated novel antibodies to
mouse BPIF proteins to conduct similar studies on ENaC
transgenic (ENaC-Tg) mice, a model for CF-like lung
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disease. Small airways in CF demonstrated marked epithelial staining of BPIFB1 in goblet cells but staining was
absent from alveolar regions. BPIFA1 and BPIFB1 were
not co-localised in the diseased lungs. In ENaC-Tg mice
there was strong staining of both proteins in the airways
and luminal contents. This was most marked for BPIFB1
and was noted within 2 weeks of birth. The two proteins
were present in distinct cells within epithelium. BPIFB1
was readily detected in BAL from ENaC-Tg mice but was
absent from wild-type mice. Alterations in the expression
of BPIF proteins is associated with CF lung disease in
humans and mice. It is unclear if this elevation of protein
production, which results from phenotypic alteration of the
cells within the diseased epithelium, plays a role in the
pathogenesis of the disease.
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Introduction
Palate lung nasal epithelium clone (PLUNC) was first
described in the nasal epithelium of the mouse embryo and
trachea/bronchi of adult mice (Weston et al. 1999). After
cloning the human and mouse PLUNC genes (Bingle and
Bingle 2000; LeClair et al. 2001), we made the key
observation that PLUNC belongs to a group of proteins that
make up a branch of a lipid transfer protein family (Bingle
and Craven 2002, 2004; Bingle et al. 2004). Due to the
complexity of this family, and conflicting gene nomenclature, a new nomenclature has been developed. Within
this framework all family members have been renamed
using the root symbol BPIF# for ‘‘BPI fold containing’’.
Family members that contain a single structural domain
have the designation BPIFA (so that SPLUNC1/PLUNC
becomes BPIFA1) and those containing two domains have
the designation BPIFB (so that LPLUNC1 becomes
BPIFB1) (Bingle et al. 2011a, b). This nomenclature has
been adopted throughout this paper.
The interspecies diversity and rapid evolution of BPIF
genes (Bingle et al. 2004, 2011a, b) support a role for the
proteins in host defence, although functional data are only
just starting to emerge (Gally et al. 2011; Lukinskiene et al.
2011; Shin et al. 2011; Wright et al. 2010). BPIFA1 has been
shown to have a surfactant-like function (Gakhar et al. 2010)
and also to be involved in the regulation of the amiloridesensitive epithelial sodium channel, ENaC (Garcia-Caballero et al. 2009), an important pathway for airway surface
liquid homeostasis critical for normal mucociliary clearance
and thus an important mechanical innate defense mechanism
of the lung (Mall 2008). BPIF proteins are predominantly
localised where innate defence is a major requirement,
namely in the nasal, tracheal and bronchial passages as well
as in major salivary glands and minor mucosal glands of the
oral cavity (Bingle and Bingle 2011). All BPIF proteins
contain signal peptides and multiple proteomic studies have
shown that members of the family are present in fluids from
these regions (Barnes et al. 2008).
BPIF proteins have been implicated in the pathophysiology of chronic lung diseases and in particular in cystic
fibrosis (CF). For example, proteomic analysis of nasal
epithelial cells from CF patients has demonstrated
increased levels of BPIFA1 (Roxo-Rosa et al. 2006) and
BPIFA1 and BPIFB1 are increased in sputum from
patients with CF (McCray et al. 2005) and epithelial cells
from CF patients express abundant BPIFA1 and BPIFB1
(Scheetz et al. 2004). Recent observations also have
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implications for a biological role for the proteins in the
disease. As mentioned previously, BPIFA1, but not
BPIFB1, has been shown to inhibit the biochemical
activation of ENaC sodium channels by preventing proteolytic processing and therefore activation of the channel
(Garcia-Caballero et al. 2009; Rollins et al. 2010). As
ENaC-mediated Na?/fluid absorption is increased in CF
airways and because this abnormality contributes to airway surface liquid depletion, an important mechanism in
the pathogenesis of CF lung disease (Mall 2009), it has
been hypothesized that upregulation of BPIFA1 may
counteract the basic defect and improve impaired airway
surface hydration in CF (Garcia-Caballero et al. 2009).
BPIFA1 is greatly increased in the small airways and
plugged lumens in CF (Bingle et al. 2007). Elevated
levels of BPIF proteins in CF, in the face of chronic
infection and inflammation, suggest that the protein is
rendered non-functional by the abnormal milieu present in
the airways of CF patients. Alternatively, the protein may
be upregulated as part of the innate immune defense
system in the chronically infected CF lung.
Building on our previous studies of BPIFA1 and
BPIFB1 in normal lung (Bingle et al. 2005, 2010) and
of BPIFA1 in CF tissue (Bingle et al. 2007), the present
study investigates the expression of BPIFB1 and BPIFA1
in lungs from CF patients and in bENaC-Tg mice with
CF-like lung disease (Mall et al. 2004).

Materials and methods
Immunohistochemistry
Sections from the major bronchi and peripheral lung were
cut from 15 cases of normal lung and from 10 patients with
CF who were undergoing lung transplantation. Histologically disease-free control samples were from tissue resections taken during surgery for cancer, where no tumour
tissue was seen to be present. The CF tissue was obtained
from explanted lungs. We also studied lungs from post
mortem samples from five patients who had died from
bacterial pneumonia. Tissue used in this study was
obtained with full ethical approval from the Department of
Pathology at the University of Edinburgh, UK; Papworth
Hospital, Cambridge, UK; and Sao Paulo University Hospital, Sao Paulo, Brazil and used in Sheffield with local
ethical committee approval.
The slides were stained as previously described (Bingle
et al. 2005, 2007, 2010). The following antibodies were
used in this study: a rabbit polyclonal antibody against
human BPIFA1 (Campos et al. 2004) (final dilution 1:300);
rabbit polyclonal antibodies against BPIFB1 (final dilution
of 1:100 for BPIFB1A and 1:600 for BPIFB1B), (Bingle
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et al. 2010), a polyclonal antibody to human mucin 5AC
(MUC5AC, a gift from David Thornton, University of
Manchester, UK; final dilution 1:250); monoclonal antibodies to CD68 and neutrophil elastase purchased from
Dako (1:400 and 1:300, respectively), and a rabbit antibody
against mouse CCSP (a gift from Barry Stripp, final dilution 1:1,000). Due to the low level of sequence similarity
that exists between mouse and human BPIFA1 (72 %) and
BPIFB1 (59 %) we developed mouse-specific antibodies to
both proteins described below. Both the BPIFA1 and
BPIFB1 antibodies were used at a final dilution of 1:750. A
standard antigen retrieval procedure using tri-sodium citrate in a microwave for 8 min was used for the human and
mouse BPIFB1 antibodies as well as the MUC5AC, CD68
and CCSP antibodies. Sections were incubated with 100 %
normal serum (goat for polyclonal antibodies, horse for
monoclonal antibodies) at room temperature for 30 min
and then at 4 °C overnight with the antibodies diluted as
indicated above with 100 % normal serum. Rabbit or
mouse IgGs (DAKO) were used as negative controls on
replicate slides. A Vectastain Elite ABC kit (Vector
Laboratories) containing an appropriate biotin-labelled
secondary antibody was used according to the manufacturer’s instructions. Peroxidase enzymatic development
was performed using a Vector NovaRed substrate kit
resulting in red staining in positive cells. Sections were
counterstained with haematoxylin, dehydrated to xylene
and mounted in DPX. Alcian blue staining of acidic mucins
was performed using a standard histological method.
Experimental animals
We used C57BL6 and C57BL6/129sv mice for examination of the normal distribution of the proteins in mice.
Animals were housed in the DePaul University and the
University of Sheffield animal care facilities and were
allowed access to food and water ad libitum. All studies
were performed with the approval of local animal care
committees. We collected tissues from mice aged
6–16 weeks with some tissues being collected following
perfusion fixation and all samples being fixed in cold 4 %
paraformaldehyde. Fixed tissues were embedded in paraffin according to standard protocols.
The generation of bENaC-Tg mice (line 6608) has
been previously described (Mall et al. 2004, 2008). The
colony was maintained on a mixed genetic background
(C3H/HeN 9 C57BL/6N), and bENaC-Tg mice were
identified by PCR as described (Mall et al. 2004, 2008).
To ensure there were no strain-related differences, wildtype (WT) littermates served as controls in all experiments. Mice were housed in a specific pathogen-free
animal facility at the University of Heidelberg, Germany
and had free access to chow and water. For BAL
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collection, mice were deeply anesthetized via intra-peritoneal injection of a combination of ketamine/xylazine
(120 and 16 mg/kg, respectively), the trachea cannulated,
and lungs lavaged with PBS. Samples were centrifuged
and the cell-free BAL fluid was stored at -80 °C. For
immunohistochemical analysis, lungs that had not been
subjected to lavage were removed from mice, through a
median sternotomy. Lungs were fixed in 10 % formalin
buffered saline, paraffin embedded and sectioned. Six WT
and six bENaC-Tg mice at each of two time points (2 and
6 weeks of age) were used to generate the samples. All
experimental animal studies were approved by the Regierungspräsidium Karlsruhe, Germany.
Western blotting
5 ll aliquots of mouse BAL from the bENaC-Tg mice and
WT littermate controls, were denatured, resolved on 12 %
SDS-PAGE gels and western blotted using specific antibodies against mouse BPIFA1 and BPIFB1 (1:500 dilution). Detection was performed using ECL and X-ray film
(Amersham) following incubation with a HRP conjugated
secondary antibody (1:2,000 dilution).
Human peripheral blood neutrophils and mononuclear
(MNC) cells from normal healthy donors were isolated by
density gradient centrifugation and cultured as previously
described (Savill et al. 1989). Monocyte-derived macrophages (MDM) were differentiated from monocytes on
tissue culture plastic using standard protocols (Dockrell
et al. 2001). Protein samples from a given number of
purified human neutrophils and MDM were resolved on
12 % SDS-PAGE gels. 5 ll of apical secretions from primary human tracheobronchial epithelial cells differentiated
at an air liquid interface (ALI) was used as a positive
control (Bingle et al. 2007). Blots were probed with antibodies to human BPIFA1 and BPIFB1 (1:500) and subsequently re-probed with a polyclonal antibody to human
Mcl-1 (sc-819, Santa Cruz Biotechnology Inc), a Bcl-2
family member expressed in myeloid cells (Bingle et al.
2000). This was to confirm the presence of protein in the
neutrophil and MDM lanes. Detection was performed as
above.

Results
BPIFB1 is increased in CF airways
We confirmed our previous results which showed that
expression of BPIFB1 was limited to a small number of
airway cells in histologically normal sections of large
bronchi (shown by black arrows in Fig. 1a) but was absent
from peripheral lung and alveolar macrophages.
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Fig. 1 Increased BPIFB1 and BPIFA1 in CF lung. Immunohistochemistry for BPIFB1 (a, d, e, g) and BPIFA1 (b, f, h) was performed
as described in ‘‘Materials and methods’’. Sections show staining in
samples of normal large airway (a–c) and in sections from patients

with cystic fibrosis (d–i). Sections c and i are controls (no primary
antibody). The black arrows in panel a indicated BPIFB1 positive
cells in the normal airway. Scale bars are present on each individual
panel

Expression of BPIFA1 was essentially absent from the
same regions (Fig. 1b). The use of no antibody control
slides helped to confirm the specificity of the staining
(Fig. 1c). In cases of CF, BPIFB1 staining was present in
the epithelium lining the distended and inflamed airways
(Fig. 1d, g). Again no staining was seen in the peripheral
lung tissue (Fig. 1d, e). Although both proteins are localized to similar regions, i.e. conducting airways but not
alveoli (Fig. 1f), they stain different cells (Fig. 1g, h). The
BPIFB1 positive cells have the characteristics of goblet
cells whereas BPIFA1 positive cells are more basally distributed and probably represent non-ciliated cells. In
keeping with the fact that BPIF proteins are secreted, both
proteins were often localised to the luminal contents
(Fig. 1d, f), which contain both inflammatory cells and
mucoid secretions. The specificity of BPIFB1 staining in
the CF cases was confirmed using a second affinity-purified

antibody (BPIFB1A) (Bingle et al. 2010) (Supplementary
figure 1).
Goblet cell expression of BPIFB1 was confirmed
(Fig. 2a, c) by co-localisation with the goblet cell marker
protein MUC5AC (Fig. 2d), whereas these cells were
negative for BPIFA1 (Fig. 2b). Sections were stained for
neutrophil elastase to identify neutrophils and CD68 for
macrophages, (Fig. 2e, f), and this confirmed that inflammatory cells did not express BPIFB1 in the CF lung.
Macrophages and neutrophils in lungs from bacterial
pneumonia also did not express BPIFB1 (Fig. 2g–i).
BPIFB1 and BPIFA1 were also undetectable by western
blotting of human neutrophil and macrophage lysates
(Supplementary figure 2).
As patients with CF have significant airway remodelling
associated with repeated chronic bacterial infections, it is
unclear what is responsible for the elevated production of
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Fig. 2 BPIFB1 is predominantly expressed in a goblet cell population in CF airways and is absent from neutrophils and macrophages.
Immunohistochemistry for BPIFB1 (a, c, g), BPIFA1 (b), MUC5AC
(d) NE (e, i) and CD68 (f, h) was performed as described in

‘‘Materials and methods’’ using sections from patients with cystic
fibrosis (a–f) or from bacterial pneumonia (g–i). Scale bars are
present on each individual panel

BPIFB1 in the disease. The severity of the lung disease in
the patient samples available also makes it difficult to study
differential expression of the proteins in the early stage of

disease. To address this issue, we studied the localisation of
BPIF proteins in the lungs of mice with a CF-like lung
disease.
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BPIFB1 and BPIFA1 are differentially expressed
in the respiratory tract of mice
We initially localised BPIFB1 and BPIFA1 in lung
sections from WT mice using novel species-specific
antibodies. BPIFA1 was strongly expressed in the
non-ciliated epithelial cells of the trachea (Fig. 3a, and
Supplementary figure 3C, D) but was not co-localised
with acid mucins as shown by distinct Alcian blue staining
in the mucous cells of the tracheal submucosal glands
(SMG) (Supplementary figure 3A, B). BPIFB1 staining
was seen in a much smaller population of non-ciliated
epithelial cells than BPIFA1 (shown by black arrows in
Fig. 3b). These cells may represent the rare goblet cells
seen in normal mouse trachea. Airway SMGs were negative for BPIFB1 (not shown). In more distal sections of
the airways, BPIFA1 staining was more prominent than
that of BPIFB1 (Fig. 3c, d). As airways became smaller,
and within the peripheral lung, staining of both proteins
was lost (Fig. 3e, f), whereas the Clara cell marker,
SCGB1A1, was seen throughout the smaller airways
(Fig. 3f, inset).
Expression of BPIFB1 and BPIFA1 is increased
in a mouse model of CF lung disease
Having established that mouse BPIF proteins had similar
distribution patterns to that seen in humans, we determined
their expression in a well-established murine CF model, the
ENaC-Tg mouse which phenocopies the airway surface
liquid depletion and impaired mucus clearance seen in CF
(Mall et al. 2004; Zhou et al. 2011).
Lungs from 2-week-old WT mice were negative for
BPIFB1 (Fig. 4a) whereas SCGB1A1 (which drives
expression of the transgene) stained the surface airway
epithelium (Fig. 4b). Neither BPIFB1 nor BPIFA1 were
seen in 6-week-old WT lungs (Fig. 4e, f). In marked contrast there was significant BPIFB1 staining in lungs from
2- and 6-week-old ENaC-Tg mice (Fig. 4c, g, i, j) with the
protein being seen in both the epithelial cells lining the
airways and in the luminal contents. Strong staining of
BPIFA1 was also seen in some of the ENaC-Tg lungs
(compare Fig. 4k, l with d, h). Close examination of the
sections revealed that BPIFA1 stained a greater number of
cells than did BPIFB1 (Fig. 4j, l) but it is not clear from our
data if the proteins co-localise.
BAL from 6-week-old transgenic mice contains readily detectable BPIFB1 whereas samples from age-matched wild-type littermate controls do not (Fig. 5). In
contrast, BPIFA1 was present in similar amounts in both
transgenic and wild-type BAL fluid samples. Importantly,
neither protein exhibited any evidence of significant
proteolysis.
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Discussion
Although the prototypic two-domain BPIF protein,
BPIFB1, has been identified in multiple proteomic and
genomic studies (Barnes et al. 2008), information on the
tissue localisation of the protein and its role in lung biology
and disease is very limited (Bingle et al. 2010). As BPIF
proteins have been increasingly implicated in the pathogenesis of CF (Garcia-Caballero et al. 2009; Roxo-Rosa
et al. 2006; McCray et al. 2005; Bingle et al. 2007) we
undertook to study BPIFB1 in both diseased human tissue
and in an established mouse model of CF.
Strikingly, BPIFB1 is greatly increased in the chronically inflamed lungs of patients with CF, a condition that is
characterised by mucous cell hyperplasia (Burgel et al.
2007; Henke et al. 2007). Coupled with repeated cycles of
chronic infection, CF lung disease results in thickened
mucoid secretions that contain multiple inflammatory cells
and harbour a host of pathogens. Our data show that in CF,
BPIFB1 is produced in goblet cells in regions of the lung
that co-express MUC5AC and the protein is part of the
viscous complex that occludes the airways. BPIFB1 (and
BPIFA1) has previously been shown to be associated with
the mucus-containing fraction of BAL lavage fluid and
sputum (Kesimer et al. 2009) and it seems likely that it
makes up part of the protective shield that overlies the
airway epithelium. Although BPIFA1 has been implicated
in regulating ENaC activity and airway surface liquid to
counteract the CF defect (Garcia-Caballero et al. 2009;
Rollins et al. 2010), the function of BPIFB1 in this location
remains unknown.
Despite the significant levels of BPIFB1 staining seen in
the airway epithelium in CF, there was no staining in the
peripheral lung. We have previously reported increased
BPIFA1 protein in airway epithelial cells in CF (Bingle
et al. 2007) but, similar to the situation seen with BPIFB1,
it was not detected in the peripheral lung. Importantly,
BPIFB1 is not co-localised with BPIFA1 in CF. This replicates the situation we have described in non-diseased lung
tissue (Bingle et al. 2005, 2010) and shows that the
mechanisms which govern the spatial regulation of these
two genes is retained in CF. Although the mechanisms that
govern the expression of BPIF proteins have not been
elucidated, we and others have shown that both proteins are
significantly expressed in tracheobronchial epithelial cells
differentiated at the ALI and that their expression is
modulated by the differentiation status of the cultures
(Bingle et al. 2007, 2010; Ross et al. 2007). We have not
shown that BPIFB1 is a direct transcriptional target of proinflammatory mediators, including IL-1b, TNFa and bacterial LPS (data not shown). A proteomic study (Candiano
et al. 2007) also showed no significant increase of BPIFB1
following cytokine treatment of ALI cells. Our results
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Fig. 3 BPIFA1 and BPIFB1 do
not co-localise in the adult
mouse respiratory tract.
Immunohistochemistry was
performed as described in
‘‘Materials and methods’’ using
antibodies specific for murine
BPIFA1 (a, c, e) and BPIFB1
(b, d, f). Sections show serial
samples of the trachea (a, b),
large airways (c, d) and smaller
airways and peripheral lung
(e, f). The inset figure in
f represents staining of a further
section with the Clara cell
marker, SCGB1A1 (CCSP). The
black arrows identify the rare
BPIFB1 positive cells in the
normal mouse trachea. Scale
bars are present on each
individual panel

suggest that it is the phenotypic alteration in the epithelium, potentially induced by airway surface liquid depletion in CF airways that leads to the increase in both
proteins and is not, therefore, the response of a single
epithelial cell type in the diseased lung.
BPIFB1 is not produced by inflammatory cells present
in the luminal contents of the diseased lung, or by those
resident within the lung tissues. Due to the nature of the
lung tissue in CF, it is difficult to differentiate between
staining of BPIF proteins in the mucus surrounding the
inflammatory cells or within the cells themselves. In
addition BPIFA1 has also been reported to be present in
neutrophil granules (Bartlett et al. 2008). We addressed
these issues using cases of bacterial pneumonia where
significant numbers of neutrophils and macrophages were
seen but where no BPIFB1 staining was noted. We also
failed to detect BPIFB1 and BPIFA1 in MDMs and
peripheral blood neutrophils by western blotting. These
data, along with lack of identification of either protein in

multiple neutrophil and macrophage proteomic datasets
(Bewley et al. 2011; Kraft-Terry and Gendelman 2011;
Lietzén et al. 2011), strongly support our view that BPIF
proteins are not produced at significant levels by cells of
the myeloid lineage, but that epithelial cells secrete both
proteins into the lumen.
This paper is the first to show localisation of either
BPIFA1 or BPIFB1 in the mouse lung. Bpifa1 was originally identified in developing nasal passages and the upper
respiratory tract of adult mice (Weston et al. 1999). Our
data confirm that the upper airway is a major site of protein
production. The staining appears to be in a non-ciliated cell
population, even though the protein is clearly associated
with the ciliated cell surface in both locations. Expression
of BPIFA1 does not always co-localise with the Clara cell
marker SCGB1A1 (CCSP) in the airway, as expression of
BPIFA1 is lost in the more distal Clara cells, which retain
very strong expression of SCGB1A1. Further evidence that
the protein is produced in non-ciliated cells comes from the
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Fig. 4 BPIFB1 and BPIFA1 are increased in the occluded airways of
scgb1a1-ENaC transgenic mice. Immunohistochemistry was performed as described in ‘‘Materials and methods’’ using antibodies
specific for murine BPIFB1 (a, c, e, g, i, j) and BPIFA1 (d, f, h, k, l)

Fig. 5 BPIFB1 is significantly increased in the BAL fluid of
Scgb1a1-ENaC transgenic mice. Replicate SDS-PAGE gels of BAL
fluid samples from three wild type and three transgenic mice (both at
6 weeks of age) were generated as outlined in ‘‘Materials and
methods’’. The resultant blots were subjected to western blotting and
detected with specific antibodies against mouse BPIFB1 and BPIFA1
as described. The position of the molecular mass markers are
indicated by the black arrows

observation that strong staining of BPIFA1 is still seen in
mice lacking ciliated cells due to the deletion of foxj1 (data
not shown). This cellular localisation is consistent with that
seen for the human proteins (Bingle et al. 2005, 2010).
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and SCGB1A1 (b). Sections show serial samples of lungs from
2 week old wild type mice (a, b), 2 week old transgenic mice
(c, d) 6 week old wild type mice (e–f) and 6 week old transgenic
mice (g–l). Scale bars are present on each individual panel

BPIFB1 is present in what appears to be goblet cells
within the large, conducting airways. Staining in the trachea and upper airways for BPIFB1 is therefore more
limited than for BPIFA1 as there are few goblet cells
present in the airways of healthy mice (Livraghi et al.
2009). Goblet cells in other locations, including for
example the GI tract and the conjunctiva, do not stain for
BPIFB1 (data not shown). One of the important findings
from our study is that in the normal mouse lung expression
of BPIFB1 is very limited. This is consistent with the very
limited reports of BPIFB1 being found in proteomic datasets of mouse BAL (Guo et al. 2005; Gharib et al. 2010) as
well as our observations that limited detectable protein is
present in BAL from normal mice (Fig. 5). The lack of
staining of either protein in the normal mouse lung
parenchyma also mirrors the situation in humans (Bingle
et al. 2005, 2010).
The data from the lungs of bENaC-Tg mice suggest
that it is the airway surface lining depletion-induced
airway disease and epithelial remodeling, rather than the
loss of CFTR function and/or chronic infection per se,
that is responsible for the differential expression of
BPIFB1 in the CF lung. As expected from previous
studies (Wilke et al. 2011), Cftrtm1Unc mice showed no
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evidence of CF-like lung disease, and perhaps not
unexpectedly, analysis of lung tissues revealed that there
were no readily detectable differences in the staining
intensity or localization of BPIF proteins (data not
shown). In contrast to this, and again mirroring the data
seen in human CF, we found significant BPIFB1 staining
associated with CF-like mucus obstruction, goblet cell
metaplasia and inflammation in the airways of the
bENaC-Tg mice. In this model, overexpression of bENaC
in the airway epithelium causes increased airway Na?
absorption that results in airway surface liquid depletion.
This in turn causes a reduction in mucus transport due to
increased viscosity and to the development of a spontaneous CF-like lung disease with the characteristic airway
mucus obstruction and chronic airway inflammation (Mall
et al. 2004, 2008; Zhou et al. 2011). Unlike the situation
seen in human CF, this model is not associated with
chronic bacterial infections and, therefore, should prove
to be useful in further understanding the function of BPIF
proteins in the pathogenesis of CF lung disease. At this
time it is unclear why the induced expression of BPIFA1
in this model is not seen in all bENaC-Tg mice, but our
assumption is that animals that express more BPIFA1 are
likely to have a lesser number of clara cells than those
with lower expression. This requires more quantitative
analysis.
In summary, we have shown a significant increase in
BPIFB1 in the airways of patients with CF as well as in a
murine model of the disease. It is unclear if the increased
production of BPIF proteins in CF influences the development of lung disease but it seems likely that the
increased production of these putative host defence proteins will be a response to the epithelial remodeling that
accompanies this condition. The nature of our studies does
not allow us to determine if increased BPIF production is
associated with disease severity but as the proteins are
readily detectable in BAL fluid, the development of
quantitative assays will enable its role as a potential biomarker for disease severity to be studied.
Acknowledgments This work was funded in part by the Wellcome
Trust (076491/Z/05/Z). Maslinda Musa was funded by a scholarship
from the University Technology MARA, Malaysia and Malaysia
Ministry of Higher Education (MOHE). Bianca Araujo was funded by
an European Respiratory Society Long Term Research Fellowship.
Elizabeth LeClair was funded in part by a grant from the National
Institutes of Health (R15HL06722, to EEL). Thais Mauad is funded
by the Brazilian National Research Council, CNPQ. Marcus Mall and
Zhe Zhou are funded by the Deutsche Forschungsgemeinschaft (MA
2081/3-2 and MA 2081/4-1) and the BMBF (DZL). We thank Dr
Helen Marriott for the macrophage and neutrophil samples, Professor
Barry Stripp from Duke University for the gift of the SCGB1A1
antibody, Dr Steve Brody, from Washington University in St. Louis
for the foxj1-/- tissues and Dr Christina Haston, from McGill University, Canada for the cftr-/- tissues.

757
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References
Barnes FA, Bingle L, Bingle CD (2008) Pulmonary genomics,
proteomics and PLUNCs. Am J Respir Cell Mol Biol
38:377–379
Bartlett JA, Hicks BJ, Schlomann JM, Ramachandran S, Nauseef
WM, McCray PB (2008) PLUNC is a secreted product of
neutrophil granules. J Leukoc Biol 83:1201–1206
Bewley MA, Marriott HM, Tulone C, Francis SE, Mitchell TJ, Read
RC, Chain B, Kroemer G, Whyte MK, Dockrell DH (2011) A
cardinal role for cathepsin d in co-ordinating the host-mediated
apoptosis of macrophages and killing of pneumococci. PLoS
Pathog 7(1):e1001262
Bingle CD, Bingle L (2000) Characterisation of the human plunc
gene, a gene product with an upper airways and nasopharyngeal
restricted expression pattern. Biochim Biophys Acta
1493:363–367
Bingle L, Bingle CD (2011) Distribution of human PLUNC/BPI foldcontaining (BPIF) proteins. Biochem Soc Trans 39:1023–1027
Bingle CD, Craven CJ (2002) PLUNC: a novel family of candidate
host defence proteins expressed in the upper airways and
nasopharynx. Hum Mol Genet 11:937–943
Bingle CD, Craven CJ (2004) Meet the relatives: a family of BPI and
LBP-related proteins. Trends Immunol 25:53–55
Bingle CD, Craig RW, Swales BM, Singleton V, Zhou P, Whyte MK
(2000) Exon skipping in Mcl-1 results in a Bcl-2 homology
domain 3 (BH3)-only gene product that promotes cell death.
J Biol Chem 275:22136–22146
Bingle CD, LeClair EE, Havard S, Bingle L, Gillingham P, Craven CJ
(2004) Phylogenetic and evolutionary analysis of the PLUNC
gene family. Protein Sci 13:422–430
Bingle L, Cross SS, High AS, Wallace WA, Devine DA, Havard S,
Campos MA, Bingle CD (2005) SPLUNC1 (PLUNC) is
expressed in glandular tissues of the respiratory tract and in
cancers with a glandular phenotype. J Path 205:491–497
Bingle L, Barnes FA, Cross SC, Rassl D, Wallace WA, Campos MA,
Bingle CD (2007) Differential epithelial expression of the
putative innate immune molecule, SPLUNC1 in Cystic Fibrosis.
Resp Res 8:79
Bingle CD, Wilson K, Lunn H, Barnes FA, High AS, Wallace WA,
Rassl D, Campos MA, Ribeiro M, Bingle L (2010) Human
LPLUNC1 is a secreted product of goblet cells and minor glands
of the respiratory and upper aerodigestive tracts. Histochem Cell
Biol 133:505–515
Bingle CD, Bingle L, Craven CJ (2011a) Distant cousins: genomic
and sequence diversity within the BPI fold containing (BPIF)/
PLUNC protein family. Biochem Soc Trans 39:961–965
Bingle CD, Seal RN, Craven CJ (2011b) Systematic nomenclature for
the eutherian members of the PLUNC/PSP/BSP30/SMGB subfamily of the BPI fold containing superfamily. Biochem Soc
Trans 39:977–983
Burgel PR, Montani D, Danel C, Dusser DJ, Nadel JA (2007) A
morphometric study of mucins and small airway plugging in
cystic fibrosis. Thorax 62:153–161
Campos MA, Abreu AR, Nlend MC, Cobas MA, Conner GE,
Whitney PL (2004) Purification and characterization of PLUNC

123

758
from human tracheobronchial secretions. Am J Resp Cell Mol
Biol 30:184–192
Candiano G, Bruschi M, Pedemonte N, Musante L, Ravazzolo R,
Liberatori S, Bini L, Galietta LJ, Zegarra-Moran O (2007)
Proteomic analysis of the airway surface liquid: modulation by
proinflammatory cytokines. Am J Physiol Lung Cell Mol Physiol
292:L185–L198
Dockrell DH, Lee M, Lynch DH, Read RC (2001) Immune-mediated
phagocytosis and killing of Streptococcus pneumoniae are
associated with direct and bystander macrophage apoptosis.
J Infect Dis 184:713–722
Gakhar L, Bartlett JA, Penterman J, Mizrachi D, Singh PK,
Mallampalli RK, Ramaswamy S, McCray PB Jr (2010) PLUNC
is a novel airway surfactant protein with anti-biofilm activity.
PLoS One 5(2):e9098
Gally F, Di YP, Smith SK, Minor MN, Liu Y, Bratton DL, Frasch SC,
Michels NM, Case SR, Chu HW (2011) SPLUNC1 promotes
lung innate defense against Mycoplasma pneumoniae infection
in mice. Am J Pathol 178:2159–2167
Garcia-Caballero A, Rasmussen JE, Gaillard E, Watson MJ, Olsen JC,
Donaldson SH, Stutts MJ, Tarran R (2009) SPLUNC1 regulates
airway surface liquid volume by protecting ENaC from proteolytic cleavage. Proc Natl Acad Sci USA 106:11412–11417
Gharib SA, Nguyen E, Altemeier WA, Shaffer SA, Doneanu CE,
Goodlett DR, Schnapp LM (2010) Of mice and men: comparative proteomics of bronchoalveolar fluid. Eur Respir J
35:1388–1395
Guo Y, Ma SF, Grigoryev D, Van Eyk J, Garcia JG (2005) 1-DE MS
and 2-D LC-MS analysis of the mouse bronchoalveolar lavage
proteome. Proteomics 5:4608–4624
Henke MO, John G, Germann M, Lindemann H, Rubin BK (2007)
MUC5AC and MUC5B mucins increase in cystic fibrosis airway
secretions during pulmonary exacerbation. Am J Respir Crit
Care Med 175:816–821
Kesimer M, Kirkham S, Pickles RJ, Henderson AG, Alexis NE,
DeMaria G, Knight D, Thornton DJ, Sheehan JK (2009)
Tracheobronchial air-liquid interface cell culture: a model for
innate mucosal defense of the upper airways? Am J Physiol Lung
Cell Mol Physiol 296:L92–L100
Kraft-Terry SD, Gendelman HE (2011) Proteomic biosignatures for
monocyte-macrophage differentiation. Cell Immunol 271:
239–255
LeClair EE, Nguyen L, Bingle L, MacGowan A, Singleton V, Ward
SJ, Bingle CD (2001) Genomic organization of the mouse plunc
gene and expression in the developing airways and thymus.
Biochem Biophys Res Commun 284:792–797
Lietzén N, Ohman T, Rintahaka J, Julkunen I, Aittokallio T,
Matikainen S, Nyman TA (2011) Quantitative subcellular
proteome and secretome profiling of influenza A virus-infected
human primary macrophages. PLoS Pathog 7(5):e1001340
Livraghi A, Grubb BR, Hudson EJ, Wilkinson KJ, Sheehan JK, Mall
MA, O’Neal WK, Boucher RC, Randell SH (2009) Airway and
lung pathology due to mucosal surface dehydration in b-epithelial
Na? channel-overexpressing mice: role of TNF-a and IL-4R-b
signaling, influence of neonatal development, and limited
efficacy of glucocorticoid treatment. J Immunol 182:4357–4367
Lukinskiene L, Liu Y, Reynolds SD, Steele C, Stripp BR, Leikauf
GD, Kolls JK, Di YP (2011) Antimicrobial activity of PLUNC
protects against Pseudomonas aeruginosa infection. J Immunol
187:382–390

123

Histochem Cell Biol (2012) 138:749–758
Mall MA (2008) Role of cilia, mucus, and airway surface liquid in
mucociliary dysfunction: lessons from mouse models. J Aerosol
Med Pulm Drug Deliv 21:13–24
Mall MA (2009) Role of the amiloride-sensitive epithelial Na?
channel in the pathogenesis and as a therapeutic target for cystic
fibrosis lung disease. Exp Physiol 94:171–174
Mall M, Grubb BR, Harkema JR, O’Neal WK, Boucher RC (2004)
Increased airway epithelial Na? absorption produces cystic
fibrosis-like lung disease in mice. Nat Med 10:487–493
Mall MA, Harkema JR, Trojanek JB, Treis D, Livraghi A, Schubert S,
Zhou Z, Kreda SM, Tilley SL, Hudson EJ, O’Neal WK, Boucher
RC (2008) Development of chronic bronchitis and emphysema
in beta-epithelial Na? channel-overexpressing mice. Am J
Respir Crit Care Med 177:730–742
McCray PB, Weiss J, Jia HP, Schutte B, Bartlett J (2005) Methods
and compositions related to plunc polypeptides. United States
11/934581
Rollins BM, Garcia-Caballero A, Stutts MJ, Tarran R (2010)
SPLUNC1 expression reduces surface levels of the epithelial
sodium channel (ENaC) in Xenopus laevis oocytes. Channels
4:255–259
Ross AJ, Dailey LA, Brighton LE, Devlin RB (2007) Transcriptional
profiling of mucociliary differentiation in human airway epithelial cells. Am J Respir Cell Mol Biol 37:169–185
Roxo-Rosa M, da Costa G, Luider TM, Scholte BJ, Coelho AV,
Amaral MD, Penque D (2006) Proteomic analysis of nasal cells
from cystic fibrosis patients and non-cystic fibrosis control
individuals: search for novel biomarkers of cystic fibrosis lung
disease. Proteomics 6:2314–2325
Savill JS, Wyllie AH, Henson JE, Walport MJ, Henson PM, Haslett C
(1989) Macrophage phagocytosis of aging neutrophils in
inflammation. Programmed cell death in the neutrophil leads to
its recognition by macrophages. J Clin Invest 83:865–875
Scheetz TE, Zabner J, Welsh MJ, Coco J, Eyestone Mde F, Bonaldo
M, Kucaba T, Casavant TL, Soares MB, McCray PB (2004)
Large scale gene discovery in human airway epithelia reveals
novel transcripts. Physiol Gen 17:69–77
Shin OS, Uddin T, Citorik R, Wang JP, Della Pelle P, Kradin RL,
Bingle CD, Bingle L, Camilli A, Bhuiyan TR, Shirin T, Ryan
ET, Calderwood SB, Finberg RW, Qadri F, Larocque RC, Harris
JB (2011) LPLUNC1 Modulates Innate Immune Responses to
Vibrio cholerae. J Infect Dis 204:1349–1357
Weston WM, LeClair EE, Trzyna W, McHugh KM, Nugent P,
Lafferty CM, Ma L, Tuan RS, Greene RM (1999) Differential
display identification of plunc, a novel gene expressed in
embryonic palate, nasal epithelium, and adult lung. J Biol Chem
274:13698–13703
Wilke M, Buijs-Offerman RM, Aarbiou J, Colledge WH, Sheppard
DN, Touqui L, Bot A, Jorna H, de Jonge HR, Scholte BJ (2011)
Mouse models of cystic fibrosis: phenotypic analysis and
research applications. J Cyst Fibros 10(Suppl 2):S152–S171
Wright PL, Yu J, Di YP, Homer RJ, Chupp G, Elias JA, Cohn L,
Sessa WC (2010) Epithelial reticulon 4B (Nogo-B) is an
endogenous regulator of Th2-driven lung inflammation. J Exp
Med 207:2595–2607
Zhou Z, Duerr J, Johannesson B, Schubert SC, Treis D, Harm M,
Graeber SY, Dalpke A, Schultz C, Mall MA (2011) The ENaCoverexpressing mouse as a model of cystic fibrosis lung disease.
J Cyst Fibros 10(Suppl 2):S172–S182

