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Abstract

Background The respiratory tract is protected from inhaled particles and microbes by mucociliary clearance, medi-
ated by the mucus and the cilia creating a flow to move the mucus cephalad. Submucosal glands secrete linear
MUC5B mucin polymers and because they pass through the gland duct before reaching the airway surface, bundled
strands of 1000-5000 parallel molecules exit the glands. In contrast, the surface goblet cells secrete both MUC5AC
and MUC5B.

Methods We used mass-spectrometry based proteomic analysis of unstimulated and carbachol stimulated newborn
wild-type (WT) and cystic fibrosis transmembrane conductance regulator (CFTR) null (CF) piglet airways to study pro-
teins in the airway surface liquid and mucus, to investigate if levels of MUC5AC and MUC5B were affected by carba-
chol stimulation and whether the proteins clustered according to function.

Results Proteins in the first four extracted fractions clustered together and the fifth fraction contained the mucus
cluster, mucins and other proteins known to associate with mucins, whereas the traditional airway surface liquid pro-
teins clustered to fraction 1-4 and were absent from the mucus fraction. Carbachol stimulation resulted in increased
MUC5AC and MUC5B.

Conclusions These results indicate a distinct separation between proteins in the washable surface liquid and the
mucus fraction. In fractions 1-4 from newborn CF piglets an additional cluster containing acute phase proteins was
observed, suggesting an early inflammatory response in CF piglets. Alternatively, increased levels of these proteins
could indicate altered lung development in the CF piglets. This observation suggests that CF airway disease is present
at birth and thus, treatment should commence directly after diagnosis.
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Introduction

The lungs are in constant contact with the environ-
ment via inhaled air. Since the air contains various
pollutants, particles, microorganisms and potential
pathogens, a system must be present to clear the air-
ways to avoid accumulation of agents causing infection
or inflammation. This is achieved by mucociliary clear-
ance, where mucus collects debris and microorganisms
and the cilia of multiciliated epithelial cells create a
fluid flow by coordinated beating. Specialized surface
epithelial cells called goblet cells produce the mucins,
in humans and pigs mainly MUC5AC but also MUC5B
and mucus associated proteins in non-inflamed con-
ditions [1, 2]. Mucus threads from surface goblet cells
collect particles and clear them from the airways [3]. A
major source of mucus is the submucosal gland mucous
cells, which produce MUC5B. The presence of sub-
mucosal glands in human and pig conducting airways
enables production of bundled mucus strands, which
sweep over the airway surface to clear inhaled particles
and bacteria [4-7].

The airways are covered by a thin liquid film that ena-
bles ciliary beating. Traditionally, proteomic analysis of
airway surface liquid has been done by bronchoalveolar
lavage [8, 9]. However, bronchoalveolar lavage fluid is
a mixture of liquid secretions from alveolar and airway
epithelial cells as well as mucus from surface goblet cells
and submucosal glands and does not allow distinction of
the different components. Understanding the different
mucus and liquid components is important to under-
stand airway protection. We have previously observed
that mucus in the form of bundled strands is attached to
mucus from the surface cells [1, 5]. To address which pro-
teins are collected on the bundled strands and which are
not, we compared proteins easily washed off the tracheo-
bronchial surface with the protein composition of Alcian
blue stained mucus using mass spectrometry-based
proteomics. Samples collected from newborn wild-type
(WT) and cystic fibrosis transmembrane conductance
regulator (CFTR) null (CF) piglets revealed that distinct
proteins were bound to the mucus as opposed to the ones
easily washed off and associated with the airway liquid.

Materials and methods

Animals

Experimental procedures were performed in accord-
ance with the EU Directive 2010/63/EU for the care
and use of laboratory animals, the NIH and ARRIVE
guidelines. Ethical permits for protocols were obtained
from Regierungen von Oberbayern, Munich, Ger-
many (AZ55.2-1-54-2531-78-07) and Jordbruksver-
ket, Jonkoping, Sweden (Dnr 6.7.18-12708/2019) for
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experiments involving newborn CFTR null (CF) and
wild-type (WT) piglets (Sus scrofa domesticus).

Preparation of piglet airways

Newborn piglets of both sexes were used. Breeding male
and female heterozygous CF carrier animals from a pre-
viously described CF pig model [10] generated CF and
WT littermate piglets. Induction of birth, genotyping,
euthanasia and dissection of the airway tree were carried
out as described [3]. Within 24 h of birth, airways were
placed in a 50 ml tube with Perfadex® solution, pH 7.2
(XVIVO Perfusion, Gothenburg, Sweden) and shipped at
4 °C overnight to Gothenburg.

Sample collection

The experiments were performed in explanted airway tis-
sue from newborn CF piglets [10] and WT littermates
removed and dissected directly after euthanasia of the
piglets. The complete airway tree from larynx to distal
bronchioles was transported overnight in Perfadex buffer.
The airway tree was intact as the airway lumen was filled
with air at mounting despite transport in liquid. The dis-
tal trachea and primary bronchi were excised, opened
along the dorsal smooth muscle and mounted in a Syl-
gard-coated Petri dish, using insect needles, as described
previously [5]. The mounted trachea was 30 mm in
length and 10-12 mm across, with the bifurcation at the
very distal end. For unstimulated samples, 500 ul aerated
Krebs-Glucose buffer (116 mM NaCl, 1.3 mM CaCl,,
3.6 mM KCl, 1.4 mM KH,PO,, 23 mM NaHCO;, 1.2 mM
MgSO,, 10 mM D-glucose, 5.1 mM Na-glutamate, and
5.7 mM Na-pyruvate, pH 7.4, gassed with 95% O,/5%
CO,) was added and for stimulation with carbachol,
100 pl aerated Krebs-Glucose buffer (pH 7.4) contain-
ing 10 uM carbachol was added to the luminal surface.
The tissue was incubated at 37°C on a heating block for
10 min. Then, 400 pl aerated Krebs-Glucose buffer (pH
7.4) was added to the proximal end of the carbachol-stim-
ulated tissue, the Petri dish placed on a platform heated
to 37 °C and tilted 20°. Importantly, the cephalad end of
the trachea was placed at the highest point of the tilted
platform, to allow the buffer to drain from proximal tra-
chea to bronchi (Fig. 1A). Fractions were collected from
the lowest point, between the primary bronchi (Fig. 1A,
B, Fraction 1). After collection, 500 ul aerated Krebs-
Glucose buffer (pH 7.4) was added to the topmost part of
the trachea (Fig. 1A) and fraction 2—4 were collected with
10 min intervals (Fig. 1B). After collection of fraction 4,
500 pl aerated Krebs-Glucose buffer (pH 7.4) containing
0.4 mM Alcian blue 8GX was added to the topmost part
of the trachea on the tilted platform to stain the mucus,
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Fig. 1 Collection of fractions for mass spectrometry based proteomic analysis. A Distal trachea and primary bronchi were mounted in a Petri dish
and placed on a platform tilted 20° with the cephalad trachea on the highest point. Buffer was added to the proximal trachea and collected from
the lowest point. B Five fractions were collected with 10 min interval between addition of buffer to the highest point and collection from the lowest

point of the tissue. C Cluster analysis of mass spectrometry results generated five clusters, fraction 5, fraction 1-4, fraction 2—-4 and CF piglet fraction
1-4 as indicated
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resulting in staining of bundled mucus strands and
10 min later, fraction 5 was collected by pipetting on the
airway surface to aspirate the mucus.

Mass-spectrometry analysis

The collected fractions were processed for mass spec-
trometry as described previously [11]. A total number
of 80 samples were prepared, comprising five fractions
collected out of 10 WT piglet tracheas (4 non-stim-
ulated and 6 stimulated) and 6 CF piglet tracheas (3
non-stimulated and 3 stimulated). In short, samples
were mixed overnight at 37°C with 250 ul of reduc-
ing buffer (6 M guanidinium hydrochloride [GuHClI],
5 mM EDTA, 0.1 M DTT in 0.1 M Tris—HCI pH 8.5)
and 100 pl of the reduced sample were processed by a
modified filter-aided sample preparation (FASP) proto-
col using 6 M GuHCI [12]. The enzymes LysC (10 ng/yl,
Wako Chemicals, Neuss, Germany) and trypsin (10 ng/
ul, Promega, Madison, WI) were employed to digest the
proteins into peptides. These were purified through C18
StageTips [13] and submitted to nano-liquid chromatog-
raphy tandem mass spectrometry (nanoLC-MS/MS) on
a Q-Exactive HF mass spectrometer (Thermo Fisher Sci-
entific, Waltham, MA) under the conditions previously
described [11].

The resulting raw spectra files were analyzed with
MaxQuant (version 1.5.7.4, RRID:SCR_014485) against
the UniProt pig proteome (version of 20180301). LysC
and trypsin were set for the enzyme specificity, Cys car-
bamidomethylation was selected as fixed modification,
and Met oxidation and protein N-terminal acetylation
were ascribed to the variable modifications. The false
discovery rate (FDR) was set at 1%. A total of 2328 pro-
teins were identified and filtered, eliminating those iden-
tified only by site, reverse identifications and potential
contaminants. Protein levels were calculated by normal-
izing individual peptide intensities to the total intensity
of all identified proteins. These are presented in Addi-
tional file 2: Table S1. Proteins were filtered for presence
of predicted signal sequence and lack of transmembrane
domain based on information available in UniProt to
identify secreted proteins and these are presented in
Additional file 3: Table S2.

Immunofluorescent staining

Tissue pieces from piglet tracheas were fixed in 4% for-
malin or Carnoy (60% methanol, 30% chloroform and
10% glacial acetic acid; Cat# 322415, 372978 and 695092
respectively, Sigma-Aldrich, St. Louis, MO), embedded
in paraffin and cut in 4 pm thick sections. Sections were
dewaxed with Xylene (Cat# 534056 Sigma-Aldrich, St.
Louis, MO) and hydrated in decreasing concentrations
of ethanol. Antigen retrieval was performed by heating to
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100°C for 20 min and cooling for 20 min in room tem-
perature in 0.01 M citric buffer pH 6.0. Unspecific bind-
ing was blocked for 60 min with 3% donkey serum in
Tris-buffered saline (TBS) and permeabilized with 0.1%
Triton X-100 at ambient temperature. Primary antibod-
ies used were mouse monoclonal anti-MUC5AC clone
45M1 at 1:1000 (Cat# MA1-38224, RRID:AB_2146842,
ThermoFisher Scientific, Waltham, MA), goat poly-
clonal anti-AGR2 (T-17) at 1:100 (Cat# sc-54561,
RRID:AB_2225107, Santa Cruz Biotechnology, Dallas,
TX), mouse monoclonal anti-ERp57 at 1:2000 (PDIA3,
Cat# ab13506, RRID:AB_1140700, Abcam, Cambridge,
UK), mouse monoclonal anti-AGP at 1:200 (ORM1, Cat#
ab239473, Abcam, Cambridge, UK), were incubated
sequentially overnight with custom made rabbit anti-
human anti-MUC5B directed against the D3 domain at
1:60,000 or rabbit monoclonal anti-CD31 at 1:1000 (Cat#
ab182981, Abcam, Cambridge, UK) in blocking solu-
tion at 4 °C. The custom-made anti-MUC5B antibody
was characterized previously [14]. Secondary antibod-
ies according to species origin of the primary antibodies
were donkey anti-rabbit Alexa Fluor 488 (Cat# A32790,
RRID:AB_2762833), donkey anti-goat Alexa Fluor 555
(Cat# A32816, RRID:AB_2762839, Thermo Fisher Sci-
entific, Waltham, MA) and donkey anti-mouse Alexa
Fluor 647 (Cat# A-31571, AB_162542, Thermo Fisher
Scientific, Waltham, MA). Secondary antibodies were
incubated in blocking solution for two hours at ambi-
ent temperature in the dark. Nuclei were counterstained
with Hoechst 34580 (Cat# 565877, RRID:AB_2869723,
BD Biosciences, San Jose, CA) and sections were
mounted with Prolong gold mounting medium (Cat#
P36934, RRID:SCR_015961, Thermo Fisher Scientific,
Waltham, MA). Images were acquired with an upright
LSM 900 Axio Examiner Z1 confocal imaging system,
Plan-Apochromat 63x/1.4 Oil DIC M27 (Cat# 420782-
9900-799), Airyscan 2 detector and Zen blue software
(RRID:SCR_013672, Carl Zeiss, Oberkochen, Germany).
Images were processed with Zen blue (airyscan process-
ing) and Imaris software, version 9 (Oxford Instruments,
Abingdon, U.K.).

Statistical analysis
The Perseus software (version 1.5.6.0, RRID:SCR_015753)
was employed for data filtration and clustering. Replace-
ment of missing values was done by simulation of the
normal distribution. Hierarchical clustering was per-
formed by the Euclidean distance, with average linkage.
The results were graphically plotted as a heat map. Clus-
tered proteins are presented in Additional file 4: Table S3.
Data are presented as median with interquartile range
and all data points are shown. Each piglet represents
one data point, n=number of piglets, unless otherwise
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described in the figure legends. Pooling was performed to
compare washable fractions to mucus fractions, compare
WT to CF piglets or to demonstrate differences between
stimulated and unstimulated fractions. Number of piglets
in each group and analysis method are presented in each
figure legend. Statistical analyses were performed using
GraphPad Prism version 9 (RRID:SCR_002798, Graph-
Pad, San Diego, CA). Differences were assessed with
two-tailed non-parametric Mann—Whitney test for com-
parison of two groups or Kruskal-Wallis and Dunn’s mul-
tiple comparisons test for comparisons between multiple
groups. Significance was defined as P <0.05. No methods
of randomization or determination of sample size were
used due to limited access to piglet tissue. The experi-
ments were not performed blinded due to the unmistak-
able morphology of newborn CF piglet tracheas.

Results
The distal trachea and proximal bronchi of less than 24 h
old newborn WT and CF piglets were opened along the
dorsal smooth muscle and pinned open with needles
mucosal side up on a platform tilted 20° with the ceph-
alad end at the highest point and heated to 37 °C. Krebs-
buffer (500 pl) was added to the highest (proximal) end
of the trachea and allowed to drain to the lowest point
of the tilted airway where fractions were collected with-
out touching the airway surface (Fig. 1A). The liquid was
collected after 10 min, the same volume of Krebs-buffer
(500 pl) added to the cephalad end of the trachea and the
liquid again collected after 10 min (Fig. 1B). This proce-
dure was repeated and four airway liquid or washable
fractions were collected (fraction 1-4). After collect-
ing the fourth fraction, Alcian blue in Krebs-buffer was
added and incubated for 10 min before the Alcian blue
stained mucus was collected with a pipette (fraction 5).
The same procedure was performed on unstimulated and
carbachol (10 uM) stimulated piglet airways.

The fractions were processed for proteomics using
a modified FASP protocol followed by high resolu-
tion nano-liquid chromatograph mass-spectrometry.
Obtained peptides were searched against a porcine
proteome data base complemented with pig mucin
sequences. More than 2,000 proteins were identified
and used for combined protein cluster analysis (Fig. 1C).
This resulted in three distinct but similar clusters for the
WT and CF piglets (1-4, 2—4 and 5) and an additional
one for CF piglets. No difference in clusters was observed
between unstimulated and stimulated fractions. Note
that the clusters fraction 1-4, 2—4 and 5 contain the
same proteins from both WT and CF piglets. The addi-
tional cluster observed in CF piglets was found in all
four washable fractions, but this does not exclude that
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the normalized intensities could be higher in stimulated
samples. All proteins identified by mass spectrometry are
presented in Additional file 2: Table S1, secreted proteins
are presented in Additional file 3: Table S2 and clustered
proteins with a short description of their function in
Additional file 4: Table S3.

Even though the lung parenchyma and smaller air-
ways were removed before mounting, some proteins
from these parts could have been secreted before the
tissue was mounted and thus, some of these proteins
may be detected in addition to soluble proteins from the
proximal airway epithelium and submucosal glands. The
Alcian blue stained mucus remained on the tracheobron-
chial surface during washings and was collected in the
fifth fraction, reflecting mucus and proteins associated
with the mucus.

Fraction 5, the mucus fraction

As expected, the Alcian blue stained mucus collected
in fraction 5 contained the two secreted gel-forming
mucins MUC5AC and MUC5B. Levels of MUC5AC
in both unstimulated and stimulated WT piglets were
high in fraction 5 and low in fraction 1-4 (Fig. 2A).
The same pattern was observed for MUC5B (Fig. 2B).
Immunostainings in paraffin sections confirmed that
goblet cells in the airway surface epithelium secrete
MUCS5AC (red) and submucosal glands secrete MUC5B
(green) (Fig. 2C). Both unstimulated and stimulated
piglets had higher amounts of MUC5AC in fraction 5
(mucus fraction) than fraction 4 (the last washable frac-
tion) (Fig. 2D). Similarly, MUC5B was lower in fraction
4 than fraction 5 (Fig. 2E). However, only the difference
between the unstimulated groups reached significance
due to outlier values for both MUC5AC and MUC5B
in the stimulated samples (dark green and red, Fig. 24,
B, F, G) originating from the same piglet, likely due to
detached mucus slipping into fraction 4. Previous exper-
iments utilizing internal standard heavy peptides for pig
MUCS5AC and 5B have shown that the relative intensi-
ties of the peptides for each mucin roughly reflect the
relative amounts of each molecule [5]. The relative inten-
sities of peptides for MUC5AC and MUC5B were differ-
ent, indicating that the MUC5AC levels in fraction 5 was
higher for both unstimulated and stimulated WT and
CF piglets (Fig. 2F, G). Pooling normalized intensities
in fractions 1-4 for unstimulated and stimulated WT
piglets suggested more MUC5AC than MUC5B under
both conditions (Fig. 2G). Together these results imply
that surface goblet cell derived MUC5AC was promi-
nent in both washable and mucus fractions and that car-
bachol stimulation induced secretion of predominantly
MUCS5AC.
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Fig. 2 Airway gel-forming mucins were found in fraction 5, the
mucus fraction. A Normalized intensities of MUC5AC in all fractions,
unstimulated (open circles, n=4) and stimulated (filled circles,
n=06) WT piglets. Red filled circles in fraction 4 and 5 indicate the
normalized intensity in the same piglet in fraction 4 (the highest
value) and fraction 5. B Normalized intensities of MUC5B in all
fractions, unstimulated (open circles, n=4) and stimulated (filled
circles, n=6) WT piglets. Green filled circles in fraction 4 and 5
indicate the normalized intensity in the same piglet in fraction 4
(the highest value) and fraction 5. C Immunostaining of paraffin
sections from newborn WT piglets demonstrating that MUC5AC
(red) was produced by surface epithelial goblet cells (left image) and
MUC5B (green) was mainly produced by submucosal glands (right
image). Scale bar left image 50 um, scale bar right image 20 um. D
Comparison between normalized intensities for MUC5AC in fraction
4 and 5 for unstimulated (open circles, n=4) and stimulated (filled
circles, n=6) WT piglets. There was more MUC5AC in unstimulated

samples from fraction 5 than fraction 4, *P = 0.03, Mann-Whitney test.
Dark red filled circle indicates outlier. E Comparison between levels of

MUCS5B in fraction 4 and 5 for unstimulated (open circles, n=4) and
stimulated (filled circles, n=6) WT piglets. There was more MUC5B
in unstimulated samples from fraction 5 than fraction 4, *P =0.03,

Mann-Whitney test. Dark green filled circle indicates outlier. F Pooling

normalized intensities from unstimulated and stimulated (10 uM
carbachol) WT piglets (n=10) and CF piglets (n=6) respectively
demonstrated that there was more MUC5AC than MUC5B in fraction
5. G There was more MUC5AC (red open circles, n=4, 16 values)
than MUCS5B (green open circles, n=4, 16 values) in unstimulated
WT piglets, pooled relative intensities from fraction 1, 2,3 and 4. The
same was found for stimulated WT piglets, pooled relative intensities
from fraction 1, 2, 3 and 4 (MUC5AC red closed circles, n=6, 24
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group), *P =0.03, Mann-Whitney test. Each data pointin A, C, D, F,
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In addition to the two mucins, the fraction 5 clus-
ter contained other proteins, among others the protein
disulfide isomerases (PDIs), known to be important for
protein assembly in the endoplasmatic reticulum. Their

values, MUC5B green closed circles, n=6, 24 values). Each data point
in A-C, E-G represents one piglet and results are presented with
median and interquartile range. Scale bar in C 50 um
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presence in fraction 5 suggests that they follow the
mucins during secretion. One of these, anterior gradi-
ent protein 2 (AGR2; Fig. 3A), is a small protein of 175
amino acids known to be associated with intestinal [15,
16] and airway mucus [17]. In stimulated WT piglets,
there was more AGR?2 in fraction 5 compared to fraction
4. Tissue staining for AGR2 suggested the highest preva-
lence in submucosal glands (Fig. 2B, negative controls in
Additional file 1: Fig. S1A and B), as has been previously
demonstrated [17]. Staining in the surface epithelium
was lower than in submucosal glands (Additional file 1:
Fig. S2A). The protein PDIA1, the beta subunit of prolyl
4-hydroxylase, was also higher in fraction 5 than fraction
4 from stimulated WT piglets (Fig. 3C). Another PDI,
PDIA3, had a slightly different pattern, with increas-
ing levels from fraction 1 to 5 (Fig. 3D). Immunostain-
ing demonstrated that PDIA3 was mainly present in
the submucosal glands and interestingly only produced
by a subset of MUC5B-positive cells (Fig. 3E, negative
controls in Additional file 1: Fig. S1C-F). Surface stain-
ing was negative (Additional file 1: Fig. S2B). These PDIs
were found on the airway surface, but whether they have
any extracellular function is unknown. The fraction 5
cluster also contained the antimicrobial glycoprotein
lactoferrin (LTF), known to be produced by submu-
cosal glands [18]. Lactoferrin displayed similar patterns
in unstimulated and stimulated WT and CF piglets
(Fig. 3F). The levels of lactoferrin were higher in fraction
5 than fraction 1, when analyzing pooled unstimulated
and stimulated samples from both WT and CF piglets
(Fig. 3G).

Fraction 1-4, the washable fractions

The tracheobronchial surface was sequentially washed
and the collected material called washable fractions 1—4.
The material was secreted from the epithelial cells or
submucosal glands and these proteins were lower in the
mucus fraction. The first wash differed from the rest as
this likely contained proteins from more distal airways,
secreted when the airway tree was still intact and trans-
ported with mucociliary transport to the distal trachea.
We thus focused on the fraction 2—4 cluster (Fig. 1C),
which contained the ubiquitously present extracellular
molecular chaperone clusterin (CLU) with numerous
suggested functions. In line with our observation, it has
been found in the epithelium of human airways [19]. In
both WT and CF piglets we detected an increasing trend
from fraction 1 to 4, but relatively lower levels of clus-
terin in fraction 5 (Fig. 4A). More clusterin was found in
fraction 4 compared to fraction 1 in pooled values from
WT piglets (Fig. 4B), suggesting that clusterin was newly
secreted by the cells in the explant or alternatively that
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clusterin was more tightly associated with structures
on the airway surface or the mucus than proteins with
higher normalized intensity in fraction 1. Slightly higher
levels of clusterin were found in CF compared to WT
piglets (Fig. 4C).

Alpha-1 antitrypsin (SERPINA1), an endogenous
inhibitor of neutrophil elastase is produced in the lung
where it controls inflammatory responses, evident from
the hereditary disease alpha-1 antitrypsin deficiency
[20]. The inhibitor was previously demonstrated not
only in humans [21] but also in bronchoalveolar lav-
age fluid from newborn piglets [8]. We detected alpha-1
antitrypsin in fraction 1-4 from WT and CF piglets
(Fig. 4D), but the normalized intensity was low in the
mucus fraction (Fig. 4D). The pooled normalized inten-
sity from fraction 1-4 was higher in CF than WT piglets
(Fig. 4E).

The acute-phase protein orosomucoid 1 (ORM1), also
called alpha-1-acid glycoprotein, clustered to fraction
2—-4 and was detected in fraction 1-4 in unstimulated
and stimulated WT and CF piglets. There were rela-
tively low levels of orosomucoid 1 in the mucus fraction
in both WT and CF piglets (Fig. 4F), but the normalized
intensities were higher in CF than WT piglets (Fig. 4G).
Immunolocalization of orosomucoid 1 identified the
protein on the airway surface, but not inside the epithe-
lial cells (Fig. 4H). The protein was also detected inside
small capillaries in the airway submucosa, positive for the
endothelial cell marker CD31 (Fig. 41, negative controls
in Additional file 1: Fig. SIC-F).

Further investigation of proteins clustering to fraction
1-4 revealed low levels of intracellular proteins localized
to the endoplasmatic reticulum and Golgi (Additional
file 2: Tables S1 and Additional file 3: S2). Examples of
such proteins were calumenin, involved in CFTR matura-
tion [22], reticulocalbin-3 from the same family, a molec-
ular chaperone important for biosynthesis of pulmonary
surfactant-associated proteins [23] and a molecular chap-
erone involved in collagen production called SERPINH1
or heat shock protein 47 [24]. Haptoglobin, which binds
free hemoglobin to inhibit its oxidative activity [25] and
porcine SERPINA3-2 or alpha-1-antichymotrypsin 2 also
clustered to fraction 1-4. The closest human ortholog
is alpha-l-antochymotrypsin, an acute phase protein
induced during inflammation encoded by the gene SER-
PINA3 [26].

CF piglets

The washable fractions from CF piglets contained pro-
teins forming an additional cluster not present in fraction
1-4 (Fig. 1C). This cluster included fetuin-A (alpha-
2-Heremans Schmid-glycoprotein, AHSG), fetuin-B
(FETUB) and apolipoprotein Al (APOA1). Fetuin-A
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decreased from fraction 1 to 4 (Fig. 5A). The normalized
intensities of pooled fraction 1-4 were higher in unstim-
ulated CF than WT piglets (Fig. 5B), also observed in
pooled fraction 1 (Fig. 5C). Furthermore, the levels were
lower in fraction 5 compared to fraction 1 (Fig. 5D). The
normalized intensity for fetuin-B followed a similar pat-
tern to fetuin-A (Fig. 5E) with higher levels in CF than
WT piglets (Fig. 5F) and also more fetuin-B in fractions
1-4 than fraction 5 of both WT and CF piglets (Fig. 5G,
H). Apolipoprotein A1 also had a similar distribution pat-
tern as fetuin-A (Fig. 5I) and with relatively more apoli-
poprotein Al in CF than WT piglets (Fig. 5]) and more in
fractions 1-4 than fraction 5 (Fig. 5K, L).

Discussion

Using tracheobronchial explants from newborn piglets,
we successfully identified proteins present in the non-
attached washable fractions of airway liquid, which were
well separated from the attached mucus. This upper
part of the pig airways has abundant submucosal glands
and is anatomically and functionally similar to human
proximal airways. Several of the identified proteins have
previously been identified in human bronchioalveolar
lavage fluid and airway surface liquid [8, 27], suggest-
ing that the proteins identified here were secreted from
the tissue and not detected due to poor tissue integrity.
Neither the peripheral airways nor the lung parenchyma
was included, largely excluding proteins from these loca-
tions and thus most proteins typical for bronchioalveolar
lavage fluid. For example, one of the most abundant pro-
teins in human and mouse bronchoalveolar lavage fluid
is uteroglobin (SCGB1A1l or CCSP), normally found in
distal bronchi but not in proximal bronchi or submucosal
glands [11, 28, 29]. Uteroglobin was not found in any of
the fractions as it is not produced in the trachea [28, 29],
demonstrating that most of the proteins identified here
are produced in the distal trachea.

The protein signatures in the washable fractions
were different from the mucus fraction, indicating that
a majority of the mucus and associated proteins are
attached to the airway surface and not detached by the
gentle procedures used here. The mucus was recovered
as Alcian blue positive material by pipetting and we know
from previous experiments that this material largely con-
sists of the bundled strands, previously called bundles [1,
5, 30]. The core of the bundled strands was the MUC5B
mucin made in the submucosal glands. After secretion
they become coated with material from the surface cells,
including the MUC5AC mucin [5]. In fraction 5 con-
taining the Alcian blue stained material we identified
MUCS5AC and MUC5B and there was more MUC5AC
than MUCS5B in the WT piglets. The origin of MUC5AC
is the surface goblet cells and not the submucosal glands,
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implying that the surface goblet cells contribute more sig-
nificantly to the bundled mucus strands than expected.
Stimulation of WT piglet airways with carbachol resulted
in increased MUC5AC compared to unstimulated WT
airways in fraction 4, further supporting that the wash-
able fractions contain surface liquid proteins, whereas
fraction 5 was mainly derived from the submucosal
glands. However, comparing proteins identified in our
samples to the proteome of submucosal gland secre-
tions in humans [31], we identified MUC5B and lactofer-
rin (LTF) in the mucus fraction, but alpha-1 antitrypsin
and orosomucoid 1 clustered to the soluble fractions. We
detected alpha-1 antitrypsin and orosomucoid 1 in the
mucus fraction, but their levels were higher in the wash-
able fractions than in the mucus fraction.

In addition to the secreted gel-forming mucins in frac-
tion 5, several proteins of the PDI and chaperone fami-
lies were observed. The PDIs are normally localized to
the endoplasmatic reticulum lumen, where they help to
form correct disulfide bonds and function as molecu-
lar chaperones [32]. Association between PDIs and gel-
forming mucins is not surprising as the mucins contain
numerous cysteines and during folding they have to find
the correct disulfide bonding partner. More surprising
was that they were secreted as most should be retained
via their C-terminal retention signal (KDEL or a vari-
ant) [33]. However, a number of molecular chaperones
and PDIs have been found extracellularly in the mucus
[34]. One of these is AGR2, a small protein with a single
cysteine found together with MUC2 in intestinal mucus
[16]. AGR2 was also observed in airway surface cells
producing MUC5AC and MUCS5B and mucous cells in
airway submucosal glands producing MUC5B. Allergen
challenge of mice lacking AGR2 caused endoplasmatic
reticulum stress and the unfolded protein response, but
its detailed function still remains incompletely under-
stood [17]. We detected AGR2 in piglet airways together
with other PDIs clustering to the mucus fraction. Immu-
nofluorescent labeling indicated AGR2 mainly in the
submucosal glands, emphasizing that fraction 5 proteins
were secreted mainly from the submucosal glands. We
observed the same profile also for PDIA1 and PDIA3
with higher levels in fraction 5. The antibacterial pro-
tein lactoferrin was linked to human disease as levels
were increased in people with cystic fibrosis and chronic
obstructive pulmonary disease (COPD) [11, 35] and also
clustered to fraction 5, consistent with its production in
submucosal glands [18]. In contrast, we detected com-
paratively low levels of traditional airway surface liq-
uid proteins such as fetuin-A, fetuin-B, orosomucoid 1,
alpha-1 antitrypsin and apolipoprotein Al in fraction 5,
indicating that proteins do not randomly gather on the
mucins [8].
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The washable fraction clusters contained proteins gen-
erally believed to be airway surface liquid proteins such as
clusterin, alpha-1 antitrypsin and orosomucoid 1. Many
cell types produce clusterin, also known as apolipopro-
tein ] (APOJ), serum protein 40, 40, sulfated glycoprotein
2 and complement lysis factor [36]. Clusterin clustered
to fraction 2—4 and was higher in fraction 4 than 1, sug-
gesting that it was secreted from the surface cells of the
explant. Clusterin is an extracellular chaperone as it
prevents aggregation of proteins by binding to exposed
hydrophobic regions of partially unfolded proteins and
promotes endocytosis and lysosomal degradation [37-
39]. Clusterin has been observed in goblet cells in normal
lungs and the levels were increased in bronchioalveolar
lavage fluid from never smokers compared to smokers
[11, 19]. Alpha-1 antitrypsin encoded by the SERPINA1
gene is the most abundant serine protease inhibitor (ser-
pin) in human plasma and deficiency is known to cause
lung disease [40]. Although alpha-1 antitrypsin clustered
to the same fraction as clusterin, the pattern was different
as there was no difference in levels of alpha-1 antitrypsin
between fraction 1 and 4, suggesting less new secretion
compared to clusterin or constitutive secretion of alpha-1
antitrypsin and progressive release of clusterin after
sequential washes.

Orosomucoid 1 or alpha-1-acid glycoprotein belongs
to the same group of positive acute phase proteins as
alpha-1 antitrypsin and is distributed to various body flu-
ids such as mucus [41]. In newborn piglets, 50% of total
serum protein was orosomucoid 1, whereas the corre-
sponding number was 0.3% in adult pigs, indicating that
the level of orosomucoid 1 decreases dramatically after
birth [42]. The protein was also induced in alveolar type
II cells during both acute and chronic pulmonary inflam-
mation [43]. Fetuin-A and fetuin-B clustered to CF pig-
let fraction 1-4 but are considered to be negative acute
phase proteins as fetuin-A decreased in patients suffering
from systemic inflammation due to bacterial infections,
as opposed to alpha-1 antitrypsin and orosomucoid 1,
which were upregulated in these patients [44] and fetuin-
B mRNA was decreased in inflamed rats [45]. The fact
that the fetuins are increased instead of decreased may be
an indication that development is altered in CF piglets.

Although respiratory tract manifestations of cystic
fibrosis are the leading cause of morbidity and mortal-
ity, it is not fully understood if the respiratory tract is
normal at birth or when lung disease begins. Several
attempts to answer these questions have been made,
but for obvious ethical and technical reasons, studies
cannot be conducted on newborn humans. Neverthe-
less, results from infants below six months of age indi-
cate that lung disease begins as early as within the first
weeks after birth with structural changes, inflammatory
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responses and infection [46]. Mucus accumulation and
airway mucus plugging are part of cystic fibrosis patho-
physiology and the total mucus concentration as well as
the staining intensity for MUC5AC and MUC5B were
elevated in bronchioalveolar lavage fluid from children
with cystic fibrosis compared to age matched controls.
Furthermore, mucin concentration correlated with
inflammatory markers (neutrophil counts and interleu-
kin 8 concentration) but not with bacterial burden, indi-
cating that mucus accumulation was present also in the
absence of bacterial infection [47].

Further study of cystic fibrosis lung disease and the ori-
gin of inflammation is not possible in humans and thus,
CFTR knock-out (CF) pigs and ferrets have been engi-
neered. Newborn CF piglets examined 6—12 h after birth
displayed no histopathological abnormalities and there
were no differences in leukocyte cell counts or interleu-
kin 8 concentration in bronchiolar lavage fluid from CF
compared to non-CF piglets [10, 48, 49]. There was also
no evidence of infection, but the number of cultured bac-
teria in lung homogenates from CF piglets was higher
than in non-CF piglets, indicating defective mucus trans-
port and bacterial killing already at birth [49, 50]. Addi-
tional evidence that inflammation in cystic fibrosis is
directly linked to CFTR dysfunction was contributed by
the observation that pharmacological inhibition of CFTR
in air-liquid interface cultures of human tracheal epithe-
lial cells for three days resulted in increased interleukin
8 production, indicating that impaired CFTR function is
enough to induce an inflammatory response [51]. To fur-
ther investigate this, one future direction is to link pro-
tein levels to function and we are in the process of doing
pathway analysis of both airway epithelial mRNA and
secreted proteins.

In the present study, we could compare WT and CF
piglets. Proteins in CF piglets clustered as in WT piglets,
except that we found an additional protein cluster in CF
piglets. There was no difference in mucin normalized
intensities between WT and CF piglets, in line with the
observation that CF piglets do not overproduce mucus
[10, 49]. Instead, levels of clusterin, alpha-1 antitrypsin,
orosomucoid 1 and apolipoprotein Al were increased
in CF piglet samples from fraction 1-4 compared to the
corresponding WT piglet samples. Furthermore, fetuin-
A clustered together with apolipoprotein Al to fraction
1-4 from CF piglets and both were higher in CF than
WT piglets. Even though increased levels of clusterin,
alpha-1 antitrypsin and orosomucoid 1 in CF piglets
could indicate that their development is altered com-
pared to WT piglets, the fact that apolipoprotein Al was
also increased indicates that because acute phase pro-
teins produced in the liver were increased in newborn
CF piglets, they have mounted a systemic inflammatory
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response, further strengthening the hypothesis that
inflammation is a result of stagnant mucus and lack of
CFTR function, not bacterial infection [52].

Conclusions

The collection method enables detection of relevant pro-
teins present in human bronchoalveolar lavage fluid, but
with the added benefit that mucus proteins could be sep-
arated from the washable fractions. Furthermore, even
though newborn CF piglets do not show overt signs of
inflammation, our results suggest that inflammation pro-
moting mechanisms are activated already at birth.
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antibody donkey anti-rabbit Alexa Fluor 488, no primary antibody. Scale
bar: 10 um. (F) Airway surface epithelium. Secondary antibody donkey
anti-rabbit Alexa Fluor 488, no primary antibody. Scale bar: 10 um. Nuclei
counterstained with Hoechst in A-F. Figure S2. Epithelial staining relating
to figure 3. (A) Staining with AGR2 (red) and nuclei (blue) in the surface
epithelium of the same tissue used in figure 3B. Scale bar: 10 um. (B) Stain-
ing with PDIA3 (red), the MUC5B mucin (green) and nuclei (blue) in the
surface epithelium of the same tissue used in figure 3E. Scale bar: 10 um.
Dashed lines delineate the epithelium (ep). Cilia (ci) and goblet cell (gc)
are indicated.

Additional file 2: Table S1. Relative intensities for all proteins.
Additional file 3: Table S2. Relative intensities for secreted proteins.

Additional file 4: Table S3. Proteins identified in the different clusters
and description of their function.

Acknowledgements
Not applicable.

Author contributions

AMR, G.CH. and AE. conceived or designed the study. AMR, FJ, NK, AB,
G.CH. and AE. acquired, analyzed, or interpreted data. G.CH. and AE. drafted
the manuscript and revised it critically for important intellectual content. Al

Page 11 of 12

authors agreed to be accountable for all aspects of the work. All authors have
read and approved the final manuscript.

Funding

Open access funding provided by University of Gothenburg. This work was
supported by the European Research Council ERC (694181), the Swedish
Research Council (2017-00958), The Swedish Cancer Foundation, The Knut
and Alice Wallenberg Foundation (2017.0028), IngaBritt and Arne Lundberg
Foundation, Sahlgrenska University Hospital (ALF), Wilhelm and Martina
Lundgren’s Foundation, National Institute of Allergy and Infectious Diseases
(UOTAI095473, the content is solely the responsibility of the authors and does
not necessarily represent the official views of the NIH), The Swedish Founda-
tion for Strategic Research, Erica Lederhausen’s Foundation, The Swedish Heart
and Lung Foundation (20160241, 20190311, 20200680), the Swedish Cystic
Fibrosis Foundation, Magnus Bergvall’s Foundation, Lederhausen’s Center for
CF Research at the University of Gothenburg and the Cystic Fibrosis Founda-
tion (CFFT, Hansson14X0).

Availability of data and materials
The datasets generated and analyzed in the current study are available from
the authors upon reasonable request.

Declarations

Ethics approval and consent to participate

Experimental procedures were performed in accordance with the EU Directive
2010/63/EU for the care and use of laboratory animals, the NIH and ARRIVE
guidelines. Ethical permits for protocols were obtained from Regierungen von
Oberbayern, Munich, Germany (AZ55.2-1-54-2531-78-07) and Jordbruksverket,
Jonkoping, Sweden (Dnr 6.7.18-12708/2019).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Medical Biochemistry and Cell Biology, Sahlgrenska Academy,
University of Gothenburg, Gothenburg, Sweden. ?Center for Innovative Animal
Models, Ludwig-Maximilians-University, Munich, Germany.

Received: 15 November 2022 Accepted: 4 March 2023
Published online: 16 March 2023

References

1. Ermund A, Meiss LN, Dolan B, Béhr A, Klymiuk N, Hansson GC. The mucin
bundles responsible for airway cleaning are retained in cystic fibrosis and
by cholinergic stimulation. Eur Respir J. 2018;52(2): pii:1800457.

2. Hill DB, Button B, Rubinstein M, Boucher RC. Physiology and pathophysi-
ology of human airway mucus. Physiol Rev. 2022;102(4):1757-836.

3. Ermund A, Meiss LN, Dolan B, Jaudas F, Ewaldsson L, Bahr A, et al. Mucus
threads from surface goblet cells clear particles from the airways. Respir
Res. 2021;22(1):303.

4. Fischer AJ, Pino-Argumedo MI, Hilkin BM, Shanrock CR, Gansemer ND,
Chaly AL, et al. Mucus strands from submucosal glands initiate mucocili-
ary transport of large particles. JCl Insight. 2019;4(1):e124863.

5. Ermund A, Meiss LN, Rodriguez-Pineiro AM, Bahr A, Nilsson HE, Trillo-
Muyo S, et al. The normal trachea is cleaned by MUC5B mucin bundles
from the submucosal glands coated with the MUC5AC mucin. Biochem
Biophys Res Commun. 2017;492(3):331-7.

6. Ostedgaard LS, Price MP, Whitworth KM, Abou Alaiwa MH, Fischer AJ,
Warrier A, et al. Lack of airway submucosal glands impairs respiratory host
defenses. Elife. 2020;9:259653.

7. Hoegger MJ, Awadalla M, Namati E, Itani OA, Fischer AJ, Tucker AJ, et al.
Assessing mucociliary transport of single particles in vivo shows variable


https://doi.org/10.1186/s12931-023-02381-x
https://doi.org/10.1186/s12931-023-02381-x

Rodriguez-Pifieiro et al. Respiratory Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

(2023) 24:83

speed and preference for the ventral trachea in newborn pigs. Proc Nat!
Acad Sci U S A.2014;111(6):2355-60.

Bartlett JA, Albertolle ME, Wohlford-Lenane C, Pezzulo AA, Zabner J, Niles
RK, et al. Protein composition of bronchoalveolar lavage fluid and airway
surface liquid from newborn pigs. Am J Physiol Lung Cell Mol Physiol.
2013;305(3):L.256-66.

DeBoer EM, Wagner BD, Popler J, Harris JK, Zemanick ET, Accurso FJ, et al.
Novel application of aptamer proteomic analysis in cystic fibrosis bron-
choalveolar lavage fluid. Proteomics Clin Appl. 2019;13(3):1800085.
Klymiuk N, Mundhenk L, Kraehe K, Wuensch A, Plog S, Emrich D, et al.
Sequential targeting of CFTR by BAC vectors generates a novel pig model
of cystic fibrosis. J Mol Med. 2012;90(5):597-608.

. Fernandez-Blanco JA, Fakih D, Arike L, Rodriguez-Pineiro AM, Martinez-

Abad B, Skansebo E, et al. Attached stratified mucus separates bacteria
from the epithelial cells in COPD lungs. JCI Insight. 2018;3(17): pii:120994.
van der Post S, Hansson GC. Membrane protein profiling of human
colon reveals distinct regional differences. Mol Cell Proteomics.
2014;13(9):2277-87.

Rappsilber J, Mann M, Ishihama Y. Protocol for micro-purification, enrich-
ment, pre-fractionation and storage of peptides for proteomics using
StageTips. Nat Protoc. 2007;2:1896.

Fakih D, Rodriguez-Pifieiro AM, Trillo-Muyo S, Evans CM, Ermund A, Hans-
son GC. Normal murine respiratory tract has its mucus concentrated in
clouds based on the Muc5b mucin. Am J Physiol Lung Cell Mol Physiol.
2020;318(6):L1270-9.

Bergstrom JH, Berg KA, Rodriguez-Pifieiro AM, Stecher B, Johansson MEV,
Hansson GC. AGR2, an endoplasmic reticulum protein, is secreted into
the gastrointestinal mucus. PLoS ONE. 2014;9(8): e104186.

Park S-W, Zhen G, Verhaeghe C, Nakagami Y, Nguyenvu LT, Barczak AJ,

et al. The protein disulfide isomerase AGR2 is essential for production of
intestinal mucus. Proc Natl Acad Sci U S A. 2009;106(17):6950-5.
Schroeder BW, Verhaeghe C, Park S-W, Nguyenvu LT, Huang X, Zhen G,
etal. AGR2 is induced in asthma and promotes allergen-induced mucin
overproduction. Am J Respir Cell Mol Biol. 2012;47(2):178-85.

Fischer AJ, Goss KL, Scheetz TE, Wohlford-Lenane CL, Snyder JM, McCray
J, Paul B. Differential gene expression in human conducting airway
surface epithelia and submucosal glands. Am J Respir Cell Mol Biol.
2009;40(2):189-99.

Peix L, Evans IC, Pearce DR, Simpson JK, Maher TM, McAnulty RJ. Diverse
functions of clusterin promote and protect against the development of
pulmonary fibrosis. Sci Rep. 2018;8(1):1906.

Lackey L, Coria A, Ghosh AJ, Grayeski P, Hatfield A, ShankarV, et al. Alter-
native poly-adenylation modulates al-antitrypsin expression in chronic
obstructive pulmonary disease. PLoS Genet. 2021;17(11): €1009912.
Bowler RP, Reisdorph N, Reisdorph R, Abraham E. Alterations in the
human lung proteome with lipopolysaccharide. BMC Pulm Med.
2009,9(1):20.

Philippe R, Antigny F, Buscaglia P, Norez C, Huguet F, Castelbou C, et al.
Calumenin contributes to ER-Ca2+4 homeostasis in bronchial epithelial
cells expressing WT and F508del mutated CFTR and to F508del-CFTR
retention. Cell Calcium. 2017;62:47-59.

Honoré B.The rapidly expanding CREC protein family: members, localiza-
tion, function, and role in disease. BioEssays. 2009;31(3):262-77.

Ito S, Nagata K. Biology of Hsp47 (Serpin H1), a collagen-specific molecu-
lar chaperone. Semin Cell Dev Biol. 2017,62:142-51.

Ascenzi P, Bocedi A, Visca P, Altruda F, Tolosano E, Beringhelli T, et al.
Hemoglobin and heme scavenging. IUBMB Life. 2005;57(11):749-59.

An 'S, Peelman LJ, Mattheeuws M, Van Poucke M, Reiner G, Gelder-

mann H. A novel porcine gene, a-1-antichymotrypsin 2 (SERPINA3-2):
sequence, genomic organization, polymorphism and mapping. Gene.
2002;292(1):113-9.

Chen J,Ryu S, Gharib SA, Goodlett DR, Schnapp LM. Exploration of the
normal human bronchoalveolar lavage fluid proteome. Proteomics Clin
Appl. 2008;2(4):585-95.

Okuda K, Chen C, Subramani DB, Wolf M, Gilmore RC, Kato T, et al.
Localization of secretory mucins MUC5AC and MUC5B in normal/healthy
human airways. Am J Respir Crit Care Med. 2019;199(6):715-27.

Mootz M, Jakwerth CA, Schmidt-Weber CB, Zissler UM. Secretoglobins

in the big picture of immunoregulation in airway diseases. Allergy.
2022,77(3):767-77.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 12 of 12

Trillo-Muyo S, Nilsson HE, Recktenwald CV, Ermund A, Ridley C, Meiss

LN, et al. Granule-stored MUC5B mucins are packed by the non-
covalent formation of N-terminal head-to-head tetramers. J Biol Chem.
2018;293:5746-54.

Joo NS, Evans AT, Cho H-J, Park I-H, Engelhardt JF, Wine JJ. Proteomic
analysis of pure human airway gland mucus reveals a large component
of protective proteins. PLoS ONE. 2015;10(2): e0116756.

Wang C-C, Tsou C-L. Protein disulfide isomerase is both an enzyme and a
chaperone. FASEB J. 1993;7(15):1515-7.

Munro S, Pelham HRB. A C-terminal signal prevents secretion of luminal
ER proteins. Cell. 1987,48(5):899-907.

van der Post S, Jabbar KS, Birchenough G, Arike L, Akhtar N, Sjovall H, et al.
Structural weakening of the colonic mucus barrier is an early event in
ulcerative colitis pathogenesis. Gut. 2019;68(12):2142-51.

Sagel SD, Sontag MK, Accurso FJ. Relationship between antimicrobial
proteins and airway inflammation and infection in cystic fibrosis. Pediatr
Pulmonol. 2009;44(4):402-9.

Wyatt AR, Yerbury JJ, Ecroyd H, Wilson MR. Extracellular chaperones and
proteostasis. Annu Rev Biochem. 2013;82(1):295-322.

Wyatt AR, Yerbury JJ, Berghofer P, Greguric |, Katsifis A, Dobson CM, et al.
Clusterin facilitates in vivo clearance of extracellular misfolded proteins.
Cell Mol Life Sci. 2011,68(23):3919-31.

Bartl MM, Luckenbach T, Bergner O, Ullrich O, Koch-Brandt C. Multiple
receptors mediate apoJ-dependent clearance of cellular debris into
nonprofessional phagocytes. Exp Cell Res. 2001,271(1):130-41.

Michel D, Chatelain G, North S, Brun G. Stress-induced transcription of the
clusterin/apoJ gene. Biochem J. 1997,328(1):45-50.

Strnad P, McElvaney NG, Lomas DA. Alpha1-antitrypsin deficiency. N Engl
J Med. 2020;382(15):1443-55.

Israili ZH, Dayton PG. Human alpha-1-glycoprotein and its interactions
with drugs. Drug Metab Rev. 2001;33(2):161-235.

Stone RT, Maurer RA. Cloning and developmental regulation of a1 acid
glycoprotein in swine. Dev Genet. 1987;8(4):295-304.

Fournier T, Bouach N, Delafosse C, Crestani B, Aubier M. Inducible expres-
sion and regulation of the al-acid glycoprotein gene by alveolar mac-
rophages: prostaglandin E2 and cyclic AMP act as new positive stimuli. J
Immunol. 1999;163(5):2883-90.

Lebreton JP, Joisel F, Raoult JP, Lannuzel B, Rogez JP, Humbert G. Serum
concentration of human alpha 2 HS glycoprotein during the inflamma-
tory process: evidence that alpha 2 HS glycoprotein is a negative acute-
phase reactant. J Clin Invest. 1979,64(4):1118-29.

Olivier E, Soury E, Ruminy P, Husson A, Parmentier F, Daveau M, et al.
Fetuin-B, a second member of the fetuin family in mammals. Biochem J.
2000;350(2):589-97.

Sly PD, Brennan S, Gangell C, de Klerk N, Murray C, Mott L, et al. Lung
disease at diagnosis in infants with cystic fibrosis detected by newborn
screening. Am J Respir Crit Care Med. 2009;180(pt 2):146-52.

Esther CR, Muhlebach MS, Ehre C, Hill DB, Wolfgang MC, Kesimer M, et al.
Mucus accumulation in the lungs precedes structural changes and infec-
tion in children with cystic fibrosis. Sci Transl Med. 2019;11(486).eaav3488.
Rogers CS, Stoltz DA, Meyerholz DK, Ostedgaard LS, Rokhlina T, Taft PJ,

et al. Disruption of the CFTR gene produces a model of cystic fibrosis in
newborn pigs. Science. 2008;321(5897):1837-41.

Stoltz DA, Meyerholz DK, Pezzulo AA, Ramachandran S, Rogan MP, Davis
GJ, et al. Cystic fibrosis pigs develop lung disease and exhibit defective
bacterial eradication at birth. Sci Transl Med. 2010;2(29):29ra31.

Rogers CS, Abraham WM, Brogden KA, Engelhardt JF, Fisher JT, McCray
PB, et al. The porcine lung as a potential model for cystic fibrosis. Am J
Physiol Lung Cell Mol Physiol. 2008;295(2):L.240-63.

Perez A, Issler AC, Cotton CU, Kelley TJ, Verkman AS, Davis PB. CFTR inhibi-
tion mimics the cystic fibrosis inflammatory profile. Am J Physiol Lung
Cell Mol Physiol. 2007;292(2):L.383-95.

Rosen BH, Evans TIA, Moll SR, Gray JS, Liang B, Sun X, et al. Infection is not
required for mucoinflammatory lung disease in CFTR-knockout ferrets.
Am J Respir Crit Care Med. 2018;197(10):1308-18.

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



	Proteome of airway surface liquid and mucus in newborn wildtype and cystic fibrosis piglets
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animals
	Preparation of piglet airways
	Sample collection
	Mass-spectrometry analysis
	Immunofluorescent staining
	Statistical analysis

	Results
	Fraction 5, the mucus fraction
	Fraction 1–4, the washable fractions
	CF piglets

	Discussion
	Conclusions
	Anchor 21
	Acknowledgements
	References


