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ABSTRACT
In chronic inflammatory airway diseases, mucins display disease-related alterations in quantity,
composition and glycosylation. This opens the possibility to diagnose and monitor inflammatory airway
disorders and their exacerbation based on mucin properties. For such an approach to be reasonably
versatile and diagnostically meaningful, the mucin of interest must be captured in a reliable, patient-
independent way. To identify appropriate mucin-specific reagents, we tested anti-mucin antibodies on
mucin-content-standardized, human bronchoalveolar lavage fluid samples in immunoblot assays. All
commercially available monoclonal antibodies against the major airway mucin MUC5AC were screened,
except for those with known specificity for carbohydrates, as glycosylation patterns are not mucin-specific.
Our results indicated considerable inter-patient and inter-antibody variability in mucin recognition for all
antibodies and samples tested. The best results in terms of signal strength and reproducibility were
obtained with antibodies Mg-31, O.N.457 and 45M1. Additional epitope mapping experiments revealed
that only one of the antibodies with superior binding to MUC5AC recognized linear peptide epitopes on
the protein backbone.

Abbreviations: BALF, bronchoalveolar lavage fluid; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease
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Introduction

The epithelial lining of the mucosae, among them the conduct-
ing airways of the respiratory tract, is covered with a complex
aqueous, viscoelastic mucus that is highly variable in composi-
tion, properties and functions.1,2 In addition to physically pro-
tecting the epithelial cell barrier, mucus serves as a platform for
the first, innate defense reaction against invaders,3,4 and in the
airways it helps to remove trapped foreign matter by a process
called mucociliary clearance.5,6

However, aberrant synthesis and overexpression/-secretion
of mucus in chronic inflammatory airway diseases like asthma,
chronic obstructive pulmonary disease (COPD) and cystic
fibrosis (CF) may convert the protective role of mucus into a
detrimental one. In asthma, a major cause of chronic illness
worldwide with >80% increase in prevalence in all age and
ethnic groups over the past two decades, airway remodeling
with submucosal gland hypertrophy and goblet cell hyperpla-
sia are major pathophysiological features.1 Hyperplasias with
an up to 30-fold increase in percentage of goblet cells causing
massive mucus overproduction and secretion have been
reported for patients who died of status asthmaticus.7 In com-
bination with bronchoconstriction and impaired ciliary func-
tion, which derogate mucus clearance, this results in chronic
airway hyperresponsiveness and obstruction thereby provok-
ing frequent hypoxemic and dyspneic episodes.5,7,8 Goblet cell

hyperplasia, mucus overproduction and airway obstruction
can also be detected in CF and COPD.1 While CF is a rare
inherited disease with a prevalence of less than 0.1% in the
European Union,9 COPD is an acquired inflammation mostly
caused by aerogenic noxae such as fine dust and smoke, and it
affects almost 8% of the adult European population.10 Pro-
teases released by recruited neutrophils and macrophages usu-
ally augment inflammation,11 damage the airway epithelium
and lead to airway remodeling again accompanied by mucus
overproduction, changes in its rheological properties and, sub-
sequently, airway obstruction.12,13 Yet, aberrant mucus teth-
ered to epithelium and not properly removed by the
mucociliary escalator not only constitutes a physical barrier
constraining the airflow, it also provides a perfect habitat for
microbial growth and may act as a reservoir for bacteria and
viruses, thereby fostering prolonged or even chronic infec-
tions. Such infections are feared by asthmatic, CF and COPD
patients because they frequently lead to acute worsening of
the chronic stage, a status termed exacerbation.1,2,14,15 Exacer-
bations are not only life-threatening events, they also promote
disease progression and thus ought to be prevented in diseased
individuals by all means.

On the way to understanding and counteracting disease pro-
gression and exacerbations, a profound knowledge and thor-
ough monitoring of mucus aberration may be a key
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requirement. Major constitutive components of the mucus are
the mucins, a family of large glycoproteins. At least 18 different
human mucins, which are characterized by typical tandem
repeat sequences and multiple O-glycosylation sites in the cen-
tral domain of the molecule, have been identified so far. Post-
transcriptional glycosylation results in a huge, highly variable
carbohydrate proportion (up to 90% of weight) and highly neg-
ative charge of the mucins. Mucin monomers have a long,
thread-like structure and can be as large as 2,000 kDalton.
While the central part primarily functions as scaffold for the
carbohydrate structures, the amino- and carboxy-terminal
parts play important roles in mucin localization (secreted vs.
membrane-tethered) and multimerization. Cysteine residues in
the terminal domains of secreted mucins allow the formation
of disulfide bonds between monomers, resulting in the genera-
tion of interwoven networks up to 50 mega Dalton in size and
10 mm in length.1,2

In chronic inflammatory airway diseases, elevated levels of,
as well as structural changes in, the mucins can be observed
and may be indicative for the disease status or an upcoming
exacerbation. The core structures of mucin O-glycans4 as well
as terminal O-glycosylation16,17 can be modified, and hence
could influence physical (e.g., viscosity) and biological (e.g.,
binding to pathogens) properties of mucins.1,2 For CF, a corre-
lation between severity of airway infections and changes in gly-
cosylation pattern has been described,18 and, in an asthma
mouse model, an altered glycosylation is detectable after the
induction of experimental asthma.19 The two major secreted,
gel-forming human airway mucins MUC5AC and MUC5B
were reported to be elevated in chronic inflammatory airway
diseases compared with healthy individuals,8,20–24 usually in an
increased MUC5B/MUC5AC ratio.1,21,25,26

In spite of the high diagnostic potential of the mucins, stud-
ies performed so far mainly focused on the general expression
and localization of mucins, and did not provide specific data
regarding whether the alterations observed were based on over-
production, modified distribution/composition or biochemical
variations of one or more specific mucins.1 Additionally, exam-
ination of quantitative and structural changes in different

phases of chronic inflammatory airway diseases, especially dur-
ing exacerbation, is scarce. To close this gap, a patient- and dis-
ease status-independent analysis of specific mucins would be
necessary. A reliable definition of alterations in the mucins
between healthy, (mildly) diseased and (impending) exacerbatic
status may provide valuable correlations, and the detection of
such changes as early as possible can allow prevention or allevi-
ation of exacerbations in chronic inflammatory airway diseases.
Such an approach requires that mucins be captured quantita-
tively from a patient sample and be comprehensively character-
ized in terms of amount and structure. Regrettably, reliable
tools to do so are currently limited. In this study, we therefore
endeavored to characterize all commercially available antibod-
ies to the major human airway mucin MUC5AC in terms of
reliable, patient-independent performance and epitope
recognition.

Results

MUC5AC content of bronchoalveolar lavage fluids of
different individuals

The characterization of monoclonal antibodies (mAbs) against
MUC5AC was done in an immunoblot setup with human
bronchoalveolar lavage fluid (BALF) samples from six healthy
and 14 asthmatic individuals. To compare the antibodies for
their binding to the MUC5AC of the different donors, the
human BALF samples used for the investigations first had to be
standardized. The total protein content of the raw BALF sam-
ples varied substantially (range 143 mg/ml to 604 mg/ml,
median 330 mg/ml) (Table 1), which indicated that differences
in the MUC5AC content can also be expected. To exclude any
potential influence of such fluctuations in mucin concentration
on our antibody binding results, we pre-quantified the
MUC5AC content in all BALF samples by a commercially
available MUC5AC assay with internal MUC5AC standard.
The MUC5AC concentration in the samples ranged between 5
and 25 mg/ml (Fig. 1), accounting for up to 8% of the total pro-
tein amount, but did not differ significantly between non-

Table 1. Features of the BALF samples from asthmatic and non-asthmatic patients.

Sample # Age Diagnosis Comment Steroid usage Total protein (mg/ml)

01 58 non-asthmatic – 420
02 57 non-asthmatic – 274
03 80 non-asthmatic – 298
04 51 non-asthmatic – 282
05 68 non-asthmatic – 314
06 77 non-asthmatic C 345
07 65 bronchial asthma – 402
08 43 bronchial asthma not controlled C 326
09 55 bronchial asthma – 314
10 53 bronchial asthma – 400
11 43 bronchial asthma allergic background C 328
12 72 bronchial asthma exacerbation – 433
13 70 bronchial asthma C 143
14 40 bronchial asthma – 410
15 62 bronchial asthma exacerbation – 326
16 49 bronchial asthma – 342
17 72 bronchial asthma severe C 424
18 45 bronchial asthma allergic, exacerbation C 604
19 70 bronchial asthma – 330
20 55 bronchial asthma allergic – n.d.
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asthmatics and asthmatics (p > 0.05; two-tailed Mann-Whit-
ney U test for MUC5AC concentrations and percentage of total
protein). The BALF #13 with no detectable MUC5AC was
excluded from calculations, as well as from subsequent analyses
of antibody binding.

Reactivity of different anti-MUC5AC antibodies against
MUC5AC in different BALF samples

The ability of the commercially available monoclonal anti-
MUC5AC antibodies (Table 2) to recognize airway MUC5AC
was investigated using immunoblots. MUC5AC-equalized
amounts of BALF samples from asthmatic and non-asthmatic
individuals were directly applied to nitrocellulose membranes
and probed with the respective antibodies. Each membrane car-
ried the identical quantity of BALF samples with the same
amounts of mucin in an identical pattern, allowing a direct
comparison of antibody performances. The results of the
immunoblots are depicted in Fig. 2. The BALF sample #18 was
excluded from this first set of experiments due to the low
amount of MUC5AC in this sample.

The values of the negative controls (no or irrelevant pri-
mary antibody) were reproducibly near zero, indicating no

background due to nonspecific binding of the fluorophore-
labeled secondary antibody. When analyzing the MUC5AC
data sets, we found that some, but not all of the samples from
asthmatics are recognized better than samples of non-asth-
matics by most of the antibodies. Vice versa, some of the anti-
bodies are capable of detecting most, but not all of the BALF
samples better than other antibodies. Overall, a comparatively
high inter-antibody and inter-patient variability was observed,
and none of the antibodies is able to detect the adjusted
mucin amounts in all BALF samples with equal performance.
Moreover, the standard deviation obtained in three indepen-
dent experiments is quite high for some antibodies (Fig. 2).
We attribute these variations at least in part to a loss of activ-
ity of the antibodies over time due to sub-optimal storage
conditions.

To identify potentially diagnostically valuable anti-
MUC5AC antibodies, the five most promising candidates of
the first immunoblot experiments were re-evaluated with new
batches of antibody, avoiding extended storage time to mini-
mize the stability problem of the antibodies. Besides the three
antibodies with the highest overall signal in the first round of
immuno-detection (45M1, Mg-31 and O.N.457), the antibody
O.N.458 was selected for re-testing on the basis of its good

Figure 1. Quantification of MUC5AC in human BALF samples. MUC5AC content (dark bars) and relative MUC5AC amount in relation to total protein content (light bars) as
determined by commercial MUC5AC quantitation kit (mean C SD from two independent experiments).

Table 2. Summary of monoclonal antibodies against MUC5AC.

Clone Immunogen Order number Source

CLH2 Synthetic peptide (Tandem repeat) MONX10516 Monosan
2A4 Recombinant MUC5AC protein fragment H00004586-M04 Abnova
2H7 Recombinant MUC5AC protein fragment H00004586-M07 Abnova
1–13M1 Mucin preparation isolated from ovarian cyst fluid MON 6055 Monosan
2–11M1 Mucin preparation isolated from ovarian cyst fluid MON 6056 Monosan
2–12M1 Mucin preparation isolated from ovarian cyst fluid MON 6057 Monosan
9–13M1 Mucin preparation isolated from ovarian cyst fluid MON 6060 Monosan
45M1 Mucin preparation isolated from ovarian cyst fluid MON 6058 Monosan
58M1 Mucin preparation isolated from ovarian cyst fluid MON 6059 Monosan
MRQ-19 Not stated MON 3316 Monosan
Mg-31 Native purified human MUC5AC MAB1466 Abnova
2£123 Mucin preparation isolated from ovarian cyst fluid sc-71620 Santa Cruz Bio
2Q445 Synthetic peptide (Tandem repeat) sc-71621 Santa Cruz Bio
O.N.457 Mucin preparation isolated from ovarian cyst fluid M4701–05X US Biologicals
O.N.458 Mucin preparation isolated from ovarian cyst fluid M4701–06X US Biologicals
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balance between signal strength and reproducibility, i.e., it
exhibited a rather uniform detection of the BALF MUC5AC in
repetitive experiments. Antibody 2H7 was chosen because of
its good performance in the first immunoblot prior to the loss
of activity in the subsequent assays (data not shown).

Due to the limited availability of the human BALF material,
only four samples of non-asthmatics and eleven samples of
asthmatics could be used for the second round of analysis,
which now also included sample #18, which had previously
been excluded due to its low MUC5AC content. The experi-
mental design was identical to before, and negative controls
with irrelevant or no primary antibody again did not display
values above background. Substantiating our results from the
first analysis round, four of the samples from asthmatics exhibit
a visibly higher reactivity with the mAbs than the other samples
(Fig. 3). Indeed, for all five antibodies tested, the signal intensity
of the four “highly reactive” BALF samples #10, 12, 15 and 18
of asthmatics differs significantly from the seven “low signal”

samples of the other asthmatics or from all eleven “low signal”
samples (including the ones from non-asthmatic individuals)
(p < 0.05 for 2H7 and p < 0.01 for the other antibodies; two-
tailed Mann-Whitney U test). On the other hand, there was no
significant difference between the “low signal” samples of non-
asthmatics and asthmatics (always p > 0.05; two-tailed Mann-
Whitney U test).

An unwanted “matrix” effect of varying amounts and com-
position of other proteinaceous components in the BALFs on
the detectability of MUC5AC in the different samples was ruled
out by performing an analogous determination of control pro-
tein. The 15 BALF samples used before were supplemented
with equal amounts of ovalbumin (OVA) and analyzed in an
identical immunoblot procedure as before with an anti-OVA
antibody. Although some variation in the amount of OVA
detected was obtained, there was no correlation between the
signal intensities obtained for OVA and for MUC5AC, and no
significant difference in OVA detection between BALF samples

Figure 2. Performance of 15 monoclonal anti-MUC5AC antibodies on MUC5AC-content-matched human BALF samples. 150 ng MUC5AC-containing BALF samples from
six non-asthmatics and twelve asthmatics were dotted onto nitrocellulose membranes. Each immunoblot was incubated with a different primary anti-MUC5AC antibody
and the same fluorophore-labeled secondary antibody. Fluorescence signals were quantified with the LI-COR Odyssey Classic system. Background fluorescence of the
membrane was measured and subtracted from the values of the BALF sample dots. Depicted are the mean values of three independent experiments with standard
deviation.

Figure 3. Performance of the five most promising monoclonal anti-MUC5AC antibodies on human BALF samples. 150 ng MUC5AC-containing BALF samples from four
non-asthmatics and eleven asthmatics were dotted onto nitrocellulose membranes. Each immunoblot was incubated with one of five anti-MUC5AC antibodies or one
irrelevant antibody. Binding of the primary antibodies was detected with a fluorophore-labeled secondary antibody. Fluorescence signals were quantified with the LI-
COR Odyssey Classic system. Background fluorescence of the membrane was measured and subtracted from the values of the BALF sample dots. Mean values of three
independent experiments with standard deviation are shown.
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with high and with low MUC5AC content (p > 0.05; two-tailed
Mann-Whitney U test) (data not shown).

Peptide epitope mapping of anti-MUC5AC antibodies

Set-up of a practicable diagnostic mucin test requires reagents
that can react with the mucin of interest in a reliable way,
with little or no inter-patient and inter-sample variability.
This argues against antibodies directed toward carbohydrate
structures, as the mucin glycosylation pattern is prone to vari-
ation, or toward conformational epitopes in the protein, as
those are likely to be disrupted under denaturing and reducing
conditions, procedures often required for the recovery of
mucins from patient material such as sputum. For that reason,
we concluded that linear peptide epitopes within the mucin
protein backbone would be more suitable candidates for a
patient-independent, antibody-based capturing or detection of
MUC5AC.

We therefore investigated whether linear peptide epitopes
present in the MUC5AC protein sequence are recognized by
any of the five anti-MUC5AC antibodies that were most prom-
ising in the immunoblot system.

Of the five antibodies subjected to epitope mapping analysis,
only antibody 2H7 was able to bind to linear peptides of the
library. We could identify three regions, all located within the
C-terminal part of MUC5AC, which are recognized by this
antibody (Fig. 4). However, these sequence fragments disclose
no clearly definable linear consensus motif, suggesting that the
segments may be part of a larger, non-linear epitope. The other

four mAbs tested do not reveal any binding to linear peptide
motifs of the protein backbone of MUC5AC (data not shown).

Discussion

Aberrant mucin, be it in amount, composition or glycosylation,
has been linked to a variety of mucosal inflammatory disorders,
including airway inflammation and infection.1,2,5,18,27 Whether
or not those links are strong enough to qualify mucin as a bio-
marker for mucosal inflammation remains to be investigated in
more detail. In order to do so, simple and rapid methods for
mucin enrichment and capturing must be available. MAbs spe-
cific for certain mucins are natural candidates for such a task.
Yet, an ideal mAb must perform reliably in a patient-, sample
(pretreatment)- and disease-independent manner. In this
respect, mAbs whose paratope recognition varies among
patients or becomes affected by different mucin compositions
or glycosylation patterns are useless. To identify the most
robust candidates among the multitude of mucin-reactive anti-
bodies available, we tested all commercially available mAbs
against MUC5AC, a major mucin in human airways, for their
ability to bind MUC5AC from BALF samples of asthmatic and
non-asthmatic individuals in immunoblot assays. Antibodies
known to be directed against carbohydrate structures of
MUC5AC were omitted from the study because the glycosyla-
tion pattern of mucins displays extremely high variability, and
specific carbohydrate structures are not exclusive for mucins.
These facts render such antibodies per se unsuitable for unbi-
ased detection or capturing of MUC5AC in donor samples.

Figure 4. Epitope mapping of anti-MUC5AC antibody 2H7. 15mer peptides spanning the MUC5AC protein backbone were synthesized and spotted onto cellulose-coated
glass slides. Slides were incubated with monoclonal anti-MUC5AC antibody 2H7 and binding to individual peptides was detected by incubation with fluorescent second-
ary antibody and quantitation of fluorescence signal with the LI-COR Odyssey Classic system. (A) Regions of the MUC5AC protein backbone covered by the slides 1 – 6
and read-outs for one representative experiment. (B) Detailed analysis of the fluorescence signals from slide #6, containing the sequence regions of MUC5AC recognized
by the 2H7 antibody (Nexperiments D 6). Peptide sequences of all spots displaying signals above the cut-off value (defined as the mean value of all spot signals on a slide
plus three standard deviations; here: 0.22) are given.
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In our test system, we found that the remaining 15 different
anti-MUC5AC antibodies displayed varying reactivities against
the 19 BALF samples. Although all samples on each immuno-
blot had been normalized for identical MUC5AC content via a
preceding “standardizing” MUC5AC quantification assay,
every antibody analyzed showed considerable inter-patient sig-
nal variability over all samples, with coefficients of variation
(CV) ranging from 57 to 138%. Five of the BALF samples of
asthmatics (including BALF #11 which had been omitted from
the second analysis round due to quantity constraints) gave a
conspicuously higher immunoblot signal with most of the anti-
MUC5AC antibodies. As the five samples in question had dis-
played a wide concentration range in their original MUC5AC
content in the standardizing polyclonal ELISA, ranging from
lowest MUC5AC content to well above mean, a general bias of
the immunoblot due to a skewed MUC5AC measurement by
the standardizing quantitation assay can be ruled out.

On the contrary, it stood to reason that the health status of
the donors was causative for the above variation, especially
since the five samples yielding the highest immunoblot signals
include the only three patients with a documented recent
asthma exacerbation (one of them with allergic asthma). This
lead us to speculate that, in the asthma exacerbation, the
MUC5AC structure may in some way be modified, which
resulted in better detection by the majority of MUC5AC-spe-
cific antibodies in our immunoblot experiments. On the other
hand, the donors of the other specimens with superior recogni-
tion by the antibodies have no recorded history of exacerbation,
leaving the question whether similar changes were also present
but undocumented in these patients or whether other factors
than the health status were responsible for the different signal
strengths observed with the MUC5AC-content-standardized
samples. Investigation of more human (BALF) samples of com-
prehensively monitored patients with airway diseases will be
necessary to clarify this point.

The goal of our study had been to identify antibodies for
diagnostic and capturing purposes that could recognize
MUC5AC with little or no inter-patient variability. Yet, we
found that none of the antibodies tested was able to recognize
the nitrocellulose-membrane-bound MUC5AC with the same
performance independently of the patient material used. And
even antibodies generated against similar antigenic compounds
derived from the conserved protein backbone – such as syn-
thetic peptides or recombinant mucin fragments, all lacking the
glycosylation present on the MUC5AC glycoprotein – showed
a clear disparity in binding to the native MUC5AC among the
BALF samples. Possibly, binding of some of those antibodies to
native mucin becomes severely hampered because the target
epitope accessible on the immunization antigen was masked by
carbohydrates present on the sampled protein, as may be the
case, for example, with monoclonal anti-MUC5AC-peptide
antibody 2A4, which is obviously barely able to react with the
native MUC5AC in BALF samples.

On the other hand, mAbs generated against whole mucin
preparations may preferentially target glycostructures or
conformational epitopes. For example, the broadly used
antibody 45M1 was reported to bind the C-terminal, cysteine-
rich part of a recombinantly produced MUC5AC fragment
only under non-reducing conditions.28 This suggests a disulfide

bond-dependent, conformational epitope within the MUC5AC
protein backbone as the target of the 45M1 antibody, which
would lower its applicability for mucin preparations subjected
to reducing agents.

If an antibody is to work patient- and preparation-inde-
pendently, the best option might be that it both binds
within an always accessible region of the native mucin and
recognizes a linear protein backbone epitope. We therefore
checked the five antibodies with superior binding of the
native, glycosylated MUC5AC in BALF samples for their
ability to recognize peptides derived from the mucin protein
backbone. Only antibodies produced by the clone 2H7
directed against the barely glycosylated, C-terminal cysteine
knot-like domain of MUC5AC are capable of accomplishing
this task. However, 2H7 seems to recognize different linear
segments within a larger conformational epitope. This can
be explained by the fact that all three sequence regions
detected by the antibody belong to a part of the protein
that displays a rather complex spacial organization held
together by intra- and intermolecular disulfide bounds and
resulting in densely-packed and potentially also branched
three-dimensional structures.2,29 Moreover, although a
rather good antibody concerning patient-independent
MUC5AC detection in the first round of antibody testing,
2H7 displays the most dramatic loss of activity within a
short time frame, exhibiting a massive decline of target
binding during experimental repetition, as indicated by the
high standard deviation shown in Fig. 2. Additionally, this
antibody showed high batch-to-batch variability demon-
strated by the low activity of an additional antibody prepa-
ration analyzed, rendering it less useful for broad
application in mucin diagnostics. Nevertheless, the sequence
motifs detected by 2H7 may represent potential epitopes
that can be used for the generation of a serviceable anti-
MUC5AC antibody with sufficient stability.

Overall, none of the antibodies analyzed by us fulfilled our
requirement to bind strongly and sample-independently to
MUC5AC in BALF from various patients, but some candidates
appeared to be better suited than others. At least in our experi-
mental set-up, the mAbs Mg-31, O.N.457 and especially the
broadly used antibody 45M1 were superior to the other anti-
MUC5AC antibodies currently commercially available for
MUC5AC detection. These three antibodies consistently give
signals above the calculated mean value from all antibodies
tested for each individual sample, and they exhibit a compara-
tively low signal variation within repetitive experiments.

Nevertheless, from this study we must conclude that all cur-
rently commercially available mAbs suffer severe shortcomings
in the diagnostically relevant, quantitative detection of
MUC5AC. To remedy the shortage of reliable mucin detection
reagents, we are now in the process of locating antibody-acces-
sible amino acid sequence motifs within the native glycopro-
tein. Once appropriate motifs have been identified, mAbs can
be generated against the respective peptides, which will hope-
fully then allow an unambiguous identification, quantification
and characterization of mucins from different sources. This
comprehensive analysis of mucins would open opportunities
for the exploration of mucus gel composition, mucus proper-
ties, mucin properties (e.g., glycosylation pattern of specific
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mucins) and their importance in chronic inflammatory airway
diseases/disease exacerbation, hopefully resulting in earlier
detection, as well as medical intervention.

Materials and methods

Sample acquisition and preparation

Pseudonymized BALF samples were provided by the BioMater-
ialBank (BMB) North in accordance with the ethical review
committee of the University L€ubeck, Schleswig-Holstein, Ger-
many (reference number 15–069). Of the 20 samples obtained,
14 had an asthma background whereas six of the samples were
from non-asthmatic individuals (Table 1).

Directly after lavage, the BALF was separated from cellular
and insoluble components by centrifugation. Of each BALF
solution, one representative aliquot was taken and used to mea-
sure the total protein content with the PierceTM BCA protein
assay kit (23227, Thermo Fisher Scientific) according to the
manufacturer’s instructions. The remaining BALF was frozen
and stored at ¡80 �C. Immediately prior to use, samples were
thawed and supplemented with a protease inhibitor cocktail
(final concentration in sample: 1 x Sigma FastTM Protease
Inhibitor (S8820, Sigma-Aldrich), 10 mM Epoxomicin30 (BML-
PI127–100, Enzo)).

MUC5AC quantification

Standardization of mucin content in all samples was performed
with a commercially available MUC5AC quantification kit
(E0756h, EIAab Science Co.) according to the manufacturer’s
instructions. Briefly, BALF sample stocks were diluted 1:100 in
the kit’s sample diluent buffer. Of these diluted samples, 2–
3fold serial dilutions were analyzed at least in duplicate with
the MUC5AC quantification kit. Sample diluent buffer without
MUC5AC served as negative control, a serial dilution of a stan-
dard with known amount of MUC5AC (included in the kit)
was analyzed in duplicate in parallel to the BALF samples.
OD450nm values of BALF sample dilutions within the linear
range of the standard calibration curve were used for calcula-
tion of mucin concentrations.

Antibodies

A web-based search in the databases of multiple vendors
revealed 32 apparently different mAbs against MUC5AC.
Of those, eight were described as being directed against car-
bohydrate structures and thus were excluded from the
study. A total of nine antibodies were no longer commer-
cially available or turned out to be specific for other targets
than human MUC5AC. Finally 15 different mouse mAbs
against MUC5AC remained, and these 15 were included in
this study (Table 2).

Two mouse mAbs (anti-OVA IgG (clone OVA-14, A6075,
Sigma-Aldrich) and anti-2,4-dichlorophenoxyacetic acid (2,4-
D) IgG (clone F6/C10, kindly provided by M. Fr�anek, Veteri-
nary Research Institute, Brno, CZ)) were used as controls.
Alexa Fluor� 680-fluorophore-labeled goat-anti-mouse IgG
(A-21058, Life Technologies) served as secondary antibody.

Immunoblot experiments

Based on the results of the MUC5AC quantification, each BALF
sample was diluted with Dulbecco’s phosphate-buffered saline
(D-PBS) to a MUC5AC content of 1,500 ng per ml. Using a 96-
well Minifold I Dot-Blot system (10447900, Schleicher &
Schuell), 100 ml of each of the diluted BALF samples (corre-
sponding to 150 ng MUC5AC) were applied onto nitrocellulose
membranes (Amersham Protran 0.2 NC, 10600001, GE Health-
care Life Sciences) to generate a set of membranes with identi-
cal BALF sample patterns.

These membranes were washed three times for 5 minutes
with D-PBS and two times with D-PBS containing 0.1% (v/v)
Tween 20 (93773, Sigma-Aldrich), and then blocked for
90 minutes with blocking buffer (D-PBS containing 5% (w/v)
milk powder (Lactoland)). Afterwards, each blot was incubated
overnight at 4�C with 300 ng/ml monoclonal anti-MUC5AC
antibody in blocking buffer. The anti-2,4-D antibody, not capa-
ble of binding MUC5AC, used in the same concentration, as
well as blocking buffer without antibody served as negative
controls.

After washing six times for 5 minutes with D-PBS / 0.1% (v/
v) Tween 20, the membranes were incubated in secondary anti-
body-Alexa Fluor� 680 conjugate (1:5,000 dilution in blocking
buffer with 0.05% (v/v) Tween 20) for 90 minutes at room tem-
perature (RT) in the dark. Hereafter, the membranes were
washed under exclusion of light four times with D-PBS / 0.1%
(v/v) Tween 20 and two times with D-PBS. Fluorescence signals
were detected and quantified with an Odyssey Classic Imager
(CE9120, LI-COR Biosciences) at a wavelength of 700 nm with
an intensity below saturation of the fluorescence signals using
the Odyssey 2.1. software for conversion into numerical values.
Background was measured in a region of the membrane with-
out BALF sample and subtracted from the values of the BALF
samples. Data analysis was performed using the GraphPad
Prism 5.02 software package (GraphPad Software Inc.).

Retrieval of spiked antigen in BALF samples

To exclude overloading of the nitrocellulose membranes with
irrelevant BALF sample proteins, which might result in block-
ing of antibody epitopes and hence differences in antibody
binding, BALF samples were spiked with defined amounts of
OVA (152060, Galab) and the quality of OVA-signal retrieval
was determined. In immunoblot pre-tests, 750 ng OVA per dot
were shown to produce a signal in the linear range of the fluo-
rescence intensity. 750 ng OVA alone or a mixture of 750 ng
OVA and BALF equal to 150 ng MUC5AC were adjusted to
100 ml with D-PBS and dotted in duplicate onto nitrocellulose
membranes. Immunoblots were performed as described above,
using monoclonal mouse anti-OVA IgG (1 mg in 3 ml blocking
buffer) as primary antibody.

Generation of MUC5AC-peptide libraries

The binding of anti-MUC5AC antibodies to the MUC5AC pro-
tein backbone was analyzed by screening a library of peptides
spanning the complete MUC5AC protein sequence (P98088,
UniProtKB). The MUC5AC sequence (5030 amino acids) was
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converted into 15meric peptides with 13 amino acids overlap,
thereby generating 2509 15mers. After removal of 281 duplicate
sequences, a library of 2228 different peptide sequences
remained.

These peptides were synthesized by CelluSpot Fmoc solid
phase synthesis technique on amine-derivatized cellulose disks
(32.121, Intavis Bioanalytical Instruments AG) using an auto-
mated multiple peptide synthesizer (MultiPep RS, Intavis Bioa-
nalytical Instruments AG) as described previously.31 After
completion of the peptide synthesis and side chain deprotec-
tion, cellulose disks were transferred into fresh 96-well plates
(MegaBlock 96 well 2.2 ml, 821972.002, Sarstedt). 250 ml/well
of cellulose lysis-solution containing 88.5% (v/v) of trifluoro-
acetic acid (P088.2, Roth), 4% (v/v) of trifluoromethane sul-
fonic acid (347817, Sigma Aldrich), 5% (v/v) of water and 2.5%
(v/v) of triisobutylsilane (278785, Sigma-Aldrich) were added,
and the cellulose was disintegrated by 10 min ultrasound treat-
ment and additional 16 h shaking at RT. 750 ml of cold tert-
butyl methyl ether (TBME, 34875, Sigma-Aldrich) were added,
and mixtures were kept at ¡20 �C for 90 minutes during which
time the peptides precipitated as peptide-modified cellulose
fibers. Liquids were carefully removed after centrifugation, and
residues were washed twice with TBME. The gel-like precipi-
tates were dissolved in 500 ml/well of dimethyl sulfoxide
(10 min ultrasound treatment and additional 16 h shaking at
RT). These peptide/cellulose stock solutions were stored in the
plates at ¡20 �C.

To prepare multiple identical peptide-libraries for antibody
analysis, 40 ml of each peptide/cellulose stock solution were
placed into individual wells of a 384-well microtiter plate
(G384–12, Kisker Biotech), 40 ml of SSC buffer (150 mM NaCl,
15 mM Na-citrate, pH 7.0) were added to each well, the plates
were sealed with an adhesive lid and treated on an ultrasound
bath for 5 minutes. Peptide/cellulose dilutions prepared this
way were transferred to cellulose-coated glass slides (54.112,
Intavis) using an automatic spotter (AutoSpot ASP222, Abimed
Analysentechnik). Each peptide (0.06 ml/sample) was spotted
in duplicate onto the slides in two arrays with 384 positions
(16£24 spots, 1.2£1.2 mm grid) each. Slides were air-dried
and stored under dry conditions at ¡20 �C before use.

Analysis of anti-MUC5AC antibody binding to
MUC5AC-derived peptides

The MUC5AC-peptide library on the slides was rehydrated by
incubation with 5 ml of ethanol for 10 minutes, followed by
washing three times for 10 minutes with 5 ml of TBST buffer
(100 mM Tris, 100 mM NaCl, 3 mM NaN3, 0.5% (v/v) Tween
20) and three times for 10 minutes with TBS (100 mM Tris,
100 mM NaCl, 3 mM NaN3). Afterwards, the slides were
blocked by incubation in 5 ml of blocking buffer (1% (w/v)
Casein (Hammarsten grade, BDH via VWR International),
100 mM maleic acid, 150 mM NaCl, 100 mM NaN3, pH 7.5)
for 5 h at RT. Slides were washed for 5 minutes with 3 ml of
TBST. Afterwards, 3 ml of anti-MUC5AC antibody (625 ng/
ml) in blocking buffer were added to the slides and incubated
14 h at 4 �C with rocking. Slides were washed six times with
3 ml of TBST and subsequently incubated with 3 ml of Alexa
Fluor� 680-labeled goat-anti-mouse IgG (133 ng/ml) in

blocking buffer for 2 h. Slides were washed four times for
10 minutes with 5 ml of TBST and air-dried. Fluorescence data
acquisition and analysis was performed as described above.
The cut-off value for a positive signal on a slide was defined as
the mean value of all spot signals on this slide plus three stan-
dard deviations.
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