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ABSTRACT

The beneficial effect of anti-cholinergic therapy for chronic obstructive pulmonary diseases like
COPD is well-documented although cholinergic stimulation paradoxically inhibits liquid
absorption, increases cilia beat frequency, and increases airway surface liquid transport.

Using pig tracheobronchial explants, we quantified basal mucus transport as well as after
incubation with by the clinically used anti-muscarinic compound ipratropium bromide (Atrovent)
and stimulation with acetylcholine.

As expected the surface liquid transport was increased by acetylcholine and carbachol. In
contrast, the mucus bundles secreted from the submucosal glands normally transported on the
cilia were stopped from moving by acetylcholine, an effect inhibited by ipratropium bromide.
Interestingly, in pigs lacking a functional CFTR channel, the mucin bundles were almost
immobile. As in wild-type pigs the cystic fibrosis (CF) surface liquid transport increased after
carbachol stimulation. The stagnant CF mucin bundles were trapped on the tracheal surface
attached to the surface goblet cells. Pseudomonas aeruginosa bacteria were moved by the mucus
bundles in wild-type, but not CF pigs.

Acetylcholine thus uncouples airway surface liquid transport from transport of the surface
mucin bundles as the bundles are dynamically inhibited by acetylcholine and the CFTR channel,

explaining initiation of CF and COPD and opening novel therapeutic windows.



Introduction

Airway mucus obstruction is common to many chronic lung diseases such as asthma,
chronic obstructive pulmonary disease (COPD) as well as cystic fibrosis (CF) and contributes
substantially to airflow limitations [1]. This is caused by increased vagal tone and increased
levels of acetylcholine (ACh) that causes increased airway smooth muscle tone. In addition ACh
also causes submucosal gland secretion, increased ciliary beat frequency and inhibits air surface
liquid absorption [2, 3]. Treating airway diseases with muscarinic antagonists to block
parasympathetic signaling is an old tradition, but it was not until the introduction of non-
absorbable atropine derivatives as ipratropium became an accepted therapy used especially for
COPD. However, the beneficial effect of anti-cholinergic treatment, except for the muscle-
relaxing effect, is paradoxically partly opposite to what could be considered physiologically
beneficial.

The respiratory tract is kept essentially free from inhaled particles and bacteria by the
mucociliary clearance system. The constantly beating cilia generate an escalator transporting
mucus cephalically to the larynx. As the organization of the mucus system differs between the
commonly used small experimental animals and higher species there has been some confusion.
Mice essentially lack submucosal glands, whereas humans and pigs have numerous glands [2].
Submucosal glands produce the MUC5B mucin that forms linear polymers [4]. In the submucosal
glands, the most peripheral cells generate a chloride- and bicarbonate-rich fluid that passes by the
MUCB secreting cells and by this unfolds and pulls out the MUC5B polymers [5, 6]. During the
duct passage these polymers form thick mucin bundles that are 25-30 um thick and made up of
>1,000 polymers. The bundles appear from the gland openings and are then moving in or on top

of the 7-10 um deep airway surface liquid (ASL) with a mean velocity of 0.3 um/min [2, 6]. The



ASL moves faster (3-5 um/min) than the bundles, a discrepancy we suggest to be caused by the
mucus bundles being anchored to the surface goblet cells [6]. We have now studied the mucus
bundle transport on live tracheal tissue from normal newborn piglets and piglets lacking the
CFTR channel as in cystic fibrosis (CF) and can show that ACh blocks the mucus bundle
movement and thus we give additional explanation for the beneficial effect of ipratropium

bromide (Atrovent) whereas in CF the mucus bundles were essentially immobile.

Material and methods

Piglets and airway preparation.

All animal procedures were performed according to the German Animal Welfare Act with
permission of the local regulatory authority. Breeding of CF and WT littermate piglets was
performed as described [7]. Births were induced and airways dissected and shipped as described

[6] within 24 hours of birth. For further methods see Supplemental material.

Statistical analysis.

All statistical tests were performed using GraphPad Prism 7.02 and all data are represented as
mean + standard error of the mean (SEM). Each time-lapse was considered as one replicate.
Differences were assessed with two-tailed Mann-Whitney U-test to compare two groups and
Kruskal-Wallis test followed by Dunn’s multiple comparisons test were employed for multiple
comparisons as appropriate and P < 0.05 was defined as significant. No statistical methods were
used to predetermine sample size and no randomization was employed. No animals were
excluded from the analyses and because the morphology of CF piglet trachea is distinct, the

experiments could not be performed blinded to the observer.



Results

Cholinergic inhibition by Ipratropium bromide promotes mucus bundle transport.
Mucus bundles from submucosal glands clean the airways by sweeping over the surface to collect
debris and bacteria [6]. The movement of these Alcian blue stained mucus bundles can be studied
in explant piglet airways mounted in a temperature controlled chamber [6]. The uneven
movement of the Alcian blue stained mucus bundles is best illustrated by movies (Movie S1).
Cholinergic signaling has been claimed to be increased in lung diseases such as COPD [8],
asthma [9], and CF [10]. To mimic this situation we added the metabolically more stable
acetylcholine (ACh) analog carbachol (Cch) to the chamber and studied the mucus bundle
transport in WT piglet trachea. Surprisingly, the transport of mucus bundles was essentially
stopped by Cch (figure 1a). To exclude off-target effects, we next tested the endogenous
transmitter acetylcholine (ACh) on the transport of Alcian blue stained mucus bundles and found
that ACh exerted the same effect as Cch. The ACh stopped mucus was mobilized again by the
non-selective muscarinic receptor antagonist ipratropium bromide. Interestingly, the ipratropium
bromide effect lasted only 45 min as the transport was back to the ACh levels 45 min after
ipratropium removal (figure 1b). Ipratropium bromide did not inhibit the formation of Alcian
blue stained bundles either before (figure 1c) or after ACh stimulation (figure 1d).

Mucociliary transport, often referred to as mucus transport, is traditionally visualized by
the movement of particles on the mucosal surface [11]. Similar to others [12], we used 40 nm
carboxylated fluorescent beads added to piglet airway preparations. As shown previously [6],

Alcian blue and beads stained distinct material in WT (figure S1, Movie S2).



The Alcian blue bundles exited the submucosal gland openings (figure 2a, green arrow)
and the carboxylated beads gathered in dots on the epithelial surface and sometimes in linear
patterns (figure 2a). The Alcian blue bundles and beads did not stain the same shapes (figure S2).
To further address the differences, the velocity of the beads and bundles were compared showing
that the beads moved with higher velocity than the Alcian blue stained bundles (figure 2b).
Furthermore, adding Cch caused the beads to move even faster at the same time as the Alcian
blue stained mucus bundles further slowed down within 5 min of Cch application (figure 2b). The
fluorescent beads thus responded to ACh stimulation by an increased transport as previously
observed for mucociliary clearance of what has been called mucus and corresponds to the airway
surface liquid (ASL). To avoid confusion, we suggest using ASL for the liquid directly
transported by the cilia. The bead-gathering strands are in the ASL and their velocity given as
ASL.

Immunostaining for the MUC5AC and MUC5B mucins illustrated that the main mucin in
the glands is MUCS5B whereas the surface goblet cells contain mainly MUCS5AC (figure 2c).
Mucus bundles exiting submucosal glands was previously identified in WT piglet airways with
scanning electron microscopy (SEM) [6] and as humans also have numerous submucosal glands,

we found the same type of mucus bundles on the human airway surface (figure 2d).

Mucus bundles are immobile in CF trachea.

Cystic fibrosis (CF) is a disease caused by a non-functional CFTR and characterized by
decreased mucociliary clearance and mucus accumulation. When the transport velocity of Alcian
blue stained mucus bundles in neonatal WT and CF piglet tracheas was compared, a dramatic
impairment in mucus transport was observed in CF airways (figure 3a). Time-lapse recordings of

Alcian blue stained CF tracheas revealed a very slow transport (Movie S3). To study whether



ipratropium bromide could abrogate the decreased velocity in CF, similar to what was observed
in WT, we measured Alcian blue stained bundle velocity after ipratropium bromide treatment.
Preincubation with ipratropium had no direct effect in CF (figure 3b). Addition of ACh further
arrested the bundle movement in CF and preincubation with ipratropium had no rescuing effect.
A similar pattern of bundles was noted on CF as WT trachea after ipratropium (figure 3c) but
ACh stimulation did not cause additional mucus secretion, in contrast to WT trachea (figure 3d).
Scanning electron micrographs of CF tracheas showed long bundles exiting submucosal
glands (figure 4a, green arrow), immunostaining MUC5B in submucosal glands, and MUC5AC
in surface goblet cells (figure 4b), similar to WT. As in WT tracheas, we studied the transport of
fluorescent beads and Alcian blue stained mucus bundles. The beads collected in similar shapes
as in WT and moved toward the larynx (Movie S4). When the images were superimposed, it was
clear that the beads did not overlap with the Alcian blue staining (Movie S5). Just as in WT, there
was a tendency for the beads to move faster after Cch stimulation, whereas the movement of
Alcian blue stained bundles slowed down (figure 4c,d). Thus the ASL and mucus bundles had

opposite responses also in CF, although the velocities were considerably lower.

MUC5B mucus bundles from submucosal glands are retained by MUC5AC from surface
goblet cells in CF

The Alcian blue stained bundles had a core of MUCS5B stained with the Lotus tetragonolobus
lectin (LTL) [6] in both WT and CF (figure 5a,c). Live WT piglet trachea mucus bundles stained
with fluorescein-labeled LTL, but the fluorescent beads did not bind to the LTL-positive mucus
bundles as they appeared directly from the submucosal glands (figure 5b, d). Thus, the bundles
exited the gland without binding beads, but at later time points the mucus bundles collected

beads, suggesting that the material that collected the beads later also gathered on the bundles.



Thus the mucus bundles stained with Alcian blue or LTL were distinct from the fluorescent
beads, similar to WT.

The thickness of the Alcian blue stained bundles was similar in WT and CF (figure 6a).
The bundle thickness estimated from LTL-staining was also similar with a tendency for thinner in
CF (figure 6b). It has been suggested that the mucus bundles were trapped in the glands of CF
[12], a phenomenon that might give less mucus bundles in CF. When the total volume of lectin
stained bundles was measured, no major differences were observed (figure 6c).

We have previously demonstrated that bicarbonate in sufficient amounts is necessary for a
normal detachment of the mucus in the small intestine and that removal of serosal bicarbonate
caused WT intestine to mimic CF [13]. When bicarbonate was removed from the buffer on WT
tracheal explants stained with Alcian blue, the transport was as slow as in CF (figure 6d),

emphasizing the importance for bicarbonate and functional CFTR.

Mucus bundles are retained by MUC5AC from surface goblet cells in CF.

To explore how the bundle transport was slowed in CF, we stained the MUC5B bundles with
LTL (green) and the MUC5AC mucin from the surface goblet cells with the UEAL lectin (red)
(figure 2c, 4b). In WT (figure 7a) and in CF (figure 7c), the bundles consisted of a core of
MUCS5B coated with MUCS5AC [6]. The contact points between the bundles and the goblet cells
could be observed in confocal images at higher magnification (figure 7a”, 7¢’) and in SEM
images (figure 7b, 7d). In both WT and CF the MUCS5AC mucin appeared from the tracheal
surface goblet cells, coated the MUC5B bundles and connected the two. The distance between
the bundles and the epithelium were measured, revealing a tendency for a shorter distance in CF
compared to WT (figure 8a). Interestingly, the number of contact points between goblet cells and

bundles assessed as MUCS5AC stained connections was significantly higher in CF (figure 8b).



To illustrate the consequences of the observed differences in mucus bundle movement for
cleaning the tracheal surface from bacteria, we added TAMRA-stained Pseudomonas aeruginosa
bacteria (red) to LTL-stained bundles (green) on piglet trachea (figure 8cd). In the WT animals
the bacteria were quickly collected on the moving bundles and leaving the surface essentially free
of bacteria (figure 8c, Movie S6). In contrast, the bacteria covered the surface of the epithelium in
CF and the bacteria on the bundles were essentially stagnant (figure 8d, Movie S7). The mucus
bundles sweeping over the tracheal surface are thus essential for cleaning the tracheobronchial
surface and the stagnant bundles in CF result in inefficient clearing of bacteria from the epithelial

surface.

Discussion

Analyzing mucus in vivo or ex vivo in a physiological way is challenging. A major
problem is that mucus is completely transparent and thus invisible. The cationic Alcian blue dye
binds to the multiple negative charges found on the glycans of the mucin domains and has been
used for decades to stain mucus on tissue sections. We have now taken advantage of this and
used Alcian blue to stain live tracheobronchial explants. To our initial surprise, we observed thick
Alcian blue stained mucus bundles appearing from submucosal glands openings [6]. Other
scientists have used 40 nm fluorescent beads to stain ‘mucus’ [14]. These beads are carboxylate-
modified and thus negatively charged. These beads did not bind the mucus bundles, but gathered
on other structures of unknown identity very weakly stained by Alcian blue or LTL. The Alcian
blue bundle and bead transport were affected in opposite directions by Cch stimulation in both
WT and CF. This further supports that Alcian blue and fluorescent beads label distinct materials.

The increased transport velocity of the beads after Cch is similar to what has been observed for



mucociliary clearance using for example micro-OCT [2, 15]. This surface liquid has often been
called ‘mucus’, but in the normal lung this is the same as the airway surface liquid (ASL). To
avoid confusion, we use the name ASL for the bead transport. This normal ASL should be kept
separate from the mucus that accumulates at the epithelial surface upon disease observed on
human bronchial epithelial cultures [16].

Lungs in pigs and humans have numerous submucosal glands ideally organized to make
mucus bundles from linear MUC5B mucin polymers [5]. In the normal lung, these mucus
bundles are transported cephalically and by this sweeping the tracheal surface [6]. The normal
tracheobronchial surface is covered by ASL of about 10 um, of which 4-5 pm is occupied by
cilia in pigs and humans [2]. The mucus bundles are substantially thicker (average thickness 27
pm) than the ASL depth and thus the bundles are moving on top of and partly dipping into the
ASL.

During the transport cephalically the mucus bundles from the glands were covered with
material from surface goblet cells both in WT and CF. This material contained the MUC5AC
mucin, was stained by the UEA1-lectin, and connected the surface goblet cells with the bundles.
The distance between the bundles and epithelial surface was similar in WT and CF, but the
number of connections were four times higher in CF. As bundles appeared from both WT and CF
glands and were found on the tracheal surface to about the same extent, we find it difficult to
envision that the mucus bundles were attach specifically to the gland openings, as has been
suggested elsewhere [12, 17]. In contrast, our results suggest that the mucus bundles were
anchored to the surface goblet cells in CF. The observations that the MUC5B core of the mucus
bundles is coated with the MUC5AC mucin and that goblet cells are found also in the gland ducts
[2, 6] provide an explanation to how the mucus bundles can be observed to be retained in gland

openings in CF. Our results suggest that the surface mucus bundles are anchored to the epithelial



surface goblet cells and that the bundles are kept at the surface and thereby hindered from falling
out into the tracheal lumen. As the mucus bundles are transported up to ten times slower than the
ASL, we further hypothesize that the bundle transport is controlled by attachment-detachment of
the goblet cell-bundle anchors. This is similar to what we observed in the small intestine, where a
specific protease is required for detaching the mucins from the goblet cell anchor [13, 18].

CF is characterized by stagnant mucus that permits bacterial overgrowth. We now show
that the mucus bundles were essentially stationary in the newborn CF piglets as well as in WT
when bicarbonate was removed. Since the piglets were less than 24 h old at analysis, our results
suggest that also human CF lung disease starts already at birth, strongly suggesting that treatment
of human CF should start early.

In addition, Pseudomonas aeruginosa bacteria added to the tracheas were rapidly
removed from the WT, but not CF tissues. This can be observed as higher background in the CF
images. If the cause of this difference is more or less specific binding to the epithelial surface or
the absence of the bundle sweeping, or a combination of these is not known. The important point
is that in CF there is already from birth a defect in airway cleaning and the bacterial accumulation
can be assumed to cause lung disease.

The cholinergic system is important for respiratory physiology as the vagus nerve uses
ACh to increase airway smooth muscle tone, submucosal gland secretion, and ciliary beat
frequency at the same time as it inhibits surface liquid absorption [2, 3]. Increased cholinergic
tonus is common in asthma and COPD [8, 9] and the muscarinic inhibitor ipratropium bromide
(Atrovent®) is used for pharmacological treatment of COPD. The use of this treatment is rather
counterintuitive except for its inhibitory effect on bronchoconstriction. However, the quick effect
of ACh discovered stopped the transport of mucus bundles and suggests another novel

mechanism that could explain some of the beneficial effect of anti-cholinergic treatment.



Ipratropium with its anti-muscarinic M, My, and M3 receptor inhibition, efficiently reversed this
effect. Newborn normal piglet tracheas do of course not represent the lung phenotype of a patient
with COPD as these patients have accumulated mucus and plugged airways. Still COPD patients
have a clinically documented beneficial effect of ipratropium bromide and we suggest that this is
due to its anti-cholinergic effect counteracting ACh induced reduced mucus bundle transport. In
COPD patients, this effect might be localized to less affected parts. Clinical outcomes of
ipratropium bromide in COPD are presented elsewhere [19]. Ipratropium bromide had little effect
in newborn CF piglets indicating that initial CF disease is acting by a different mechanism than in
COPD. However, the lack of effect in initial CF disease does not mean lack of effect in advanced
CF disease [20].

Increased vagal tone and ACh is the physiological response to dust inhalation and the
effect to block bundle movement while the ASL is simultaneously moving faster is a logical one
to more efficiently collect the debris onto the mucus bundles before these are detached and
capable of efficiently transporting the debris to the larynx. Our results further suggest that mucus
bundle movement is controlled by attachment-detachment of the mucus bundles to the surface

goblet cells.
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Figure legends

FIGURE 1 Cholinergic inhibition promotes mucus transport. a) Alcian blue stained mucus
bundles essentially stopped moving after carbachol (Cch) stimulation, n = 45 wild type (WT)
control and 12 Cch time lapses, p = 0.0001. b) Ipratropium bromide reversed the decreased
movement induced by acetylcholine (ACh), n = 7 lpratropium, 5 Ipratropium + Cch <45 min, 9
Ipratropium + Cch >45 min, 8 ACh time lapses, p = 0.03. ¢) Live submerged WT piglet trachea
preincubated with 100 nM ipratropium bromide for 1 hour and stained with Alcian blue. d) WT
piglet trachea incubated with ipratropium bromide after stimulation with ACh. Scale bar in ¢ and

d, 1 mm. Data analyzed by two-tailed Mann-Whitney U-test.

FIGURE 2 Submucosal glands secrete mucus bundles stained by Alcian blue. a) Alcian blue
stained bundle (blue) from submucosal gland and beads (orange). Arrow points to gland opening.
b) Velocity of bead-collecting strands (open bars, ASL) and Alcian blue stained bundles (black
bars, bundles) without or with 100 uM Carbachol (Cch). The beads moved faster than Alcian
blue stained bundles in both cases, n = 41 Alcian blue, 9 beads, 7 Alcian blue with Cch, 9 beads
with Cch time lapses, p = 0.03 for no Cch and p = 0.0003 for 100 uM Cch. Data analyzed by
two-tailed Mann-Whitney U-test. ¢) The MUC5B mucin (green) was expressed mainly in the
submucosal glands and to a minor extent in the surface goblet cells whereas the MUC5AC mucin
(red) was expressed exclusively in the airway surface goblet cells in WT piglet trachea. d) Bundle
on the cilia observed with scanning electron microscopy (SEM) in human trachea. Experiments

in a and ¢ were performed on at least 4 pigs. Scale bar in a 250 um, ¢ 50 pum and d 2 um.



FIGURE 3 Mucus bundles are immobile in CF piglet tracheas. a) Comparison of transport
velocity for Alcian blue stained bundles in WT and CF piglet trachea, n = 39 WT and 32 CF, p =
0.03. b) In CF, ACh stimulation decreased transport velocity of Alcian blue stained bundles, even
after preincubation with Ipratropium bromide, n = 18 CF control, 7 Ipratropium, 7 Ipratropium +
ACh <45 min, 7 ACh time lapses, p = 0.0003 CF control compared to ACh, p =0.0034 CF
control vs. Ipratropium + ACh <45 min, no difference between Ipratropium + ACh <45 min and
ACh alone and no difference between control and ipratropium alone, Kruskal-Wallis multiple
comparisons test with Dunn’s post hoc test. ¢) CF piglet trachea stained with Alcian blue after
preincubation with 100 nM ipratropium bromide for 1 hour. d) CF trachea incubated with
ipratropium bromide, stained with Alcian blue and stimulated with ACh. Scale barincandd 1

mm.

FIGURE 4 Submucosal glands in CF piglets secrete Alcian blue stained mucus bundles. a)
Bundles formed in CF piglet trachea visualized by SEM, submucosal gland opening indicated by
green arrow. b) Similar expression pattern in CF piglet trachea as in WT. Experiments in a and b
were performed on at least 4 pigs. Scale bar in a 50 um, in b 25 um. c) Velocity of bead-
collecting strands (white bars, ASL) and Alcian blue stained bundles (black bars, bundles)
without or with 100 uM Cch. The beads moved faster than Alcian blue stained bundles. The
beads moved faster than Alcian blue stained bundles when stimulated with 100 uM Cch, p =
0.03. d) Focus on the Alcian blue bundle movement in ¢, p = 0.043, n = Alcian blue 34, beads 8,
Alcian blue 100 uM Cch 9 and beads 100 uM Cch 13 time-lapses. Data analyzed by two-tailed

Mann-Whitney U-test. Scale bar in a 50 um and 25 um in b.



FIGURE 5 Mucus bundles stained with Alcian blue and LTL-lectin, but not beads. a) Mucus
bundles stained with Alcian blue (blue) and LTL (green) in WT piglet trachea. b) Confocal image
of a mucus bundle from a WT piglet trachea stained with LTL (green) and with fluorescent beads
(magenta). ¢) Mucus bundles stained with Alcian blue (blue) and LTL (green) in CF piglet
trachea. d) Confocal image of a mucus bundle from a CF piglet trachea stained with LTL (green)
and with fluorescent beads (magenta). Note large overlap in staining with Alcian blue and the
lectin in a and ¢ whereas the beads do not collect on LTL-stained bundles in b and d. Gland
opening indicated by dashed line in b and d. Experiment repeated in at least 3 pigs. Scale bar in a

andc1mm,incandd 20 um.

FIGURE 6 Mucus bundle thickness and amount are similar in WT and CF whereas the transport
velocity is lower in CF than WT. a) Thickness of Alcian blue stained bundles, WT Alcian n =8
bundles, n = 3 animals, CF Alcian blue n = 11 bundles, n = 4 animals. b) Thickness of LTL-
stained bundles, mean bundle thickness in WT 18 £4.9 um, 11 bundles and in CF 12 +2 uym, 9
bundles, at least 5 measurements per bundle, 3 animals per genotype. ¢c) Mean volume of LTL-
stained mucus bundles on an identical surface area of WT and CF trachea (WT, 31 data points;
CF, 16 data points from 3 animals each). Results in a, b and c analyzed by two-tailed Mann-
Whitney U-test. d) The Alcian blue stained bundles moved with higher velocity on WT than CF
trachea, p = 0.02 and with higher velocity than WT when bicarbonate was omitted from the
buffer, p = 0.007, data analyzed by Kruskal-Wallis and Dunn’s multiple comparisons test, n =

WT 39, CF 32, WTObic 36 time-lapses.

FIGURE 7 Mucus bundles are retained by mucus from surface goblet cells in CF. Images from

confocal microscopy where the intensities for the lectins is not reflecting relative amounts. a)



Bundles exiting submucosal glands consist of a core of MUC5B (green) and a coating of
MUCS5AC (red). The coating of MUC5AC comes from surface goblet cells. a") Detail of a mucus
bundle at higher magnification shows how goblet cell mucus reaches out to coat the bundle. b)
The contact between mucus bundle and goblet cell was also observed with SEM. c) In CF piglet
trachea similar bundles were observed as in WT. ¢”) Larger magnification showed that the CF
bundles had a higher number of contact points than WT bundles. White arrows in a” and ¢” point
to attachment points between goblet cell and bundle. d) The contact between bundles and goblet

cells in CF was observed with SEM. Scale bar ina 20 um, a” 10 um, b 1 pum, ¢ 20 um, ¢"10 um

andind 1 um.

FIGURE 8 Model bacterium Pseudomonas aeruginosa PAQO1 is cleared in WT but not CF
trachea. a) Measuring the distance between the epithelium and lectin stained bundles in live tissue
revealed a tendency to shorter distance in CF (WT, n = 6 bundles, 5 animals; CF, n = 3 bundles, 3
animals). Data analyzed with two-tailed Mann-Whitney U-test, p = 0.1. b) The number of
attachment points were lower in WT than CF (WT, n =7 bundles, 5 animals; CF, n = 3 bundles, 3
animals). Data analyzed with two-tailed Mann-Whitney U-test, p = 0.008. Representative images
are presented in figure 7a and c. ¢) Mucus bundles stained with LTL (green) and bacteria (red) in
WT trachea. d) Mucus bundles stained with LTL (green) and bacteria (red) in CF trachea. Note

lack of bacteria on the surface between the bundles in WT. Scale bar in ¢ and d 500 pm.
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Supplemental Material

Material and Methods

Video microscopy.

The distal part of neonatal WT and CF pig trachea together with the most proximal part of the
primary bronchi were mounted in a Petri dish coated with Sylgard. The tissue was covered in
oxygenated (95% O, 5% CO,) Krebs-glucose buffer as described previously {Ermund, 2017
260 /id}. Tissue was heated to 37°C and stained with 0.4 mM Alcian blue 8GX pH 7.4, red
(580/605) fluorescent beads (FluoroSpheres™ Carboxylate-modified microspheres, 0.04 um,
ThermoFisher Scientific, Waltham, MA) or fluorescein labeled Lotus tetragonolobus lectin
(Vector laboratories, Burlingame, CA). Buffer without bicarbonate was prepared by omitting
NaHCOg, adjusting the osmolarity with NaCl and adding 10 mM HEPES. Tissue was
monitored through a stereo microscope (Nikon, Tokyo, Japan) and white light (Photonics,
Pittsfield, MA) or a CoolLED pE-300ultra light source (CoolLED, Andover, UK). Time-lapse
recordings were acquired using a 5.0-megapixel color CCD camera (DS-Fi2 or DS-Fi3,
Nikon, Tokyo, Japan) or a monochrome cooled-CCD camera (DS-Qil, Nikon, Tokyo, Japan)

and NIS elements software (Nikon, Tokyo, Japan). Pseudomonas aeruginosa bacteria were



stained by 6-(Tetramethylrhodamine-5-(and-6)-Carboxamido) Hexanoic Acid, Succinimidyl
Ester (TAMRA; ThermoFisher Scientific, Waltham, MA) Bundle transport velocity, Alcian
blue bundle thickness and bead-strand thickness were calculated using NIS elements. To
calculate transport velocity, the mean of the five fastest-moving points in each time-lapse was

taken on moving bundles/strands.

Lectin staining of live tissue for confocal microscopy.

WT and CF pig airway tissue was dissected into 1 cm pieces and opened to expose the
luminal surface. Tissue was glued to a Petri dish using Vetbond tissue adhesive (3M,
Sollentuna, Sweden) and a mixture of fluorescein labeled Lotus tetragonolobus Lectin (LTL),
rhodamine labeled Ulex europaeus Agglutinin I (UEAL) or FluoroSpheres™ Carboxylate-
modified microspheres, 0.04 um, red fluorescent (580/605) beads (ThermoFisher Scientific,
Waltham, MA) were mixed in Krebs-glucose buffer and added to the tissue. After
approximately 30 min of incubation at ambient temperature, lectins were removed and fresh
Krebs-glucose buffer was added. Tissue was imaged with a Plan-Apochromat x20/1.0DIC
water immersion objective and an upright LSM 700 Axio Examiner 2.1 confocal imaging
system (Carl Zeiss, Oberkochen, Germany). Measurements of bundle volume, distance from
the epithelium and number of attachment points were performed using the Imaris sorftware

(Bitplane, Zurich, Swizerland).

Immunofluorescence staining of fixed sections.

Pig airway tissue was fixed in 4% formalin, embedded in paraffin and cut in 4 um thick
sections, which were dewaxed using Xylene substitute (Sigma, St. Louis, MO) and hydrated
in decreasing concentrations of ethanol. Antigen retrieval was performed by microwave

heating in 0.01 M citric buffer pH 6. Sections were blocked for 60 min with 3% donkey serum



in Tris-buffered saline (TBS) and permeabilized with 0.1% Triton X-100. Stainings were
performed sequentially. Primary antibodies, mouse monoclonal MUC5AC clone 45M1
(Sigma Aldrich, St. Louis, MO) and MUCS5B, kind gift from M. Kesimer (University of South
Carolina, Chapel Hill, SC) in blocking solution were incubated over night at 4°C. For
MUCS5B, donkey anti-rabbit Alexa 488 and for MUC5AC donkey anti-mouse Alexa 647
(Thermo Fisher Scientific, Waltham, MA) secondary antibodies were incubated in blocking
solution for two hours at room temperature in the dark. Nuclei were counterstained with
Hoechst 34580 (Thermo Fisher Scientific, Waltham, MA). Slides were mounted with Prolong
gold mounting medium (Thermo Fisher Scientific, Waltham, MA). Images were acquired
with an upright LSM 700 Axio Examiner 2.1 confocal imaging system (Carl Zeiss,

Oberkochen, Germany).

Electron microscopy.

WT and CF pig airway tissue was fixed in Karnovsky's fixative (2% paraformaldehyde, 2.5%
glutaraldehyde in 0.05 M, sodium cacodylate buffer, pH 7.2) for 24 h at 4°C followed by
preparation for scanning electron microscopy (SEM). Postfixation was performed in 1% OsO,
at 4°C three times with an intervening 1% thiocarbohydrazide step. The samples were
dehydrated with increasing concentrations of ethanol followed by hexamethyldisilazane that
was allowed to evaporate, samples were mounted on aluminum pins with carbon tabs and
finally sputter-coated with palladium before examination at 3 kV in a field emission scanning

electron microscope (Zeiss DSM 982 Gemini, Carl Zeiss, Oberkochen, Germany).



Movies:

Movie S1: Alcian blue stained bundles on WT piglet trachea.

Movie S2: Beads gathering on WT piglet trachea.

Movie S3: Alcian blue staining in CF piglet trachea.

Movie S4: Beads on CF piglet trachea.

Movie S5: Alcian blue and beads on CF piglet trachea.

Movie S6: Stained Pseudomonas aeruginosa bacteria (red) added to WT piglet trachea with
LTL-stained bundles (green).

Movie S7: Stained Pseudomonas aeruginosa bacteria (red) added to CF piglet trachea with
LTL-stained bundles (green).

All movies collected at 1 frame per second and rendered at 16x original speed.



FIGURE S1 Submucosal glands secrete mucus bundles separate from bead-gathering strands in
WT piglet trachea. a) WT piglet tracheobronchial preparation stained with Alcian blue. b) WT
trachea with fluorescent beads. c) Merge of a and b. d) Bundle exiting the submucosal gland (green
arrow) observed with scanning electron microscopy (SEM) in WT piglet trachea. Scale barsin a, b
and ¢ 1 mm, in d 25 pm.



¢) Alcian blue + Beads

FIGURE S2 Submucosal glands secrete mucus bundles separate from bead-gathering
strands in CF piglet trachea. a) CF piglet tracheobronchial preparation stained with
Alcian blue. b) CF trachea with fluorescent beads. c¢) Merge of a and b. Scale bars in a,
band c 1 mm.
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