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MUC5B mobilizes and MUC5AC spatially aligns
mucociliary transport on human airway epithelium

Daniel Song', Ethan Iverson?, Logan Kaler3, Allison Boboltz', Margaret A. Scull?*,
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Secreted mucus is a frontline defense against respiratory infection, enabling the capture and swift removal of
infectious or irritating agents from the lungs. Airway mucus is composed of two mucins: mucin 5B (MUC5B) and
5AC (MUC5AC). Together, they form a hydrogel that can be actively transported by cilia along the airway surface.
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In chronic respiratory diseases, abnormal expression of these mucins is directly implicated in dysfunctional
mucus clearance. Yet, the role of each mucin in supporting normal mucus transport remains unclear. Here,
we generate human airway epithelial tissue cultures deficient in either MUC5B or MUC5AC to understand
their individual contributions to mucus transport. We find that MUC5B and MUC5AC deficiency results in im-
paired and discoordinated mucociliary transport, respectively, demonstrating the importance of each mucin to

airway clearance.

INTRODUCTION

Airway mucus is a complex biological fluid that shields the lungs
from environmental insults through a process known as mucocili-
ary clearance (MCC). In MCC, a mucus coating protects the under-
lying epithelium by acting as a physicochemical barrier that
immobilizes inhaled pathogens and particulates (1, 2). Unlike
other mucosal tissues in the body, the airways can dynamically
clear mucus—and trapped particulates—through shear forces
exerted by the rapid beating of cilia on the epithelium (3, 4).
Normal MCC is essential for innate defense and is facilitated by a
transportable mucus layer and coordinated ciliary activity (5). The
primary secreted mucins expressed in the lungs are mucin 5B
(MUCS5B) and mucin 5AC (MUC5AC) (6, 7). These mucins are
large ( megadalton range) glycoproteins with cysteine-rich
domains at their N and C termini, which enable polymerization
via disulfide bonds. Mucin biopolymers further arrange through
physical entanglements forming a mucus gel stabilized by covalent
and noncovalent interactions (4, 8). The resulting hydrogel network
acts as a solid-like barrier that controls the transport of nano- and
microscale entities through physical and biochemical interactions
while also having a liquid-like ability to flow in response to ciliary
action (9-13). While MUC5B and MUCS5AC are very similar in
amino acid sequence and domain organization, recent evidence
shows that they differ in assembly and N-terminal organization,
with MUCS5B mainly forming dimers and MUC5AC forming
both dimers and higher-order oligomers (14, 15). These subtle dif-
ferences in macromolecular organization affect the functional prop-
erties of secreted mucins, such as effectiveness as a barrier and
transportability, which have been studied in in vivo animal
models (16). In Muc5ac/b knockout (KO) mice, Muc5b deficiency
leads to impaired mucus transport and pathogen accumulation,
while Muc5ac is shown to be dispensable for transport (17, 18).
Conversely, overexpression of Muc5b has been shown to cause
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mucociliary dysfunction, while overproduction of Muc5ac leads
to protection against influenza virus infection (19, 20).

In healthy lungs, MUCS5B is the predominant mucin, while
MUCS5AC is expressed at lower levels (6, 7); the ratio of MUC5B
and MUCS5AC is tightly regulated to ensure efficient MCC.
However, in several chronic respiratory diseases, the production
of MUC5AC increases because of type I and I immune responses,
resulting in a mucus gel with abnormal mucin composition (7, 21—
23). Elevated MUC5AC in mucus has been identified as the major
driver of MCC impairment and is correlated with enhanced visco-
elastic properties, decreased lung function in chronic bronchitis,
and mucus plugging in fatal asthma (7, 21, 24, 25). How
MUCS5AC contributes to effective mucus clearance in healthy
lung function, while driving the formation of stagnant mucus in
disease, is unknown. As a result, there is growing interest in under-
standing how these two secreted mucins with similar domain struc-
tures—but varying functional properties—work in concert to
enable efficient airway clearance. Moreover, the spatial coordina-
tion of transport on airway surfaces has been largely attributed to
cilia organization and activity (26). However, the contribution of
secreted mucins to tissue-scale alignment in MCC has not been
widely considered.

In our studies, we developed in vitro airway epithelial systems
deficient in one of the two gel-forming mucins to investigate the
role and contribution of MUC5B and MUC5AC in MCC mecha-
nisms. We used these in vitro human airway epithelial models to
harvest MUC5B and MUCS5AC gels for comparative assessment
of their rheological properties. In addition, we measured mucocili-
ary transport rates and flow orientation in real time. Our studies
found that MUCS5B deficiency leads to impaired mucus clearance,
whereas MUC5AC deficiency leads to transport that lacks spatial
coordination. Accordingly, we observed that supplementing
MUCS5B- and MUC5AC-deficient cultures with the absent mucin
normalizes mucociliary transport. Together, our data demonstrate
the functional significance of both mucins for promoting effective
MCC and offers insight into the composition dependence of MCC
impairment. This work also establishes the basis for therapeutic
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interventions targeting mucin balance in the treatment of respirato-
ry diseases.

RESULTS

Generation of MUC5B/AC-KO BCi-NS1.1 cultures
CRISPR-Cas9-mediated genome editing was used to generate in
vitro human airway epithelial (HAE) models genetically deleted
for one of the two gel-forming mucins. We designed two single-
guide RNAs (sgRNAs) that target each mucin gene, MUC5B and
MUCS5AC, at different exons (table S1). Earlier exons were targeted
to maximize KO efficiency, while two sgRNAs were designed to
account for potential off-target effects. As our control, we used an
sgRNA with no predicted target. The sgRNAs were cloned into a
green fluorescent protein (GFP)—expressing lentiviral vector that
also encodes the Cas9 nuclease. After lentivirus production, we
transduced BCi-NS1.1 cells, an immortalized HAE basal cell line
previously used for studies on mucin expression, and once differen-
tiated, can be used for in vitro assessment of mucus clearance (27—
29). Subsequently, transduced cells were expanded and sorted for
GFP expression before differentiation (Fig. 1A). Using a T7 endo-
nuclease cleavage assay, we confirmed editing at the correct
genomic loci in undifferentiated cells, evidenced by heteroduplex
fragments in all KO conditions (fig. S1, A and B). To verify that len-
tiviral transduction did not affect normal differentiation of BCi-
NS1.1 cultures, we measured the transepithelial electrical resistance
(TEER) 28 days into the air-liquid interface (ALI) culture and con-
firmed TEER values that were within reported ranges in all condi-
tions, indicative of cell polarization and differentiation into a
pseudostratified epithelium (Fig. 1B) (30). To evaluate intracellular
mucin expression in HAE cultures, we performed en face immunos-
taining, which revealed expression of both MUC5B and MUC5AC
in control cultures, MUC5AC expression in MUC5B KO cultures,
and MUCS5B expression in MUC5AC KO cultures (Fig. 1C).
Because MUC5B and MUC5AC are secreted extracellularly as
high-molecular weight cross-linked polymers, we also performed
Western blot analysis on reduced mucus samples collected from
apical washes of cultures. Results confirmed the loss of MUC5B
and MUCS5AC expression in KO cultures using respective sgRNAs
(Fig. 1D). Agarose gel-based Western blot analysis of unreduced
(full-length) secreted mucins and measured disulfide bond concen-
trations also showed that MUC5B KO and MUCS5AC KO did not
disrupt mucin assembly into high-molecular weight glycoproteins
(fig. S2). Collectively, these data confirm that mucus secretions
from MUC5B-KO cultures are primarily composed of MUC5AC,
while secretions from MUC5AC-KO cultures are composed of
MUCS5B, allowing us to study the properties of hydrogels composed
of each secreted airway mucin.

Viscoelasticity of MUC5B and MUC5AC gels

To evaluate the biophysical properties of gels composed of either
MUCS5B or MUC5AC, we performed macro- and microrheology
on pooled mucus samples collected from control and KO cultures.
Using macrorheology, we observed elastic-dominant properties for
all mucus samples (G' > G") indicative of a cross-linked polymer
network. We also established that the samples exhibited rheological
properties in range of previously reported values for mucus collect-
ed in vitro and ex vivo (Fig. 2A and fig. S3) (11-13). While
MUCS5AC gels resulted in slightly higher mean complex viscosities
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than other gel types, these differences were not statistically signifi-
cant (Fig. 2B). We next measured percent solids concentration of
each sample, since the biophysical properties of polymer gels are
highly sensitive to changes in solids concentration. We found that
the solids concentration of pooled mucus samples was within a
physiological range (2 to 4%) (Fig. 2C) (4, 11). Using a previously
reported fluorometric assay to detect O-linked glycoproteins (10),
we estimated that ~50% of total solids consists of mucin in
samples tested (fig. S4). While macrorheological properties have
major implications in flow and transport, the microstructural
network of mucus is important to its function as a barrier to
inhaled material (Fig. 2D) (4). Therefore, we used particle tracking
microrheology (PTM) to assess diffusion of mucoinert nanoparti-
cles (MIPs) through mucus with different compositions to probe
mucus microstructure. Results showed that MUC5AC gels had sig-
nificantly reduced MIP diffusion, as measured by mean square dis-
placement (MSD) (Fig. 2E). These data are indicative of reduced
pore size in MUC5AC gels compared to MUC5B gels and mucus
collected from control cultures (Fig. 2F). Furthermore, we found
that the network structure of MUC5B gels is similar in nature to
mucus obtained from control cultures, whereas MUC5AC gels pos-
sessed a significantly tighter and heterogeneous structure (Fig. 2, G
to J). We also found that there were no significant differences in
macro- and microrheology measurements of MUC5B and
MUCSAC gels harvested from cultures with equivalent KO condi-
tion (KO1 and KO2) but that were targeted using different sgRNAs.

MUC5B-KO cultures exhibit reduced mucociliary transport
and MUC5AC-KO cultures exhibit discoordinated transport
We next examined the mucociliary transport rates of mucus pro-
duced from MUC5B-KO or MUC5AC-KO cultures to investigate
the contribution of each gel-forming mucin to MCC. To do so,
we deposited 2-um microspheres onto KO cultures and tracked
the movement of particles in real time (Fig. 3A). We observed
that the movement of microspheres on MUC5B-KO cultures was
significantly reduced compared to the nontargeted control cultures.
While functional transport was maintained in MUC5AC-KO cul-
tures, we observed a loss of unidirectional flow (Fig. 3B). Quantifi-
cation of microsphere speed confirmed that MUC5B-KO cultures
had significantly reduced transport rates compared to control and
MUC5AC-KO cultures (Fig. 3C). We next quantified the direction-
ality of mucus flow on the control and MUC5AC-KO cultures. The
overall directionality of mucus flow (O,yerage) Was quantified by av-
eraging all measured angular directions of individual microsphere
trajectories (8;) (Fig. 3D). We found that control cultures resulted in
an overall alignment of flow direction, where 94% of the micro-
spheres moved within 10° to —10° of overall flow (Fig. 3E).
However, MUC5AC-KO cultures resulted in an irregular flow
pattern that resembled circular swirls, where only 35 to 50% of mi-
crospheres aligned with the average flow direction (Fig. 3, F and G).
These differences in mucus flow transport rate and directionality
were not likely the result of changes in the periciliary layer proper-
ties since we confirmed normal cilia beat frequency and normal cilia
expression, as demonstrated in % tubulin-positive area (Fig. 3, H to
J, and fig. S5). Further, we find that mucociliary transport is normal
in both KO cultures supplemented with mucus harvested from
control cultures (fig. S6, A and B). This suggests that ciliary activity
and coordination of the epithelium are unaffected in our KO
cultures.
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Fig. 1. Generation and validation of MUC5B/AC-KO cultures. (A) Overview of the MUC5B/MUC5AC gene-targeting approach via lentivirus-mediated delivery of sgRNA
and CRISPR-Cas9. Transduced and sorted cells were differentiated at air-liquid interface (ALI). Once fully differentiated, the mucus gel was collected by apically washing
cultures. HEK293T, human embryonic kidney—293T; FACS, fluorescence-activated cell sorting; EGFP, green fluorescent protein. (B) TEER measurements in fully differen-
tiated MUC5B/MUC5AC KO cultures. KO1 corresponds to BCi-NS1.1 cells transduced with sgRNA1, and KO2 corresponds to cells transduced with sgRNA2. (n = 4 biological
replicates). No statistically significant differences between groups as assessed by one-way analysis of variance (ANOVA). (C) Immunofluorescence staining for MUC5B
(green) and MUC5AC (orange) in MUC5B/AC-KO cultures. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (blue). Representative two-dimensional (2D)
projections from z-stack images for each secreted mucin are shown. Cultures were washed with 10 mM dithiothreitol before fixing and staining for intracellular mucins.
Scale bar, 10 um. (D) Western blot analysis of mucus gels collected from apical washes of fully differentiated control and KO cultures. Samples were separated by elec-
trophoresis (4 to 20% tris-glycine gel, reducing conditions) and detected by immunoblot for MUC5B and MUC5AC.

Transplanting exogenous mucus rescues impaired
clearance

MUC5AC-KO?2 as representative cultures for transplantation exper-
iments. We found that transplantation of MUC5B onto MUC5B-

On the basis of our previous data, which demonstrate abnormal
transport with the loss of one of the two mucins, we hypothesized
that supplementing KO cultures with the absent mucin could
restore stalled and/or irregular mucociliary transport phenotypes.
To test this, we transplanted 20 pl of exogenous MUC5B and
MUCSAC gels onto KO cultures and tracked the movement of mi-
crospheres on the cultures (Fig. 4A). We chose MUC5B-KO1 and
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KO cultures resulted in a significant increase in transport rates, as
well as unidirectional flow (Fig. 4, B to D). However, transplantation
of MUC5AC gels onto their native MUC5B-KO cultures did not
result in a significant change in transport rate. The addition of
either MUC5B or MUCS5AC gels onto MUC5AC-KO cultures did
not result in any significant change to transport rates (Fig. 4E)
but did improve directionality, where ~85% of the microspheres
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Fig. 2. Viscoelastic properties of mucus produced from MUC5B/AC-KO cultures. (A) Elastic and viscous moduli (G' and G") at w = 1 rad/s measured using macro-
rheology. Moduli show G'-dominant behavior, indicative of a viscoelastic gel. (B) Complex viscosity measured using macrorheology. (C) Solids concentration (%, w/v) in
pooled mucus samples from MUC5B/AC-KO and control cultures. (A to C) Individual data points represent each independent measurement. (D) Airway mucus acts as a
vehicle for pathogen clearance, providing the lungs with a robust defense mechanism. Mucus also has a microstructural network that can immobilize diffusing particles.
(E) Diffusion of 100-nm polyethylene glycol (PEG)—coated nanoparticles (PEG-NP) in mucus samples from KO cultures as measured by log,o MSD at time lag of 1 s (MSD;).
Whiskers are drawn down to the 5th percentile, up to the 95th percentile, and the outliers are shown as individual points. (F) Estimated pore sizes of mucus samples. (G to
J) Frequency distribution of log;o(MSD;) for 100 nm PEG-NP diffusion in mucus harvested from control cultures compared to (G) MUC5B-KO1, (H) MUC5B-KO2, (1)
MUC5AC-KO1, and (J) MUC5AC-KO2 cultures. (n = 3 biological replicates). Significance was determined by one-way ANOVA (A to C) and Kruskal-Wallis test with
Dunn’s correction (E and F). ****P < 0.0001.

are directionally aligned with overall flow with their flow angles
falling within 10° to —10° of average flow direction (Fig. 4, F and
G). To evaluate the impact of supplemental gel volume on transport
dynamics in KO cultures, we repeated these experiments using only
5 pl of exogenous MUC5B and MUC5AC (fig. S6, C to F). We found
that transplantation of MUC5B or MUC5AC at a reduced volume of
5 ul did not result in fully recovered transport in MUC5B KO cul-
tures (fig. S6, C and D). However, supplementation of MUC5AC
KO cultures with 5 ul of MUC5AC led to improved flow alignment,
whereas the flow remained poorly aligned in cultures supplemented
with 5 ul of MUC5B (fig. S6, E and F).
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DISCUSSION

In these studies, we established in vitro HAE models that are genet-
ically depleted of one of the two gel-forming mucins to understand
their role and overall contribution to airway mucus clearance. We
targeted MUC5B and MUC5AC genes in the BCi-NS1.1 human
airway basal cell line and demonstrated successful editing in undif-
ferentiated cultures. MUC5B and MUC5AC KO was further con-
firmed in cells and in pooled mucus washings after
differentiation. MUC5B-KO cultures produced gels composed pri-
marily of MUC5AC, while MUC5AC-KO cultures produced
MUCSB gels, which allowed us to study each mucin independently.
We note that our Western blot analysis indicated that KO cultures
produced slightly elevated levels of respective mucins compared to
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Fig. 3. MCC dynamics of MUC5B/AC-KO cultures. (A) Mucociliary transport rate is measured by apically applying 2-um microspheres to fully differentiated cultures and
measuring particle displacement over time. (B) Images of microsphere trajectories over time. Trajectories show 20 s of motion with a color scale that indicates elapsed
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by one-way ANOVA (B and E). **P < 0.05.

control cultures, while overall percent solids and protein concentra-
tion were conserved. These results may indicate that MUC5B and
MUCS5AC secretion is hydrodynamically controlled, regardless of
mucin type. The pathways that regulate secretion of each mucin
after KO should be explored in future studies. In addition,
MUCS5B and MUC5AC KO may influence production of other
mucus-associated proteins (31), which should also be further ex-
plored in subsequent experiments.

Using our KO cultures, we assessed the biophysical properties of
mucus samples with different mucin composition. Our results indi-
cate that gels composed of MUC5AC have altered microstructural
properties compared to MUCS5B gels, where pore size is signifi-
cantly reduced and heterogeneous. These results are consistent
with recent findings that show that MUC5AC forms a tighter
network with high degrees of branching, while MUC5B organizes
in linear strands (15). The smaller pore size in MUC5AC gels have
implications for their functional role as a protective gel against path-
ological and chemical insults to the airway. In previous studies,

Song et al., Sci. Adv. 8, eabq5049 (2022) 25 November 2022

MUCS5AC has been shown to protect against viral respiratory path-
ogens such as influenza virus and to prevent parasite infiltration (20,
23, 32). We also observed major differences in transportability of
gels composed of different mucin types. MUC5AC gels produced
from MUC5B-KO cultures were poorly cleared, while MUC5B
gels from MUC5AC-KO cultures were more easily transported.
These data are consistent with previous mouse models that
showed Muc5b-KO, but not Muc5ac-KO, resulted in impaired
MCC and mucus accumulation in the airways (17). In humans,
recent evidence has shown that congenital absence of MUC5B
results in impaired mucus clearance (33). This may be due, in
part, to macromolecular organization of mucins, where MUC5B
forms linear gels that can be easily transported via ciliary activity,
while MUC5AC forms a tighter gel, which increases friction at
the mucus-periciliary layer interface, resulting in poor clearance
(3, 15). While bulk rheological properties are known to affect trans-
port properties of mucus gels, our data showed no resolvable differ-
ences in viscosities between gels composed of different mucin types.
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We note that previous studies have predicted MUC5AC to form
more elastic gels than MUCS5B (15). We also found that the solids
concentration of MUC5AC gels was slightly reduced in comparison
to MUCSB gels. Given the strong dependence of mucus viscoelas-
ticity on solids concentration (4), we expect that MUC5B and
MUCS5AC gels with a matched solids concentration would have
greater differences in their viscoelastic properties.

Despite functional transport of MUC5B gels on MUC5AC-KO
cultures, we observed that MUC5AC deficiency led to poor direc-
tionality with local swirls, while control cultures that expressed both
mucins showed global order. These transport patterns have been
previously observed in HAE in vitro models and attributed to hy-
drodynamic active coupling between mucus and cilia, where
changes in mucus properties and cilia density can alter the overall
orientation of mucus flow (34, 35). While the role of MUC5AC in
mucociliary transport has been largely overlooked, our data suggest
that MUC5AC-enhanced mucus viscoelasticity plays a significant
role in hydrodynamic coupling between the mucus and periciliary
layers, driving long-range transport and effective clearance. This
can also be explained by our transplantation experiments with ex-
ogenous mucus, where we demonstrated that supplementation of
KO cultures with the absent mucin can rescue and improve irregular
transport phenotypes. We note that supplementation with high
volumes (20 ul) of MUCS5B to MUC5B-expressing cultures also im-
proved transport coordination—Tlikely by increasing mucin concen-
tration and mucus gel viscoelasticity—leading to enhanced
hydrodynamic coupling. However, at lower volumes (5 pl), only
the addition of MUC5AC to MUC5B-expressing cultures led to
culture-wide alignment in mucociliary transport. Together, these
experiments demonstrate the biological importance of both gel-
forming mucins, MUC5B and MUCS5AC, for efficient airway
mucus transport.

The current understanding of impaired mucus clearance has pri-
marily focused on the imbalance in osmotic pressure between the
mucus and periciliary layers, the result of a dehydrated or hypercon-
centrated mucus gel that is not easily cleared (3, 36). However, our
findings shed light on the mechanisms of defective MCC dictated by
mucus composition, independent of concentration. While in-
creased MUC5AC may contribute to protection against inhaled
pathogens, disproportionate increases have been associated with
pathogenesis of chronic obstructive lung diseases and airway ob-
struction (7, 21). Mucus plugs from individuals with fatal asthma
also show MUC5AC enrichment where physical tethering of
MUCS5AC to the epithelium disrupts normal transport function.
This is in accordance with our data, which show that the secretion
of MUC5AC alone absent of MUC5B leads to severe impairment in
MCC. However, we have yet to determine the relative contribution
of MUCS5AC adhesion and tethering to the epithelium toward the
impaired transport observed in our MUC5B KO cultures. Another
limitation of this study is the use of an in vitro model, which by
nature does not include submucosal glands (SMGs), which are im-
portant contributors to mucin production and functional airway
clearance (37, 38). Future studies in MUC5B- and MUC5AC-defi-
cient animal models, ideally in a larger animal with extensive SMG
development in the airways (e.g., pigs), to explore these potential
effects in vivo are certainly warranted.

In conclusion, our study provides unique insight into the contri-
bution of each gel-forming mucin—MUC5B and MUC5AC—to
MCC mechanisms. Our findings suggest that secretion of
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MUCS5B and MUCS5AC offer a means for the airway epithelium
to dynamically control mucus transport velocity and flow align-
ment. While MUC5AC has been considered a potential therapeutic
target for asthma (17, 18), we predict that preserving baseline levels
of MUC5AC could be important in maintaining flow orientation to
facilitate effective removal of pathogens. To resolve MUC5AC-
induced MCC dysfunction, ongoing work on mucolytic strategies
that target the disulfide bonds in mucus gels for normalizing clear-
ance may prove useful, as MUC5AC-enriched gels are likely to be
more extensively cross-linked (15, 39). This work also establishes
the premise for future development of new precision therapies
aimed at restoring an optimal balance of MUC5B and MUC5AC
secretion in airway diseases.

MATERIALS AND METHODS

CRISPR-Cas9-mediated KO of MUC5B and MUC5AC

We used lentivirus for CRISPR-Cas9—mediated gene targeting of
MUCS5B and MUCS5AC in BCi-NS1.1 cells, a human telomerase
reverse transcriptase (h-TERT) immortalized human airway basal
cell line, provided by. R. Crystal, which their group established
and characterized in previous work (27). Two sgRNAs that target
different regions of MUC5B and MUC5AC were selected on the
basis of favorable targeting using the Doench and Xu scores. To
generate negative control, we designed sgRNA sequences with no
matching sequence in the genome (nontargeting control). Selected
gRNAs were cloned into a GFP-expressing lentiviral vector, pLEN-
TICRISPRv2-GFP [a gift from F. Zhang (Addgene, plasmid no.
52961; http://n2t.net/addgene:52961; RRID:Addgene_52961)],
which also encodes Cas9 nuclease. Lentiviral stocks were generated
by cotransfecting plentiCRISPRv2, pCMV-VSV-G [a gift from
B. Weinberg [Addgene, plasmid no., 8454; http://n2t.net/
addgene:8454; RRID:Addgene_8454], and psPAX2 [a gift from
D. Trono (Addgene, plasmid no. 12260; http://n2t.net/
addgene:12260; RRID:Addgene_12260)] into human embryonic
kidney—293T cells with jetPrime (Polyplus) in cell culture media,
Dulbecco’s modified Eagle’'s medium (Gibco) supplemented with
10% fetal bovine serum, using the manufacturer’s protocol. BCi-
NS1.1 cells were transduced at 40 to 60% confluence using harvested
lentiviruses in media with a final concentration of 20 mM Hepes
(Gibco) and Polybrene (4 pg/ml; AmericanBio). BCi-NS1.1 cells
were then centrifuged (1000g for 1 hour at 37°C) and incubated at
37°C overnight. At 60 to 80% confluence cells were passaged, ex-
panded, and sorted for enhanced GFP (eGFP) expression.

T7 endonuclease cleavage assay

DNA from transduced, sorted (eGFP*) cells was extracted using
QuickExtract DNA Extraction Solution (Lucigen). The EnGen Mu-
tation Detection Kit (New England Biolabs) was used for amplifica-
tion of target DNA, heteroduplex formation, and heteroduplex
digestion, using the manufacturer’s protocol. Final DNA products
were separated and visualized in a 1% agarose gel through gel
electrophoresis.

Cell culture

Transduced and sorted (eGFP*) BCi-NS1.1 cells were seeded on
plastic at ~3000 cells/cm? in PneumaCult-Ex Plus media (STEM-
CELL Technologies) and incubated at 37°C, 5% CO,. Once cells
reached 70 to 80% confluency, they were dissociated using 0.05%
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trypsin EDTA for 5 min at 37°C. To establish well-differentiated
HAE tissue cultures grown at ALIL, BCi-NSI1.1 cells were seeded
on 12-mm diameter transwell inserts (Corning Costar) coated
with type 1 collagen (50 pug/ml) from rat tail (Corning) at ~10,000
cells/cm?. Expansion media, PneumaCult-Ex Plus, was used to feed
cells in both the apical and basolateral compartments until 100%
confluency. After reaching confluency, the apical media was
removed to transition from submerged to ALI culture, and the baso-
lateral media was replaced with PneumaCult-ALI (STEMCELL
Technologies). All cells were grown for 28 days to reach differenti-
ation with media exchanged every other day. TEER was quantified
in cultures using the Millicell Electrical Resistance System ERS-2
Volt-Ohm Meter (Millipore).

Mucus collection

Once fully differentiated, mucus was allowed to accumulate before
collection every 3 to 4 days. Mucus samples were harvested by
washing apical compartments with phosphate-buffered saline
(PBS) for 30 min at 37°C. After 30 min of incubation, the solution
of mucus and PBS was collected (11, 13). Samples were loaded into
Amicon Ultra 100-kDa filters (MilliporeSigma) and centrifuged at
14,000g for 20 min to remove excess PBS for mucin isolation. Mucus
samples were stored at —80°C for long-term storage (> 2 weeks) or
stored at 4°C (28). Collected samples were pooled for Western blot
analysis, solids concentration analysis, biophysical characterization,
and transport experiments.

Immunostaining for secreted mucins and cilia

Fully differentiated control and KO cultures were washed with PBS
three times and fixed using 4% paraformaldehyde for 30 min at
room temperature. For immunostaining of mucins, cultures were
washed with 10 mM 1,4-dithiothreitol (DTT) for 10 min before fix-
ation. After fixation, inserts were washed with PBS and blocked with
5% bovine serum albumin (BSA) in PBS and 0.01% Triton X-100 for
1 hour at room temperature. After blocking, fixed cultures were in-
cubated overnight at 4°C with primary antibodies or Alexa Fluor—
conjugated antibodies in 5% BSA in PBS. The antibodies that were
used were mouse anti-MU5AC (1:500; catalog no. ab3649, Abcam)
and rabbit anti-MUC5B UNC414 (1:500; gifted by C. Ehre), anti-
acetylated a-tubulin Alexa Fluor 647 (cilia marker, clone 6-11B-1,
$¢23950, Santa Cruz Biotechnology; 1:2000), and ZO-1 monocolo-
nal antibody Alexa Fluor 488 (tight junction marker, ZO1-1A12,
Invitrogen; 1:2000). Secondary antibodies used were donkey anti-
mouse immunoglobulin G (IgG) (H + L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 555 (Thermo Fisher Scientific,
A-21202, RRID AB_141607), and goat anti-rabbit IgG (H + L) sec-
ondary antibody, fluorescein isothiocyanate (Novus, NB7159).
Inserts were washed with PBS three times and imaged using a
63x objective (Zeiss C-Apochromat, 1.2 numerical aperture, water
immersion) on a Zeiss 800 LSM microscope (Zeiss). Representative
images are z-stack. Quantification of % tubulin-positive area was
performed in Fiji using the automated thresholding function.

Western blot analysis

Pooled mucus samples were used for Western blot analysis. Protein
concentration of samples was quantified using bicinchoninic acid
assay (Pierce, Thermo Fisher Scientific). SDS—polyacrylamide gel
electrophoresis—based Western blot analysis for MUC5B and
MUCS5AC was performed under reducing conditions by adapting
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previously reported methods (40, 41). First, equal amounts of
mucus samples (10 pg) were mixed with NuPAGE Sample Reducing
Agent (10x) (Novex, Invitrogen) and SDS sample buffer (2x)
(Novex, Invitrogen) and loaded into each lane and run on a 4 to
20% tris-glycine gel (Novex, Invitrogen). Proteins were transferred
to a polyvinylidene fluoride (PVDF) membrane (GE Healthcare)
and blocked with 5% (w/v) fat-free milk protein in tris-buffered
saline, 0.1% Tween (TBS-T) at room temperature before staining
with primary antibodies. Agarose-based Western blot analysis
under nonreducing conditions was conducted as previously de-
scribed (42, 43). First, equal amounts of mucus samples (10 pg)
were mixed with 1x loading buffer (40 mM tris-acetate, 1 mM
EDTA buffer, 1% SDS, 50% glycerol, and 0.002% bromophenol
blue) and loaded into each lane of a 0.8% agarose gel (0.1% SDS).
Proteins were separated by electrophoresis at 12 V overnight (or 16
hours). Samples were then vacuum-transferred from the agarose gel
to a PVDF membrane in 4x SSC buffer (0.6 M sodium chloride and
0.06 M sodium citrate) and blocked with 5% (w/v) fat-free milk
protein in TBS-T at room temperature. Primary antibody incuba-
tion was overnight at 4°C in 5% (w/v) fat-free milk protein. The
primary antibodies that were used were mouse anti-MU5AC
(1:1000; catalog no. ab3649, Abcam) and rabbit anti-MUC5B
UNC414 (1:1000), provided by C. Ehre. After washing in TBS-T,
membranes were probed with secondary antibodies for 1 hour at
room temperature in blocking buffer. The secondary antibodies
that were used were anti-mouse IgGk-horseradish peroxidase
(HRP) (sc-516102, Santa Cruz Biotechnology; 1:10,000) and anti-
rabbit HRP (32460, Invitrogen; 1:10,000). Imaging was performed
with a chemiluminescent SuperSignal Dura reagent (Thermo Fisher
Scientific) on an iBright 1500 (Thermo Fisher Scientific).

Total solids, mucin, and disulfide bond concentration

We measured solids concentrations of mucus samples by aliquoting
50 pl of mucus on weighing paper of known mass and recording the
combined mass of the mucus sample and paper. The samples were
then placed on a heat plate at 60°C for 4 to 5 hours. The final mass of
the dried sample and weighing paper was recorded and used to cal-
culate percentage of solids concentration. Mucin concentrations of
mucus samples were determined by reaction of 2-cyanoacetamide
(CNA) and O-linked glycans as previously described (10). Mucus
samples were diluted 20-fold and homogenized by vortexing.
CNA reagent was prepared by mixing 200 ul of 0.6 M CNA with
1 ml of 0.15 M NaOH. Fifty microliters of mucus suspension was
mixed with 60 pl of CNA reagent and incubated at 100°C for 30
min. After incubation, 0.5 ml of 0.6 M borate buffer (pH 8.0) was
added to quench reaction. Fluorescence intensity was measured at
excitation and emission wavelength of 340 and 420 nm, respectively.
Mucin concentrations were calculated by comparing the fluores-
cence intensity reading to a standard curve generated using
known concentration of mucin from bovine submaxillary gland
(Sigma-Aldrich). Mucin—to—total solids ratio was determined by di-
viding mucin concentration with solids concentration. The concen-
tration of disulfide bonds was quantified as previously described
(10). Briefly, mucus samples were resuspended in 8 M guanidine-
HCI to a final volume to 500 pl (473 ul of guanidine-HCI per
sample). Samples were then treated with 10% (v/v) 500 mM iodoa-
cetamide at room temperature for 1 hour before treatment with 10%
(v/v) 1 M DTT at 37°C for 2 hours. The samples were passed
through 7-kDa molecular weight cutoff Zebra desalting columns
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to remove small molecules and buffer exchange into 50 mM tris-
HCI (pH 8.0). Standards were made from serial dilution of 5
mM 1-cysteine. For each sample and standard, equal volume was
combined with 2 mM monobromobimane in a 96-well black plate
and incubated at room temperature for 15 min. The plate was read at
395-nm excitation and 490-nm emission.

Bulk rheology

Dynamic rheological measurements of mucus gels harvested and
pooled from ALI cultures were performed using the ARES G2 rhe-
ometer (TA Instruments) with a 40-mm-diameter 2° cone and plate
geometry at 25°C. To determine the linear viscoelastic region of the
fully formed gel, a strain sweep measurement was collected from 0.1
to 10% strain at a frequency of 1 rad s™*. To determine the elastic
modulus, G'(w), and viscous modulus, G"(w), a frequency sweep
measurement was conducted within the linear viscoelastic region
of the gel, at 1% strain amplitude and angular frequencies from
0.1 to 10 rad s~'. For each condition (control, MUC5B KO, and
MUCS5AC KO), three replicate samples were analyzed.

Particle tracking microrheology

Carboxylate-modified, fluorescent polystyrene (PS) nanoparticles
(PS-COOH; Life Technologies) with a diameter of 100 nm were
coated with a high surface density of polyethylene glycol (PEG)
via a carboxyl-amine linkage using 5-kDa methoxy PEG-amine
(Creative PEGWorks) as previously reported (9, 44). Particle size
and zeta potential were measured in 10 mM NaCl at pH 7 using a
NanoBrook Omni (Brookhaven Instruments). We measured diam-
eters of 122 nm and zeta potentials of —0.54 + 1.16 for 100-nm PEG-
coated PS nanoparticles, respectively. The diffusion of the PEG-
coated nanoparticles (PEG-NP) in mucus gels was measured
using fluorescence video microscopy. Twenty-five microliters of
mucus was added to the chamber along with 1 ul of ~0.002% (w/
v) suspension of PEG-NP 30 min before PTM experiments.
Videos were collected using a Zeiss 800 LSM microscope with a
63x water-immersion objective and an Axiocam 702 camera
(Zeiss) at a frame rate of 33 Hz for 10 s at room temperature. For
each condition, three independent samples were analyzed, and for
each biological replicate, at least three high-speed videos were re-
corded. The particle tracking analysis was performed using a previ-
ously developed image processing algorithm (44, 45). MSD as a
function of time lag (1) was calculated as

(Ar* (7)) = ((x* + ")) (1)
for each particle. Using the generalized Stokes-Einstein relation,
measured MSD values were used to compute viscoelastic properties
of the hydrogels. The Laplace transform of (Ar?(1)), (Ar*(s)), is
related to viscoelastic spectrum G(s) using the equation

G(s) = 2kg T/ [mas(Ar*(s))] (2)

where kpT is the thermal energy, a is the particle radius, and s is the
complex Laplace frequency. The complex modulus can be calculat-
ed as

G'(0) = G(0) + G (iv) (3)

with iw being substituted for s, where i is a complex number and w is
frequency. Hydrogel network pore size, &, is estimated on the basis
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of G' using the equation

£~ (kT/G)'" (4)

Mucociliary transport and ciliary beat frequency

For measurement of mucociliary transport rate, a 4-pl suspension of
2-um red fluorescent PS microspheres (Sigma-Aldrich; 1:1000 dilu-
tion in PBS) was apically applied to native mucus, which was
allowed to accumulate for 1 to 2 days before analysis. Cultures
were washed before applying the suspension of microspheres to
remove accumulated mucus layer. After equilibration overnight,
videos of the three regions were recorded at x10 magnification
using a Zeiss 800 LSM microscope. Images were collected at a
frame rate of 0.5 Hz for 20 s on the plane of the mucus gel. The
microsphere tracking data analysis is based on an image processing
algorithm that was custom-written in MATLAB (28, 46). Briefly, the
analysis software computes the xy-plane trajectories of each fluores-
cent microsphere in each frame. Using the trajectory data, displace-
ment of microspheres was computed, and the transport rate was
calculated by dividing the distance traveled by total elapsed time.
Directionality of mucus flow was determined by measuring the
angular direction of individual microsphere trajectories (0;),
where i refers to microsphere number and computing the average
angle (eAverage)-

1
eAverage = ;Zet (5)
i=1

Coordination of mucus flow was assessed by determining A6,
calculated as A® = O zyerage — 0; and comparing the frequency distri-
butions of A8 in control and MUC5AC-KO conditions. To measure
ciliary beat frequency, 10-s videos at a frame rate of 20 Hz were re-
corded at x20 magnification in >3 randomly selected regions of
each BCi-NS1.1 culture using bright field. Using a custom-written
algorithm in MATLAB, the number of local pixel intensity maxima
was counted, which indicates beating of cilia. Beat frequency was
determined by dividing the number of beats over the total elapsed
time. All measurements described were repeated in at least six cul-
tures per condition tested, and all cultures were age-matched on the
basis of the number of days since transitioning into ALL

Mucus transplantation

Reconstituted mucus samples from KO culture washings were used
for transplantation studies. Five and 20 pl of mucus were applied to
the apical surface of ALI cultures that had been washed with PBS for
30 min (28, 47). Two-micrometer red fluorescent PS microspheres
were applied immediately after transplantation of exogenous
mucus. Mucociliary transport rates were measured after equilibra-
tion overnight as described in the methods above.

Statistical analysis

All graphing and statistical analyses were performed using Graph-
Pad Prism 8 (GraphPad Software). For comparisons between
groups, one-way analysis of variance (ANOVA), followed by a
Tukey post hoc correction was performed. Kruskal-Wallis with
Dunn'’s correction was used for comparison of multiple groups
with non-Gaussian distributions. Bar graphs show mean and SD,
and box-and-whiskers plots show median. Differences were consid-
ered statistically different at the level of P < 0.05.
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