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Abstract

Rationale: Mucin homeostasis is fundamental to airway health.
Upregulation of airway mucus glycoprotein MUC5B is
observed in diverse common lung diseases and represents a
potential therapeutic target. In mice, Muc5b is required for
mucociliary clearance and for controlling inflammation after
microbial exposure. The consequences of its loss in humans are
unclear.

Objectives: The goal of this study was to identify and
characterize a family with congenital absence of MUC5B protein.

Methods: We performed whole-genome sequencing in an adult
proband with unexplained bronchiectasis, impaired pulmonary
function, and repeated Staphylococcus aureus infection. Deep
phenotyping over a 12-year period included assessments of
pulmonary radioaerosol mucociliary clearance. Genotyping with
reverse phenotyping was organized for eight family members.
Extensive experiments, including immunofluorescence staining

and mass spectrometry for mucins, were performed across
accessible sample types.

Measurements and Main Results: The proband, and her
symptomatic sibling who also had extensive sinus disease with
nasal polyps, were homozygous for a novel splicing variant in the
MUC5B gene (NM_002458.2: c.19381 1G.A). MUC5B was
absent from saliva, sputum, and nasal samples. Mucociliary
clearance was impaired in the proband, and large numbers of
apoptotic macrophages were present in sputum. Three siblings
heterozygous for the familial MUC5B variant were asymptomatic
but had a shared pattern of mild lung function impairments.

Conclusions: Congenital absence of MUC5B defines a new
category of genetic respiratory disease. The human phenotype is
highly concordant with that of the Muc5b2/2 murine model. Further
study of individuals with decreased MUC5B production could
provide unique mechanistic insights into airway mucus biology.
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Human airways are coated with a protective
barrier of mucus that traps unwanted
particulate matter and pathogens and
eliminates them by way of mucociliary
clearance (MCC) (1). The principal
functioning components of this mucus are
two secreted gel-forming mucin
glycoproteins: MUC5B andMUC5AC (1).
Mucin homeostasis is fundamental to airway
health and disease (2). Individuals with
mucoobstructive lung diseases (chronic

obstructive pulmonary disease, cystic fibrosis
[CF], primary ciliary dyskinesia [PCD], and
non-CF bronchiectasis) consistently
demonstrate elevated mucin concentrations
(2). A common variant (rs35705950) in the
promoter region of theMUC5B gene results
in protein overexpression (3) and has been
linked to several types of progressive lung
fibrosis (4–6).

Inhibition of mucin production and
secretion pathways, includingMUC5B, has
been suggested as a promising therapeutic
target for treatment of progressive lung
fibrosis (3). However, the clinical
consequences of MUC5B deficiency are
unclear. In mice, Muc5b is required for MCC
and for controlling inflammation after
microbial exposure (7).Muc5b2/2 mice
developed upper airway obstruction and
spontaneous infection of upper and lower
airways, followed by fatal bacteremia (7). It
was hypothesized that these features are
likely to be mimicked in humans (2) and
that decreased mucin may contribute to
age-related decline inMCC (8). A recent
report provided preliminary evidence for an
associated human phenotype, in its inclusion
of two young siblings with severe early-onset
respiratory disease who were homozygous
for a nonsense variant inMUC5B (9).
MUC5B is expressed during fetal
development (10, 11), and it is unclear
whether airways and parenchymal lung
tissue would grow normally in its absence.

We describe here a family with
congenital absence of MUC5B protein.
The affected adult siblings have a variable
phenotype of repeated Staphylococcus aureus
infection, impairment of pulmonary
function, bronchiectasis, and/or sinus disease
with nasal polyps. The clinical and cellular
phenotyping provides foundational support
for an association betweenMUC5B
deficiency and airway disease.

Preliminary data from this study were
scheduled to be presented at the American
Thoracic Society 2020 International
Conference (May 15–20, 2020; Philadelphia,
PA). That conference was canceled because

of the global coronavirus disease (COVID-19)
pandemic; however, the abstract was
subsequently published (12).

Methods

Participant Recruitment
The proband was followed from ages 10 to
18 years in a specialized Bronchiectasis Clinic
at The Hospital for Sick Children (Toronto,
Canada) by author S.D.D. and is currently
followed in a specialized Adult PCD and
Related Disorders Clinic at St. Michael’s
Hospital (Toronto, Canada) by author
D.A.H. Medical history before age 10 years is
based on parent report. Written informed
consent was provided by each study
participant, excepting that the 14-year-old
sibling provided assent and her mother
consented to the study on her behalf. All
components of this research were approved
by the local research ethics board
(REB numbers 1000037726, 1000054690,
and 1000009409).

Genetic Testing and Confirmatory
Experiments
Whole-genome sequencing was performed
for the proband at The Centre for Applied
Genomics (Toronto, Canada), with DNA
extracted from whole blood (see the
SUPPLEMENTAL METHODS in the online
supplement) (13). We used an established
variant annotation pipeline and filtering
strategy that can facilitate the discovery of
new gene–phenotype associations (14).
Genotyping of theMUC5B variant
(NM_002458.2: c.19381 1G.A) in the
proband and all available family members
was performed by Sanger sequencing using
blood-derived DNA. Assessment of the
impact of the DNA sequence variant on
MUC5BmRNA splicing was done by
targeted complementary DNA (cDNA)
sequencing (SUPPLEMENTAL METHODS). Saliva
total RNAs were extracted for RT-PCR by
standard procedures (SUPPLEMENTAL

METHODS).

At A Glance Commentary

Scientific Knowledge on the
Subject: Upregulation of the airway
mucin glycoprotein MUC5B may be
central to the pathogenesis of
common (e.g., chronic obstructive
pulmonary disease) and rare (e.g.,
idiopathic pulmonary fibrosis) lung
diseases. The consequences of
producing no MUC5B protein are
unknown in humans but significant
in mice, with impaired mucociliary
clearance and chronic infection.

What This Study Adds to the Field:
We performed a detailed
characterization of a family with
congenital absence of MUC5B, the chief
component of human airway mucous.
The two affected adult siblings had a
variable phenotype of repeated
Staphylococcus aureus infection,
impairment of pulmonary function,
bronchiectasis, and/or sinus disease with
nasal polyps. Mucociliary clearance was
impaired in the proband. These findings
suggest that lessons learned from the
Muc5b2/2 murine model may be
generalizable to humans. Hereditary
mucin deficiency defines a new class of
“hyposecretory” airway disease that is
distinct from all other known genetic
airway diseases, such as cystic fibrosis
and primary ciliary dyskinesia.
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Cell-based Experiments
Immunofluorescence staining was
performed with MUC5B, MUC5AC, and
anti–a-tubulin–fluorescein isothiocyanate
antibodies on nasal airway cells differentiated
in vitro from unrelated healthy control
subjects and from the proband
(SUPPLEMENTAL METHODS). Label-free and
labeled mass spectrometry–based detection
and quantification of major mucins was
performed on saliva, sputum, and/or nasal
samples from family members and compared
with control subjects (SUPPLEMENTAL

METHODS) (15–17). Sputum samples from the
proband, two of her siblings, and an
unrelated healthy control subject were
assessed for macrophage number and
morphology (SUPPLEMENTAL METHODS).
Hydration was measured by percent solids
(SUPPLEMENTAL METHODS). All samples were
collected during nonexacerbation periods.

Pulmonary Radioaerosol MCC
Measurements
Radioactive colloid aerosols (740 MBq of
technetium-99m–labeled sulfur colloid;
Pharmalucence) were administered by
nebulizer into the airway of the proband
over a 4-minute period. After a baseline
static image, time-lapse imaging with a
single-head g camera (GE Millennium)
was performed at 30 s/frame for 60
minutes with the patient in a sitting
position. A static image and another 60
minutes of dynamic imaging were then
obtained with the patient in a supine
position. Static images were repeated in a
sitting and a supine position at 24 hours
after inhalation. Percent clearance was
calculated using the baseline counts and
the 24-hour decay-corrected counts, for
the whole lung and by central and
peripheral subregions.

Results

Clinical History
A 23-year-old female presented to our clinic
at age 10 years with a chief complaint of
recurrent pneumonia. She was born at term
in North America after an uncomplicated
pregnancy. Her birth weight was 2.7 kg.
There was no neonatal respiratory distress.
She was breastfed, and there was no
household smoke exposure pre- or
postnatally. She developed pneumonia at
1 month of life and required admission to the
hospital. She went on to demonstrate

recurrent chest infections, with exacerbations
every 1–2 months. She had six to seven more
hospitalizations for pneumonia in the first
5 years of life. Once she reached school age,
her pneumonias were less severe, not
requiring hospitalization; however, she has
continued to require three to five courses of
antibiotics per year. There was minimal
cough and no sputum production between
episodes of illness. X-rays were reportedly
suggestive of bronchiectasis beginning
around age 5 years. She never required ICU-
level care or invasive ventilation. There was
no history of recurrent ear infections after
age 2 years, hearing loss, sinusitis, nasal
polyps, congenital heart disease, laterality
defects, dental problems, opportunistic
infections, growth deficiency, reproductive
health issues, or gastrointestinal symptoms.

An initial high-resolution thin-section
chest computed tomography (CT) (HRCT)
scan at age 10 years showed severe
asymmetric cylindrical and saccular
bronchiectasis (Figure 1A), most severe in
the right upper andmiddle lobes but
affecting all lobes of both lungs. Pulmonary
function testing showedmoderately
impaired pulmonary function with a
predicted FEV1 of 59% predicted (Table E1
in the online supplement). Lung volume
measurement by plethysmography showed
gas trapping and mild reduction in TLC,
together suggesting mixed obstructive and
restrictive defects typical of small airway
disease (Table E1). HRCT imaging at age
12 years demonstrated radiographic
progression of her lung disease, and at 22
years showed stable findings as compared
with the HRCT scan at 12 years of age.
Sputum cultures repeatedly grewmethicillin-
sensitive S. aureus, occasionally grew
Haemophilus influenzae, and never grew
Pseudomonas aeruginosa (Figure E1). She has
been treated with an airway clearance
regimen and antibiotics on an as-needed
basis. Mucolytic agents were trialed and then
discontinued because of a lack of clinical
benefit. Pulmonary function testing at age 20
years showed lung volumes within normal
limits (Table E1). Spirometry results from 33
separate assessments over a 12-year period
suggest a gradual decline in pulmonary
function (Figure E2). She now has a chronic
nonproductive cough. Sinus CT at 22 years
showed scattered mild mucosal thickening
throughout the paranasal sinuses
(Figure E3). Tympanometry and visual
examination of the ear drums were normal.
Extensive clinical and genetic investigations

were negative, including normal cilia
ultrastructure by transmission electron
microscopy (Figure E4), normal cilia beating
frequency by high-speed video microscopy
(Figure E4), and a negative workup for
primary immunodeficiencies (SUPPLEMENTAL

HISTORY).

Genome Sequencing and Targeted
Familial Testing
Genome sequencing identified a novel
homozygous variant inMUC5B
(NM_002458.2: c.19381 1G.A) predicted
to disrupt the consensus donor splice site at
the exon 16/intron 16 boundary (Figure 1B).
No alternative diagnosis was identified in the
genome-wide sequence and copy number
variation data, including with reannotation
and reanalysis after a 3-year interval. There
were no likely pathogenic or pathogenic
variants in CFTR or genes associated with
PCD and related phenotypes (Table E2)
or with primary immunodeficiencies
(Table E3), nor were there any rare,
predicted damaging, homozygous coding
variants in other biologically plausible
candidate genes (Table E4).

The family history was significant for
consanguinity, with her parents being first
cousins of South Asian descent. Both
parents were confirmed to be
heterozygous for the familial MUC5B
variant and were asymptomatic. Two
cousins who died of respiratory disease in
their early 20s had onset of symptoms in
infancy and reportedly had recurrent
pneumonias and bronchiectasis with no
other known medical problems (Figure
1C). There was also a strong family history
of asthma in second- and third-degree
relatives in the maternal and paternal
lineages.

Familial testing revealed that the
proband’s 25-year-old sister is also
homozygous for the familialMUC5B variant
(Figure 1C). She reported a chronic
nonproductive cough and a history of
recurrent lung infections treated empirically
with antibiotics. Pulmonary function testing
revealed borderline to mild impairment in
pulmonary function (Table E5), similar to
her heterozygous siblings (Table E6). There
was minor bronchial wall thickening without
frank bronchiectasis on chest HRCT scan
(Figure E5). However, she had a past history
of bilateral nasal polyps requiring endoscopic
nasal polypectomy at age 15 years. Testing
for CF, including a sweat test (29 mmol/L)
and CFTR recurrent mutation assay
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Figure 1. Phenotype and genotype information for the study participants. (A) High-resolution computed tomography (CT) images from the
proband at age 10 years showing cylindrical (red arrows) and associated saccular bronchiectasis (e.g., red circle), most severe in the right
upper and middle lobes. (B) Sanger sequencing chromatograms for an individual homozygous for the MUC5B reference allele (healthy control
subject), an individual heterozygous for the MUC5B alternate allele (parent of proband), and an individual homozygous for the MUC5B alternate
allele (proband). (C) Pedigree for the index family. 2/2=homozygous for the alternate allele; 1/2=heterozygous for the alternate allele;
1/1=homozygous for the reference allele. The arrow indicates the proband. (D) Volumetric axial sinus CT image from the proband’s affected
sister at age 15 years showing extensive bilateral nasal polyposis (red arrows). NT=not tested.
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(SUPPLEMENTAL HISTORY), had been negative.
The surgical pathology report noted that
submucosal glands from the nasal polyps
were normal and there was no increase in
mucin (Figures E6 and E7). There was also
extensive paranasal sinus disease on standard
volumetric sinus CT scan (Figure 1D)
without significant mastoid or middle ear
disease. Similar to the proband, there was no
history of recurrent ear infections after age
2 years, hearing loss, congenital heart disease,
laterality defects, dental problems,
opportunistic infections, growth deficiency,
reproductive health issues, or gastrointestinal
symptoms.

The proband’s other three siblings were
heterozygous for the familial variant in
MUC5B (Figure 1C). They were all
asymptomatic; however, pulmonary function
testing revealed a shared pattern of mild lung
function impairments with a mixed
obstructive/restrictive defect and gas
trapping, suggestive of small airway disease
(Table E6).

Molecular and Cellular Phenotyping
RT-PCR confirmed that the proband
expressed a truncatedMUC5BmRNA
(Figure 2A). Gel extraction and Sanger
sequencing of the truncated cDNA suggested
that it lacked exon16 in the processed mature
RNA (i.e., c.1844_1938del). This out-of-
frame deletion would result in a frameshift
[p.(Asn616Leufs*4)]. To confirm the
consequences at a protein level, we
performed immunofluorescence staining of
the proband’s airway cells differentiated
in vitro on an air–liquid interface, where
airway cells form a pseudostratified cell layer
mimicking in vivo condition. In contrast to
healthy control subjects, MUC5B (but not
MUC5AC) was absent in the patient’s cells
(Figure 2B). To further validate these results
in vivo, nasal wash, saliva, and induced
sputum samples were subjected to mass
spectrometry–based label-free proteomics
and labeled mucin quantitation. MUC5B was
not detected in any samples from the
proband or her affected sister (Figure 2C).
MUC5B was present in sputum, nasal wash,
and saliva samples from the three unaffected
heterozygous siblings but decreased
compared with healthy control subjects
(Figure 2C). This was confirmed by the
labeled mass spectrometry–based absolute
concentration analysis (Figure E8) (15).

Similar to theMuc5b2/2 mice (7), large
numbers of apoptotic macrophages and
moderate numbers of neutrophils were

present in sputum from the proband
(Figure E9). The percent solids were
approximately 2.5-fold higher in sputum
samples from the proband (2.06%6 0.6)
compared with samples from her
heterozygous siblings (0.77%6 0.52) but
lower than the previously reported values
from cohorts with non-CF bronchiectasis
(2.7%6 2.0), CF (7.0%6 2.7), and PCD
(5.7%6 1.7) (Figure E10) (17, 18).

Functional Assessment of
Pulmonary MCC
The proband’s pulmonary radioaerosol
MCC scan at age 23 years confirmed bolus
formation and migration toward the buccal
cavity, consistent with the prior scan at age
12 years that used an abbreviated pediatric
protocol (Figure 3A; SUPPLEMENTAL HISTORY).
The absence of an appreciable motile ciliary
defect further distinguished the proband’s
phenotype from PCD. Qualitatively, bolus
motion was minimal in the sitting position
and then marked in the supine position.
Ventilation appeared impaired in the apex of
the right lung. Quantitative analysis of
imaging data obtained 24 hours after
inhalation revealed decreased percent
clearance relative to published norms (19),
especially in the peripheral lung regions
(54.0% of the mean control percent
clearance; Figures 3B and 3C). This evidence
of quantitatively impairedMCC, especially in
the small airways, was consistent with the
Muc5b2/2 murine model (7).

Discussion

In this family, a biallelic loss-of-function
variant in theMUC5B genewas associated
with an airway phenotype. Adding to
preliminary evidence recently published by
another group (9), we demonstrated loss of
protein in the airwaymucus, fully
characterized the associated respiratory
phenotype, and advanced our still nascent
understanding of the underlying disease
mechanism. This report provides key evidence
thatMUC5B is crucial formaintenance of
normal airway structure and function in
humans. Our findings also suggest that lessons
learned from theMuc5b2/2murinemodel (7)
may be applicable to humans.

Pulmonary radioaerosol MCCwas most
impaired in the peripheral lung regions
corresponding to the small airways. This
pattern has been observed previously in
individuals with CF (20). MUC5B is believed

to be essential for bothMCC and airway
defense (1, 7, 8, 21), and the extent to which
impairedMCC in the proband is a primary
consequence of theMUC5B deficiency (vs.
secondary, from infection and inflammation)
is uncertain. As the main airway mucin (15),
MUC5B provides infrastructure to the
airway mucus gel to be transportable over
cilia (7, 8). We speculate that lack of MUC5B
in the lung surfaces will not only have an
impact on the airway mucus properties and
the barrier function but also adversely affect
MCC. A limitation of this preliminary study
is that assessment of MCCwas not possible
in the proband’s affected sibling; the degree
to which bronchiectasis in the proband
contributed to her impairedMCC remains
unclear. Hereditary MUC5B deficiency may
also compromise the innate lung defense
against particular pathogens such as S.
aureus in the trachea and the segmental
bronchi, thereby allowing these pathogens to
infiltrate more distally. The intrafamilial
variability in expression could be explained
in part by clinical and subclinical infections,
with the pneumonias in infancy in the
proband and her deceased cousins
predisposing to more severe lung disease
over time than was observed in the proband’s
sister. The pattern of PFT abnormalities in
the proband is like that of individuals with
bronchiectasis of presumed infectious
(nontuberculosis) etiology (22). We found
no evidence in the genome sequencing data
for an additional rare genetic modifier of
expression in the proband, as was postulated
as an explanation for phenotype discordance
in the other reported family (9). The lower
percent solids of the proband’s sputum,
compared with individuals with CF, may
account for the absence of P. aeruginosa that
is known to require high percent mucus
solids to make biofilms (23). An induced
sputum sample from the affected sister was
unavailable for study and would have been
informative. Although nasal polyp biopsy
was performed for one individual, another
limitation of this study is that lung biopsy
was not possible to facilitate morphologic
analysis of the lung structure. In the prior
report (9), lung biopsy at 18 months in a
child with a homozygous nonsense variant
inMUC5B revealed deficiency of
alveolarization and interstitial fibrosis.

There are potential management
implications arising from this diagnosis and
its novel etiopathogenesis. Enhanced
surveillance and aggressive treatment of
intercurrent infections is warranted, as
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antibiotics during periods of exacerbation
would be expected to be lifesaving.
Susceptibility to S. aureus infection may be
increased. An improved understanding of

the natural history of hereditary mucin
deficiency will facilitate prognostication and
anticipatory care. A multisystem phenotype
that extends beyond the airways cannot be

ruled out. For example, although not
observed to date in members of this index
family, a negative impact on oral health and
female reproduction is a concern given the
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Figure 2. RNA- and protein-level consequences of the MUC5B genetic variant. (A) Functional analysis of the MUC5B c.19381 1G.A variant.
Top: Schematic drawing of the MUC5B transcript (Ensembl ID: ENSG00000117983) and the primers for RT-PCR; middle: PCR amplification of
MUC5B complementary DNA (cDNA) produced different-sized bands in the proband and in a healthy control subject. The left agarose gel
compares a healthy control subject with a proband downstream of exon 15, revealing �95 bp of difference, reflective of the proband’s lack of
exon 16. The expected fragment size for the healthy control subject is 710 bp. The right agarose gel is a loading control. The expected
fragment size for the control CypA band is 296 bp. Images are from one experiment. Bottom: Amplified cDNA bands were gel purified and
sequenced to validate the absence of exon 16 in the proband’s cells. Exon 15 is spliced with exon 17 with no additional or missing bases.
(B) MUC5B and MUC5AC immunofluorescence staining of differentiated airway cells on an air–liquid interface from the proband and a healthy
control subject. Images are representative results of more than three independent experiments with three biological replicates for healthy control
subjects and three technical replicates for the proband. Scale bars, 50 mm. (C) Mass spectrometry quantification of major secreted mucins in
saliva, sputum, and nasal samples from the available family members. Total ion intensity detected by mass spectrometry of all the detected
mucin peptides are shown for quantitative comparison of the dominant mucins in sputum, nasal secretions, and saliva with comparison with the
levels in healthy control subjects. No MUC5B peptide was detected in the samples from the proband or her affected sister. For mucins in
sputum, n=4 biological replicates for healthy control subjects, and n=2, 1, 1, and 1 technical replicates for the proband and the other siblings,
respectively. For mucins in nasal secretions, n=2 biological replicates for healthy control subjects and n=2, 1, 1, 1, and 1 technical replicates
for the proband and the other siblings, respectively. For mucins in saliva, n=3 biological replicates for healthy control subjects, and n=2, 1, 1,
and 1 technical replicates for the proband and the other siblings, respectively. Error bar stands for SEM. Fwd= forward; Rev= reverse.
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apparent importance of MUC5B to saliva
(24) and cervical mucus (25). The degree to
which upregulation of other mucins can
compensate for the absence of MUC5B in
these complex antimicrobial environments is
unclear and deserving of further study. Last,
heterozygotes may have a subclinical
phenotype, as was unexpectedly revealed by
pulmonary function testing in the three
asymptomatic siblings. Consistent with this
hypothesis are two observations: 1)MUC5B
is significantly constrained against
monoallelic loss-of-function variation in the
general population (26), and 2)Muc5b1/2

mice have reducedMCC compared with
wild-type littermates (8). Assessment of
additional family members was not possible
and would have been informative.

Upregulation of MUC5B is an integral
feature of many common respiratory
disorders and represents a promising
therapeutic target. Sinopulmonary disease
can also be associated with mucin deficiency.
After excluding CF, PCD, and
immunodeficiency, the diagnosis should be
considered for individuals with cryptogenic
bronchiectasis and/or recurrent pneumonias.
Further study of humans with mono- or

biallelic null alleles inMUC5B promises to
provide unique mechanistic insights into
airway mucus biology.�
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