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Epithelia l te thering  o f MUC5AC-rich mucus im pairs  
m ucociliary transport in asthm a
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The d ev e lo p m en t o f pathologic m ucus, w hich is n o t read ily  cleared fro m  th e  airw ays, is an im p o rta n t con tribu tor to  the  

m o rb id ity  and m o rta lity  associated w ith  as th m a . It  is n o t clear how  th e  m ajo r a irw ay  m ucins M UC5AC and M UC5B are  

organized w ith in  th e  m ucus gel or how  th is  gel contributes to  a irw ay  obstruction  in as th m a. Here, w e d em o n stra ted  th a t  

m ucus plugs fro m  ind iv iduals  w ith  fa ta l a s th m a  are heterogeneous gels w ith  d is tinct M UC5AC- and M U C S B -conta in ing  

dom ains . S tim u la tio n  o f cultured  hum an  bronchial ep ithe lia l cells w ith  IL-13, a key m e d ia to r in as th m a , induced th e  fo rm a tio n  

o f heterogeneous m ucus gels and d ram atica lly  im paired  m ucociliary  tran sp o rt. Im p aired  tra n s p o rt w as no t associated w ith  

defects in c iliary  fu n c tio n  b u t instead w as related  to  te th erin g  o f M U C 5A C -conta in ing  m ucus gel dom ains  to  m ucus-producing  

cells in th e  ep ith e liu m . R ep lacem en t o f te th ered  m ucus w ith  u n te th ered  m ucus restored m ucociliary  tran sp o rt. Together, our 

results ind icate  th a t  te th erin g  o f  M U C 5A C -conta in ing  dom ains to  th e  e p ith e liu m  causes m ucostasis and like ly  represents a 

m ajo r cause o f m ucus p lugging in as th m a.

Introduction
Asthma affects approximately 300 million people worldwide and 
causes approximately 250,000 deaths annually (1). Tracheobron­
chial mucociliary clearance is impaired in stable asthma (2) and 
worsens during acute exacerbations (3). The principal cause of death 
from asthma is asphyxiation from intraluminal airway obstruction 
by widespread mucus plugs (4-6). In other diseases, mucus trans­
port is impaired due to the absence or immotility of cilia (7), as seen 
in primary ciliary dyskinesia (PCD), or to periciliary liquid deple­
tion (8) and impaired mucus detachment from submucosal glands 
(9), as seen in cystic fibrosis (CF). However, the cause of impaired 
mucus transport in asthma is poorly understood.

The viscoelastic properties of airway mucus depend on 2 gel­
forming mucin glycoproteins, MUC5B and MUC5AC (10). MUC5B 
is produced in submucosal glands and by secretory cells within the 
airway epithelium (11). MUC5B-deficient mice have impaired muco­
ciliary clearance, leading to pulmonary infections (12). MUC5AC 
is produced by specialized airway epithelial cells known as mucous 
(or goblet) cells (11). MUC5AC-deficient mice have normal mucocil­
iary transport and are protected from mucus plugging in an allergic 
asthma model (12,13). The type 2 cytokine IL-13 is necessary (14) and 
sufficient (15) for mucus induction in mouse asthma models. Many 
individuals with asthma, especially those with high levels of IL-13, 
have increased MUC5AC mRNA levels but decreased MUC5B mRNA 
levels (16). Increases in MUC5AC and MUC5B protein concentra­
tions have been reported in sputum from individuals with asthma (17) 
and in a mucus plug in an individual with fatal asthma (18). We sought 
to determine whether changes in mucus composition, organization, 
and function contribute to impaired mucus transport in asthma.
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Results and Discussion
MUC5AC and MUC5B localize to distinct domains within mucus plugs 
in fatal asthma. We compared mucin staining in airway sections 
from controls and individuals with fatal asthma. In 4 controls, we 
detected airway epithelial cells containing MUC5AC, MUC5B, 
or both mucins (Supplemental Figure 1A; supplemental material 
available online with this article; doi:10.1172/JCI84910DSl) but 
found no intraluminal mucus (Figure 1, A and B), presumably 
because intraluminal mucus was removed during standard aque­
ous-based fixation. In the fatal asthma samples, we detected more 
MUC5AC- but fewer MUC5B-containing cells (Figure 1, C and D, 
and Supplemental Figure 1). Large intraluminal mucus plugs were 
evident in 4 of 7 individuals with fatal asthma (Figure 1, C and D). 
Mucin staining within the mucus plugs was heterogeneous: 64% ± 
7% (mean ± SEM) of the cross-sectional area of the plugs contained 
MUC5AC but no detectable MUC5B; 25% ± 5% contained MUC5B 
but no MUC5AC; and only 11% ± 2% stained for both MUC5AC and 
MUC5B. MUC5AC and MUC5B therefore localize predominantly 
to distinct domains within mucus plugs in fatal asthma.

IL-13 induces a heterogeneous mucus gel in vitro. IL-13 is a major 
driver of asthma in a large subset of individuals and potently 
induces MUC5AC expression (16). We investigated whether IL-13 
stimulation was sufficient to cause changes in mucus gel compo­
sition and organization similar to those seen in fatal asthma. IL-13 
stimulation of cultured human bronchial epithelial (HBE) cells from 
multiple individuals consistently increased MUC5AC expression, 
whereas MUC5B expression was decreased or unaffected (Supple­
mental Figure 2). We detected numerous MUC5B-containing cells 
in unstimulated and IL-13-stimulated cultures and a large increase 
in MUC5AC-containing cells after IL-13 stimulation (Supplemen­
tal Figure 3). In rarer cells staining for both mucins, MUC5AC and 
MUC5B localized to different granules, suggesting discrete secre­
tory pathways and consistent with findings in mice (19).
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Figure 1. D istinct M UC5AC- and M U C5B-rich d om ain s  in m ucus fro m  fa ta l a s th m a and IL -13 -s tim u ia ted  HBE cells. (A -D ) Im m u n o h is to c h e m ic a l s ta in in g  o f 

m u c in s  in  a irw a ys  fro m  c o n tro ls  (n  = 4 ) and in d iv id u a ls  w ith  fa ta l a s th m a  (n -  7). (E -H ) Im m u n o h is to c h e m ic a l s ta in in g  o f  se c tio n s  and  w h o le -m o u n t p re p a ra ­

t io n s  fro m  3 u n s t im u la te d  ( -  IL-13) o r 3 IL -1 3 -s tim u la te d  (+ IL-13) HBE c u ltu re s . W h o le -m o u n t im a ge s  re p re se n t o p tic a l se c tio n s  th ro u g h  th e  gel (pa ra lle l to  th e  

p la n e  o f  th e  e p ith e liu m ), ep i, e p ith e liu m ; lu m , a irw a y  lu m e n ; gel, e x tra c e llu la r  m u cu s  gel; f i l t ,  f i l t e r  s u p p o rt. Scale bars: 100 p m  (A and  C) and  20 p m  (B and  D -H ).

To explore how MUC5AC and MUC5B were organized within 
extracellular mucus gels, we cultured HBE cells from 3 donors in 
the absence or presence of IL-13, allowed mucus to accumulate 
for 3 days, processed the cultures with a nonaqueous fixative, and 
stained for mucins (2-3 sections, 1 whole-mount preparation per 
donor). A MUC5B-containing gel was evident in all unstimulated 
cultures (Figure 1, E and F). MUC5AC staining was not observed 
but was occasionally seen in other experiments. In contrast, all 
IL-13-stimulated cultures showed prominent MUC5AC staining 
and some MUC5B staining (Figure 1, G and H). Gels from IL-13- 
stimulated cultures were heterogeneous: 59% ± 8% of the cross- 
sectional area of gels from IL-13-stimulated cultures contained 
MUC5AC but no detectable MUC5B; 35% ± 8% contained MUC5B 
but no MUC5AC; and 6% ± 1% stained for both MUC5AC and 
MUC5B. Hence, IL-13 treatm ent produced heterogeneous mucus 
gels with distinct MUC5AC- and MUC5B-containing domains 
that were similar to those seen in fatal asthma.

IL-13 impairs mucus transport. We determined whether IL-13- 
induced alterations in mucin composition and organization were 
associated with changes in the transport properties of the mucus 
gel by tracking fluorescent microspheres deposited on the gel 
surface (Figure 2, A and B). Microsphere transport was markedly 
reduced by IL-13 stimulation (median speed decreased by 21- to 
238-fold, Figure 2C). Hence, IL-13 is sufficient to severely impair 
mucus transport by airway epithelial cells.

Ciliary beating and the periciliary layer are preserved despite 
impaired mucociliary transport. Ciliary beating propels the mucus 
gel. The absence of functional multiciliated cells, as seen in PCD
(7) , or the collapse of the periciliary layer, as seen in CF models
(8) , leads to impaired mucus gel transport. The IL-13 stimulation 
conditions we used did not prevent the differentiation of multicili­
ated cells (Supplemental Figure 4, A and B). Ciliary beat frequency 
was unaffected by IL-13 (Figure 2D). A previous study showed that

marked increases in mucus gel solids lead to pronounced pericil­
iary liquid depletion and ciliary collapse (8). The mean concen­
tration of mucus solids from our unstimulated cultures was 1.5% 
(Supplemental Figure 4C), similar to the 1.7% reported in nor­
mal human sputum (20). Mucus solids increased to 2.7% after 
IL-13 stimulation but remained well below the approximately 7% 
reported to collapse the periciliary layer and substantially impair 
mucociliary transport (8). Measurements of ciliary length con­
firmed that IL-13 stimulation did not cause ciliary collapse (Sup­
plemental Figure 4D). Impaired mucus gel transport in our model 
system is therefore not explained by loss of multiciliated cells, 
changes in ciliary beating, or collapse of the periciliary layer.

MUC5AC-containing domains o f mucus are tethered to the airway 
epithelium. We next addressed whether changes in the mucus gel 
accounted for the impaired transport. In a piglet CF model, loss of 
the cystic fibrosis transmembrane conductance regulator (CFTR) 
results in more adherent submucosal gland mucus that remains 
tethered to gland duct openings, leading to impaired mucociliary 
transport (9). The pathogenesis of CF is fundamentally different 
from that of asthma, and the defective mucus transport observed 
in IL-13-stimulated HBE cells occurred in the absence of submu­
cosal glands. Furthermore, submucosal glands in healthy indi­
viduals and individuals with CF produce abundant amounts of 
MUC5B but no detectable MUC5AC (11), whereas mucus from 
fatal asthma mucus plugs or IL-13-stimulated HBE cells contained 
high MUC5AC levels and relatively low MUC5B levels (see above). 
We hypothesized that MUC5AC-containing mucin domains are 
tethered to the airway epithelium.

We began by examining the relationship of gel mucins to the epi­
thelium. The peak intensity of MUC5AC staining (7.6 ± 1.4 pm above 
the epithelial surface, 3 image stacks from each of 3 donors) was closer 
to the epithelium than the peak of MUC5B staining (11.7 ± 1.2 pm; 
P < 0.0001, by Mann-Whitney Utest, Figure 3A). There was extensive

2 3 6  8 jc i .o r g  V o lu m e  126 N u m b e r  6 June  2016



The Journal o f Clinical Investigation B R I E F  R E P O R T

Figure 2. IL-13 impairs mucus transport. (A and B) Paths o f flu o re sce n t m icrospheres depos ited  on gels fro m  u n s tim u la te d  (-) and IL -13-s tim u la ted  (+)

HBE cell cu ltu res . The f in a l im age fro m  a 10-second im age sequence is show n. The tra je c to rie s  o f 5 rep resen ta tive  m icrospheres are ind ica ted  by th e  col­

ored dots. Particles fro m  th e  u n s tim u la te d  cu ltu re  (A) had s im ila r tra jec to ries , whereas partic les fro m  th e  IL -13-s tim u la ted  cu ltu re  had m in im a l m ove m e n t 
(B). Scale bars: 20 pm . (C) D is tr ib u tio n  o f m icrosphere ve loc ities  fo r  u n s tim u la te d  and IL -13-s tim u la ted  cu ltu res  fro m  3 in d iv id u a ls  (donors 1-3). For bo th  
u n s tim u la te d  and IL -13 -s tim u la ted  cu ltu res, ve loc ities  were de te rm ined  fro m  810 to  1,198 m icrospheres fro m  3 videos; these  m icrospheres were ob ta ined  

fro m  tr ip lic a te  cu ltu res  fro m  each o f 3 ind iv idua ls . * * * p <  0.0001 com pared w ith  u n s tim u la te d  cu ltu res, by M an n -W h itn e y  U te s t.  Boxes extend fro m  th e  

25 th  to  th e  75 th  percentile , th e  line  w ith in  th e  box ind ica tes  th e  m edian, and th e  w h iskers represent m in im u m  and m ax im u m  values. The boxes extend 

fro m  th e  25 th  to  75 th  percentiles, th e  line  w ith in  th e  box ind ica tes th e  m ed ian, and th e  w h iskers represent m in im u m  and m ax im u m  values. (D) Mean 

c ilia ry  bea t frequency was de te rm ined  fro m  3 fie ld s ; cu ltu res were fro m  3 ind iv idua ls . NS com pared w ith  u n s tim u la te d  cu ltu res, by S tu d e n t’s t  te s t.

contact between the apical surface of mucous cells and MUC5AC- 
containing areas of the extracellular gel (Figure 3, B-D, and Supple­
mental Figure 5). MUC5AC-containing regions of the gel frequently 
traversed the approximately 6-pm region above the epithelium corre­
sponding to the periciliary layer (Figure 3, A and C). This region was 
depleted of MUC5B, and MUC5B-containing regions were rarely 
contiguous with a MUC5B-containing cell (4.7% ± 3.4%). In con­
trast, MUC5AC-containing regions were frequently continuous with 
MUC5AC-containing mucous cells (59.4% ± 5.7%; P < 0.01, by Stu­
dent’s t test). Hence, MUC5AC-containing domains were frequently 
found in continuity with MUC5AC-producing mucous cells, whereas 
MUC5B-containing domains were not closely associated with epi­
thelial cells. Similarly, regions of fatal asthma mucus plugs close to 
the airway epithelium predominantly contained MUC5AC and not 
MUC5B (Figure 1, C and D, and Supplemental Figure 6).

We directly examined whether MUC5AC-containing domains 
of the mucus gel were tethered to the epithelial surface by assess­
ing the effects of washing the apical surfaces of HBE cell cultures 
from 3 donors (3 sections per donor). Unwashed, unstimulated 
cultures had MUC5B-containing gels (9 of 9 sections, Figure 3E); 
these gels were not tethered, since no gels were seen after wash­
ing unstimulated cultures (O of 9 sections, Figure 3F). Unwashed, 
IL-13-stimulated cultures had heterogeneous gels containing dis­
tinct MUC5AC-dominant and MUC5B-dominant domains (9 of 9 
sections, Figure 3G). After washing, extracellular mucus remained 
attached to the epithelium (8 of 9 sections, Figure 3H). MUC5AC 
was present in all 8 washed sections with mucus, but MUC5B was 
evident in only 3 sections. The ratio of MUC5AC/MUC5B-stained 
area increased from 2.0 ± 0.3 in unwashed cultures to 6.0 ± 1.1 
after washing (P < 0.01, by Student’s t test), indicating preferential 
attachment of MUC5AC-containing regions. The MUC5B-con- 
taining regions seen after washing of IL-13-stimulated cultures

were typically associated with MUC5AC-containing regions and 
were not in direct contact with the epithelium. Hence, MUC5AC- 
containing regions found in abnormal airway mucus gels are teth­
ered to the epithelium.

Replacement oftethered gels restores mucociliary transport. Mucins 
are cross-linked by intermolecular disulfide bonds, and addition 
of the reducing agent DTT to the wash solution led to removal of 
detectable mucins from IL-13-stimulated as well as unstimulated 
cultures (Supplemental Figure 7). We analyzed transport in unstim­
ulated and IL-13-stimulated cultures before washing, after washing 
with DTT, and, finally, after replacement of the gel with a trans­
planted gel produced by unstimulated donor cells (Figure 31). Con­
sistent with our previous results, IL-13 markedly reduced the velocity 
of microspheres prior to removal of the gel. It was recently reported 
that removal of the mucus gel from healthy airways did not abolish 
particle transport but instead modestly increased transport velocity
(21) . We obtained similar results after removal of gels from unstim­
ulated cultures. In comparison, removal of tethered gels from IL-13- 
stimulated cultures dramatically increased transport to levels that 
were only modestly lower than those seen in unstimulated cultures. 
Finally, replacement of the gel with mucus from unstimulated cul­
tures almost normalized transport velocity on IL-13-stimulated cells. 
These data indicate that mucus transport is restored by replacement 
of epithelium-tethered MUC5AC-rich gels with untethered gels, 
demonstrating a mechanism for impaired mucociliary transport that 
likely plays a significant role in severe asthma.

Mucus hypersecretion is a prom inent feature of asthm a
(22) , and this work provides what we believe to be new insights 
into how changes in mucus contribute to airway obstruction 
in asthma. An earlier autopsy study dem onstrated a large 
increase in the frequency of airway mucous cells in continu­
ity with intraluminal mucus in individuals with asthm a (23).
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Figure 3. MUCSAC-rich gels are tethered to mucous cells in airway epithelium. (A) D is tr ib u tio n  o f m ucin s ta in in g  in te n s ity  as a fu n c tio n  o f d is tance 
fro m  th e  apical surface o f  th e  e p ith e liu m . Values represent m ean fluorescence in te n s itie s  fo r  MUCSAC and MUC5B s ta in in g  fro m  a Z-stacl< o f im ages o f 

a w h o le -m o u n t p repara tion  fro m  1 o f 3 unwashed IL -13-s tim u la ted  HBE cell cu ltu res . The apical surface o f th e  e p ith e liu m  was id e n tif ie d  using a p lasm a 

m em brane s ta in  (CellMask). (B-D) Selected im ages fro m  th e  Z -stack analyzed in A. A rrow heads ind ica te  con tin uo u s  regions o f MUC5AC s ta in in g  th a t  
extend fro m  th e  surface o f m ucous cells (D) in to  th e  m idd le  (C) and upper (B) p o rtions  o f th e  m ucus gel. Scale bars: 20 pm . (E-H) Im m u n o h is toch e m - 

ical s ta in in g  o f sections fro m  cu ltu res  im m e d ia te ly  im m ersed in nonaqueous f ix a tiv e  (unw ashed) or fixed  a fte r  w ash ing  th e  apical surface to  rem ove 

nonadhe ren t m ucus. Scale bars: 20 pm . (I) D is tr ib u tio n  o f m icrosphere ve loc ities  fro m  u n s tim u la te d  and IL -13-s tim u la ted  cu ltu res  before w ash ing  
(m ucus in ta c t), a fte r  w ash ing  w ith  so lu tio n  co n ta in ing  DTT (m ucus rem oved), and a fte r  a d d itio n  o f m ucus fro m  ano th e r cu ltu re  o f u n trea ted  HBE cells 

(transp lan ted ). V e loc ities w ere de te rm ined  fro m  881 to  5,563 m icrospheres in 3 fie ld s  o f v iew  fro m  each o f 3 cu ltu res  (P <  0.0001 fo r  all possib le  pa irw ise  

com parisons be tw een th e  6 cond itions ; M an n -W h itn e y  U  te s t). Boxes extend fro m  th e  25 th  to  th e  75 th  percentiles, th e  line w ith in  th e  box ind ica tes  th e  
m ed ian, and th e  w h iskers rep resen t m in im u m  and m ax im u m  values.

Our results are consistent with the findings from this study 
and provide new evidence coupling previous histologic obser­
vations to new analyses of the mucin composition, structural 
organization, and function of pathologic mucus gels. MUC5AC 
and MUC5B are secreted from different cells, or from different 
granules within the same cell, and rem ain largely segregated 
extracellularly. Differences in the biophysical properties of 
MUC5AC- and MUC5B-containing domains could be attribut­
able to intrinsic properties o f the MUC5AC and MUC5B core 
proteins, although, unlike other mucins with transm em brane 
domains (sometimes called “tethered m ucins”), MUC5AC and 
MUC5B are not integral m em brane proteins. O ther potentially 
im portant factors include posttranslational mucin modifica­
tions (e.g., glycosylation or disulfide cross-linking), hydra­
tion- and bicarbonate-m ediated mucin expansion, non-mucin 
mucus constituents, or other differences in the secretory cell or 
the luminal environm ent.

Many mechanisms contribute to airway dysfunction in asthma. 
Some factors important in asthma exacerbations, including respira­
tory viruses and inflammatory cells, were absent in our model and may 
make independent contributions to impaired mucus transport. None­
theless, our work shows that IL-13, a key mediator in many individu­
als with mild-to-moderate (16) and severe asthma (24), is sufficient 
to produce alterations in the mucus gel that closely resemble those 
observed in fatal asthma. These alterations result in a MUC5AC-rich 
gel that is tethered to epithelial mucous cells and markedly impairs 
mucociliary transport. MUC5AC tethering probably leads to pro­
gressive luminal accumulation of mucus and airway plugging. Hence, 
changes in mucus composition and organization are likely to be major 
contributors to airway obstruction, morbidity, and mortality in asthma.

Methods
Further information can be found in the Supplemental Methods and in 
Supplemental Figures 1-7.
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Statistics. Two-group comparisons were performed using the 2-tailed 
Student’s t test (normally distributed data) or the Mann-Whitney Utest. A 
P value of less than 0.05 was considered statistically significant.

Study approval. The UCSF Committee on Human Research 
approved the use of human airway sections and HBE cells. Written 
consent was not required, as materials were leftover clinical samples 
obtained from deidentified individuals.
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