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The Big Impact of Small Airway pH

Cystic fibrosis (CF) lung disease, caused by abnormal ion transport
because of deficient CFTR (cystic fibrosis transmembrane
conductance regulator) function, is characterized by a dehydrated,
hyperconcentrated mucus layer, leading to persistent bacterial
infection (1). The conducting airways of the lung are composed of
two distinct regions. The large proximal bronchial airways contain
cartilage and submucosal glands, whereas the glandless small distal
bronchiolar airways constitute the major conducting airway surface
area. Although defective mucociliary transport and abnormal airway
surface liquid (ASL) pH have been described in CF pig large airways
(2–4), differences in mechanisms regulating ASL homeostasis in the
small airways are poorly understood. On the basis of combined data
from pathology (5), pulmonary function (6), imaging (7), and direct
lung sampling (8) studies, the small airways are likely crucial
contributors to the development of mucus-obstructive airway
diseases, including CF, raising the question of why small airways are
so vulnerable. On the basis of structural differences in each airway
region, coupled with different epithelial cell type compositions lining
the two airway regions (9, 10), it is proposed that ASL
homeostasis may be differentially regulated. However, much of
the work focusing on the effects of the absence of CFTR anion
transport in the airway has used ex vivo large airways, including
their use as a source for primary cell cultures (11). The
pathogenesis and progression of mucus occlusion, inflammation,
and infection in small airways remains understudied because of
the limited accessibility of human small airways, lack of animal
models recapitulating human small airways, and limited
availability of well-characterized in vitromodels. In this issue of
the Journal, Li and colleagues (pp. 146–156) describe how they
tackled these hurdles using ex vivo pig small airway explants and
in vitro pig small airway cell cultures (12). Their studies reveal a
small airway–specific mechanism regulating ASL pH via a
vacuolar type H1 adenosine triphosphatase, ATP6V0D2 (Figure
1). In particular, these studies focus on mechanisms of aberrant
mucus in CF small airways and how these changes may initiate
lung pathology.

In the large airway, impaired epithelial chloride and
bicarbonate secretion causes mucus dehydration and reduces
ASL pH, resulting in defective mucus transport and reduced
bacterial killing at the airway surface (2, 3, 13, 14). Decreased
ASL pH has been detected in multiple experimental models of
CF (15, 16), although lower pH has not been found by direct
in vivomeasurement in the human CF lung (17). In addition to
CFTR bicarbonate transport in the large airway, ASL pH is

regulated by epithelial proton transporters, notably ATP12A,
the a-subunit of the nongastric H1/K1 adenosine
triphosphatase, which secretes H1 into the lumen to regulate
pH homeostasis in pig and human airways (13). Inhibiting
ATP12A function in these tissues normalizes CF ASL pH and
reduces bacterial proliferation (18), identifying it as an
important contributor to ASL homeostasis.

Although the effects of ATP12A and reduced pH on airway
biology have been studied in large airways, it is not known how these
factors affect small airways. Li and colleagues set out to answer this
question using epithelial cells cultured frommicrodissected small
airways from normal and CF pigs. Although ASL pH in CF pig small
airway epithelial cell cultures was reduced compared with non-CF
cultures, similar to results obtained in large airways, ATP12A
expression was not detected in the small airways. The small airway
epithelial cells also did not respond to ouabain, an ATP12A inhibitor,
confirming the absence of this transporter. Rather, the authors
detected the presence of a different transporter, ATP6V0D2,
expressed in secretory but not ciliated cells. Blocking ATP6V0D2,
thereby increasing pH, decreased ASL viscosity in the small airway
cultures. Li and colleagues also detected upregulation of ATP6V0D2
when pHwas artificially increased, suggesting that expression can be
regulated to adjust pH when necessary, presumably in response
to an insult.

These studies make several important contributions. ATP6V0D2
appears to be a small airway proxy for ATP12A, marking a
distinction in mechanisms regulating ASL pH in each airway region.
CF pig small airway explants responded abnormally to ATP
stimulation with reduced mucus transport. The tunability of small
airway pH is likely important to maintain homeostasis, especially in
response to mucus secretion, and could be a significant factor
preventing small airway mucus occlusion. The presence of enriched
ATP6V0D2 expression on secretory cells may indicate a unique role
of this cell type to maintain normal small airway ASL physiology. The
specificity of proton transporter expression may enable targeting of
small airways to address early CF lung disease, an approach that is
currently limited in CF andmay be applicable to CFTR variants that
are nonresponsive to currently available modulators. Thus, not only
have Li and colleagues shown for the first time that mucociliary
transport is decreased in CF small airways, as has been long known in
CF large airways (1), but they have also illustrated potentially
important small airway therapeutic targets.

Like many other important studies, these experiments raise
additional questions. The authors did not use ATP6V0D2 inhibition
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in excised CF small airways to examine pH after ATP administration
and the effects on ASL viscosity or mucus transport. More precise
and in-depth measures of mucin secretion, concentration, and
conformation would add to our understanding of the impact of
altered small airway pH. In addition, because pH differences in the
human lung in vivo have yet to be established, it is critically important
to test whether the findings in the pig small airway demonstrated here
are replicated in the human small airway. These questions must be
addressed before the full impact of ATP6V0D2 on human small
airway physiology is understood. In summary, the work of Li and
colleagues adds to the growing data supporting the importance
of the small airways in muco-obstructive diseases and offers a
potential therapeutic target.�
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Figure 1. Differential regulation of airway surface liquid (ASL) pH in the pig large and small airway epithelium. The diagram shows proposed
differential mechanisms regulating ASL pH in the large and small airways mediated by ATP12A and ATP6V0D2, respectively, balanced with
CFTR (cystic fibrosis transmembrane conductance regulator). In CF pig small airways, defective anion transport into the airway lumen (i.e., Cl2

and HCO32), mediated by CFTR, results in reduced ASL pH and impaired mucociliary transport. CF 5 cystic fibrosis; MCT 5 mucociliary
transport; PCL 5 periciliary layer.
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