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Give Me a Fork: Can Autophagy Research Solve the Riddle of Airway
Remodeling in Asthma?

Among the hallmark features of asthma (airway inflammation,
airway hyperresponsiveness, and remodeling), airway remodeling
has been the most intractable. There are several reasons why an
effective therapeutic approach for airway remodeling has yet
to emerge (1). One of the biggest reasons is undoubtedly the
complexity of the phenomenon, coupled with the difficulty of
characterizing it under relevant conditions. The lack of noninvasive
approaches for visualizing airway remodeling; the chronic, slowly
developing nature of the phenomenon; and the infeasibility of
clinical trials for assessing antiremodeling drugs have hampered
both research into and the development of new drugs that address
airway remodeling.

The poor progress in understanding and addressing airway
remodeling suggests the need for a fundamentally new approach
inspired by novel insight into its pathogenesis. As has been the case
with the development of many successful disease-management
approaches, success in managing airway remodeling may rely
on understanding a fundamental biological process and how it
functions (or malfunctions) in the disease context.

In this issue of the Journal, McAlinden and colleagues
(pp. 541–553) significantly advance a growing body of literature
suggesting that autophagy plays a critical role in the airway
remodeling that is common in asthma (2). Autophagy (“self-eating”)
is a highly conserved process whereby misfolded proteins,
damaged organelles, or invading bacteria are trafficked
to lysosomes, where they are degraded and the constituents
are recycled by the cell. Although autophagy can serve as a
protective mechanism by which the cell can ward off death and
maintain cellular building blocks and energy substrates, it can also
serve other important functions depending on the cell type in
which it occurs (3). For example, peptides generated by autophagy
provide a source of antigens for CD41 T cells, one of several ways
in which autophagy plays a role in the regulation of cellular
immunity (4, 5). Autophagy is also believed to play a role in
various forms of programmed cell death in multiple cell types, and
thereby serves either a pathogenic or a protective role in various
diseases (6).

Macroautophagy, the best-characterized form of autophagy,
involves a reorganization of subcellular membranes that form an
“autophagosome” that engulfs cellular proteins and organelles.
Multiple autophagy-related (ATG) genes are involved in the
process and serve as autophagy markers. Autophagy is initiated
by protein kinase ULK1, which acts as an effector of mTOR and
AMPK, which are responsible for sensing the energy status of the
cell. The mTOR pathway is activated by growth factors and inhibits
autophagy, whereas AMPK is activated during cell starvation

and activates autophagy. ULK1 forms a complex with Atg1, a
serine/threonine kinase, to phosphorylate and activate Beclin-1 to
form the class III phosphoinositide 3-kinase (PI3K) (7). The
PI3K complex is responsible for PIP2 to PIP3 conversion,
which helps in sequestration of microtubule-associated protein
1A/1B light chain 3A (LC3). LC3 is synthesized into the inactive
proform, which is cleaved by Atg4, a cysteine protease, into
LC3B I (the free form). LC3B I is then activated by Atg7/Atg3
in an ATP-dependent manner. Finally, LC3B I is conjugated to
phosphatidylethanolamine to be recognized as LC3B II, and
this phenomenon is known as lipidation. Atg7 is also involved
in Atg5/Atg12 complex formation, which is indispensable for
recruitment of LC3 II to the autophagosome. Maturation of
the autophagosome involves the ubiquitin sequestration domain-
containing protein p62, which helps in selective autophagy (8).

In previous studies, autophagy has been implicated in asthma
pathogenesis and airway remodeling (3). Variations in multiple
autophagy genes are associated with familial asthma (9), and
variation in the ATG5 gene is associated with childhood asthma
(10). Beyond its fundamental role in immune cell function and
adaptive immunity, autophagy regulates important processes in
resident airway cells that influence the asthma phenotype and
airway remodeling. Autophagy appears to be important in
regulating mucus and cytokine secretion in airway epithelium
(9, 11). A handful of studies have examined autophagy in airway
smooth muscle (ASM). The antimitogenic effect of azithromycin
on cultured rabbit ASM cells was associated with the induction
of autophagy markers (12), and simvastatin-induced caspase
activation and cell death were augmented by either chemical or
molecular inhibition of autophagy in both human ASM and
fibroblasts (13). Silencing Atg5 and Atg7 inhibited transforming
growth factor b1 (TGF-b1)–induced collagen A1 and fibronectin
in human ASM cells, as reported in abstract form (14). In a murine
model of allergic lung inflammation induced by ovalbumin
inhalation, increased levels of Beclin-1, LC3A/B, and a-smooth
muscle actin were observed in the airway subepithelium, effects
that were reversed by oral treatment with the antiinflammatory
agent astragalin (15).

McAlinden and colleagues provide new insight into this issue
by demonstrating the prevalence of autophagy markers in sections
of asthmatic airways possessing features of airway remodeling.
Tissue sections of airways derived from subjects with asthma post
mortem were shown to stain for multiple markers of autophagy,
including increased expression (relative to that in sections of
nonasthmatic airways) of markers of autophagy such as Beclin-1
and ATG5, and decreased expression of p62, while demonstrating
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increased airway inflammation and thickness of the epithelial cell
layer, ASM, basement membrane, and lamina propria. Increased
expression of the autophagy markers Beclin-1 and ATG5, and
reduced p62 expression occurred primarily in the large smooth
muscle bundles, and increased Beclin-1 expression was also
observed in the cilia of airway epithelial cells.

To further explore the potential role of autophagy in mediating
airway remodeling through its role in regulating profibrotic cellular
functions, cultures of human ASM cells were treated with TGF-b1
in the presence or absence of chloroquine, a known inhibitor
of autophagy. In a time-dependent manner, TGF-b1 induced
increases in collagen-1 expression and SMAD2/3 phosphorylation
(profibrotic signaling), and concomitantly caused the induction of
the autophagy markers Beclin-1 and LC3BII; each of these features
was inhibited by chloroquine pretreatment. Consistent with these
findings, treatment of mice with house dust mite (HDM) allergen
over the course of 3 weeks elicited significant airway inflammation,
airway hyperresponsiveness, and increased soluble lung collagen
and TGF-b1 expression, and the autophagy markers Beclin-5 and
ATG-5 in lung tissue lysates. All of these effects were reversed by
pretreatment of the mice with chloroquine.

Lastly, the authors used a more chronic model of murine
asthma to explore the mechanistic role of autophagy in the
development of airway remodeling in asthma. Five weeks of HDM
exposure induced robust inflammation and airway remodeling, as
evidenced by increases in ASM bundle size and a-smooth muscle
actin abundance. Moreover, immunostaining of ASM bundles
demonstrated increases in Beclin-1, ATG-5, and LC3B staining.
Chloroquine treatment introduced during the last 2 weeks of the
HDM challenge reversed airway inflammation, as well as the
increases in ASM bundle size, a-smooth muscle actin, Beclin-1,
and ATG-5.

Collectively, these data from human tissue samples, cultured
ASM cells, and murine models of asthma strongly suggest
that increased autophagy plays a permissive or causal role in
the development of airway remodeling in asthma (Figure 1).
Increased autophagy in resident human airway cells is coincident
with the cardinal features of airway remodeling observed in human
asthmatic airways. The profibrotic response of cultured human
ASM cells to TGF-b1 is associated with increased autophagy and
is reversed by chemical inhibition of autophagy, and features of
fibrosis and airway remodeling observed in murine models of
allergic lung inflammation/asthma are similarly inhibited by
either prophylaxis or treatment with a chemical inhibitor of
autophagy.

Although these findings significantly advance our
understanding of the role of autophagy in asthma and airway
remodeling pathogenesis, the question of whether targeting
autophagy for the management of airway remodeling in asthma
will be effective is a long way from being answered. Although
investigators have demonstrated their ability to reverse airway
remodeling features in vitro and in murine in vivo models
(and have cured murine asthma in dozens of ways), relevant
interventional studies in humans are lacking. Moreover, the
disparate functions of autophagy among the many invading and
resident airway cells in the asthmatic lung suggest that the effects of
drugs inhibiting autophagy in the lung are likely to produce both
pro- and antiinflammation/asthma/remodeling effects in different
cell types, with an unclear integrative effect. Indeed, the role of

autophagy in regulating profibrotic functions in lung fibroblasts is
far from settled and appears to be highly dependent on the disease
context (16). Autophagy, after all, appears to be a homeostatic and
protective mechanism for most cell types; perhaps, as is often the
case in disease, such adaptive and protective mechanisms can turn
maladaptive and pathogenic.

Also, it is important to point out the limitations of the findings
of McAlinden and colleagues. The critical human data used to assess
the relationship between autophagy and airway remodeling remain
associative. The critical mechanistic evidence is limited by the
relevance of the species they assessed (mouse) and the promiscuous
nature of the autophagy inhibitor (chloroquine) they used. Although
chloroquine, Baf-A1, and 3-MA are arguably the current drugs of
choice for implicating autophagy, they are far from specific, and
a collective investigation into any role for autophagy demands a
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Figure 1. Factors that promote autophagy-mediated airway remodeling
in asthma. Asthma is a complex disease whose pathology is influenced
by multiple factors, including genetics, allergen exposure, atopy,
environmental triggers, and respiratory infections. The recruitment of
immune cells into the lung leads to chronic allergic inflammation, which
directly affects structural cells, and it is this complex interaction and cross-
talk between a variety of immune cells and structural cells that leads to the
secretion/release of many pro- and antiinflammatory cytokines in the lung.
Transforming growth factor b1 (TGF-b1) is an important cytokine that
drives chronic structural changes in the airway in asthma through its direct
effect on inducing the autophagy pathway in mesenchymal cells, leading to
increased profibrotic signaling and accumulation of extracellular matrix
(ECM) proteins such as collagen in the airways. The beneficial effect of
chloroquine (CQ) in asthmatic airway remodeling is a result of its actions
in both blocking TGF-b1 release and reducing autophagy signaling in
mesenchymal cells. ASM = airway smooth muscle.
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robust approach that includes multiple inhibitory strategies—both
pharmacologic and molecular—under a range of experimental
conditions. For example, the effects of chloroquine in vivo reported
in the current study cannot necessarily be attributed to direct
effects on ASM, fibroblasts, or epithelia, and likely involve
inhibition of inflammation that is only partly dependent on
the inhibition of autophagy in immune cells. Despite these
limitations, the findings of McAlinden and colleagues provide a
strong foundation for future studies that (ideally) will 1) clarify
the role of autophagy in the fate and function of the individual cell
types that contribute to asthma and the development of airway
remodeling; 2) use tissue and in vivo models in creative ways
to understand the integrated effects of targeting autophagy in
the multicellular lung; and 3) test the most promising drugs
(developed on the back of the aforementioned strong basic-science,
preclinical studies) when feasible and use informative clinical
research designs to investigate airway remodeling drugs in human
subjects. n
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