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Abstract

The study of autophagy (‘self-eating”), a fundamental cell fate pathway involved in physiological
and pathological subcellular processes, opens a new frontier in the continuous search for novel
therapies for human asthma. Asthma is a complex syndrome with different disease phenotypes.
Autophagy plays a central role in cell physiology, energy and metabolism, and cell survival.
Autophagy’s hallmark is the formation of double-membrane autophagic autophagosomes, and this
process is operational in airway epithelial and mesenchymal cells in asthma. Genetic associations
between autophagy genes and asthma have been observed including single nucleotide
polymorphisms in Atg5 which correlate with reduced lung function. Immune mechanisms
important in asthma such as Th2 cells and eosinophils also manifest autophagy. Lastly, we address
the role of autophagy in extracellular matrix deposition and fibrosis in asthmatic airways
remodeling, a pathologic process still without effective therapy, and discuss potential
pharmacologic inhibitors. We end by offering two opposing but plausible hypotheses as to how
autophagy may be directly involved in airway fibrosis.
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Asthma is a chronic respiratory disease afflicting 200 million people worldwide and 27
million in the United States including children. In the United States alone, the annual cost of
health care exceeds $56 billion, and it continues to grow. Asthma manifests varied
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symptoms including wheezing, breathlessness, and chest tightness, and interacts in a
complicated manner with comorbid conditions such as gastroesophageal reflux disease,
sinusitis, obstructive sleep apnea, and cardiac disease.

Asthma is a multifaceted illness, akin to a syndrome with related diseases under that
umbrella, with biological and pathological pathways that are myriad. No single process in
asthma explains the disease process in full. Familial asthma is a strong predictor of
childhood asthma, signifying a possible genetic basis for the disease in some patients.
Nevertheless, the genes which have been connected to asthma describe only a subgroup of
the disease, and likely many undiscovered genetic variants exist in underappreciated
pathways relevant to asthma.

Beyond single molecular pathways and genetic associations, increasing evidence from
subcellular processes collectively known as “cell fate’ phenomena raises an important
opportunity for discovery and translation to human disease. In this brief review, we focus on
autophagy as one of these cell fate processes with the potential to advance novel therapies
for human asthma. With respect to several lung diseases, in particular asthma, much work
remains to be carried out in the quest to understand the role of autophagy in health and
disease.

Autophagy: a major determinant of cell fate

Autophagy is an evolutionarily and highly conserved catabolic process whereby misfolded
or unnecessary proteins and damaged organelles are directed to lysosomes for subsequent
degradation. Its mechanism includes phagosome formation via specific steps known as
initiation, elongation, and maturation (1). One of the most important hallmarks of autophagy
is the formation of double-membrane autophagic vacuoles (AVs) or autophagosomes, which
surround damaged cytosolic elements and organelles (e.g. endoplasmic reticulum,
mitochondria, etc.) or protein, which then fuse with lysosomes to form autophagolysosomes.

The subcellular process of autophagy, meaning ‘self-eating’, has been the focus of intense
research in the last few years. Autophagy is classified into three major types in eukaryotic
cells: macroautophagy (in this article referred to as ‘autophagy’), microautophagy, and
chaperone-mediated autophagy. The process of macro- and microautophagy both involve a
dynamic mechanism of membrane rearrangement to engulf portions of the cytoplasm. Once
engulfed, the membrane of the resulting autophagic body is lysed, and the resulting small
molecules are transported back into the cytosol through membrane permeases for reuse (2,
3). Autophagy also plays critical roles in cellular growth and development, in the innate and
adaptive immune system, and in programmed cell death (4-6).

Under oxidative conditions, autophagy effectively removes damaged endoplasmic reticulum
(ER), peroxisomes, and mitochondria. Conversely, autophagy may also function as a cell-
survival mechanism during periods of cell starvation, where cells self-digest to supply
nutrients for the synthesis of essential proteins. The proteins PI3kinase, Aktl, and
antiapoptotic BCL-2 family members suppress autophagy, while tumor suppressor proteins
such as Beclin-1, Atg4c, BH-3 only proteins, and PTEN activate autophagy (7, 8).
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While the morphological description of autophagy was first made in mammalian cells in the
1950s, recent extensive genetic work has identified 32 autophagy-related (Atg) genes to date
(9-13). The Atg genes in yeast were discovered from genetic screening for mutants that
affected protein turnover, peroxisome degradation, and delivery of a resident vacuolar
hydrolase (the cytoplasm to vacuole targeting (Cvt) pathway). These are larger than Cvt
vesicles to accommaodate its specific cargo, the peroxisomes (14). The absence of autophagy
can be deleterious whereas excessive levels of autophagy can be harmful, thus requiring
tight regulation of the autophagic process as a whole (15, 16). Many orthologs of Atg gene
products have been studied and have shown similar roles in higher eukaryotes including
mammals (17, 18).

Multiple genes are involved in the regulation of autophagy in yeast and higher mammals
including the aforementioned 32 autophagy-related genes (19). Among these, the
microtubule- associated protein 1 light chain 3 (LC3; Atg8) is cleaved from a pro-form by
Atg4 and then conjugated with phosphatidyl-ethanolamine by the sequential action of Atg7
and Atg3 (19). One of the essential steps in mammalian autophagy is LC3 lipidation [i.e. the
conversion of LC3 from LC3-I (the free form) to LC3-11 (the phosphatidyl-ethanolamine-
conjugated form)], which is involved in autophagosome formation, a key event indicating
autophagy flux in cells (1).

Atg12 is a small hydrophilic protein having structural homology to ubiquitin which
covalently links to Atg5 (20), where the mode of conjugation of Atg12 and Atg5 is similar
to that of ubiquitination. Atg7 activates Atg12 in an ATP-dependent manner (it functions as
an ubiquitin-activating enzyme, E1), leading to the formation of a thioester bond between
the C-terminal glycine in Atg12 and a cysteine residue in Atg7 (21). The C-terminal glycine
in Atgl2 is then transferred to the cysteine in Atg10 (it functions as a ubiquitin- conjugating
enzyme, E2), forming a new thioester bond, and Atg7 is released (22). Finally, the C-
terminal glycine in Atg12 forms an isopeptide bond with the e-amino group of lysine 149 in
Atg5, and Atg10 is in its free state again. Thus, the formation of the Atg12-Atg5 conjugate
is indispensable to autophagosome formation (23). In mammalian cells, Atg5 and Atgl12 are
conjugated to each other in the same way as they are in yeast (24).

Atg8 (Aut7/Apg8) is the second ubiquitin-like protein essential for autophagy. Atg8 is a
117-amino acid protein and is present in the early isolation membranes, autophagosomes,
and autophagic bodies (25), thus making it a good marker for studying membrane dynamics
during autophagy. The protein Atg8 is mostly membrane-bound; approximately half of it is
peripherally bound to the membrane and the other half behaves like an intrinsic membrane
protein.

Atg8 can be activated by Atg7 (E1) in an ATP-dependent manner and transferred to a
conjugating E2 enzyme, Atg3 (26). Atg7 activates two different ubiquitin-like proteins,
Atg12 and Atg8, and assigns them to their proper E2 enzymes, Atg10 and Atg3,
respectively. Final steps involve Atg8 interacting with phosphatidylethanolamine (PE), a
highly abundant membrane phospholipid (26) undergoing a lipidation reaction which leads
to a conformational change of Atg8 that is integral for the membrane dynamics of autophagy
(27).
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The cycle of conjugation and de-conjugation is important for the normal progression of
autophagy. LC3 is the mammalian orthologue of Atg8, targets to the autophagosomal
membranes in an Atg5-dependent manner, and remains there even after Atg12—-Atg5
dissociates. Thus, LC3 is the only credible marker of the autophagosome in mammalian
cells (28). LC3 is detected in 2 forms: LC3-1 (18 kDa) and LC3-11 (16 kDa) (29). Twenty-
two amino acids in the C-terminus of the newly synthesized LC3 are cleaved immediately
by the mammalian orthologue of the yeast cysteine proteinase Atg4, autophagin, to produce
an active cytosolic form, LC3-1 (30). Then with the catalysis of Atg7 and Atg3, LC3-I
undergoes a series of ubiquitination-like reactions, and is modified to LC3-11. LC3-1 is
located in the cytoplasm, while LC3-11 is a tightly membrane-bound protein and is attached
to the preautophagosomal structure (PAS) and autophagosomes. The relative amount of
membrane-bound LC3-11 reflects the abundance of autophagosomes, so the induction and
inhibition of autophagy can be monitored through measuring total and free LC3-11 levels by
means of an immunoassay (29).

In addition, the Atg12 and LC3 systems have a functional relationship. In Atg5~/~ cells,
LC3-11 is not generated (31). As a result, LC3 cannot target the autophagosomal membranes.
The recent generation of transgenic mice expressing green fluorescent protein (GFP) fused
to LC3 provides a useful tool to investigate autophagy in various mammalian organs in vivo
(32).

Atgl is a serine/threonine protein kinase, which forms a protein complex with different
regulatory proteins such as Atg13, Vac8, Atgl7, and Cvt9. The composition of this complex
is dynamic, and it may vary depending on nutrient conditions (33). Under nutrient-rich
conditions, Atg13 is hyperphosphorylated so that its association with Atgl is blocked.
Conversely, under conditions of nutrient starvation or after treatment with rapamycin, Atg13
becomes partially dephosphorylated. This dephosphorylation leads to an Atg1-Atg13
interaction and subsequent generation of autophagosomes instead of Cvt vesicles and, thus,
activates autophagy (34).

Autophagy and lung diseases

Autophagy has essential functions in numerous lung diseases including acute lung injury
(ALLI), pulmonary infectious diseases, pulmonary vascular disease, cystic fibrosis (CF),
chronic obstructive pulmonary disease (COPD), and asthma.

Autophagy is probably involved in the pathogenesis of both ALI and sepsis (35, 36). The
application of high oxygen therapy (hyperoxia) to preserve tissue oxygenation may be at
least partially involved in the pathogenesis of ALI. This leads to enhanced production of
reactive oxygen species (ROS) in critical care settings, which targets the pulmonary
epithelium (37). Hyperoxia induces histological and biochemical hallmarks of autophagy in
vivo, comprising autophagosome formation and LC3B-11 accumulation (35). Pulmonary
epithelial cell culture studies revealed that hyperoxia in the lung initiates reversible LC3f3
lipidation in this model (37). Therefore, LC3p may also be essential as a pro-survival arm in
oxygen-induced cytotoxicity, and this highlights probable crosstalk between autophagy and
apoptosis during oxygen toxicity (37).
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Autophagy is likely one of the most important mechanisms involved in host defense against
various micro-organisms including bacteria, viruses, and parasites (38—41). Recent evidence
also suggests that autophagy is an important cellular mechanism in the promulgation of
respiratory infections (42).

Autophagy has also been described in lung tissues derived from patients with various forms
of pulmonary hypertension (PH), including pulmonary arterial hypertension (PAH) (43). It
is not yet clear whether autophagy is playing a protective or harmful role in PH (44). Further
studies are needed to clarify the functional role of autophagy in human adult PH.

Dysfunctional autophagosome clearance in CF may be responsible for the robust and
sustained inflammatory responses observed in CF airways (45). It is also notable that
inactivation of Beclin-1 is involved in the sequestration of PI3KC3 and accumulation of p62
in CF (46). Restoration of Beclin-1 or p62 reduction can salvage the trafficking of cystic
fibrosis transmembrane conductance regulator (CFTR) mutant to the cell surface (46).
Genetic targeting of p62 improves the therapeutic effect of CFTR channel activators (47).
All of these data provide solid evidence regarding the role of autophagy in CF pathogenesis.

The cellular pathogenesis of COPD includes prolonged inflammatory responses in the lungs,
exuberant mucus production, with subsequent loss of barrier integrity between cells,
oxidative injury and faulty repair, and increased ER stress responses. Both apoptosis and
autophagy of airway cells are also important processes in the pathogenesis of COPD (48). In
addition, cellular senescence also plays a role in COPD, and ROS released during
mitochondrial respiration plays an essential role in the progression of cellular senescence
(49). Damaged mitochondria is a prerequisite for engulfment and degradation via
mitochondria-selective autophagy also known as ‘mitophagy’ (50). Therefore, mitophagy
could be a key mechanism in the development of COPD.

In asthma, autophagy may be playing a role in disease pathogenesis (51). Although little
work has been carried out on the role of autophagy in human airway epithelium, we and
others have begun to explore this further. The cytokine interleukin-13 (IL13) is a central
player in epithelial Th2 responses in asthma including formation of mucin and secretion of
the eotaxins, potent tissue eosinophil chemokines. Autophagy is essential for bronchial
epithelial mucus secretion in a T helper type 2 (Th2) model of asthma (52). Furthermore,
data from our laboratory suggest that autophagy rather than ER stress responses may
contribute more to 1L13-induced eotaxin-3 peptide secretion from human airway epithelial
cells (53).

Autophagy genes in asthma — what do they mean?

Recently, genetic association of autophagy genes, including ULK1, SQSTM1, MAP1LC3B,
beclin-1, and Atg5, was investigated in a family-based asthma study where correlations
between autophagy genes and familial asthma were reported. Single nucleotide
polymorphism (SNP) rs12212740G>A of the Atg5 gene was found to be strongly associated
with asthma. Electron microscopy analysis of bronchial tissues (fibroblasts and epithelial
cells) from a patient with moderate-to-severe asthma and a normal individual, looking for
hallmarks of autophagy such as double-membrane autophagosomes, showed increased
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activation of autophagy in the asthmatic airways as compared to normal healthy control
subjects (54). In another study, additional SNPs in Atg5 (rs12201458 and rs510432) were
found to also be associated with childhood asthma (55).

The study by Poon et al. showed an association of the Atgs SNP with asthma and reduced
forced expiratory volume in 1 s (FEV1), a critical lung function parameter. The increased
autophagosomes provided strong evidence that autophagic flux activity in asthmatic airway
resident cells (such as the epithelium) is playing a key role in either the prevention or
propagation of asthma — a mystery still not unraveled. The increase in overall autophagic
flux could indicate either active autophagy, or instead, inhibition in the terminal stages of
autophagy (phagosome-lysosome conjugation and later digestion of cellular material).
However, it is important to note that these tissue markers of autophagy are mere correlations
with lung function and asthma symptoms. Further research is required to address whether or
not this important cellular process is causal in disease.

Our group has previously published an important role for autophagy and Atg5 in the fibrotic
response in primary human airway smooth muscle (HASM) cells (56). We found that
transforming growth factor-betal (TGFB1)-induced autophagy is required for HASM cell
production of collagen A1l and fibronectin, and that the silencing of key autophagy-inducing
proteins Atg5 and Atg7 decreased this fibrotic response in HASM cells. The role of
autophagy in this mechanism was also assessed using pharmacologic inhibition of
autophagy flux using 3-methyladenine (3-MA) and bafilomycin-Al (Baf-Al). Our findings
were further confirmed by measuring LC3p lipidation, and using transmission electron
microscopy to confirm the formation of double-membrane autophagosomes, and
immunofluorescence staining to confirm autophagosome-lysosome fusion and the formation
of LC3p punctae (56). This mechanism could have therapeutic application in asthma if
targeting autophagy can mitigate TGFp1-induced fibrotic responses in airways.

To shed light on this important observation, the first step is to investigate whether autophagy
is playing a role in the pathogenesis of asthma (57). A thorough evaluation of the airway
epithelium is vitally important, as is the submucosal mesenchyme including airway smooth
muscle cells and fibroblasts [e.g. important in extracellular matrix (ECM) production].
Equally important is the assessment of autophagic responses in the immune response central
to asthma pathogenesis.

Only with such a comprehensive approach to study both resident and inflammatory cells will
we learn about the potentially divergent role(s) of autophagy in a disease as complex as
human asthma. Because adverse structural changes named ‘airway remodeling’ remains an
intractable problem in severe asthma, studying autophagy and its effect on cell fate and
remodeling provides for an important new research opportunity that could positively impact
human disease.

Autophagy and immune responses in asthma

One of the major hallmarks of asthma is chronic airway inflammation and lack of resolution
of phlogistic signals. Many groups have investigated the role of adaptive immunity in
airway inflammation, an antigen-dependent mechanism where T helper cells (CD4%) play a
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central role in disease pathogenesis. There are two major pathways in the T helper response
including Thl and Th2 which are characterized by their specific cytokine profiles.
Investigations using the murine model and biological samples from asthmatic patients
indicate that the Th2 immune response is essential in asthma. Asthma also involves an
imbalance between Th1, Th2, and Th17 pathways where Th2 hyperactivation leads to
persistent airway inflammation and the well-recognized asthma phenotype (57, 58).

Autophagy has recently been widely investigated in adaptive and innate immunity, and its
function in these responses has been highlighted. Autophagy is responsible for transporting
antigens on major histocompatibility complex (MHC) class Il molecules to MHC class 11-
comprising sections (MIICs), which are catalyzed by lysosomes. Autophagy is an essential
process for lymphocyte development and survival (59). Macroautophagy- deficient B and T
cells show impaired differentiation and regulation. Further, conditional deletion of Atg5 in
mice induces decreases in the number of T cells in the periphery and impairs proliferation
upon antigenic stimulation. Autophagy activity is significantly higher in Th2-polarized T
cells, and nutrient starvation increases autophagic activity in this model. Lastly, autophagy is
also required for both central and peripheral tolerance to self-antigens where deletion of
Atg5 in the mouse thymus gland enhances autoimmunity (57).

Patients with severe asthma manifest higher levels of autophagic activation in their sputum
granulocytes, and peripheral blood eosinophils than patients with milder disease or healthy
controls (51). In this study, the autophagy inhibitor 3-MA inhibited the expression of LC3-11
and eosinophil cationic protein in HL-60 cells. Furthermore, dexamethasone did not alter
autophagy levels in peripheral blood eosinophils from patients with asthma. The authors
concluded that autophagy modulation could be a potentially novel target especially in
steroid- and therapy-resistant severe asthma.

Autophagy and animal models of asthma

Ovalbumin (OVA) is widely used as an animal experimental model of asthma. Inhalation of
OVA in mice increases levels of autophagic markers (60, 61), including beclin-1 in mouse
airway tissues, which has been confirmed by Cy3-red staining (61). In OVA-challenged
animals, both a-actin smooth muscle (a-SMA) and LC3A/B increased in the airway
subepithelial space which highlights the role of autophagy, and possibly epithelial-
mesenchymal transition (EMT) induction (61). According to these observations, the
modulation of autophagy may have the potential to treat asthma. Regarding alternative
animal models of allergic asthma, we found no significant publications using house dust
mite antigen or other antigens in the study of autophagy.

Autophagy and extracellular matrix

Collagen deposition and the extracellular matrix (ECM) play an important role in tissue
remodeling. Emerging data suggest that ECM can evoke autophagic regulatory responses in
a variety of tissues via interaction with specific receptors (62). Several recent investigations
show that autophagy may be very important in conventional and unconventional protein
secretory pathways. Indeed, this line of evidence suggests that autophagy plays a role in
unconventional mechanisms of protein secretion and trafficking via a mechanism named
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‘autosecretion’ (63-65). This mechanism is considered one of the pathways allowing
leaderless cytosolic proteins to exit the cell without overwhelming the ER-to-Golgi secretory
conduit. Therefore, autophagy is possibly playing a role in the extracellular release of a
subset of leaderless or addressless cytosolic proteins, which do not pass via the ER but can
nonetheless be secreted by a pathway dependent on autophagy (64). As this mechanism
regulates protein secretion, its impairment could also be relevant in the pathogenesis ECM-
dependent diseases. In line with these findings, we recently showed that autophagy is
necessary for ECM secretion in lung and heart fibroblasts (13, 56).

Remodeling and fibrosis in asthma

‘Airway remodeling’ is a term originally used to reflect the structural changes that normally
take place during lung embryonic development; changes that are indispensable for healthy
pulmonary development and function (66). In asthma, however, airway remodeling is
typically used to describe pathological or adverse changes in the airway (67-69). These
changes are due to complex and multifaceted cellular and molecular processes that alter the
normal arrangement and structure of the airway wall ultimately leading to abnormal
physiological function and symptoms of breathlessness and wheezing.

The distinguishing structural changes observed in the bronchial walls of asthma patients
include epithelial goblet cell metaplasia and hyperplasia, mucus hypersecretion, increased
ECM and subepithelial collagen deposition (i.e. reticular basement membrane (RBM)
fibrosis), smooth muscle cell hyperplasia and hypertrophy, and vascular neoangiogenesis.
Airway smooth muscle (ASM) is especially involved in asthma airway remodeling (69)
which is observed in biopsies from asthmatic airways showing ASM hyperplasia and
hypertrophy. Extracellular matrix deposition between muscle cells also contributes to
increased ASM bundle mass and subepithelial fibrosis (69-71). Of these structural changes,
smooth muscle hypertrophy and subepithelial fibrosis are the most difficult to treat, and
often progress (11) despite current therapies, leading to fixed airflow obstruction and severe
asthma.

It is commonly believed that the major effector cells involved in remodeling and fibrosis in
asthma are the ASM, fibroblasts, and myofibroblasts, that is, mesenchymal cells (6, 68-70).
The basement membrane which is produced by these cells and underlying mesenchymal
layers can be congealed in asthma due to increased inflammatory cell infiltration, cytokine
and growth factor release, ASM and fibroblast proliferation, and fibroblast differentiation
(into myofibroblasts), as well as myofibroblast-mediated deposition of ECM proteins (68,
72).

Fibrosis is generally viewed as failed wound healing (usually in response to organ injury and
inflammation) and results in deregulated and continuous ECM synthesis and accretion,
concurrent with a possible decrease in the degradation of polymeric ECM components such
as collagens (73). Continued fibrosis contributes to scar formation in the airways and lung,
which eventually leads to a loss of lung function. Although a number of factors contribute to
fibrogenesis (74), the major cytokines that promote and accelerate fibrosis are TGF-p1 and
its downstream mediators, connective tissue growth factor (CTGF) and platelet-derived
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growth factor (PDGF), and endothelin-1 (ET-1) (72). Inflammatory cells, lung epithelial
cells, and (myo)fibroblasts are mainly involved in TGF-B1 biosynthesis and secretion in the
lung and upregulation of collagen production (75, 76).

Potential pharmacologic agents to modulate autophagy

The balance between inducing vs inhibiting autophagy will depend on a deeper
understanding of the scope of autophagic activity over a time span not studied in most
experiments. However, it is important to be aware of the agents currently available, and
whether they can be applied to the clinical arena. Perhaps the most commonly used
modulators of autophagy include rapamycin, Baf-Al, chloroquine, and 3-MA. However, a
closer look at the broader literature reveals other potentially useful pharmacologic agents.

One of the earliest events in autophagy initiation is the formation of nucleation. The ULK1
and PIK3C3 complexes are involved in autophagy nucleation, followed by ULK1 movement
and re-localization to target the Atg14-PIK3C3 complex. The PIK3C3 complex is
responsible for the generation of phosphatidylinositol 3-phosphate (PtdIns3P) at the
nucleation site with subsequent generation of a Ptdins3P-enriched environment. This
supports the localization of the ULK1 complex and other Atg proteins at the growing
membrane to trigger the assembly of PtdIns3P-binding effector proteins. These are all
critical steps for the subsequent steps of autophagy (elongation and maturation) as described
in previous sections.

In the past few years, significant progress has been made in developing Ptdins3K and PI3K
inhibitors. One of the best classifications of PtdIns3K and PI3K is based on their target
selectivity; they can be considered as pan-PI3K inhibitors, dual PI3K-mTOR inhibitors, and
class or isoform-selective inhibitors (77-79). Wortmannin and LY294002 are pan-PI3K
inhibitors; however, they are nonselective and therefore may not be ideal for clinical
application (80, 81). Recently, pan- PI3K inhibitors with greater selectivity and less toxicity
(e.g. BKM120, BAY80-6946) have been developed and may be better suited for use in
clinical trials (80, 82).

In the past few years, new PIK3C3 inhibitors, including VPS34-IN1 (83), Compound 31 (a
tetrahydropyrimidopyrimidinone derivative) (84), PIK-111, and SAR405 have been
developed. Of these agents, Compound 31 and SAR405 exhibit the highest potency and
selectivity toward their targets (84, 85).

As we have previously mentioned, mTOR inhibits Atg1/ULK1 function via phosphorylation
of Atgl/ULK?1 (86). On the other hand, ULK1 is also positively regulated by the cellular
energy sensor AMP-activated protein kinase (AMPK) (87). Egan et al. defined ULK1’s
consensus phosphorylation motif, demonstrated that ULK1 phosphorylates several
autophagy components, and developed a ULK1 small molecule inhibitor (SBI-0206965). By
modulating autophagy, this compound may be a potential therapy to inhibit fibrosis.

Although an assay exists for screening of Atg4 protease inhibitors (88), we are not aware of
any experiments documenting specific inhibitors for autophagy related to fibrosis or asthma.
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Seeing asthma through the lens of autophagy: a focus on airway fibrosis

Is autophagy required to initiate fibrosis in the airway and does it participate in airway
remodeling in human asthma? Autophagy and fibrosis occur together in many diseases (89,
90). In hepatic cells, autophagy is necessary for the induction of fibrosis (90). It is possible
that autophagy functions as a bulk degradation mechanism within the cell, thereby
maintaining basal physiological conditions necessary for healthy cellular and organ function.
Because fibrosis is a process that requires a high degree of ECM protein biosynthesis, cells
that produce ECM need large energy reserves in order to provide sufficient ECM production
(91). Autophagy can be a major source of energy and a pathway of cellular survival under
conditions of illness or energy starvation. Therefore, autophagy can have several different
and potentially opposite roles depending on the cell type involved, local tissue environment
and cell signals, and energy requirements needed.

It is a plausible hypothesis that autophagy is a regulator of fibrosis and acts in parallel
processes leading to cellular activation and enhanced ECM production (e.g. collagen,
fibronectin) in airway mesenchymal cells, leading to airway thickening and rigidity (Fig. 1).
This idea provides a novel framework for understanding fibrotic disease and the regulation
of airway fibrosis. As a basic cell fate mechanism, autophagy’s role in fibrosis may occur in
all tissues, and may not just be limited to the liver or airway. Because blocking autophagy in
fibrogenic cells from different organs attenuates fibrogenesis, and because autophagy is an
evolutionarily conserved and subcellular core pathway (76), it may contribute to the fibrotic
responses observed in a wide range of tissues including the human airway in asthma (Fig. 1,
panel A).

Conversely, an alternative and equally plausible hypothesis is that autophagy may function
to oppose or mitigate fibrosis if it is involved in the degradation of ECM proteins needed for
fibrosis such as fibronectin and collagen (Fig. 1, panel B). Therefore, the occurrence of
autophagy in the asthmatic lung may be a protective mechanism against the harmful effects
of airway fibrosis, that is, as a compensatory mechanism against other aspects of
remodeling. Thus, it is possible that the genetic correlation of Atg5 with familial asthma may
be a developmental adaptation to reduce chronic airway remodeling. Therefore, correlations
or associations of autophagy genes with lung function changes should be differentiated from
causal mechanisms. Given our aforementioned preliminary findings (56), we predict the
hypothesis proposed in panel (A) of the Figure is most likely to be true, at least in airway
mesenchymal cells. However, further work is necessary to elucidate what such genetic
associations mean with respect to clinically meaningful outcomes in asthma.

Despite our prediction, it is important to remain cautious regarding the full extent of the role
of autophagy in the development of inflammation and fibrosis as it relates to asthma
pathogenesis. Although no literature delineating a mechanism exists in support of a
hypothesis relevant to asthma, it is worth reviewing what we know related to idiopathic
pulmonary fibrosis (IPF), as the basic biology may be shared with airway fibrosis.

Although we are not aware of any literature relating ATG4B protease and asthma, some
recent work in a model of pulmonary fibrosis may be relevant. Using an Atg4B-deficient
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mouse model, disruption of autophagy was shown to contribute to bleomycin-induced
pulmonary fibrosis in vivo (92). In this study, the authors concluded that AtgB4 protease and
autophagy are protective against bleomycin-induced inflammation and fibrosis. In another
study evaluating airway epithelial and mesenchymal senescence, insufficient autophagy was
thought to underlie the development of fibrosis (in a cell culture model of IPF and using
lung specimens derived from IPF patients (93)). Whether or not these findings are relevant
to human asthma remains an open question worthy of investigation.

The future

Future research should address the mechanism(s) leading to autophagy activation in asthma.
Efforts to understand the role of autophagy will require cell-based in vitro experiments and
in vivo animal models to address the many facets of asthma disease pathogenesis. Our
proposed hypotheses address one key question, but clearly, many other hypotheses related to
autophagy and inflammation, cytokine production, airway smooth muscle and fibroblast cell
physiology, mucus production, immune cell mechanisms, lipid and metabolic responses, etc.
in asthma, will require investigation.

If relevant, there is an opportunity to develop inhibitors or modulators of autophagy as a
new therapeutic strategy for the treatment of asthma, where there are unmet and growing
public health needs. Whether appropriate treatment regimens are administered via systemic
or inhaled routes will depend on the extent of autophagy activity and the need to avoid
unwanted drug side-effects (given autophagy’s central role in normal homeostatic cellular
function).

Therefore, given that autophagy is truly a ‘double-edged’ sword, investigators should
consider airway-targeted approaches such as the development of a novel inhaler, or
nanoparticle-based cell-targeted methods to deliver drug payloads specifically to the
epithelium or subepithelial airway fibroblasts. In the immediate future, we propose
experiments using bafilomycin-Al and chloroquine, well-known and established inhibitors
of autophagy flux, the latter of which has been in clinical use for many years for different
conditions. There is an opportunity to forge new roads in the journey to novel therapies for
the treatment of human asthma, and we believe an exploration of autophagy is timely and
warranted.
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Figure 1.
Possible mechanisms of autophagy-dependent regulation of airway fibrosis: Autophagy may

regulate airway fibrosis via two different mechanisms: Hypothesis (A) Autophagy is
required for airway fibrosis by serving as a backup energy reserve providing the cellular
resources needed during ECM protein biosynthesis. Hypothesis (B) Autophagy inhibits
airway fibrosis via degradation of ECM proteins and their precursors. ASM = airway
smooth muscle, ECM = extracellular matrix, Baf Al = bafilomycin Al, CQ = chloroquine,
3- MA = 3-methyladenine, M® = macrophage, TGFf = transforming growth factor-beta,
mTOR = mammalian target of rapamycin.
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