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ABSTRACT

Persistent inflammation within the respiratory tract underlies the pathogenesis of numerous chronic
pulmonary diseases including chronic obstructive pulmonary disease, asthma and pulmonary fibrosis.
Chronic inflammation in the lung may arise from a combination of genetic susceptibility and
environmental influences, including exposure to microbes, particles from the atmosphere, irritants,
pollutants, allergens, and toxic molecules. To this end, an immediate, strong, and highly regulated
inflammatory defense mechanism is needed for the successful maintenance of homeostasis within the
respiratory system. Macroautophagy/autophagy plays an essential role in the inflammatory response of
the lung to infection and stress. At baseline, autophagy may be critical for inhibiting spontaneous
pulmonary inflammation and fundamental for the response of pulmonary leukocytes to infection;
however, when not regulated, persistent or inefficient autophagy may be detrimental to lung epithelial
cells, promoting lung injury. This perspective will discuss the role of autophagy in driving and regulating
inflammatory responses of the lung in chronic lung diseases with a focus on potential avenues for
therapeutic targeting.

Abbreviations: AR: allergic rhinitis; AM: alveolar macrophage; ATG: autophagy-related; CF: cystic fibrosis;
CFTR: cystic fibrosis transmembrane conductance regulator; COPD: chronic obstructive pulmonary disease;
CS: cigarette smoke; CSE: cigarette smoke extract; DC: dendritic cell; IH: intermittent hypoxia;
IPF: idiopathic pulmonary fibrosis; ILD: interstitial lung disease; MAP1LC3B: microtubule associated protein
1 light chain 3 beta; MTB: Mycobacterium tuberculosis; MTOR: mechanistic target of rapamycin kinase;
NET: neutrophil extracellular traps; OSA: obstructive sleep apnea; PAH: pulmonary arterial hypertension;
PH: pulmonary hypertension; ROS: reactive oxygen species; TGFB1: transforming growth factor beta 1;
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Autophagy

Autophagy is a normal physiological process in the body
involved in cellular homeostasis and survival mechanisms in
normal respiring cells. Autophagy is a fundamental intracellu-
lar process responsible for the lysosomal degradation of micro-
organisms (viruses, bacteria, fungi and protists/protozoa),
damaged organelles and damaged proteins that cannot be
degraded by the proteasome. There are 3 main types of autoph-
agy: macroautophagy, microautophagy and chaperone-medi-
ated autophagy, all of which differ in their delivery methods to
the lysosome.' Often referred to as ‘autophagy’, macroautoph-
agy is the best-characterized form of autophagy and begins
with the initiation phase or development of a phagophore. In a
subsequent elongation phase, the phagophore membrane
expands to surround, target and engulf cytoplasmic cargo to
form an autophagic vacuole or autophagosome with a distinc-
tive double-membraned structure. The formation of such dou-
ble-membraned structures proceeds through the coordinated
complex rearrangement of subcellular membranes around a
specific ~ target. Subsequently, the fusion of whole

autophagosomes with lysosomes results in the formation of
autolysosomes where an array of lysosomal degradative
enzymes (e.g., cathepsins and other acid hydrolases) digest the
encapsulated contents of autolysosomes. The digested contents
are then released to the cytosol for reutilization in biosynthetic
pathways.

Autophagosome formation is primarily executed by a series
of autophagy-related (ATG) genes, regulated by the activation
and assembly of signaling components in response to upstream
environmental cues, including nutrient deprivation and energy
loss or the accumulation of damaged substrates. Among these
ATG proteins, BECN1/BECLIN 1 (the mammalian homolog of
yeast Vps30/Atg6) and MAP1LC3B/LC3B (microtubule associ-
ated protein 1 light chain 3 beta) (MAP1LC3B/ATGSF), a
homolog of yeast Atg8 represent the most well-known ATG
proteins. BECN1 associates with a macromolecular complex
that includes PIK3C3/VPS34 (phosphatidylinositol 3-kinase
catalytic subunit type 3). The BECN1 complex produces phos-
phatidylinositol-3-phosphate (PtdIns3P), a second messenger
that regulates phagophore nucleation. Upon the activation of
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macroautophagy, MAP1LC3B is conjugated to phosphatidyl-
ethanolamine and targeted to autophagic membranes.” Discus-
sing the regulation and execution of autophagy in a
comprehensive manner goes beyond the scope of the current
article and the reader is referred to other reviews focusing on
the molecular mechanisms behind this homeostatic process.”*

Although autophagy functions as a dynamic recycling system
for the cell, it also has a broad range of other functions including:
the maintenance of ATP and energy metabolism; cell survival in
response to starvation, nutrient deprivation or growth factor
depletion' removal of dysfunctional and damaged organelles (e.g.
mitochondria),” which is important in protein turnover and
organelle quality control; regulation of mitochondrial homeostasis
and the execution of programmed cell death pathways (e.g. apo-
ptosis).® Finally and more importantly for this review, autophagy
is critical in the regulation of innate and adaptive immune
responses,” in particular in the respiratory system. As described in
the introduction to this thematic issue on autophagy and inflam-
mation, autophagy plays a central role in host defense through
several mechanisms including: control of adaptive immunity
through regulation of antigen presentation and lymphocyte devel-
opment, direct elimination of invading pathogens, modulation of
cytokine signaling and induction of innate immunity.”

Autophagy and the inflammatory response of the lung to
acute infection

Inflammation in the lung arises as a result of the persistent
exposure of the respiratory tract to microbes, particles from the
atmosphere, irritants, pollutants, allergens and pathogens. In
response to such stimuli, the lung employs a number of defense
mechanisms including: the epithelial barrier, of which airway
epithelial cells lining the respiratory tract secrete numerous
substances including mucins, lysozymes, defensins, sidero-
phores and nitric oxide; the mucociliary escalator, a primary
innate defense mechanism, in which motile-ciliated epithelial
cells eliminate particles and pathogens trapped in mucus from
the airways® and the cells of the innate immune system, which
are critical for the aggregation, trapping and killing of microbes
and include macrophages, dendritic cells, monocytes, neutro-
phils, eosinophils, natural killer cells, and mast cells, all of
which produce various inflammatory mediators such as reac-
tive oxygen species (ROS) and cytokines (e.g. IL6 [interleukin
6], TNF [tumor necrosis factor], and IL1B).

Pathogen recognition receptors present on resident lung
alveolar macrophages (AMs) and dendritic cells (DCs) recog-
nize pathogen-associated molecular patterns and/or damage-
associated molecular patterns and respond to infection or
injury within the respiratory tract. The subsequent initiation of
inflammatory cascades and the secretion of cytokines and other
signaling molecules result in the recruitment of additional
immune cells (i.e. neutrophils and monocytes). DCs also func-
tion as antigen-presenting cells that link the innate and adap-
tive immune responses, by phagocytosing microbes and
migrating to regional lymph nodes to activate lymphocytes
including T cells and B cells. AMs aid in microbial killing and
the clearance of apoptotic cells during pulmonary infection and
secrete pro- and anti-inflammatory cytokines such as IL6 and
TNF to regulate inflammatory and repair responses.’

Neutrophils, which reside in pulmonary capillaries and intersti-
tial space, are recruited into air spaces by chemokines during
infection to kill ingested microbes with antimicrobial proteins
and ROS, and they release chemotactic factors, which recruit
more monocytes to the site of infection.

Lymphocytes are found throughout the airways and lung
parenchyma and consist of thymus-dependent T cells (CD8"
killer cells and CD4" helper cells [Thl and Th2]) and bone
marrow-dependent B cells. Activated Thl cells produce pro-
inflammatory cytokines (TNF and IFNG [interferon gamma]),
whereas Th2 cells produce IL4, and TL13,” which can stimulate
B cells to produce IGES (immunoglobulin E concentration,
serum) causing mast cell degranulation, and IL5, which stimu-
lates eosinophils.'® Mast cells are also activated through their
IGES receptor (FCER1) producing cytokines, leukotrienes and
proteases.g’lo

An immediate, strong, and highly regulated inflammatory
defense mechanism is needed for the timely elimination of
pathogens and noxious particles from the lung. In addition the
successful maintenance of homeostasis within the respiratory
system depends on proper crosstalk between the innate and
adaptive immune systems. Autophagy plays an essential role in
the inflammatory response of the lung to infection and stress.
At baseline, autophagy in AMs is critical for inhibiting sponta-
neous pulmonary inflammation'' and is fundamental for air-
way mucus secretion by airway goblet cells."> Autophagy-
deficient mice (atg5~'~ and atg7 ") develop spontaneous ster-
ile lung inflammation, characterized by marked recruitment of
inflammatory cells submucosal thickening, goblet cell metapla-
sia, and increased collagen content."’ Similarly deletion of
ATG5 in murine ITGAX/CD11c" cells results in unprovoked
spontaneous airway hyperactivity and severe neutrophilic lung
inflammation.'

During acute infection of the lung, autophagy activation
appears to be a protective mechanism involved in the host
responses to both bacterial and viral infectious states. For
example, in response to P. aeruginosa infection, autophagy defi-
ciency (ER-Cre:Atg7"") in mice impairs pathogen clearance,
increases neutrophilic inflammation, increases the production
of IL1B resulting in severe lung injury and decreases survival.'”
Similarly, respiratory syncytial virus-infected autophagy-defi-
cient mice (mapl113b~'") develop increased IL17A-dependent
lung pathology upon infection'® and have increased Th2 cyto-
kine production, mucus secretion, and lung infiltration of eosi-
nophils and inflammatory DCs (BecnI*™™)."”  Whereas
autophagy in the infected lung appears to represent a protective
response, autophagy, by virtue of excessive autophagosome
accumulation, may play a maladaptive role in the late stage of
sepsis, leading to acute lung injury.'"® In addition, loss of
autophagy (siRNA targeting PIK3C3) in macrophages during
lipopolysaccharide-induced lung inflammation reduces lung
and bronchoalveolar immune cell infiltration and air space
cytokine concentration.'®

In chronic lung diseases, where there is prolonged inflam-
mation and stress, the role of autophagy is more complex. We
will herein discuss the role of autophagy in driving and regulat-
ing inflammatory responses (Table 1) of the lung in chronic
lung diseases (Fig. 1) with a focus on potential avenues for ther-
apeutic targeting.
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Figure 1. Autophagy and chronic lung disease. Autophagy plays an essential role in the inflammatory response of the lung to infection and stress. Autophagy is upregu-
lated in response to a number of pathogenic stimuli including cigarette smoke, TGFB, IL13 and chronic hypoxia. The upregulation of autophagy may initially act as a pro-
survival mechanism responsible for the clearance of damaged proteins or organelles. In the chronic lung diseases IPF, PH and CF, loss of autophagy drives lung
inflammation and injury, suggesting autophagy plays a protective role. However, under certain circumstances, this naturally homeostatic cellular process may become
overwhelmed or dysregulated and ultimately become unable to deal with the chronic burden and clearance of excessive autophagic targets. Such a burden may lead to
the accumulation of aggresomes or damaged organelles with the concurrent appearance of increased autophagosomes, which may in turn be detrimental to the cell.
Such cellular damage and stress caused by dysregulated autophagy drives lung inflammation and injury in a number of chronic lung diseases including COPD and

asthma.

Pulmonary tuberculosis, autophagy and inflammation

Pulmonary tuberculosis, a disease caused by Mycobacterium
tuberculosis (MTB), represents a chronic lung infection where
long-term inflammation can lead to profound pathological
consequences. The host immune response is critical in contain-
ing the MTB infection, as evidenced by the significant increase
in incidence and mortality in immunocompromised hosts (i.e.,
HIV-infected patients).”’ Retrospective analyses have described
chronic obstructive ventilation defects, bronchiectasis, and
emphysematous and fibrotic lung parenchymal alterations as
the most common long-term sequelae of pulmonary tuberculo-
sis following treatment.”"*> MTB is an obligate human patho-
gen that is transmitted through air droplets and is an
intracellular bacterium that initially afflicts resident AMs and
DCs localized to the distant alveoli. During the primary stage,
the innate immune response is activated and inflammatory cells
are recruited to the lungs. MTB that evades and destroys the
AMs disseminates to the draining lymph nodes and triggers an
antigen-specific Th1 T-cell response. Effector T-cells ultimately
drive the formation of granulomas at the site of infection within
the lung (latent MTB infection).”® It is this granulomatous
inflammation that is thought to drive tissue injury, fibrosis,
and, as such, the long-term clinical manifestations associated
with pulmonary tuberculosis.*?

It is well known that MTB replicates and persists within
infected macrophages by preventing phagosome acidification
and phagosome-lysosomal fusion. Autophagic processes have

been linked to the clearance of MTB, whereby induction of
autophagy with starvation, or treatment with rapamycin,
decreases the survival of intracellular MTB during in vitro stud-
ies.”* In contrast, depletion of BECN1 and ATG7 within
infected macrophages enhances the inhibition of phagosomal-
lysosomal fusion.”> However, the role of autophagic proteins in
the control of MTB revealed through in vivo studies is less
clear.*® Atg5-myeloid lineage-deficient mice have an exagger-
ated inflammatory response to MTB and increased mortality
when infected with highly virulent MTB strains.”” However,
mice deficient in several other critical autophagy regulators do
not reveal the same results.”” Additionally, recent in vitro stud-
ies revealed that HIV-infected macrophages that are co-
infected with MTB develop increased MTB replication when
autophagy is stimulated through inhibition of the MTOR
(mechanistic target of rapamycin) kinase pathway.”® Whereas
it was previously thought that the activation of autophagy rep-
resented a potential therapeutic strategy for MTB-infected
patients, these recent data have called into question this possi-
bility and limited further advancements.

Chronic obstructive pulmonary disease, autophagy and
inflammation

Chronic obstructive pulmonary disease (COPD) is a debilitat-
ing irreversible inflammatory lung disease associated with ciga-
rette smoking. COPD remains the third leading cause of death
worldwide and is characterized by 3 major disease states:



chronic bronchitis or excess mucus production in the proximal
airways; emphysema or peripheral lung destruction and loss of
alveolar attachments; and small airways disease characterized
by inflammation and airway remodeling.”’ Immune system dis-
array in response to the inhalation of cigarette smoke (CS)
drives prolonged and exaggerated inflammation in the lung,
which contributes to the development of COPD. Smokers have
inflammation within their airways, which persists for many
years even after smoking cessation and patients that develop
COPD have prolonged exaggerated inflammatory responses
that involve both the innate and adaptive immune systems.*
Upon smoke exposure AMs derived from circulating mono-
cytes are thought to be the critical drivers of persistent inflam-
mation in COPD and are thought to release chemokines that
lead to the recruitment of CD8 lymphocytes, monocytes, and
neutrophils into the bronchial epithelium.’® Repeated exposure
to CS activates macrophages to release inflammatory mediators
and the inflammatory cycle continues. Additionally, AMs
secrete proteases and ELANE (elastase, neutrophil expressed)
leading to degradation of ELN (elastin) and apoptosis of alveo-
lar epithelial cells.

Epithelial cells lining the airways and alveoli represent a pri-
mary target of inhaled CS. Numerous reports document aber-
rant activation of autophagy,”’™* and selective autophagy
including mitophagy,**** ciliophagy (selective removal of cilia
components)® and aggrephagy’® in lung epithelial cells of
human COPD patients, in murine models and in cell culture
model systems. The presence of polymorphisms in the autoph-
agy gene ATGI6LI is a significant risk factor for susceptibility
to COPD”” and autophagy is also increased in lung epithelium
from patients with a genetic variant of emphysema, namely «1-
antitrypsin deficiency (al-AT), whose etiology is independent
of smoke or particle inhalation.>

In general, autophagy is activated in the lung epithelium in
response to CS. However, in the COPD community, the inter-
pretation and consequent downstream interpretations of
increased autophagy and its role in the pathogenesis of the dis-
ease is debated. Specifically, a number of studies demonstrate
the activation of autophagy and selective autophagy as detri-
mental mechanisms in an epithelial cell in response to
smoke.>?'* Specifically, these studies show that CS increases
autophagosomal turnover (flux) and promotes epithelial cell
death in vitro (5-20% cigarette smoke extract or CSE) and in
vivo,”******% which may in turn initiate and exaggerate airway
inflammation®® and mucus hyperproduction.*' Consistently,
loss of the autophagy genes Map1ic3b, Pinkl and Hdac6 protect
mice from smoke-induced emphysema and impairment of
mucociliary clearance.*** Conversely, in vitro studies using
lower doses of smoke extract (0.5-1% CSE) have shown that
loss of autophagy (PINKI siRNA and chemical inhibition)
enhances smoke-induced epithelial cell senescence, mitochon-
drial ROS production and the accumulation of ubiquitinated
proteins along with accumulation of SQSTMI (sequestosome
1),>>*>* suggesting a more protective role for autophagy in
epithelial cells in the pathogenesis of COPD. In these studies
chemical activation of autophagy (determined by an accumula-
tion of MAP1LC3B and SQSTM1) also protects cells in vitro*?
and in vivo from smoke exposure.’® However, in the above
studies caution must be exerted when interpreting autophagy-
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based activity on SQSTM1 expression. Smoke alone transcrip-
tionally activates SQSTM1** and SQSTM1 can form insoluble
aggregates itself.* Assessment of flux independently of SQSTM1
expression, through lysosomal blockade or through the use of
genetic approaches such as knock down of ATG7 or ATG5 is
imperative to understanding the role of autophagy in the epi-
thelial cell response to smoke.

While the above studies, in spite of obvious differences in
the concentrations of smoke extract used, may appear to have
led to opposing views in the interpretation of increasing levels
of autophagy, a unifying hypothesis may involve a combination
of both sides. Specifically, autophagy may be activated in an
epithelial cell in response to increased accumulation of ubiqui-
tinated proteins and aggresome bodies. Consistently, lung tis-
sues from COPD patients demonstrate increased aggresome
formation and SQSTM1 accumulation.®*® In situations of low
smoke concentrations or low stress burden, enhancing autoph-
agy by promoting the clearance of these aggresome bodies may
be beneficial.>*® However, upon saturation of normal autopha-
gic clearance mechanisms (such as with a high dose of smoke
in vitro), in addition to the loss of proteasomal activity*>*®
exposure to cigarette smoke may overwhelm the cells’ natural
proteostatic mechanisms. Such an impairment of proteostasis
with excessive activation of autophagy may lead to the accumu-
lation of aggregated proteins and SQSTM1, leading to ineffi-
cient autophagy, epithelial cell dysfunction and death.®*>*

While smoke-induced autophagy in epithelial cells appears
to promote airway inflammation (IL6 production and lympho-
cyte recruitment into the lung),****® and impairment of
mucociliary clearance function,®** little is known about the
role of autophagy in the inflammatory responses of infiltrating
leukocytes into the lung in response to smoke. Autophagy is
increased in AMs and neutrophils in response to smoke. How-
ever, AMs isolated from the lungs of active smokers have a
reduced ability to deliver bacteria to the lysosome (defective
xenophagy) when compared to nonsmoker controls.*’ Bacterial
xenophagy is the macroautophagic removal of cytoplasmic bac-
teria, that is, bacteria that have escaped the phagosomal com-
partment upon phagocytosis.* In addition, smoke-exposed
neutrophils that have increased autophagy have compromised
capability to ingest the respiratory pathogen, Staphylococcus
aureus.”® Further extensive studies are required to determine if
the smoke-induced autophagy observed in lung leukocytes is a
protective or detrimental mechanism for the lung.

It appears that the most therapeutically viable mechanism to
target autophagy in COPD involves agents that will enhance
the clearance or the recognition of aggregated damaged pro-
teins by autophagy and/or other proteostatic mechanisms. In
murine models, a number of studies have attempted to thera-
peutically alleviate the aberrant autophagy observed during
smoke exposure: these include the antioxidant drug, cyste-
amine’’; the chemical chaperone 4-phenyl butyric acid® arach-
idonic  acid-derived = epoxyeicosatrienoic  acids  (anti-
inflammatory as well as regulating autophagy)® lacCer-syn-
thase inhibitors*’; the HDACS (histone deacetylase 6) inhibitor
tubastatin;1® the mitophagy inhibitor Mdivi1®*% and the sodium
channel inhibitor carbamazepine.’® However, all of these stud-
ies involved a prophylactic treatment approach for the duration
of smoke exposure. In addition, use of the MTOR inhibitor
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rapamycin demonstrates that while enhancing autophagy may
be beneficial during CS exposure (reducing alveolar inflamma-
tion), at baseline, autophagy enhancement by rapamycin
heightens the number of apoptotic and inflammatory cells in
control mice, highlighting that the timing and lung cell targets
of autophagy activation are crucial to define its beneficial and
pathological roles in disease.”® Further studies are required to
more extensively evaluate the role of these agents in treating
the aberrant autophagy observed in COPD.

Asthma, allergic rhinitis, and sinusitis, autophagy and
inflammation

Asthma is a complex disorder of the airways involving chronic
airway inflammation, bronchial hyper-reactivity, mucus over-
production, airway wall remodeling and airway narrowing that
affects 300 million people worldwide. Genetic susceptibility
and environmental influences are important risk factors in the
development of asthma,>* which ultimately presents as a dysre-
gulated immune response to airborne allergens leading to a
chronic inflammatory response. The most common entity is
allergic-type asthma that is often associated with its upper air-
way counterpart allergic rhinitis (AR). AR symptoms include
sneezing, rhinorrhea and pruritus as well as nasal congestion,
lower respiratory tract infections and sinusitis.””> Both asthma
and AR are disease states where environmental stimuli (i.e.,
house dust mite, animal dander, tree pollen, or fungal spores)
activate DC and airway epithelial cells to initiate a Th2 immune
response.”® This leads to the recruitment of secondary effector
cells such as mast cells, basophils and neutrophils’ to the air-
ways or nasal mucosa. Mediators and cytokines released from
these recruited immune cells result in the increased production
of IGES promoting eosinophil adhesion,' increased mucus
production and fibrosis,”” goblet cell hyperplasia, vasodilation
with increased airway hyperresponsiveness and tissue
damage.*®

While there is little known about the role of autophagy in AR
or sinusitis, autophagy seems to play a role in asthma pathogen-
esis; autophagy markers are increased in sputum granulocytes,
fibroblasts, neutrophils, peripheral blood eosinophils and periph-
eral blood monocytes of patients with asthma.”*~** In addition,
genetic variants in the autophagy gene ATG5 have been associ-
ated with the promotion of airway remodeling and loss of lung
function in asthma.”>** In a similar manner, inhalation of OVA
(ovalbumin, murine asthma model) in mice increases autophagy
in airway tissues.”>* Little evidence exists on the regulation of
autophagy in other murine asthma models including house dust
mite antigen or other antigens. However, cell culture model sys-
tems suggest that in the lung epithelium, such an activation of
autophagy may be detrimental and promote disease progression.
Genetic (ATG5 and ATGI4) or pharmacological (3-methylade-
nine or bafilomycin A, (Baf-Al) inhibition of autophagy in cul-
tured epithelial cells treated with IL13 results in less mucus
secretion'? and less CCL26/EOTAXIN-3 (C-C motif chemokine
ligand 26; a potent eosinophil chemokine) secretion,”” respec-
tively, suggesting that autophagy may promote the epithelial
Th2 response in asthma. Autophagy may also promote airway
epithelial cell IL18 secretion in response to Alternaria alternata,
an outdoor allergen that causes allergic airway diseases,” as well
as well as promoting a profibrotic response of primary human

airway smooth muscle cells to TGFB1 (transforming growth fac-
tor beta 1).*” Consistently, autophagy inhibition (3-methylade-
nine and ATG5 shRNA treatment) in a murine OVA model of
asthma reduces airway responsiveness, eosinophilia, and
inflammation.*

In general, therapies (e.g., monoclonal anti-IL5 antibody,
anti-nerve growth antibody, astragalin, etc.) that have effica-
cious outcomes in murine asthma models appear to downregu-
late autophagy.®>*>”° However, the therapeutic targeting of
autophagy in asthma must be approached with caution as
autophagy may play a more protective role in airway inflamma-
tion and hyperreactivity in the context of innate immune cell
signaling. Whereas the activation of autophagy correlates with
neutrophil extracellular traps (NETs) production in neutro-
phils® and genetic polymorphisms of ATG5 and ATG7 con-
tribute to neutrophilic airway inflammation in the
pathogenesis of adult asthma,”’ severe lung inflammation
impairs autophagy in lung ITGAX/CD11c" cells, and loss of
autophagy in these cells induces unprovoked spontaneous air-
way hyperactivity and severe IL17A-mediated neutrophilic
lung inflammation.'*

Obstructive sleep apnea syndrome, autophagy and
inflammation

Obstructive sleep apnea (OSA) is a breathing disorder that
occurs when recurrent upper airway obstruction during sleep
leads to episodes of apnea, hypopnea, and/or respiratory effort
awakenings. These respiratory disturbances often lead to sleep
fragmentation, hypoxemia, hypercapnia, and increased sympa-
thetic activity along with an increased risk of hypertension,
congestive heart failure, type II diabetes, stroke, and premature
death.”” This is an area of growing public health concern as the
most current data show that the prevalence of moderate to
severe OSA ranges from 10-17% in men and 3-9% in women,
a notable increase of more than 25% over the past 2 decades.””

The underlying pathological mechanisms driving the sys-
temic dysfunction seen in patients with OSA are complex and
not fully understood, but the general consensus is that the
effects are linked to the regular events of intermittent hypoxia
(IH) experienced by patients. In vivo experiments link IH in
abnormal glucose metabolism and obesity. However, there is
accumulating evidence that highlights the role of IH in driving
local and systemic inflammation that causes the OSA-related
cardio-metabolic disease.”* These studies report increases in
leukocyte-endothelial cellular interactions and T cell activation,
which are postulated to drive vascular inflammation and
remodeling. IH is a known activator of the NFKB1/2 (nuclear
factor kappa B subunit 1/2) pathways, which ultimately serves
as a potent inflammatory activator resulting in the release of
TNE, IL6, IL8, and CCL2/MCP-1 (C-C motif chemokine ligand
2). There is human data that suggest increased circulating ROS
in patients with OSA, but the studies are limited.”” While more
studies are needed, it is understood that systemic inflammation
plays a role in the pathogenesis of the disease processes associ-
ated with OSA.

Recently, the role of autophagy in the pathogenesis of OSA
has been queried. Animal studies have linked the regulation of
autophagy and chronic intermittent hypoxia.”® Using a chronic
IH rat model, investigators demonstrated that increases in



autophagy, via administration of melatonin, protect against car-
diac changes commonly observed in OSA.”” Interestingly, an
additional study tested the role of autophagy in driving insulin
resistance in response to chronic intermittent hypoxia and found
that these processes were not causatively linked.”® These data
suggest that autophagy may play a role in the systemic processes
driven by chronic intermittent hypoxia experienced by OSA
patients, but more studies are required to define which processes
rely on autophagic control (i.e., cardiac health vs. insulin resis-
tance). This is an important area of ongoing research, as supple-
menting our current management strategies with autophagy
activators/inhibitors would provide advanced methods of man-
aging the systemic complications of this disease.

Pulmonary hypertension, autophagy and inflammation

Pulmonary arterial hypertension (PAH) is a severely debilitat-
ing and fatal disease characterized by pulmonary vascular
remodeling, leading to a sustained rise in pulmonary artery
pressure, which causes right ventricular failure and death. Var-
iants of pulmonary hypertension (PH) affect more than
100 million people worldwide and the current treatments focus
on encouraging vasodilation, but fail to halt or reverse ongoing
vascular remodeling.”” The small distal arterioles are the targets
of the disease and the vascular wall represents a pro-prolifer-
ative/anti-apoptotic and hypermetabolic state, akin to a malig-
nant tumor microenvironment, leading to occlusion of the
blood vessels over time. The role of inflammation in the devel-
opment of PAH is supported by the observation that perivascu-
lar inflammatory infiltrates, consisting of dysregulated
lymphocytes, AMs, DCs, and mast cells, frequently oppose the
pulmonary arterial vascular lesions found in human PAH tissue
samples.*® The extent of perivascular inflammation is linked
with enhanced intima and media remodeling, reflective of a
more severe disease state.”’ The extracellular matrix also per-
petuates the chronic inflammatory state and vascular remodel-
ing found in PH.**

In addition to the local inflammatory process, a systemic
inflammatory profile of elevated circulating levels of pro-
inflammatory cytokines and chemokines including IL6, TNF,
IL1B, IL18, and CCL2 in PAH patients are described.*> This
pro-inflammatory state is correlated with poorer outcomes, a
concept that is mimicked in in vivo studies.***> Further investi-
gations revealed a potential pathogenic role for inflammasome
activation in the development of PH when mice lacking the
inflammasome adaptor protein PYCARD/ASC (PYD and
CARD domain containing) were found to have attenuated hyp-
oxia-induced remodeling.*

Several studies have probed the role of autophagy in driving
the pathogenesis of PH and the conclusions remain controver-
sial. It is well documented that there is an elevated incidence of
autophagy detected in human PAH lung tissue samples.*” In
the chronic hypoxia mouse model, protein markers of autoph-
agy (MAP1LC3B) and autophagosomes in total lung tissue are
increased. map1lc3b™'~ mice have more severe observable PH
after exposure to chronic hypoxia compared to wild-type mice,
and loss of BECN1, results in increased angiogenesis in pulmo-
nary artery endothelial cells from fetal lambs with persistent
pulmonary hypertension.**** In contrast, inhibition of autoph-
agy by treating rats with chloroquine blocks the development
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of PAH in the monocrotaline rat model.”® Further studies are
needed to clarify the conditions where autophagy protects
against or augments the pathogenesis of PH.

Interestingly, there have been several studies examining the
role of rapamycin and/or rapalogs, MTOR inhibitors and acti-
vators of autophagy, in the prevention of the development of
PH in animal models.”’ Furthermore, following the use of one
of the rapalogs, everolimus, in the treatment of patients with
severe PH secondary to chronic thromboembolic disease there
was improvement of exercise tolerance and a decrease in pul-
monary vascular resistance.”” Whether these observed
improvements are a consequence of autophagy-mediated inhi-
bition of inflammasome activity remains to be clarified.

Interstitial lung disease, autophagy and inflammation

Interstitial lung diseases (ILDs) include a wide spectrum of dis-
orders whose pathogenesis still is not fully understood. Suggested
risk factors for the initiation and progression of ILDs include
genetic and epigenetic abnormalities as well as infection or envi-
ronmental exposures (such as cigarette smoking or silica expo-
sure). Idiopathic pulmonary fibrosis (IPF) is the most frequent,
severe and most studied form of ILDs. IPF is characterized by
the aberrant deposition of extracellular matrix, as a result of
repetitive injury to the alveolar epithelium. Epithelial cells release
mediators that activate fibroblast proliferation leading to the
presence of abundant foci of highly activated fibroblasts and
myofibroblasts that are resistant to apoptosis and lead to exten-
sive lung remodeling. While IPF is an epithelial-driven disease it
also displays elements of a pathological adaptive immune
response, including dysregulated T- and B-cell responses.
Inflammation-driven pathways are also thought to be significant
pathogenic drivers in ILD, and current treatment approaches
predominantly consist of immunomodulatory agents.”> The
inflammatory pathways involved in the pathogenesis of the mul-
tiple forms of ILD are not entirely understood, but the notion
that common pathways are triggered with injury/disease, which
lead to destruction of the alveolar-capillary basement membrane
and the development of fibrosis is appreciated. In particular, it is
thought that the resolution of ongoing inflammatory processes
through phagocytosis and apoptosis is inappropriately halted. As
a result, activation of cytokines, chemokines, and growth factors
persist and remain unchecked.”*

Autophagic pathways (including macroautophagy and
mitophagy) are decreased in lung epithelial cells and lung fibro-
blasts from IPF patients,” " in murine models of IPF (bleomy-
cin, TGFBl-adenoviral and silicosis models)®® and in
fibroblasts activated with TGFB1.”> In general, autophagy
appears to be a protective mechanism controlling the develop-
ment of fibrosis in the lung by regulating collagen degradation
and autophagy-associated cell death. Consistently, autophagy
(atg4b™'") and mitophagy deficient (pinkl ", park2™'~) mice
display significantly higher inflammatory responses (increased
neutrophilic infiltration and significant alterations in proin-
flammatory cytokines) to bleomycin-induced lung fibrosis.”®~
1! Similarly mice with MTOR overactivation in type II alveolar
epithelial cells (conditional and inducible TSC1 [tuberous scle-
rosis 1]) knockdown mice SPCTTA/TetO-CreiTsc1+) have
increased mortality and pulmonary fibrosis compared with
control mice.'*
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Fibrosis may represent the final step induced by a chronic
inflammatory state, where fibrosis is triggered by cytokines,
chemokines and growth factors released by lymphocytes or
macrophages. In general, autophagy appears to be a protective
mechanism in infiltrating immune cells in the lung in IPF. Neu-
trophil activation by fibrosis-related agents and the release of
NETs plays an important role in the inflammation observed in
IPF. Autophagy regulates NET formation by neutrophils in
response to pro-fibrotic stimuli, and both autophagy and NETs
are involved not only in inflammation but also in the ensuing
fibrosis.'”® Autophagy deficiency in macrophages (Atg5™"/
Lyz2“"* mice and Atg7""/Lyz2"°) exacerbates inflammation
and fibrosis following silica exposure'® and bleomycin chal-
lenge."® However, the activation of mitophagy in AMs may pro-
mote apoptosis resistance during the fibrotic process.
Specifically, mitophagy is activated in AMs from IPF patients
and from bleomycin-treated mice, and mitophagy deficient
AMs (park2™") mice have increased macrophage apoptosis
and are protected from pulmonary fibrosis.'”> Taken together
the above studies indicate that pro-fibrotic AMs may require
autophagy for polarization and apoptosis resistance, whereas
anti-fibrotic macrophages generating pro-inflammatory cyto-
kines require autophagy for protection. More extensive studies
are required to explore the role of autophagy in macrophage
polarization in IPF.

Targeting autophagy in IPF may offer therapeutic potential
including the use of ILI7A neutralizing antibodies,"*
MIR449A (microRNA 449a),'”” or PDGFRB (platelet derived
growth factor receptor beta) inhibitors.”® In addition,
MAPI1LC3B overxpression in vitro protects against the devel-
opment of Hermansky-Pudlak syndrome, a rare autosomal
recessive disorder associated with the development of pulmo-
nary fibrosis.'”® Rapamycin treatment has demonstrated antifi-
brotic abilities in murine bleomycin-mediated mortality and
fibrosis”»'*>. However, rapamycin appears to enhance the
effects induced by silicon dioxide'® and IPF patients taking the
rapamycin analog everolimus have progression of disease.''’
Again, further studies are required to evaluate the benefits of
targeting autophagy in IPF and whether or not these targeting
strategies should be cell type-specific.

Cystic fibrosis and noncystic fibrosis bronchiectasis,
autophagy and inflammation

Cystic fibrosis (CF) is a fatal autosomal recessive disease, which
is caused by mutation in the CFTR (cystic fibrosis transmem-
brane conductance regulator) gene. CF is characterized by
abnormally viscous mucus, which obstructs the airways, result-
ing in recurrent pulmonary infections. The progressive obliter-
ation of the airways, leading to the bronchiectasis found in CF,
is a consequence of chronic neutrophilic inflammation as a
result of persistent infection. Noncystic fibrosis bronchiectasis
is a distinct clinical entity, but patients’ respiratory systems are
also complicated by cough, sputum, and recurrent chest infec-
tions. Unlike CF, the causes of non-CF bronchiectasis are
many, and include chronic or post-infection states, chronic
immunodeficiency, foreign body or aspiration, rheumatological
disorders, inflammatory bowel disease, and disorders of ciliary
dysfunction.'"'’ The pathogenesis of both disease processes

depends on persistent colonization of the respiratory tract with
pathogenic bacteria, which triggers a profound immune
response coordinated by airway epithelial cells through the
release of cytokines and chemokines (IL8, and TNF). As a
result, immune cells, namely neutrophils, macrophages, and
lymphocytes, migrate to the airways and release ELANE and
metalloproteinases. These proteases break down mucosal bar-
riers, increase mucus secretion, and further impair clearance.!'?

Pseudomonas aeruginosa (P. aeruginosa) is a bacterial path-
ogen, which is the leading cause of morbidity and mortality
among CF patients. Autophagy is required for an effective
immune response against P. aeruginosa infection in vivo.
Whereas P. aeruginosa induces autophagy in mast cells in cul-
ture, inhibition of autophagy (with chloroquine) in murine
models inhibits the clearance of intracellular P. aeruginosa
from the lung.'"> Lung epithelial cells from human CF patients
displaying the CFTR mutation display accumulated polyubi-
quitinated proteins, defective autophagy and the decreased
clearance of aggresomes. Such dysfunctional autophagosome
clearance contributes to the heightened inflammatory
responses from CFTR mutant cells."'* Loss of BECN1 has been
associated with such defects in autophagosomal clearance.
Defective autophagy due to decreased levels of BECN1 renders
murine lungs more susceptible to infection by P. aeruginosa
and by Burkholderia cenocepacia (B. cepacia).'>''>''° Infec-
tion by B. cepacia is a particularly lethal threat to CF patients
because it causes severe and persistent lung inflammation and
is resistant to nearly all available antibiotics. Increasing autoph-
agy prior to infection with B. cepacia inhibits B. cepacia
replication.'"”

In vivo, rapamycin decreases bacterial burden in the lungs of
CF mice and drastically reduces signs of lung inflamma-
tion."">'"* Similarly the ILIRN (interleukin 1 receptor antago-
nist), which activates the autophagy-lysosomal degradation
pathway, increases the microbicidal activity of macrophages.''®
Restoration of autophagy may be a novel approach to the treat-
ment of CF and may pave the way for the development of a
new class of drugs that, by enhancing autophagy or by enhanc-
ing BECN1 levels, could be effective treatments for CF.''®

Conclusion

It is clear that autophagy has a critical role in both the normal
functioning of the inflammatory response system of the lung,
as well as in the development and pathogenesis of numerous
chronic lung diseases. However, what is also clear is that
autophagy, while protective in pro-inflammatory immune cells
and in fibroblasts, may promote or exacerbate pathogenic
mechanisms when activated in cells such as epithelial cells or in
polarized pro-fibrotic macrophages. Targeting autophagy for
therapeutic exploitation in chronic lung disease will therefore
depend on the exact nature of the autophagic defect present in
each cell type. In studies discussed in this review, the exact
autophagic defects contributing to chronic lung disease patho-
genesis have yet to be fully elucidated. This can be attributed in
part to the lack of extensive autophagic flux assays and to the
limited specificity of current autophagy modulators in targeting
one cell type. In addition, when interpreting the genetic experi-
ments carried out in these studies it is important to consider



the fact that several components of the autophagic machinery
operate at the interface of multiple cellular processes mediating
autophagy-independent functions.'”” Similarly, interpreting
the chemical-autophagy modulator experiments carried out in
these studies requires consideration of the fact that these chem-
icals may work through off-target autophagy-independent
mechanisms, with many FDA-approved drugs being able to
activate or inhibit autophagy to some extent. In spite of great
potential, no interventions that are specifically aimed at modu-
lating autophagy are currently available for use in humans.'"’
Evaluating the real impact of autophagy activators or inhibi-
tors in chronic lung diseases where the autophagic response in
different compartments of the lung may have opposite effects is
challenging. Addressing this complexity by studying the effects
of highly targeted autophagy modulators in disease models
with cell-specific autophagic defects is key to the development
of clinically viable strategies to activate or inhibit autophagy.'"”
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