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The Emerging Importance of Autophagy
in Pulmonary Diseases

Kenji Mizumura, MD, PhD; Suzanne M. Cloonan, PhD; Jeffrey A. Haspel, MD, PhD;
and Augustine M. K. Choi, MD

Important cellular processes such as inflammation, apoptosis, differentiation, and proliferation
confer critical roles in the pathogenesis of human diseases. In the past decade, an emerging
process named “autophagy” has generated intense interest in both biomedical research and clin-
ical medicine. Autophagy is a regulated cellular pathway for the turnover of organelles and proteins
by lysosomal-dependent processing. Although autophagy was once considered a bulk degrada-
tion event, research shows that autophagy selectively degrades specific proteins, organelles, and
invading bacteria, a process termed “selective autophagy.” It is increasingly clear that autophagy is
directly relevant to clinical disease, including pulmonary disease. This review outlines the prin-
cipal components of the autophagic process and discusses the importance of autophagy and
autophagic proteins in pulmonary diseases from COPD, «,-antitrypsin deficiency, pulmonary
hypertension, acute lung injury, and cystic fibrosis to respiratory infection and sepsis. Finally, we
examine the dual nature of autophagy in the lung, which has both protective and deleterious
effects resulting from adaptive and maladaptive responses, and the challenge this duality poses
for designing autophagy-based diagnostic and therapeutic targets in lung disease.
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Abbreviations: AAT = o -antitrypsin; ALI = acute lung injury; Atg = autophagy related; CF = cystic fibrosis; CFTR = cys-
tic fibrosis transmembrane conductance regulator; CLP = cecal ligation and puncture; CO = carbon monoxide;
ER = endoplasmic reticulum; IRGM = immunity-related GTPase M; LC3 = microtubule-associated protein light 1 chain 3;
LPS = lipopolysaccharide; MTb = Mycobacterium tuberculosis; mTOR = mammalian target of rapamycin; PH = pulmo-

nary hypertension; ROS = reactive oxygen species; TG2 = tissue transglutaminase 2; WT = wild type

A utophagy is an evolutionarily conserved lysosomal
degradation pathway.! Often referred to as merely
autophagy, macroautophagy is the best-characterized
form of autophagy and involves the engulfment of
cytoplasmic contents and organelles through a com-
plex reorganization of subcellular membranes to form
a new organelle: the autophagosome. The autopha-
gosome then fuses with and delivers its contents to
the lysosome (Fig 1A). Lysosomal enzymes subse-
quently facilitate a degradation process to regenerate
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metabolic precursor molecules (ie, amino acids, fatty
acids) that can be used for anabolic pathways and
adenosine-5'-triphosphate production.

Autophagy has been shown to be both protective
and injurious in a variety of different models, sug-
gesting that its role in human diseases is complex.
Until recently, autophagy was merely deemed a
nonspecific homeostatic cellular process; however,
mounting evidence suggests that a process termed
“selective autophagy” is involved in the delivery of a
wide range of autophagic cargo from protein aggre-
gates to whole organelles, such as mitochondria, and
even intracellular microbes to the lysosome. In this
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review, we examine the considerable evidence emerg-
ing for the role of autophagy and selective autophagy
in cell survival, cell death, and immune and inflam-
matory responses related to the pathogenesis of
complex lung diseases (Table 1). We also discuss the
conundrums behind the design of therapeutic agents
that either promote autophagy in situations where
autophagy is beneficial or that dampen down the
autophagic response in situations where autophagy is
injurious. A better understanding for the role of this
double-edged-sword hypothesis of autophagy in pul-
monary diseases will help in the design of personal-
ized therapies for the treatment of pulmonary diseases.

MACROAUTOPHAGY, MICROAUTOPHAGY, AND
CHAPERONE-MEDIATED AUTOPHAGY

In addition to macroautophagy, other forms of
autophagy exist and include microautophagy, which
involves the direct invagination of the lysosomal mem-
brane to sequester cytoplasm, and chaperone-mediated
autophagy, a dynamic process involving the selective

delivery of proteins containing a speciﬁc consensus
sequence (KFERQ) to the lysosome (Figs 1B, 1C).!
Of the three autophagic pathways, macroautophagy
has received the most attention partly because of
the easy detection and visualization of autophago-
somes, which are relatively large structures that can
be visualized using fluorescence or electron micros-
copy. In the 1990s, genetic studies in yeast identi-
fied a series of autophagy-related (Atg) genes shown
to be involved in the macroautophagy process.?22
Among these, Beclin 1 (the mammalian homolog of
yeast Atg6) represents a major autophagic regulator.*
Beclin 1 associates with a macromolecular complex
that includes the class 3 phosphatidylinositol 3-kinase
(Vps34). The Beclin 1 complex produces phosphati-
dylinositol 3-phosphate, a second messenger that
regulates autophagosomal nucleation.?
Microtubule-associated protein light chain (LC3),
a homolog of yeast Atg8 is one of the most well-known
Atg proteins and is frequently used as a specific marker
to monitor macroautophagy in vitro and in vivo. The
C-terminal fragment of LC3 is cleaved immediately
following its synthesis to yield a cytosolic form called
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FIGURE 1. Three different types of autophagy. A, Macroautophagy is a dynamic process involving the
rearrangement of subcellular membranes to sequester cytoplasm and organelles for delivery to the lyso-
some or vacuole where the sequestered cargo is degraded and recycled. LC3 is known to exist on
autophagosomes, and hence, LC3 is a widely used marker for autophagosomes. B, In microautophagy,
the lysosomal membrane is mvagmated to sequester cytosolic constituents into mtmlysosomal vesicles.
C, In chaperone-mediated autophagy, proteins containing the KFERQ motif bind to Hsc70 and
cochaperones‘ These complexes are translocated across the lysosomal membrane after binding with
Lamp-2A. Hsc70 =heat shock cognate 70; Lamp-2A = lysosome-associated membrane protein type 2a;
LC3 = microtubule-associated protein light 1 chain 3.
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Table 1—Pathologic Roles of Autophagy in Pulmonary Diseases

Author/Year Diseases Role of Autophagy

Chen et al23/2008, 2010 COPD Epithelial cell: regulation of cell death

Monick et al¥/2010 Macrophage: regulation of infection

Chen et al%/2008 a,-antitrypsin deficiency Selective degradation/clearance of aggregated o -antitrypsin protein
Granell et al?/2008

Hidvegi et al®/2010

Kamimoto et al’/2006

Lee et al%/2010
Teng et al’/2012

Pulmonary hypertension

Lee et al'%/2011
Tanaka et al'//2011

Acute lung injury

Knaevelsrud and Simonsen'2/2010
Luciani et al'3/2010

Cystic fibrosis

Intemann et al'4/2009
Kim et al'5/2012
Kumar et al'6/2010
Lam et al'"/2012
Renna et al'$/2011
Singh et al'9/2006

Nakahira et al2?/2010 Sepsis
Zhou et al?/2010

Respiratory mycobacterial infection

Adult: regulation of proliferation
Fetal: regulation of angiogenesis
Regulation of cell death

Clearance of aggregated prone proteins

Elimination of mycobacteria

Regulation of the cytokine production

LC3-I. Upon the activation of macroautophagy, LC3-11
is then conjugated to phosphatidylethanolamine and
targeted to autophagic membranes (Fig 1A).26 Mea-
surement of the conversion of LC3B-I to LC3B-II by
western blot is a reliable method to assess whether
autophagy is activated in vitro or in vivo. However,
although LC3-II expression levels can correlate with
autophagosome number, the amount of LC3B-II at
a given point in time may not be a true indication of
cellular autophagic activity. Increases in LC3C-1I may
indicate the induction of autophagosome formation
or the suppression of autophagosome degradation.?”
To distinguish between autophagosome accumulation
due to enhanced or inhibited autophagic degradation,
autophagic flux assays must be implemented in which
substrate flux in cell culture systems can be assessed in
the absence and presence of inhibitors of autophagy
degradation, such as chloroquine to prevent lyso-
some acidification; leupeptin to prevent cathepsin
B activation; or bafilomycin A, an inhibitor of lyso-
somal adenosine-5'-triphosphate.?” Our laboratory
has also established a reliable method to assess
autophagic flux in the lung in vivo by using similar
approaches with in vitro autophagic flux assays.2

AUTOPHAGY, CELL SURVIVAL, AND CELL DEATH

Although basal macroautophagy (herein referred to

as autophagy) is generally considered to be protective
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when it is induced in response to stress, it has also
been implicated in cell death.293° Autophagy is rarely
considered a suicidal mechanism, yet the term
“autophagic cell death” has been widely used to indi-
cate instances of cell death that are associated with
excessive cytoplasmic vacuolization.®® Autophagic cell
death is not considered a form of programmed cell
death in its own right; rather, it is seen as cell death
with autophagy rather than cell death by autophagy.?
Apoptosis can occur at the same time as autophagy,
suggesting a common regulatory mechanism,*35 and
several proapoptotic signaling molecules are known
to induce autophagy, including tumor necrosis factor,*
tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL),* Fas-associated protein with death
domain (FADD),» dynamin-related protein-1 (DRP-1),
and death-associated protein kinase (DAPK).* The
B-cell lymphoma 2 (BCL-2) proteins are also known
to be important in both autophagy and apoptosis
signaling.* Beclin 1 has been shown to interact with
BCL-2, resulting in the inhibition of Beclin 1-mediated
autophagy in response to starvation,* and a trun-
cated form of Atg5 (cleaved by calpain 1 and 2) par-
ticipates in apoptosis regulation and translocates from
the cytosol to mitochondria to trigger cytochrome ¢
release and caspase activation.® Atg3 has also been
shown to be activated by caspase-8 cleavage, demon-
strating the crosstalk between autophagy and the
extrinsic pathway of apoptosis.*
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The crosstalk among many cellular processes,
including apoptosis, autophagy, translation, energy
metabolism, and inflammation, is also controlled by
the mammalian target of rapamycin (mTOR), which
is an evolutionarily conserved serine-threonine kinase
that acts as a sensor of environmental and cellular
nutrition and energy status. A plethora of mitogens,
growth factors, and nutrients stimulate the activation
of the two mTOR complexes mTORC1 and mTORC2
to regulate diverse functions, such as cell growth,
proliferation, development, autophagy, and innate
as well as adaptive immune responses. mTORC1
actively suppresses autophagy, and conversely, inhibi-
tion of mTORCI strongly induces autophagy. Atgl3
and ULK1 (uncoordinated family member [unc]-
51-like kinase) bind to the FIP200 (200-kDa FAK
family kinase-interacting protein), a putative ortholog
of Atgl7, and the mammalian-specific component
Atgl01. mTOR phosphorylates Atgl3 and ULKI to
block autophagosome initiation.*

SELECTIVE AUTOPHAGY

Selective autophagy is involved in the delivery of
a wide range of autophagic cargo from protein aggre-
gates to whole organelles and even intracellular
microbes to the lysosome for degradation. It is believed
that ubiquitin-positive substrates, such as protein
aggregates (inclusion bodies), mitochondria, and
invading bacteria, not dealt with by the proteasome
system are selectively degraded by autophagy.
Ubiquitin can be conjugated as a monomer on one
(monoubiquitination) or more substrate lysines (mul-
tiubiquitination) or as a polymer (polyubiquitination)
by the sequential addition of further ubiquitins
to one another through ubiquitin lysines. Monou-
biquitination can regulate DNA repair, viral budding,
and gene expression, whereas polyubiquitination
generally results in proteasomal degradation and
endocytosis.* Ubiquitination seems to function as a
general tag for selective autophagy in mammalian
cells.* Autophagy receptors such as p62 and NBR1
(neighbor of BRCAI gene 1), that simultaneously
bind both monoubiquitinated and polyubiquitinated
substrates,*” act as adaptors between ubiquitination
and autophagy. An examination of the comprehen-
sive list of selective autophagic processes currently
in the literature is beyond the scope of this review;
therefore, we focus on the three most documented
types of selective autophagy: selective degradation
of ubiquitinated cargo facilitated by p62 (disposal
of ubiquitinated protein) (Fig 2A), mitophagy (dis-
posal of mitochondria) (Fig 2B), and xenophagy (dis-
posal of intracellular bacteria and viruses) (Fig 2C).

One of the best-characterized substrates of selec-
tive autophagy is p62 (Fig 2A). p62 is often used as a
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general indicator of macroautophagy and autophagic
flux and plays an important role in the detection of
cytoplasmic proteinaceous inclusion bodies. It is
also a hallmark of conformational diseases, such as
Alzheimer disease, Parkinson disease, and various
chronic liver disorders.* It has an inherent ability to
polymerize or aggregate as well as to specifically rec-
ognize substrates.* The p62 substrate participates in
direct protein-protein interactions with LC3 on the
isolation membrane and with ubiquitinated proteins
through its ubiquitin-associated domain, facilitating
the sequestration of ubiquitinated proteins into the
autophagosome.!

The selective removal of mitochondria by mitophagy
is a process that regulates mitochondrial number to
match metabolic demand and to perform quality
control to remove damaged mitochondria from the
cell (Fig 2B). Loss of the two mitophagy regulatory
genes PINKI (PTEN-induced putative kinase 1)
and PARK2 results in progressive mitochondrial
damage and dysfunction, which may cause Parkin-
son disease.*s Damaged depolarized mitochondria
stabilize PINK1, which in turn recruits the E3 ubiq-
uitin ligase parkin. Parkin then ubiquitinates various
mitochondrial outer membrane proteins (the precise
substrate of parkin, which is essential for mitophagy,
is still unknown!) and induces mitophagy.*

During infection, autophagy assists in the immune
response by providing a mechanism for the selec-
tive intracellular degradation of invading pathogens,
a process termed “xenophagy” (Fig 2C).* Invading
bacteria are ubiquitinated, and adaptors, includ-
ing p62, OPTN (optineurin),® NBR1,5" and NDP52
(nuclear dot protein 52 kDa),”* mediate their autophagic
sequestration.?> Defects in xenophagy have been
associated with a number of inflammatory disor-
ders, including Crohn’s disease.’® Crohn’s disease is
associated with defective xenophagy, where miR-196
(microRNA 196), which is overexpressed in the
inflammatory intestinal epithelia of individuals with
Crohn’s disease, controls the level of the human
immunity-related GTPase M (IRGM), which is crit-
ical for both the initiation and the maturation of
xenophagy.® Interestingly, xenophagy may also play
a role in host defenses not only by removing intra-
cellular pathogens but also by enhancing immune
recognition of infected cells through the genera-
tion of antigenic bacterial peptides.*

AUTOPHAGY IN COPD

COPD remains a major public health problem and
is the fourth leading cause of death worldwide.?%
COPD is characterized by airflow limitation that is not
fully reversible and by pathologic changes found in the
proximal and peripheral airways, lung parenchyma,
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FIGURE 2. Selective autophagy. A, In the selective degradation of ubiquitinated cargo facilitated by p62,
the p62 substrate interacts with monoubiquitinated or polyubiquitinated proteins through its ubiquitin-
associated domain. This complex is selectively sequestered into autophagosomes. B, Mitophagy is the specific
autophagic elimination of mitochondria. In response to the loss of the membrane potential, PINK1 accumu-
lates, and parkin translocates to damaged mitochondria. Parkin ubiquitinates outer membrane proteins and
induces mitophagy. C, In xenophagy, invading extracellular pathogens are recognized and captured by
the autophagic machinery through ubiquitin-dependent and ubiquitin-independent mechanisms. Adaptors
mediate autophagic sequestration of the pathogens to restrict their growth. PINK1 =PTEN (phosphatase
and tensin homolog)-induced putative kinase 1. See Figure 1 legend for expansion of other abbreviation.

and pulmonary vasculature.’57 Cigarette smoke is
the most common identifiable risk factor for COPD,
with smokers being known to have a greater COPD
mortality rate than nonsmokers.>

We demonstrated a pivotal functional role for
autophagic proteins in cigarette smoke-induced emphy-
sema.? We observed increased autophagosomes
and increased expression of LC3B-II in human lung
specimens from patients with COPD as well as
the increased expression of additional autophagy-
associated proteins Atg4, Atg5-Atgl2 complex, and
Atg7.2 Genetic depletion of the essential autophagy
mediators LC3B and Beclin 1 suppressed cigarette
smoke extract-induced cell death, and emphyse-
matous airspace enlargement in LC3B-deficient
mice was reduced compared with wild-type (WT)
mice.> These data suggest that the stimulation of the
autophagic pathway may promote cell death during
cigarette smoke exposure. We posit that the observed
accumulation in autophagosomes in patients with
COPD may be a result of defective autophagic flux.
Studies are under way to investigate the effect of ciga-
rette smoke on autophagy activity in lung epithelial
cells in vitro and in vivo. In addition, it remains to
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be determined whether autophagy directly contrib-
utes to the alveolar epithelial cell death in COPD
or whether other pathways are responsible. Previous
studies have also observed defective autophagy in
cigarette smoke-exposed macrophages.* Such a def-
icit in autophagy was identified in the alveolar mac-
rophages of smokers and was suggested to lead to
recurrent infections in persons who smoke because
cigarette smoke exposure impairs delivery of bacteria
to lysosomes (xenophagy).*

Interestingly, mTOR signaling has also been linked
to cigarette-induced COPD and emphysema. RTPS01,
a DNA damage response gene upregulated in response
to cigarette smoke exposure, has been shown to stabi-
lize the assembly of the mTOR inhibitory complex
TSCI1-TSC2, resulting in the exacerbation of oxi-
dative stress-induced cell death. RTP801 negatively
regulates mTOR by dissociating the inhibitory pro-
tein 14-3-3 from TSC2, allowing the TSCI1-TSC2
complex to block mTOR activity.® Blocking mTOR
may consequently affect autophagy activity. In this
study, the mTOR inhibitor rapamycin was protective
in WT mice exposed to smoke, reducing alveolar
inflammation. On the contrary, basally, rapamycin
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heightened the number of apoptotic and inflamma-
tory cells in room air control WT mice and abrogated
the protective effects of RTPS0I knockout in mice
exposed to cigarette smoke. These studies highlight
that the timing and lung cell targets of mTOR inhibi-
tion might therefore be essential to define its ben-
eficial and pathologic roles in disease.>

Until now, the role of autophagy in COPD has
focused on the role of classic nonselective autophagy;
however, these data suggest that selective autophagy,
such as mitophagy or xenophagy, may play a more
important role in this disease. Therapeutic agents
that could be beneficial in treating COPD may be
those that enhance autophagic clearance and turn-
over, preventing the accumulation of autophago-
somes or agents that affect mTOR signaling. In addi-
tion, recently developed chemical chaperones may
be used as therapeutic agents to preserve protein
function despite the oxidative environment in COPD
lungs.?2 A better understanding of the balance
between the cytoprotective and prodeath functions
of autophagic proteins in response to cigarette smoke
will be required for the therapeutic targeting of this
process in COPD.

AUTOPHAGY IN OLI—ANTITBYPSIN DEFICIENCY

Evidence suggests that selective autophagy con-
tributes to the clearance of aggregated o,-antitrypsin
(AAT), a protein that has been implicated in early
onset emphysema from the endoplasmic reticulum
(ER).%* The most common pathogenic mutation in
the AAT gene, termed the “PiZ mutation,” leads to
misfolding and retention of AAT aggregates in the
ER, which result in the reduced export of the AAT
protein from hepatocytes into the bloodstream, lead-
ing to unopposed protease activity in the lung.®
Evidence from our group demonstrated that lung
biopsy specimens obtained from patients with AAT
deficiency have increased ratios of LC3B-II/LC3B-I,
suggesting that the regulation of autophagy in the
lungs of these patients may be altered.? In addition,
PiZ protein aggregates were shown to colocalize with
transfected green fluorescent protein-LLC3B protein,
and degradation of AAT was impaired by genetic or
chemical inhibition of autophagy in COS7 cells (African
Green Monkey Cercopithecus aethiops fibroblast-
like kidney cells).” Conversely, polymerized mutant
AAT is found concentrated in inclusion bodies that
are associated with the ER, but these structures do
not colocalize with the autophagosome marker LC3B.
However, Hidvegi et al® reported that administer-
ing high doses of carbamazepine, a drug known
to stimulate autophagic activity, reversed the liver
pathology observed in AAT PiZ overexpressing trans-
genic mice. The implication of these results suggest
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that the autophagy pathway might be exploited to
arrest or even reverse the disease phenotype associ-
ated with mutant AAT protein, at least in the liver.
Moreover, mutant PiZ-AAT protein aggregates can
be detected in alveolar macrophages as well as in
BAL fluid and lung biopsy specimens of patients
with AAT deficiency with emphysema.®>% It is tempt-
ing to speculate that the clearance of these aggregates
by autophagy within alveolar macrophages might be
impaired, particularly in patients who smoke. It is an-
ticipated that continued investigations into the role
of autophagy in AAT deficiency may lead to a better
understanding of emphysema development in this

disorder and perhaps improved therapy.

AUTOPHAGY IN PULMONARY HYPERTENSION

Pulmonary arterial hypertension is a sustained ele-
vation of pulmonary arterial pressure to > 25 mm Hg
at rest or to >30 mm Hg with exercise, with a mean
pulmonary capillary wedge pressure and left ventric-
ular end-diastolic pressure of <15 mm Hg.5" Hyp-
oxia results in secondary pulmonary hypertension
(PH), and hypoxic PH is a progressive and often fatal
complication of chronic lung disease.5

We have shown the elevated occurrence of autophagy
in lung tissue from patients with PH.® To determine
the involvement of autophagic proteins in PH, we
subjected mice genetically deficient in LC3B to chronic
hypoxia and measured indices of PH. Hypoxic lung
tissues showed an increase in autophagic vacuoles
compared with lung tissue from normoxic mice. After
chronic hypoxia, LC3B~/~ mice demonstrated increased
indices of PH, right ventricular systolic pressure, and
Fulton index relative to WT mice.® These results sug-
gest that the autophagic protein LC3B may exert a
protective function during the pathogenesis of PH.

On the other hand, previous studies have reported
a role for autophagy in the impaired angiogenesis
observed in developing lungs.® Although pulmonary
artery endothelial cells from fetal lambs with persis-
tent PH showed impaired angiogenesis, inhibitors of
autophagy and knockdown of the autophagic protein
Beclin 1 (Atg6) improved angiogenesis. These data
indicate that in developing lungs, autophagy might
contribute to the disease progression of PH. From a
clinical perspective, the period of intervention might
therefore be important for the treatment of PH.
Further studies are needed to clarify the functional
relevance of autophagy and how it contributes to the
pathogenesis of PH.

AUTOPHAGY IN ACUTE LUNG INJURY

Acute lung injury (ALI) is the clinical syndrome
of rapid-onset bilateral pulmonary infiltrates and
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hypoxemia of noncardiac origin.® ALI is associated
with sepsis, hyperoxia, trauma, pharmaceutical or xeno-
biotic exposure, and mechanical ventilation. To manage
patients with severe respiratory failure, mechanical
ventilation with high concentrations of oxygen are
required. However, prolonged exposure to hyperoxia
can result in lung injury. We have reported that
LC3B regulates hyperoxia-induced apoptotic path-
ways in lung epithelial cells.!! Hyperoxia induces
autophagosome formation and conversion of LC3B-I
to the active LC3B-II form. Cell viability after hyper-
oxic conditions was lower in LC3B siRNA transfected
cells compared with control siRNA. In addition, LC3B
was found to interact with the Fas death-inducing
signaling complex-dependent apoptotic pathway under
hyperoxia. These data suggest that LC3B plays a
protective role against hyperoxia-induced cell death
by potentially interacting with and inhibiting apo-
ptotic pathways.!" Other autophagic proteins may
also have dynamic interactions with the Fas-dependent
pathway. Specifically, the interaction of p62, LC3B,
and the caspase-8 substrate Atg3* may provide fur-
ther complexity in the mechanism by which LC3B
regulates Fas.

We have suggested a novel therapeutic interven-
tion using low concentrations of carbon monox-
ide (CO) in a model of hyperoxic stress.'” CO increased
the expression of LC3B in mouse lung and in cul-
tured human alveolar or human bronchial epithelial
cells as well as increased autophagosome forma-
tion in epithelial cells as seen by electron micros-
copy and green fluorescent protein-LC3 puncta
assays. This increase in autophagy activity was inhib-
ited by N-acetyl-L-cysteine and the mitochondria-
targeting antioxidant Mito-TEMPO, suggesting that
CO promotes the autophagic process through mito-
chondrial reactive oxygen species (ROS) generation.'?
The protection afforded by CO against hyperoxia-
induced cell death was also compromised on treat-
ment with siRNA against LC3B. These findings
suggest that LC3B plays an important role in the
cytoprotection afforded by CO through the produc-
tion of mitochondrial ROS. These studies lend fur-
ther support to the concept that autophagic proteins,
such as LC3B, participate in signaling networks that
maintain a dynamic equilibrium, which determines
the fate of cells under stress. Thus, autophagic pro-
teins may be selected as potential therapeutic targets
to modulate ALI to hyperoxia. A further understand-
ing of these processes must be obtained before tar-
geting the autophagic pathway in human disease.™

AUTOPHAGY IN CYSTIC FIBROSIS

Cystic fibrosis (CF) is the most common fatal auto-
somal recessive disease among white populations and
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is caused by a mutation in the gene encoding the
cystic fibrosis transmembrane conductance regulator
(CFTR). CF is characterized by abnormally viscid
mucous that obstructs organ passages, resulting in
recurrent pulmonary infections. It is caused by a
mutation in a single large gene on chromosome 7,
with the most common CFTR mutation being a dele-
tion of phenylalanine at position 508 (CFTRF0sdl) 715
Cells with CFTRd! display accumulated polyubiq-
uitinated proteins, defective autophagy, and decreased
clearance of aggresomes.™ Defective CFTR also
results in increased ROS production and upregula-
tion of tissue transglutaminase (TG2), an impor-
tant factor of the inflammatory response in CF.!s
TG2 results in the crosslinking and inactivation of
Beclin 1, leading to sequestration of PI3K (phos-
phoinositide 3-kinase) complex IIT and accumula-
tion of p62, which regulates aggresome formation.'
Restoring Beclin 1 or knocking down p62 rescues the
trafficking of CFTRF54 to the cell surface. In addi-
tion to these data linking defective CFTR to autophagy
deficiency, the autophagy-stimulating agent rapamycin
markedly decreases Burkholderia cenocepacia infec-
tion in the lungs of CF mice and drastically reduces
signs of lung inflammation. Infection by B cenocepacia
is a particularly lethal threat to patients with CF
because it causes severe and persistent lung inflam-
mation and is resistant to nearly all available antibiot-
ics.™ On the other hand, azithromycin, a potent
macrolide antibiotic used in patients with CF, is asso-
ciated with increased infection with nontuberculous
mycobacteria. Interestingly, azithromycin has been
shown to block autophagosome clearance by pre-
venting lysosomal acidification, impairing autophagic
and phagosomal degradation in primary human
macrophages and thereby inhibiting the intracellular
killing of mycobacteria within macrophages in vivo.'s
These studies highlight the role of maintaining regu-
lated autophagy activity in patients with CF. If effi-
ciently activated, autophagy can aid in the removal
of polyubiquitinated proteins and control infection.
However, inadvertent genetic or pharmacologic block-
ade of autophagy puts patients at risk for the accu-
mulation of protein inclusions and aggresomes and
infection from drug-resistant pathogens. Therapies
that restore autophagy or enhance autophagosome
clearance or activity offer great therapeutic value in
the treatment of CF.

AUTOPHAGY IN RESPIRATORY INFECTION
AND SEPSIS

As previously mentioned, xenophagy has been
shown to be disrupted in lung alveolar macrophages
exposed to cigarette smoke and may be disrupted in
patients with COPD.* Autophagy also plays other
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important roles in the response of the lung to bac-
terial, viral, and protozoan infections?; however, to

provide a comprehensive summation of the role of

autophagy in each of these respiratory infections
is beyond the scope of this review. The role for
autophagy in respiratory mycobacterial infection,
including Mycobacterium tuberculosis (MTb) is well
known.? In particular, polymorphisms in the IRGM
gene are linked to increased susceptibility to MTb
infection, and IRGM has been shown to induce
autophagy to eliminate intracellular mycobacteria, 419
A genome-wide analysis of host genes that regulate
survival of MTb identified a number of genes involved
in the regulation of autophagy,'s and autophagy-
defective, Atg7 mutant Drosophila infected with
Mycobacterium marinum could not be rescued by
antimycobacterial treatment, exhibiting decreased sur-
vival rates. Moreover, activation of autophagy by anti-
biotic (isoniazid) treatment dampened MTb-induced
proinflammatory responses in macrophages.’> A num-
ber of therapies that involve enhancing autophagy
activity have been shown to be effective against
MTDb infection. The antiprotozoal drug nitazoxanide
and its active metabolite tizoxanide strongly stimulate
autophagy and inhibit mTORCI signaling and intra-
cellular proliferation of MTb,'” and vitamin D has
shown therapeutic benefits in persons with HIV and

MTDb infection through the activation of autophagy.™

After HIV, TB is the leading infectious cause of
death worldwide. Interestingly, HIV also manipu-
lates autophagy to improve viral infectivity,”” and a
common target of RNA viruses is IRGM.™
Together, these findings underscore the impor-
tance of host autophagy in orchestrating successful
antimicrobial responses to mycobacteria. Reports
have identified cases of totally drug-resistant TB in
India with fears that totally drug-resistant TB will
spread worldwide.™ New therapeutic agents that
have different mechanisms of action from conventional
anti-TB drugs are needed to prevent the development
of drug resistance. Although agents that promote
autophagy may improve the efficacy of conventional

anti-TB drugs as an adjunctive treatment, some of

these drugs have undesirable immunosuppressive
effects (eg, rapamycin). Other candidates with better
side effect profiles, such as metformin or carbamaze-
pin, may be beneficial .57

Finally, autophagy has been implicated in the reg-
ulation of inflammation, particularly regulation of
the inflammasome pathway.?! Along with Zhou et al,*!
we have identified a role for autophagy in NALP3
(NOD-like receptor 3)-dependent inflammation,
where autophagy is believed to preserve mitochondrial
integrity and segregate damaged ROS-producing
mitochondria away from inflammasome complexes.?
In this study, we identified a role for autophagy in
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severe sepsis using endotoxemic mice, which are
commonly used as a model of septic shock, and cecal
ligation and puncture, a more clinically relevant poly-
microbial sepsis model.20 Mice genetically deficient
in LC3B were found to be more susceptible to both
lipopolysaccharide (LPS)- and CLP-induced lethality
than control mice. Serum concentrations of IL-18
and IL-18 were significantly higher in endotoxemic
LC3B~'~ mice than in their WT littermates. The data
suggest that autophagy may regulate the cytokine
production commonly associated with severe sepsis.
More importantly, the findings are consistent with
the role of IL-1B and IL-18 in patients with sepsis
in the medical ICU.20% Again, these findings under-
score the importance of host autophagy in orches-
trating successful cytokine responses to infection.
Agents that enhance autophagy activity in vivo may
have beneficial effects for treating sepsis. Hepcidin
has been shown to protect against LPS-induced
liver injury through autophagy in a mouse model of
obstructive jaundice.’! Low doses of CO have been
shown to prevent LPS-induced organ damage most
likely through the ability of CO to activate autophagy,’
and ES-62, an immunomodulator secreted by the
filarial nematode Acanthocheilonema viteae, pro-
tected mice against endotoxic and polymicrobial
septic shock by Toll-like receptor 4-mediated induc-
tion of autophagys® Given that the treatments for
septic shock at present are inadequate, the autophagy-
dependent mechanism of action by new and existing
therapies might form the basis for urgently needed
therapeutic intervention against this life-threatening
condition.

CONCLUSIONS

Accumulating evidence demonstrates that autophagy
plays a previously unforeseen role in the pathogen-
esis of pulmonary diseases. It is now clear that
autophagy plays a complex role in the lung where
it can have both protective and injurious effects on
the progression of lung disease. When autophagy
is activated correctly and there is proper turnover
of autophagosomes to the lysosomes (good flux),
autophagy promotes the survival of the cell. Autophagy
activity is responsible for the clearance of injurious
protein aggregates as well as for promoting bacterial
and viral clearance by xenophagy and removing dam-
aged organelles, such as mitochondria, by mitophagy.
On the other hand, if autophagosome turnover or
flux is defective, autophagy becomes injurious to
the cell; protein- and infection-laden autophagosomes
accumulate inside the cell and may promote cell
death pathways. The precise mechanisms by which
autophagy directly promotes apoptotic cell death
or autophagic cell death is not clearly understood.

Translating Basic Research Into Clinical Practice



Identification of cellular and molecular targets of the
autophagy machinery to promote efficient autopha-
gosome formation and clearance of cellular debris
or damaged proteins or organelles will be invalu-
able not only for a wide range of pulmonary diseases
but also for a plethora of other human disorders
and diseases. Further research into other autophagic
pathways in the lung, such as selective autophagy,
chaperone-mediated autophagy, and microautophagy,
will also allow for new therapeutic interventions.
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