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Autophagy is a homeostatic process common to all eukaryotic cells
thatservestodegradeintracellularcomponents.Amongthreeclassesof
autophagy, macroautophagy is best understood, and is the subject of
this Review. The function of autophagy is multifaceted, and includes
removal of long-lived proteins and damaged or unneeded organ-
elles, recycling of intracellular components for nutrients, and
defense against pathogens. This process has been extensively
studied in yeast, and understanding of its functional significance
in human disease is also increasing. This Review explores the basic
machinery and regulation of autophagy in mammalian systems,
methods employed to measure autophagic activity, and then fo-
cuses on recent discoveries about the functional significance of
autophagy in respiratory diseases, including chronic obstructive
pulmonary disease, cystic fibrosis, tuberculosis, idiopathic pulmo-
nary fibrosis, pulmonary arterial hypertension, acute lung injury,
and lymphangioleiomyomatosis.
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Autophagy is an evolutionarily conserved process first described
more than 50 years ago that is vital to cellular homeostasis. Many
of the molecular events and pathways involved in autophagy
were discovered in yeast cells, but knowledge of its function
and regulation in mammalian systems has increased greatly in
the last decade. Best studied in cancer and neurodegenerative
diseases, its role in respiratory diseases is becoming increasingly
important with each passing year. To date, it has been studied
in chronic obstructive pulmonary disease (COPD), pulmonary
fibrosis, cystic fibrosis (CF), pulmonary arterial hypertension
(PAH), tuberculosis, acute lung injury, and lymphangioleiomyo-
matosis. This Review first focuses on the basic mechanisms and
regulation of autophagy, as well as the various techniques em-
ployed in its measurement in cells and tissues. We then turn to
the functional significance of autophagy in the aforementioned re-
spiratory diseases (Table 1). Given the cell- and environment-
dependent nature of autophagy, the discussion of these diseases
here are within the context of the major respiratory cell types.
Continued elucidation of the functional role of autophagy in
these lung diseases and others will allow better understanding

of their pathophysiologic underpinnings and offer potential new
diagnostic and/or therapeutic targets.

CLASSES OF AUTOPHAGY

The term autophagy, derived from the Greek and meaning “self
eating,” comprises three related but distinct cellular processes
that entail delivery of cytoplasmic components to lysosomes for
degradation and recycling. Microautophagy involves nonselec-
tive envelopment of cytoplasmic components directly by lyso-
somes. Chaperone-mediated autophagy consists of selectively
transporting cargo tagged by a pentapeptide motif to the lyso-
some, binding to lysosomal receptors, and translocation across
the membrane. The third category of autophagy is macroau-
tophagy. This process begins with the formation of a double-
membraned autophagosome enveloping proteins or organelles
to be recycled followed by fusion with a lysosome to form an
autolysosome. Macroautophagy can involve bulk degradation of
cytoplasm or degradation of specific components. This latter
process has introduced new subclasses of macroautophagy into
the nomenclature (i.e., mitophagy [mitochondria] [1], ERphagy
or reticulophagy [endoplasmic reticulum (ER)] [2], pexophagy
[peroxisomes] [3], ribophagy [ribosomes] [4], and xenophagy
[microbes] [5]). Macroautophagy (henceforth, referred to as
autophagy) is the most well studied mode of autophagy, and
is the subject of this Review.

THE MOLECULAR MACHINERY OF AUTOPHAGY

Autophagy is a complex process involving multiple proteins and
steps, including: formation of an initiation complex and develop-
ment of a double-membraned phagophore (nucleation); elonga-
tion of the membrane and completion of an autophagosome
vesicle around cargo; lysosomal fusion; dissolution of the inner
membrane allowing hydrolases to degrade the cargo; and recy-
cling of the components (Figure 1). This process is best studied
in yeast, but, over the last decade, mammalian orthologs of
many autophagy proteins have been discovered.

The exact source of the initial autophagosomemembrane for-
mation remains under investigation. This membrane may arise
de novo from building blocks in the cytoplasm or from other
membranous structures. There is now evidence that the ER
contributes to the formation of the phagophore (6–8); however,
mitochondria (9) and Golgi (10), as well as the plasma mem-
brane (11), may also be sources.

The current paradigm holds that themost upstream portion of
the autophagy pathway involves UNC-51–like kinase (ULK) 1
(12). This kinase is part of a complex with Fak-family kinase–
interacting protein and Atg13. Under nutrient-replete condi-
tions, mammalian target of rapamycin complex (mTORC) 1
interaction with ULK1 maintains the latter in a phosphorylated
and inactive state. When mTORC1 is down-regulated, ULK1
is dephosphorylated, allowing it to phosphorylate Fak-family
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kinase–interacting protein-200 and Atg13, which initiates ves-
icle nucleation (Figure 2A) (13). Autophagosome nucleation
also requires Vps34, a class III phosphatidylinositol-3-kinase
(PI3K) (14). Vps34 is a component of the PI3K complex, addi-
tional members of which include beclin-1, Atg14, and p150/

Vps15. Through enhancing affinity to its binding partners,
beclin-1 potentiates Vps34 activity (15). Beclin-1 activity can
be modulated through several binding partners: binding of
Ambra-1, ultraviolet (UV) radiation resistance–associated gene
(UVRAG), and bif-1 induces autophagy, whereas binding of

TABLE 1. MAJOR STUDIES OF AUTOPHAGY IN RESPIRATORY DISEASE

Chronic Obstructive Pulmonary Disease

Chen and colleagues, 2008 (48) Egr-1 regulates autophagy in cigarette smoke–induced chronic obstructive pulmonary disease.

Chen and colleagues, 2010 (49) Autophagy protein microtubule-associated protein 1 light chain-3B (LC3B) activates extrinsic apoptosis during

cigarette smoke–induced emphysema.

Monick and colleagues, 2010 (53) Identification of an autophagy defect in smokers’ alveolar macrophages.

Pulmonary Arterial Hypertension

Lee and colleagues, 2010 (64) Autophagic protein LC3B confers resistance against hypoxia-induced pulmonary hypertension.

Cystic Fibrosis

Luciani and colleagues, 2010 (50) Defective CFTR induces aggresome formation and lung inflammation in cystic fibrosis through ROS-mediated

autophagy inhibition.

Abdulrahman and colleagues, 2011 (54) Autophagy stimulation by rapamycin suppresses lung inflammation and infection by Burkholderia cenocepacia

in a model of cystic fibrosis.

Lymphangioleiomyomatosis

Parkhitko and colleagues, 2011 (46) Tumorigenesis in tuberous sclerosis complex is autophagy and p62/sequestosome 1 (SQSTM1)-dependent.

Lung Immunity

Gutierrez and colleagues, 2004 (60) Autophagy is a defense mechanism inhibiting BCG and Mycobacterium tuberculosis survival in infected macrophages.

Deretic and colleagues, 2006 (58) Mycobacterium tuberculosis inhibition of phagolysosome biogenesis and autophagy as a host defense mechanism.

Singh and colleagues, 2006 (59) Human IRGM induces autophagy to eliminate intracellular mycobacteria.

Ponpuak and colleagues, 2010 (61) Delivery of cytosolic components by autophagic adaptor protein p62 endows autophagosomes with unique

antimicrobial properties.

Nakahira and colleagues, 2011 (62) Autophagy proteins regulate innate immune responses by inhibiting the release of mitochondrial DNA mediated

by the NALP3 inflammasome.

Idiopathic Pulmonary Fibrosis

Mi and colleagues, 2011 (51) Blocking IL-17A promotes the resolution of pulmonary inflammation and fibrosis via TGF-beta1-dependent

and -independent mechanisms.

Patel and colleagues, 2012 (63) Autophagy in idiopathic pulmonary fibrosis.

Acute Lung Injury

Tanaka and colleagues, 2012 (52) Hyperoxia-induced LC3B interacts with the Fas apoptotic pathway in epithelial cell death.

Numbers in parentheses are reference numbers.

Figure 1. Overview of macroau-

tophagy. Macroautophagy (auto-

phagy) begins with the nucleation
and elongation of a preautophago-

somal structure. This structure

begins to encompass the cargo

intended for degradation, followed
by completion of the double-

membraned autophagosome. The

autophagosome fuses with a lyso-

some, forming the autolysosome.
Lysosomal hydrolases then degrade

the contents, which are recycled

back to the cytosol through mem-
brane permeases.
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the antiapoptotic protein, Bcl-2, prevents autophagosome initi-
ation (16). The latter interaction can be further modulated by
inositol 1,4,5-triphosphate receptor and nutrient deprivation–
autophagy factor, as well as starvation-induced activation of
c-Jun NH2-terminal kinase (JNK1), which phosphorylates Bcl-2
and releases beclin-1 (17). Rubicon is another negative regula-
tor through its interaction with the PI3K Complex (18). The
product of this complex is phosphatidylinositol-3-phosphate,
which recruits factors, such as WD-repeat protein interacting
with phosphoinositides-1/2 and double FYVE-containing pro-
tein 1 to the preautophagosomal structure.

The vesicle elongation step involves two ubiquitin-like reac-
tions (Figure 2B). In the first, through the sequential action of
Atg7 and Atg10, Atg12 is covalently bound to Atg5, forming
Atg12-Atg5 (19). This complex then forms a conjugate with
Atg16L1, forming Atg12-Atg5-Atg16L1, which is required for
elongation. The second reaction (the better-characterized path-
way) revolves around microtubule-associated protein 1 light
chain 3 (Atg8), commonly referred to LC3. The LC3 precursor
is cleaved by Atg4B to form cytosolic LC3-I. Atg7 and Atg3 then
lipidate LC3-I with phosphatidylethanolamine to form LC3-II
(20). LC3-II is targeted to the forming autophagosome, studding
both the cytoplasmic and luminal membranes of the double-
membraned structure. The outer leaflet LC3-II can be delipi-
dated and recycled, but the inner membrane LC3-II is degraded
after fusion with lysosomes. By its presence on the mature auto-
phagosome, LC3-II can serve as a marker of this structure.

Completed autophagosomes move along microtubules in
a dynein-dependent fashion, and then fuse with late endosomes
and lysosomes (21, 22). Fusion involves several proteins, in-
cluding Rab7, class Vps proteins, and ultraviolet radiation
resistance–associated gene (23). The lysosomal hydrolases then
degrade the cargo and permeases channel degraded molecules
back into the cytoplasm.

REGULATORY PATHWAYS IN AUTOPHAGY

The best-studied regulator of autophagy is mTORC1. The in-
hibitory, and thus regulatory, effect of mTORC1 relies upon

phosphorylation of ULK1. Once mTORC1 is down-regulated
and its kinase activity fails to keep ULK1 phosphorylated,
the autophagic cascade can begin. A number of other signaling
pathways and proteins also regulate autophagy, some of which
work through mTORC1 (24). The cellular energy sensor, AMP-
activated protein kinase (AMPK), is of particular importance.
Activation of AMPK under low ATP:AMP ratios induces phos-
phorylation of TSC2, which then inhibits mTORC1 and induces
autophagy (25). Recently, AMPK has also been shown to reg-
ulate autophagy by a second mechanism: it can interact directly
with and phosphorylate ULK1 at sites different than mTORC1,
resulting in its activation (26). Egan and colleagues (27) also
demonstrated that AMPK is required for autophagy, and that,
in its absence, p62 accumulates and mitophagy is deficient.

Autophagy can also be induced by ER stress through mech-
anisms that are still being understood. In several studies, auto-
phagy has been shown to help cells adapt to ER stress in a
prosurvival capacity (28). One possible signaling mechanism
responsible for this induction involves JNK1. ER stress acti-
vates a transmembrane protein, IRE1, which leads to a mito-
gen-activated protein kinase signaling cascade activating JNK1.
Subsequently, JNK1 phosphorylation of beclin-1 induces auto-
phagy, as described previously here (17). Death-associated pro-
tein kinase activation by ER stress has also been shown to
phosphorylate beclin-1 (29). Other molecules that may be in-
volved include PKR-like ER kinase (PERK1) and eIF2a, the
latter of which is phosphorylated under ER stress conditions (30).

The well studied tumor suppressor gene, p53, also has the
ability to modulate autophagy, although in a unique way: it
can activate and inhibit autophagy (31). The nature of the in-
teraction between p53 and autophagy is likely cell- and context-
dependent, and can involve AMPK, PTEN, and TSC1 in an
mTORC1-dependent pathway or damage-regulated autophagy
modulator in an mTORC1-independent pathway. Through
these signaling molecules, genotoxic stress–mediated induc-
tion of p53 can stimulate autophagy. However, in the absence
of such a stress, basal levels of p53 appear to suppress auto-
phagy (31).

Figure 2. Molecular machinery of vesicle nucle-

ation and elongation. (A) Vesicle nucleation begins
with mammalian target of rapamycin complex

(mTORC) 1 down-regulation, which can be af-

fected by AMP-activated protein kinase (AMPK)

via TSC2. This results in UNC-51–like kinase (ULK)
1 dephosphorylation and subsequent phosphorylation

of Fak-family kinase–interacting protein (FIP)-200 and

Atg13. AMPK can also activate ULK1 directly by

phosphorylation at a different site than mTORC1.
Nucleation also involves the phosphatidylinositol-3-

kinase (PI3K) complex, which includes Vps34,

Beclin-1, Atg14, and p150/Vps15. Beclin-1 poten-

tiates Vps34 activity. Beclin-1 activity can be mod-
ulated through several binding partners: Ambra-1,

ultraviolet (UV) radiation resistance–associated

gene (UVRAG), and bif-1 binding induces auto-
phagy; Bcl-2 binding prevents autophagosome

initiation. The latter interaction is enhanced by ino-

sitol 1,4,5-triphosphate receptor (IP3R), nutrient

deprivation–autophagy factor-1 (NAF-1). (B) Vesicle
elongation involves two ubiquitin-like reactions.

Through the action of Atg7 and Atg10, Atg12 is

covalently bound to Atg5, forming Atg12-Atg5.

This complex conjugates with Atg16L1, forming Atg12-Atg5-Atg16L1. The second reaction revolves around microtubule-associated protein 1 light
chain 3/Atg8 (LC3). Atg4B cleaves the LC3 precursor to form cytosolic LC3-I. Atg7 and Atg3 lipidate LC3-I with phosphatidylethanolamine (PE) to

form LC3-II, which is targeted to the forming autophagosome.
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A more recently discovered pathway that can also regulate
autophagy occurs through the tp53-induced glycolysis and apo-
ptosis regulator (TIGAR). TIGAR is an isoform of phospho-
fructokinase (pFK2) that can shunt glucose from glycolysis to
the pentose phosphate pathway. Recent work by Bensaad and
colleagues (32) shows that TIGAR inhibits autophagy through
quenching of reactive oxygen species (ROS). Although p53 reg-
ulates TIGAR, they demonstrated that TIGAR can modulate
autophagy independent of p53.

HOW TO MEASURE AUTOPHAGY: A MOVING TARGET

As the field of autophagy has blossomed, the methods for mea-
suring autophagy have also evolved. Historically, the gold stan-
dard for analyzing autophagy has been to observe and quantify
autophagosomes by electron microscopy (EM) (33, 34). Al-
though this remains a valid method, it can be cumbersome,
labor intensive, and expensive to perform EM for every exper-
iment. Therefore, investigators have turned to practical alter-
nate approaches to monitor this process. Most commonly, this
involves measuring protein levels of various Atg proteins. Atg8
or microtubule-associated protein 1 light chain 3 (LC3B) is fre-
quently used in this manner. LC3B is present throughout the
cytosol as the unprocessed LC3B-I form. As it becomes incor-
porated into the autophagosomal membrane, LC3B-I becomes
lipidated with phosphatidylethanolamine to form LC3B-II.
These two isoforms exhibit differential migration by SDS-
PAGE, and therefore the presence and density of LC3B-II
can be used as a marker of the number of autophagosomes (35).
However, this remains a static measure of autophagosome num-
ber, and does not measure the activity of the pathway. Increased
LC3B-II or increased autophagosomes by EM can occur in the
presence of either high autophagic activity (Figure 3B) or a
downstream block in the system (Figure 3C). The latter results
in an accumulation of early autophagosomes and LC3B-II pro-
tein, even though autophagic degradation is diminished. There-
fore, most investigators are currently employing activity or flux
measurements to supplement their analyses. One of these meth-
ods involves p62/sequestosome I, a cytosolic chaperone protein
that has an LC3B binding domain (36). It binds to polyubiquiti-
nated protein aggregates and carries them to the autophago-
some (as well as the proteasome), where it binds to LC3B.
Then the cargo and p62 itself are degraded by autophagy (Fig-
ure 3). Thus, accumulation of p62 in the cell suggests decreased
autophagic activity (37).

One can also measure flux by exogenously inhibiting
autophagosome–lysosome fusion or autolysosome function
and measuring accumulation of LC3B-II. Several agents can
be used for this approach, including leupeptin (lysosomal pro-
teases), chloroquine (lysosomal acidification), and bafilomycin
A (autophagosome–lysosome fusion). The greater the differ-
ence in LC3B-II between samples with and without the inhibit-
ing agent, the more is being formed, suggesting higher activity
of that autophagic pathway (Figure 3D). The flux method can
be easily employed for in vitro experiments, and techniques
have recently been developed and validated in vivo as well
(38). However, measuring flux in human lung tissue is not yet
possible, as the techniques rely on live cells and tissue.

The use of green fluorescent protein (GFP)–labeled auto-
phagy proteins, such as LC3B, has allowed another set of mea-
surement techniques (39, 40). Under basal conditions, the
cytosolic distribution of LC3B results in a diffuse green fluores-
cent signal. When autophagy is induced and LC3B becomes
incorporated into autophagosomes, the GFP signal coalesces into
larger puncta. The formation of these puncta correlates with
autophagosome formation. This technique has been employed

in vitro by transfecting cells with a vector expressing the GFP-
LC3 fusion protein, and a transgenic mouse expressing the fusion
protein constitutively on a CAG-promoter has also been devel-
oped (41). Furthermore, the fusion protein undergoes cleavage
under the acidic conditions of the lysosome, and this can be used
to measure flux. By immunoblotting against GFP, one can detect
the larger fusion protein that exists before the lysosome and the
smaller GFP fragment that is created after lysosomal activity
(42). The formation of the latter can be used to monitor comple-
tion of autophagic degradation.

FUNCTIONS OF AUTOPHAGY IN DISEASE

Autophagy has several key functions that serve to maintain ho-
meostasis in all cells. One of these functions is as a response to
metabolic stresses, such as hypoxia, nutrient deprivation, or
growth factor reduction. In these conditions, the bulk degrada-
tion and recycling of cytoplasmic contents produces amino acids
and fatty acids, which can then be used in de novo synthesis of
proteins that may be critical in the stress response or to generate
ATP through the TCA cycle.

Another basic function of autophagy is the clearance of cyto-
plasmic components that are not necessary, not functioning, or
harmful to the cell, such as protein aggregates, organelles, or
pathogens. It has been shown in human disease, particularly
in certain neurodegenerative diseases, such as Huntington’s
disease, Alzheimer’s disease, Parkinson’s disease, and spinocer-
ebellar ataxia, that deficient autophagy contributes to accumu-
lation of protein aggregates, resulting in cell dysfunction and
death. For example, Huntington’s disease involves a mutant
protein, huntingtin, which contains polyglutamine expansion
tracts that render the protein aggregate prone; these aggregates
contribute to neuronal cell toxicity. In cell and animal models,
it has been demonstrated that blocking autophagy aggravates
aggregation and toxicity; conversely, inducing autophagy is ben-
eficial (43, 44).

Finally, though autophagy has a clear role in proadaptive cell
survival, it may also be involved in nonapoptotic programmed
cell death. The specific nature and importance of this function is
complex and controversial (45). This feature of autophagy was
postulated based on the presence of large numbers of autopha-
gosomes in some dying cells. However, the question is whether
these autophagosomes are attempting salvage or promoting
death. In addition, pathways involved in apoptosis and auto-
phagy have significant commonality. The complexity of the re-
lationship between cell death and autophagy is highlighted in
cancer. A synthesis of current available evidence highlights the
importance of context and cell-specificity. It is believed that
autophagy has tumor suppressor properties in normal cells that
are based on facilitation of nonapoptotic cell death of prema-
lignant cells and prevention of DNA damage by limiting ROS.
Despite this tumor suppressor potential, there is also evidence
that autophagy is necessary for established tumor cells to sur-
vive by assisting in energy production in low-nutrient settings.
Recently, in tuberous sclerosis complex, which includes lym-
phangioleiomyomatosis, it has been shown that inhibiting auto-
phagy decreased survival of TSC2-null cells and the growth of
TSC2-null tumors (46).

The functional significance of autophagy in respiratory disor-
ders is complex, and our understanding continues to evolve.
Investigations to date have tended to focus on specific cell types
involved in the disease of interest. This is a sound approach, be-
cause autophagy may have different roles in the different cell
types in the same disease process. This Review, therefore, ana-
lyzes the significance of autophagy in various cell types that
are dysfunctional in respiratory diseases. For each cell type,
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we explore what is known about autophagy in that cell in the
context of well known pulmonary disorders.

EPITHELIAL CELLS

For the purpose of this Review, we discuss epithelial cells as one
category, recognizing, of course, that epithelial cells in the respi-
ratory system are heterogeneous. The form and function of ep-
ithelia change as one moves down the tracheo-bronchio-alveolar
tree to serve various roles, from mucous secretion and clearance
to gas exchange. These cells are involved in sensing environmen-
tal cues from one side and internal cues from the other. In doing
so, they interact with numerous other cell types, includingmacro-
phages, fibroblasts, and endothelial cells. Epithelial cells are of
clear importance in emphysema, CF, and acute lung injury. In
emphysema, epithelial cell death likely contributes to the loss
of alveolar units and development of the disease. CF involves
a mutated membrane channel primarily found on epithelial cells.

In addition, the current paradigm holds epithelial cells respon-
sible for the onset of idiopathic pulmonary fibrosis (IPF), per-
haps due to increased fragility or abnormal wound healing (47).

COPD is one of the most extensively studied lung diseases in
the field of autophagy. In the early studies by Chen and col-
leagues (48), epithelial cell autophagy was investigated after it
was discovered that COPD human lung samples had evidence
of activated autophagy with increased numbers of autophago-
somes by EM and increased LC3B-II protein levels. Further-
more, there was a correlation with disease stage (by Global
Initiative for Chronic Obstructive Lung Disease criteria) and
autophagy markers. Follow-up in vitro work demonstrated that,
in response to cigarette smoke extract (CSE), various epithelial
cell lines had increased expression of LC3B-II. EM of Beas-2B
cells treated with CSE also demonstrated increased autophago-
somes compared with room air–exposed cells. In the murine
emphysema model, lung homogenate from wild-type (WT)
mice exposed to whole cigarette smoke for 6 months also

Figure 3. Measurement of auto-

phagic flux. (A) Under basal con-

ditions, there is a low level of
autophagosome formation and

maturation into an autolyso-

some. p62 and its cargo, as

well as LC3-II along the inner
membrane, is degraded in the

autolysosome. (B) When auto-

phagy is induced, there is in-
creased autophagosome for-

mation and completion of the

pathway, resulting in increased

autolyosomes. (C) Under basal
conditions, there is a low level

of autophagosome formation.

However, in the presence of

downstream blocks to autoly-
sosome formation or function,

autophagosome numbers are

increased. p62 does not un-
dergo degradation, and accu-

mulates in this condition. The

block can occur endogenously

or can be introduced with
chemical inhibitors. Bafilomy-

cin A prevents autophagosome

and lysosome fusion, chloro-

quine prevents autolysosomal
acidification, and leupeptin

inhibits lysosomal protease

function. (D) To elucidate

whether increased numbers of
autophagosomes are due to

autophagy induction (B) or

downstreamblock (C), a chem-
ical inhibitor is employed. In

this case, introducing bafilo-

mycin to a system where auto-

phagy is induced results in
increased numbers of autopha-

gosomes (compared with [B]).
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revealed an increased LC3B-II:I ratio. Delving into the mecha-
nism by which cigarette smoke induces autophagy in epithelial
cells, the authors found that the transcription factor, Egr-1,
along with cofactor, E2F-4, had increased activity and induced
expression of LC3B. This was occurring through reduction in
HDAC activity, leading to acetylation of Egr-1. A chronic
smoke exposure experiment in Egr-1 knockout mice showed
basal airspace enlargement, but no change in the smoke-
exposed cohort, demonstrating that, in the absence of Egr-1,
cigarette smoke cannot induce autophagy and subsequent apo-
ptosis. Further investigation explored the link between LC3B
and apoptosis (49). In LC3B2/2 mice treated with 3 months of
cigarette smoke, apoptosis markers were significantly decreased
compared with LC3B1/1 mice. Immunoprecipitation and im-
munofluorescence showed an interaction between LC3B and
Fas that became disrupted by CSE and that appears to be
mediated by lipid raft protein, caveolin-1. Thus, autophagy
induction in epithelial cells plays a significant role in COPD
pathogenesis. In addition, we subsequently discuss another im-
portant aspect of autophagy in COPD in our exploration of
alveolar macrophages.

More recently, Luciani and colleagues (50) explored auto-
phagy in epithelial cells in CF. Analysis of airway epithelial cells
expressing mutant CF transmembrane conductance regulator
(CFTR) demonstrated fewer autophagosomes, less LC3-II,
and increased p62 compared with cells expressing WT CFTR,
all consistent with impaired autophagy. It stands to reason that
autophagy would play a significant role in CF, as many of the
mutations in the gene lead to a misfolded protein, and auto-
phagy functions to clear these kinds of proteins. However, it had
not been shown that autophagy is impaired in CF. Further
experiments in the airway epithelial cells showed that the key
autophagy protein, beclin-1, was localized in aggresomes in the
CF mutant cells. The authors postulated that this entrapment of
beclin-1 in aggresomes prevented autophagy initiation. They
tested this hypothesis by overexpressing beclin-1 in these cells
and found evidence of restored autophagy measured by LC3-II,
p62 protein, and GFP-LC3 puncta. The investigators further
discovered that beclin-1 becomes aggresome bound secondary
to crosslinking by transglutaminase-2, an effect mediated by
increased ROS in CF epithelial cells. Antioxidant treatment
in these cells reversed the phenotype. This was a key study that
provides the basis by which epithelial cells expressing mutant
CFTR may be rescued by inducing autophagy.

The first study to explore the relationship between autophagy
and epithelial cells in pulmonary fibrosis was performed by
Mi and colleagues (51). They discovered that IL-17A is an in-
hibitor of autophagy in mouse lung epithelial-12 cells. Although
the exact mechanism for this effect remains to be explored, in
the presence of IL-17A, there was a reduction in some auto-
phagy proteins, including beclin-1. Interestingly, antagonism of
IL-17A was able to restore autophagy and consequently de-
crease transforming growth factor (TGF)-b1–induced collagen
production by epithelial cells. In the murine bleomycin model of
pulmonary fibrosis, the authors demonstrated that blocking
IL-17A induced autophagy in the lung and protected the mice
against fibrosis. This beneficial effect was abrogated if the ani-
mals were simultaneously treated with a chemical inhibitor of
autophagy, 3-methyladenine. This very interesting study pro-
vides evidence for a protective effect of autophagy in epithelial
cells in pulmonary fibrosis, which is similar to what we explore
subsequently here in fibroblasts.

Finally, the recent work of Tanaka and colleagues (52) dem-
onstrates the role of LC3B in epithelial cell death under hyper-
oxia. In epithelial cells subject to hyperoxic stress and in
mice under hyperoxia, LC3B was found to be activated and

transcriptionally regulated via the JNK pathway. Furthermore,
LC3B was found to interact with and cross-regulate the Fas
pathway to prevent apoptotic cell death, in contrast to the find-
ings in COPD. Overexpression of LC3B demonstrated a protec-
tive effect on epithelial cells during hyperoxia. Thus, autophagy
may be cytoprotective in hyperoxia-induced lung injury.

In the realm of epithelial cells, we can see that there is a
disease-specific role for autophagy. In COPD, it appears to
be responsible for disease pathogenesis. In contrast, autophagy
may be beneficial in CF, pulmonary fibrosis, and acute lung
injury.

ALVEOLAR MACROPHAGES

Although there is an emerging recognition of the importance of
autophagy in various functions of innate and adaptive immunity,
this Review focuses solely on macrophages. Like epithelial cells,
“pulmonary” macrophages are not a uniform population, but
we discuss the alveolar macrophage, which is the predominant
macrophage in the lung. This cell serves as the first line of
phagocytic defense against microbial pathogens and inhaled
substances, such as cigarette smoke, but it normally resides in
a relatively quiescent state until activated by invaders. In the
latter situation, macrophages are key in maintaining the normal
sterility of the alveolar microenvironment.

Although the study by Chen and colleagues described above
demonstrated increased autophagy in epithelial cells in COPD
(48), Monick and colleagues (53, 54) explored the modulation
of autophagy in alveolar macrophages during smoking. Macro-
phages isolated from active smokers have been shown in the
past to have impaired immune function (55). The study by Mon-
ick demonstrates that such alveolar macrophages also have evi-
dence of impaired autophagy, including increased p62. As a
result, these cells accumulate protein aggregates, dysfunctional
mitochondria, and have decreased ability to transport bacteria
to lysosomes. This study showed increased numbers of autopha-
gosomes and LC3-II in smokers’ macrophages, as well as in-
creased LC3-II in nonsmoker macrophages exposed to 2%
CSE. Although this finding could represent activation of auto-
phagy, the investigators proceeded to measure autophagic flux
by treating the macrophages with inhibitors of autolysosome
function, bafilomycin A or leupeptin, and measuring LC3-II
turnover. They found that macrophages from smokers had less
flux, even though baseline LC3-II levels were higher than non-
smokers’ macrophages. This finding is supported by the fact that
high molecular weight p62 aggregates were also increased in
smokers’ macrophages. In a functional study, the authors dem-
onstrate impaired xenophagy in smokers’ macrophages, with
decreased delivery of nanoparticles and bacteria to the lyso-
some. This work provides substantial evidence for impaired
autophagy in alveolar macrophages from smokers that may ren-
der these macrophages less capable of fighting microbes and
thus predisposing smokers to pneumonias. Hence, although
increased autophagic activity in epithelial cells contributes to
apoptosis and development of emphysema, dysfunctional auto-
phagy in macrophages may explain a different aspect of the
disease—the abnormal immunological and inflammatory phe-
notypes present in COPD.

Abdulrahman and colleagues (54) investigated macrophage
dysfunction in clearance of Burkholderia cepacia in CF. B. cepa-
cia is a common pathogen in patients with CF (56), and previous
studies have shown that intracellular persistence of the organ-
ism in CF macrophages is responsible for the infectious burden
(57). In this study, the authors found that B. cepacia infec-
tion resulted in down-regulation of several autophagy genes
in WT and DF508 macrophages, including Atg5, Atg12, and
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Atg8 (LC3B), with a more pronounced effect in the latter.
Treating DF508 macrophages infected with B. cepacia with
rapamycin induced autophagy and decreased bacterial num-
ber. In vivo studies with DF508 mice infected with B. cepacia
found dramatically reduced bacterial burden in lungs of mice
treated with rapamycin. Immunofluorescence showed increased
colocalization with LC3 and Lysotracker Green in rapamycin-
treated cells, supporting increased autophagic clearance of
the bacteria. This finding is particularly surprising given rapa-
mycin’s known immunosuppressive properties, and demon-
strates the importance of autophagy in microbial clearance.
Thus, autophagy induction may be of therapeutic benefit in
patients with CF by two mechanisms in two different cell
types: (1) promoting clearance of CF mutant protein aggre-
gates in epithelial cells; and (2) enhancing bacterial clearance
by macrophages.

Macrophages also provide the initial defense in the lungs
against Mycobacterium tuberculosis invasion. The mycobacteria
infect macrophages and then are either degraded or persist
in arrested phagosomes. The arrest results from the ability of
M. tuberculosis to inhibit formation of PI3-P, which is required
for phagolysosome biogenesis and mycobacterial killing (58).
Macrophages stimulated with IFN-g are able to overcome this
block, and IFN-g, through a GTPase called IRGM, also induces
autophagy (59). Induction of autophagy by IFN-g or rapamycin
has also been shown to enhance mycobacterial killing (60). One
of the mechanisms for this action involves delivery of cytosolic
proteins by p62 to lysosomes where they become potent tuber-
culosis antibiotics (61).

A recent study by Nakahira and colleagues (62) provides
intriguing insight into the link between autophagy and the
inflammasome. They demonstrated that, under autophagy-
deficient conditions, the lack of selective mitochondrial auto-
phagy (mitophagy) creates an accumulation of dysfunctional
mitochondria in macrophages. This creates increased ROS and
release of mtDNA into the cytosol, which then activates the
NALP3 inflammasome, inducing IL-1b and IL-18 production.
In the murine LPS model, LC3B-deficient mice had higher ex-
pression of these cytokines and increased mortality. Thus, auto-
phagy, and specifically mitophagy, in macrophages plays a key
role in limiting the inflammasome response.

In summary, the role of autophagy in alveolar macrophages
demonstrates that autophagy is not simply a housekeeping process,
but also has important functions in immunity. This function pro-
vides another therapeutic target in infectious respiratory diseases
or chronic lung diseases characterized by impaired immunity.

FIBROBLASTS

Lung fibroblasts are a relative late comer to the field of auto-
phagy in lung diseases. As important components of the intersti-
tium, producers of extracellular matrix, and participants in
wound healing, fibroblasts are important to all lung diseases.
However, they gain increased importance in the study of fibrotic
lung diseases, such as IPF, in which we have already seen the role
of autophagy in epithelial cells.

Our group recently completed work on the role of autophagy
in IPF (63). We initially expected that autophagy would
be induced in IPF based on several pathways that are both
up-regulated in IPF and known to activate autophagy: ER
stress, HIF-1a, oxidative stress, and AMPK. However, upon
examination for autophagosomes of lung tissues from patients
with IPF by EM and LC3B and p62 protein levels, we found
these autophagy markers were not increased at all. In fact, they
are not significantly different from control samples. To under-
stand the mechanism behind this disconnect, we investigated

the effect of TGF-b1 on autophagy in fibroblasts, and found
an inhibitory effect. As a major profibrotic cytokine, TGF-b1

may be responsible for the lack of induction of autophagy in
human lung fibroblasts. In addition, we explored the potential
mechanism by which autophagy may be beneficial in fibrogen-
esis, and discovered that silencing key autophagy proteins, LC3
or beclin-1, potentiated the TGF-b1–induced expression of fi-
bronectin and myofibroblast marker a–smooth muscle actin in
fibroblasts. Thus, a lack of autophagy may be potentiating the
effects of this cytokine with respect to extracellular matrix pro-
duction and transformation to a myofibroblast phenotype. Fur-
thermore, in the murine bleomycin model, treatment of mice
with rapamycin partially protected these animals against lung
fibrosis, an effect that may be mediated by rapamycin’s ability
to induce autophagy. Based on these findings, inducing auto-
phagy may have beneficial antifibrotic effects.

ENDOTHELIAL CELLS

Vascular endothelial cells play a critical role in the development
of PAH. Lee and colleagues (64) investigated the effects of
hypoxia on autophagy in these cells. Using pulmonary artery
endothelial cells exposed to hypoxia for 24 hours, they found
increased expression of LC3B-II and increased GFP-LC3 puncta
formation. Analysis of lungs from patients with idiopathic PAH
demonstrated elevated LC3B-II protein levels. Immunohisto-
chemistry and immunofluorescence also showed higher LC3B
expression in both vascular endothelial and vascular smooth
muscle cells. These findings raised the question of whether this
induction of autophagy is detrimental or protective. To test
these two possibilities, LC3B2/2 mice were used in a chronic
hypoxia–induced pulmonary hypertension model. The geneti-
cally deficient mice demonstrated evidence of increased pul-
monary hypertension compared with WT mice. In addition,
silencing of LC3B in pulmonary artery endothelial cells en-
hanced hypoxic cell proliferation. Together, these findings sup-
port a protective role for autophagy in this disease process.

CONCLUSIONS

Our understanding of the science of autophagy in human disease
is evolving rapidly, and knowledge about the role of autophagy
in respiratory disease is still scant. The field has matured to the
level that we are now able to appreciate different roles for auto-
phagy in different cell types, in certain cases within the same dis-
ease. This is an important paradigm, as one would expect such a
basic and ubiquitous cellular process to be extremely cell- and
environment-dependent. Exogenous modulation of autophagy
in an effort to modify disease will need to be similarly selective,
and, although the proper tools may not yet all be at our disposal,
this area holds great promise for the discovery of new diagnostic
targets and/or treatment modalities.

Author disclosures are available with the text of this article at www.atsjournals.org.
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