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Abstract

Discovery of alpha-1 antitrypsin (A1AT) as the principal circulating
inhibitor of neutrophil elastase was critical to the appreciation
of protease/antiprotease imbalance involvement in the
pathogenesis of emphysema. Additional targets of A1AT have been
uncovered, along with their contribution to alveolar wall
destruction induced by cigarette smoke exposure. We highlight in
this report mechanisms of A1AT antiapoptotic effects on structural
lung endothelial cells. This function was largely dependent on
uptake of the protein from the circulation via clathrin- and, in part,
caveolae-mediated endocytosis and on specific interactions with
cysteine proteases such as capsase-3, -6, and -7. Exposures to
cigarette smoke diminished A1AT intracellular uptake and its

anticaspase action, suggesting that even in A1AT-suficient
individuals, cigarette smoke may weaken the serpin’s endothelial
prosurvival effect. In addition, cigarette smoke exposure or genetic
mutations known to induce posttranslational modifications such as
oxidation or polymerization may alter A1AT bidirectional
intracellular traffic in endothelial cells and thus determine its
functional bioavailability in certain lung compartments.
Uncovering and harnessing the A1AT canonical and noncanonical
mechanisms will advance our understanding of the pathogenesis of
emphysema andmay provide means to improve the effectiveness of
therapies in both A1AT-sufficient and A1AT-deficient individuals.
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Alpha-1 antitrypsin (A1AT) deficiency or
dysfunction has been associated with the
development of chronic obstructive
pulmonary disease characterized (in
part) by permanent destruction of the
alveolar unit distal of the terminal
bronchioles (emphysema) and increased
risk for infectious exacerbations (1, 2).
A1AT function as a serine protease
inhibitor with great specificity against
neutrophil elastase (3, 4) led to the
development of the protease/antiprotease
paradigm as central to the pathogenesis
of emphysema (5). Reduced serum
A1AT levels typically occur from the
inheritance of two protease inhibitor–
deficient alleles (Pi) at the A1AT locus
(ZZ genotype), leading to polymerization

of the protein in hepatocytes and
a classical phenotype of A1AT deficiency
(1). In addition, exposure to oxidants
such as cigarette smoke (CS) leads to
posttranslational modifications of the
A1AT molecule (e.g., polymerization,
nitrosylation, or oxidation of Met-358
within the reactive center loop of the
serpin) both in A1AT-deficient and
-sufficient individuals and explains the
concept of qualitative (as opposed to
quantitative) A1AT deficiency (6). These
posttranslational modifications are
associated with loss of A1AT canonical
functions, such as elastase inhibition,
and may contribute to the pathogenesis
of cigarette smoke–induced emphysema
(7, 8).

Besides the protease/antiprotease
imbalance causing lung matrix damage due
to unopposed activation of neutrophil
elastases and other proteinases
such as proteinase-3, cathepsins, and
metalloproteinases, other mechanisms of
alveolar wall destruction are involved in
emphysema, including lung inflammation,
autoimmunity (9), and excessive cell death
of structural cells comprising the alveolus
(10–12). Canonical (irreversible binding of
serine proteases) and noncanonical
functions of A1AT may be involved in
regulating these mechanisms, as well. For
example, antiinflammatory functions of
A1AT have been shown to occur via
binding and inhibition of CS-induced
thrombin and plasmin in the airway
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(2, 13), inhibition of secreted
metalloproteinase MMP-12 from activated
alveolar macrophages (13), or inhibition of
sheddase tumor necrosis factor (TNF)-
a–converting enzyme at the
polymorphonuclear neutrophils plasma
membrane (14), decreased LPS-induced
macrophage activation (15), and direct
binding of cytokines TNF-a and IL-8 (14).
The role of A1AT in modulating the
excessive death of structural lung cells
after CS exposure was first uncovered in
a simplified model of emphysema that
allowed the study of apoptosis in the
absence of exuberant inflammation,
induced via receptors or signaling
inhibition for vascular endothelial growth
factor (VEGF), an essential growth factor
for lung endothelial cell (EC) survival (16,
17). Using the model of VEGF blockade in
mice or rats, we showed that transduction
of human A1AT via replication-deficient
adeno-associated virus attenuated airspace
enlargement and emphysema, and
suppressed caspase-3 activation and
oxidative stress (18). These findings were
the first evidence of a prosurvival action
of native A1AT on structural lung
endothelial cells that lack the ability to
synthesize their own pool of intracellular
A1AT and are entirely dependent on
circulating A1AT levels. Because VEGF
is predominantly EC trophic, we focused
on the prosurvival effect of A1AT
on lung ECs using ex vivo models.
Since ECs are not a source of A1AT
synthesis, we investigated whether the
antiapoptotic effects of A1AT in these
models required the internalization of the
protein by ECs. These studies identified
intracytoplasmic uptake of A1AT
(Figure 1A) and at least partial
colocalization with caspase-3, the main
executioner caspase involved in
apoptosis. Using cell-free studies we
showed that native A1AT, but not
conformers lacking an active reactive
center loop, or posttranslationally
modified A1AT preincubated with CS
extract, dose- and time-dependently
inhibited the interaction between active
caspase-3 and a specific substrate
(Figure 1B) (19, 20). A1AT inhibited
other executioner caspases activity such as
caspase-6 and -7, but not initiator caspases
such as caspase-8 and -9 (20). Whereas
other groups have shown that A1AT
inhibits caspase-1 (21), cysteine proteinase
associated with inflammasome activity, we

and others have not detected an A1AT
inhibitory effect on caspase-1 activity,
suggesting specific interactions between
the native A1AT molecule and certain
apoptotic caspases (20, 22). However, the
A1AT prosurvival effect is not cell type
specific; it has been shown to inhibit TNF-
a–induced hepatocyte apoptosis (23), beta
cell apoptosis after pancreatic islet graft
transplantation (24), and pulmonary
artery endothelial cell apoptosis after
ischemia–reperfusion-induced lung injury
(25), and to correct accelerated neutrophil
apoptosis in A1AT-deficient individuals
(26).

Having shown that, similar to its effect
on A1AT antielastase activity, CS-induced
posttranslational A1AT changes affect
its antiapoptotic activity in vitro, we
investigated whether circulating A1AT
from active smokers has diminished
anticaspase action. We have demonstrated
that A1AT immune-purified from current
smokers, independent of the chronic

obstructive pulmonary disease status,
exhibited decreased anti–caspase-3 and
anti–caspase-6 activity (20). This finding,
together with the report by Aldonyte and
colleagues that A1AT protects against
CS-induced lung endothelial cell apoptosis,
suggests that even in A1AT-suficient
individuals cigarette smoking disables
the endothelial prosurvival effect of
A1AT, which may contribute to chronic
lung damage in susceptible individuals
(20, 27).

Our studies of the prosurvival effect of
A1AT on lung endothelial cells led us to
uncover mechanisms of intracellular uptake
of A1AT in the endothelium. We have
shown that A1AT is internalized by lung
endothelial cells in a time-, dose-, and
conformer-dependent manner and is
detected intracellularly in the endothelial
cells of nondiseased human lungs. A1AT
internalization is actively regulated via
endocytosis, through both clathrin- and, in
part, caveolae-mediated endocytosis as
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Figure 1. Alpha-1 antitrypsin (A1AT) intracellular uptake and anti–cysteine proteases activity. (A)
Fluorescence micrographs of mouse endothelial cells after incubation with phosphate-buffered saline
(PBS; left) or with DyLight (547 NHS ester; Thermo Scientific, Waltham, MA)-labeled h1AT (purified
human A1AT from Sigma-Aldrich [St. Louis, MO]; right). Note the intracytoplasmic uptake of
labeled human A1AT (hA1AT). (B) Activity of recombinant caspase-3/7 incubated with its specific
fluorescently tagged DEVD substrate, measured in cell-free systems by the release of fluorescence
signal over time. The kinetic curves show caspase-3/7 activity in the absence of hA1AT (solid
triangles) or the presence of hA1AT (gray circles; 50 mM/ml; Aralast, from Baxter, Deerfield, IL). Note
the inhibitory effect of hA1AT on caspase-3 activity. Fluorescence signal of the substrate in the
absence of enzyme is shown (line of open diamonds).
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demonstrated by loss-of-function
experiments with pharmacological
inhibitors of endocytotic pathways or small
interfering RNA knockdown of clathrin
heavy chains. Inhibition of clathrin-
mediated endocytosis significantly
decreased both A1AT uptake and its ability
to inhibit caspase-3 activity, suggesting
A1AT internalization is required for its
protective effects in endothelial cells (28).
Time-lapse confocal microscopy indicated
partial A1AT localization in Golgi bodies
and increased intracellular A1AT retention
after inhibition of the classical secretory
pathway with tunicamycin (29). These
experiments were followed up with
evidence of bidirectional A1AT transport
in ECs, with apical and basolateral
secretion after initial uptake. Confluent
rat lung ECs cocultured on Corning
Transwells across epithelial cells revealed
A1AT transcytosis and transfer to
adjacent epithelial cells via basolateral
uptake, but not via apical epithelial surface
uptake (29). Although the precise
mechanism and pathways that lead to
A1AT uptake and intracellular and
transcellular transport require
further investigations, the A1AT

association with circulatory lipoproteins
such as high-density lipoprotein suggest
that scavenging receptors may be
involved (our unpublished data).
Evidence for transcytosis across the lung
microcirculation was also obtained in vivo
by two-photon excitation microscopy of
the mouse lung (29). CS exposure
decreased A1AT uptake by lung
endothelial cells, as determined by
fluorescence microscopy (29). A1AT
endothelial uptake and bidirectional
intracellular traffic may determine the
A1AT functional bioavailability in specific
lung compartments under homeostatic
conditions and in lung injury.

There is increasing appreciation of the
role of apoptotic cell clearance by
macrophages via efferocytosis in lung repair
and homeostasis. The timely removal of
apoptotic cells prevents proinflammatory
cytokine release from apoptotic cells
undergoing secondary necrosis and is
associated with an antiinflammatory
secretory phenotype of the macrophages
that engulf the apoptotic cells. Ineffective
efferocytosis after CS exposure combined
with a high apoptotic burden, is expected
during infectious exacerbations of the

disease, and may contribute to sustained
inflammation and inadequate tissue
repair. Work from several groups suggests
that monocyte and macrophage functions
during inflammation are modulated
by A1AT (13, 15, 30, 31). This work led us
to extend our investigations on the
clearance of apoptotic cells by specialized
phagocytic cells, such as alveolar
macrophages. These antiinflammatory
and immune-modulatory A1AT effects,
added to its well-described antimatrix
proteolytic and antiapoptotic effects, are
not surprising, given the major protective
role of this serpin against the
development of such a complex chronic
disease as emphysema (Figure 2).
Understanding and harnessing the
mechanisms by which A1AT
protects the lung and microvasculature
will advance our understanding of the
pathogenesis of emphysema and its
comorbidities and provide the means
to improve therapy effectiveness in
both A1AT-sufficient and -deficient
individuals. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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Figure 2. Proposed protective role of alpha-1 antitrypsin (A1AT) in cigarette smoke (CS)–induced lung injury. CS exposure induces oxidative stress and
cellular damage. Lung responses to injury include proinflammatory cytokine secretion, immune cell recruitment, and cell death. Insufficient repair
mechanisms (such as efferocytosis) combined with ongoing injury leads to emphysematous lung tissue destruction characterized by disintegration of
lung matrix and structural cell loss. A1AT protects lung matrix and cells via antiinflammatory and endothelial prosurvival functions mediated by its
antiprotease function against neutrophil elastase, macrophage metalloproteinases, TACE, and endothelial cell caspases, among others. MMP =matrix
metalloproteinase; PBMDM=peripheral blood monocyte–derived macrophages; PMN= polymorphonuclear neutrophils; TACE (ADAM-17) = tumor necrosis
factor-a–converting enzyme.
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