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Rationale: There is growing evidence that alveolar cell apoptosis
plays an important role in emphysema pathogenesis, a chronic
inflammatory lung disease characterized by alveolar destruction.
The association of �1-antitrypsin deficiency with the development of
emphysema has supported the concept that protease/antiprotease
imbalance mediates cigarette smoke–induced emphysema.
Objectives: We propose that, in addition to its antielastolytic effects,
�1-antitrypsin may have broader biological effects in the lung, pre-
venting emphysema through inhibition of alveolar cells apoptosis.
Methods, Measurements, and Main Results: Transduction of human
�1-antitrypsin via replication-deficient adeno-associated virus atten-
uated airspace enlargement and emphysema caused by inhibition
of vascular endothelial growth factor (VEGF) receptors with SU5416
in mice, a model of apoptosis-dependent emphysema lacking neu-
trophilic inflammation. The overexpressed human serine protease
inhibitor accumulated in lung cells and suppressed caspase-3
activation and oxidative stress in lungs treated with the VEGF
blocker or with VEGF receptor-1 and -2 antibodies. Similar results
were obtained in SU5416-treated rats given human �1-antitrypsin
intravenously.
Conclusions: Our findings suggest that inhibition of structural alveo-
lar cell apoptosis by �1-antitrypsin represents a novel protective
mechanism of the serpin against emphysema. Further elucidation of
this mechanism may extend the therapeutic options for emphysema
caused by reduced level or loss of function of �1-antitrypsin.
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Significant reductions in serum level of human �1-antitrypsin
(hA1AT), a serine protease inhibitor (serpin) with potent inhibi-
tory activity against neutrophil elastase, have been associated
with the development of emphysema (1), a chronic obstructive
pulmonary disease characterized by permanent destruction of
the airways distal of the terminal bronchioles (2). A1AT defi-
ciency occurs from the inheritance of two protease inhibitor
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deficiency alleles from the A1AT locus (designated Pi), predomi-
nantly in persons of European origin (3). Emphysema is the
most prevalent clinical feature associated with A1AT deficiency
and the primary cause of death. The main risk factor for emphy-
sema in patients with A1AT deficiency is cigarette smoking,
which triggers the disease decades earlier than in “usual” patients
with chronic obstructive pulmonary disease with normal serum
A1AT levels. Because A1AT is an effective elastase inhibitor,
emphysema is believed to occur as a result of increased, unop-
posed destruction of lung matrix by smoking-activated neutro-
phil elastase/proteinase-3 (4). This paradigm leads to the intro-
duction of systemic supplementation with A1AT, which slows
the decline in lung function in these patients (5).

It is becoming increasingly evident that other mechanisms,
in addition to matrix proteolysis induced by neutrophil elastase
and other matrix proteases, are implicated in the development
of emphysema, such as oxidative stress and apoptosis of alveolar
septal cells (6). Understanding how these mechanisms are af-
fected by serpins may provide more effective therapeutic inter-
ventions needed to halt the lung destruction in patients with
emphysema. Decreased function or availability of A1AT in the
lung may be common to deficiency states due to genetic muta-
tions or post-translational modifications such as oxidation from
cigarette smoke (7, 8).

Presently, a mouse knockout model for hA1AT deficiency is
not available. Nevertheless, there is evidence that mouse strain
susceptibility to cigarette smoke–induced emphysema (9, 10)
correlates inversely with A1AT levels in the bronchoalveolar
lavage (BAL) (11), in that even a 40% reduction of BAL A1AT
renders C57Bl/6J mice sensitive to smoking-induced injury, when
compared with more resistant strains ICR and DBA. Further-
more, the pallid mouse, characterized by low A1AT serum levels,
develops spontaneous emphysema worsened by cigarette smoke
(11, 12), closely resembling A1AT deficiency.

The role of apoptosis in alveolar destruction was uncovered in
experimental emphysema caused by vascular endothelial growth
factor receptor (VEGFR) blockade (13), followed by documen-
tation of critical elements of the apoptosis hypothesis in lungs of
patients with emphysema (14, 15) and in experimental cigarette
smoke–induced emphysema (16, 17). Furthermore, novel roles
for A1AT are becoming evident, including inhibition of apopto-
sis in models of ischemia–reperfusion injury (18, 19) and serum
deprivation injury (20), in liver, kidney, and cell-culture studies.
However, in these models, one cannot discriminate between a
direct effect of A1AT on apoptosis and an indirect effect against
excessive inflammation or serum deprivation, respectively. To
investigate whether A1AT exerts an antiapoptotic, protective
effect on pulmonary alveolar cells, our experimental approach
relied on emphysema caused by VEGFR blockade in the C57/
Bl6 mouse. Using this noninflammatory model of emphysema,
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we explored the effect of A1AT on apoptosis independent of
its role in curbing inflammation and neutrophil elastase activity.
Our results implicate an antiapoptotic effect of A1AT in alveolar
cells. Some of the results of these studies have been previously
reported in abstract form (21–23).

METHODS

Chemicals and reagents were from Sigma-Aldrich (St.Louis, MO), un-
less otherwise specified. Animal studies were approved by the Animal
Care and Use Committee of Johns Hopkins University and University
of Colorado Health Sciences Center and performed on male C57Bl/6
mice (3 mo old; Jackson Laboratory [Bar Harbor, ME]) or Sprague-
Dawley rats (n � 4–6/group).

Adeno-associated Virus Administration

For experiments involving direct lung administration, mice were anes-
thetized and their trachea was instilled with 5 � 1010 particles of control
adeno-associated virus (c-AAV; UF11-AAV5) or hA1AT-AAV
(AAV5-CB-AAT) in 25 �l 0.9% NaCl. For intramuscular injection
(hind leg), 9.6 � 1010 cAAV (UF11-622) or 1.2 � 1010 of A1AT-AAV
(pTR2-CB-AAT) were injected in 40 �l H2O in experiments involving
SU5416. For experiments involving VEGFR antibodies, mice received
9.6 � 1010 UF11-622 or 9.6 � 1010 A1AT-AAV.

Viral Constructs

All experiments were performed with recombinant AAV, rAAV-CB-
AAT (24), which consists of AAV serotype 2 inverted terminal repeats
flanking an expression cassette that drives hA1AT expression from a
hybrid cytomegalovirus enhancer/�-actin promoter. For intramuscular
experiments, we used the vector pseudotyped into AAV serotype 1
capsids (25). For intratracheal experiments, we used the vector pseu-
dotyped into AAV serotype 5 (25, 26). All preparations were titrated
using DNA dot-blot hybridization (25).

Administration of Agents Inducing Airspace Enlargement

SU5416 (Sugen, Inc., South San Francisco, CA) or carboxymethylcellu-
lose (CMC) was administered 20 mg/kg, subcutaneously once in mice
and rats (14). VEGFR-specific antibodies DC101 and MF1 (Imclone,
New York, NY; 800 �g/mouse/injection) or dialyzed rat IgG were ad-
ministered intraperitoneally three times per week.

A1AT Augmentation in Rat

Rats were divided into the following groups (each group, n � 6): (1 )
CMC � cell culture–grade bovine serum albumin (BSA; 30 mg/kg
intravenously [i.v.] tiw), (2 ) SU5416 � BSA (30 mg/kg i.v. tiw), and
(3 ) SU5416 � hA1AT (30 mg/kg intravenously three times weekly).

Morphometric analysis was performed on coded slides as described
(27, 28).

Immunohistochemistry (IHC) (14) with A1AT antibody (Santa
Cruz, Santa Cruz, CA) was followed by diamino benzidone or fluores-
cent-labeled secondary antibody (Molecular Probes, Eugene, OR).
Cell-type markers were surfactant protein-C antibody (Chemicon,
Temecula, CA), CD34 (Zymed, South San Francisco, CA), and smooth
muscle actin (Sigma), followed by 4,6 diamidino-2 phenylindole (Molec-
ular Probes) nuclear counterstaining.

Apoptosis was detected in lysates (15) or inflated lung, enabling
focus on alveoli, rather than large airways and vessels (27), via active
caspase-3 IHC (Abcam [Cambridge, MA] and Cell Signaling [Danvers,
MA]) or in situ labeling of apoptotic DNA on murine lung (15), using
rat serum as a negative control.

Measurements of oxidative stress included detection of nitrotyrosine
and 4-hydroxynonenol (27) markers and of catalase activity (Cayman
Chemical, Ann Arbor, MI).

Further detail on methods can be found in the online supplement.

Overexpression of Mouse A1AT

Mouse A1AT (isoform 1) cDNA was generated by reverse transcriptase–
polymerase chain reaction using liver RNA from the C57BL/6 mouse.
This cDNA was inserted into rAAV-CB-AAT vector plasmid to replace
the hA1AT cDNA, thus creating rAAV-CB-mA1AT1 plasmid, which

was transfected into 293 cells and medium containing mA1AT tested
by immunoblot.

Rabbit anti-mouse A1AT antiserum was raised against all isoforms
of mouse A1AT, by synthesizing and injecting a short peptide (15 aa)
representing a conserved surface region of mA1AT into rabbits.

A sandwich ELISA assay detected hA1AT (24), and Western blot-
ting was performed as described (29).

Statistical analysis was performed with SPSS software (SPSS, Inc.,
Chicago, IL) using unpaired Student’s t test or one-way analysis of
variance with Student-Newman-Keuls post hoc test. Statistical differ-
ence was accepted at p � 0.05.

RESULTS

Augmentation of A1AT Attenuated the Development of
Apoptosis-dependent Emphysema in Mice and Rats

Blockade of VEGF receptors 1 (Flt) and 2 (Flk/KDR) with
SU5416 causes murine emphysema with no evidence of neutro-
philic or macrophage inflammation (13, 15). To address our
hypothesis that A1AT augmentation is protective in this model,
mice received hA1AT-carrying, replication-deficient, adeno-
associated virus serotype 5 (hA1AT-AAV) or empty AAV as
control (c-AAV) by two routes: intratracheal and intramuscular
injection. Although the intramuscular route ensured sustained
increased serum levels of hA1AT (30, 31), the intratracheal route
also allowed for direct lung hA1AT production. The intratracheal
transduction led to marked increases of hA1AT protein for up
to 4 wk as detected by serum and BAL ELISA (Figure 1A). In
an early set of experiments, intramuscular transduction of
hA1AT with AAV serotype 1, known for less efficient transduc-
tion (26), also resulted in increased lung hA1AT (IHC; Figures
1B and 1C) and, in this setting, inhibition of VEGFR appeared
to be associated with mildly enhanced lung hA1AT expression.
The activity of the overexpressed lung hA1AT measured in the
BAL from the hA1AT-transduced animals demonstrated a 30%
increase in the elastase inhibitory activity, when compared with
control animals (not shown). Species-specific Western blot assays
(tested against purified hA1AT and mouse recombinant A1AT
in Figure E1 of the online supplement) indicated that, in the
setting of VEGFR blockade, the augmented hA1AT expression
was not due to increased endogenous mouse A1AT (Figure 1D).
Rather, the elevated hA1AT might reflect alterations of lung
cell properties after VEGFR inhibition, of increased lung avail-
ability to serum h1A1AT, or of c-AAV uptake. Because hA1AT
serum levels were similar in vehicle- and SU5416-treated mice,
an effect of VEGFR blockade on the systemic c-AAV uptake
and hA1AT expression was unlikely.

Transduction of hA1AT by intracheal injection significantly
decreased alveolar septal enlargement induced by VEGFR
blockade in mice, as measured by morphometry at 4 wk after
the administration of the specific VEGFR inhibitor SU5416
(Figures 2A and 2B).

The protective effects of hA1AT against emphysema were
reproduced in rats treated with a single dose of SU5416 where
intravenous treatment with hA1AT protein prevented the in-
crease in mean linear intercept and the decrease in the surface–
volume ratio (Figure E2) induced by the VEGFR blockade at
3 wk.

hA1AT Protected against VEGFR Blockade–induced
Apoptosis of Alveolar Cells

In line with our previous findings that emphysema caused by
VEGFR inhibition involves both apoptosis and oxidative stress
(27), hA1AT overexpression significantly attenuated VEGFR
blockade–triggered lung cellular apoptosis, as measured by
caspase-3 IHC (Figures 3A and 3B), caspase-3 activity assay (Figure
3C), and terminal deoxynucleotidyl transferase-mediated dUTP
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Figure 1. Enhanced expression levels of human �1-antitrypsin
(hA1AT) in the mouse lung and serum after adeno-associated
virus (AAV) transduction. (A) hA1AT transduced by intratra-
cheal instillation. hA1AT protein measured in bronchoalveolar
lavage (BAL) and serum by ELISA 4 wk after hA1AT-AAV
(n � 8) or empty virus (c-AAV, n � 8) transduction and
SU5416 (vascular endothelial growth factor receptor inhi-
bition [VEGFR-inh], 20 mg/kg subcutaneously) or vehicle
control (Ctl) administration (*p � 0.01). (B) hA1AT trans-
duced by intramuscular hA1AT expression by immunohis-
tochemistry (brown, arrows; bar � 50 �m) in mouse lung
3 wk after hA1AT-AAV transduction and VEGFR-inh admin-
istration (n � 4/group). (C ) Alveolar colocalization of
hA1AT (in green) with alveolar cell–specific markers (in red,
arrowheads): CD34 (endothelial cells), surfactant protein
C (SPC; type II epithelial cells), or smooth muscle actin
(SMA; interstitial myofibroblasts) in mice transduced with
intramuscular hA1AT-AAV and treated with VEGFR-inh.
Note colocalization in endothelial, epithelial, and interstitial
fibroblasts (in yellow, arrows). Controls: (upper panel, nega-
tive control) hA1AT � VEGFR-inh–treated lung stained with
goat serum and (lower panel, positive control) human liver
with A1AT deficiency stained with hA1AT antibody. Note
intense homogenously and granular fluorescence staining
in hepatocytes, the latter representing polymerized A1AT,
characteristic of A1AT deficiency (bars � 100 �m; nuclei
blue, 4,6 diamidino-2 pheylindole [DAPI]). (D ) Endogenous
mouse A1AT levels in the lung and liver lysates by Western
blotting with a specific mouse A1AT antiserum. Controls
are purified hA1AT protein and mA1AT (recombinant
mouse A1AT). Note the lack of significant increases in the
mouse A1AT in response to hA1AT-AAV injection compared
with empty virus–treated animals.

nick end labeling (TUNEL) (Figure 3D) in treated lungs. The
protection afforded by AAV-transduced hA1AT was specific,
because overexpression of the empty virus did not decrease
SU5416-induced apoptosis and, in high titers (1013) intratra-
cheally, the empty virus alone increased lung apoptosis (not
shown). Similar antiapoptotic effects of A1AT were obtained
in the rat lung, where intravenous administration of hA1AT
decreased the abundance of active caspase-3–positive alveolar
septal cells, typically seen with the VEGFR blockade (Figure E2).
To ensure that the antiapoptotic effect of hA1AT was unrelated
to an interaction of A1AT with SU5416, we blocked VEGFRs
with specific rat monoclonal antibodies against VEGFR-2
(DC101 antibody) and VEGFR-1 (MF1 antibody) (32). In com-

bination, the VEGFR-blocking antibodies induced significant
alveolar cell apoptosis in mice at 4 wk. hA1AT overexpression
via intracheal hA1AT-AAV markedly protected against VEGFR
antibody–induced lung apoptosis measured by caspase-3 activity
assay (Figure 4A) or active casapase-3 IHC (Figure 4B). Taken
together, these results suggest that A1AT inhibits apoptosis in
structural lung alveolar cells.

hA1AT Augmentation Decreased Oxidative Stress Levels
Induced by VEGFR Blockade

In the VEGFR blockade model, apoptosis and oxidative stress
mutually interact as they cause disappearance of the alveolar cells
(27). hA1AT-AAV (intramuscular), but not c-AAV, decreased
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Figure 2. Protective effect of hA1AT overexpression on the alveolar space enlargement triggered by VEGFR inhibition in mice. (A ) Morphometric
measurements of alveolar perimeters of VEGFR-blocked lungs performed 4 wk after the intratracheal delivery of hA1AT-AAV (median; *p � 0.05
vs. Ctl, #p � 0.05 vs. VEGFR-inh). (B ) Representative histology after intratracheal transduction of hA1AT-AAV and VEGFR inhibitor SU5416. Note
the alveolar space enlargement induced by the VEGFR blockade (arrows; bars � 50 �m) and attenuation by hA1AT-AAV.

levels of reactive oxygen species assessed by nitrotyrosine and
4-hydroxynonenal expression (Figures 5A and 5B). Consistent with
enhanced reactive oxygen species production, the VEGFR inhibi-
tion caused an increased lung catalase activity, which was attenu-
ated by hA1AT overexpression (intratracheal; Figure 5C).

DISCUSSION

Our studies support a novel antiapoptotic function of hA1AT in
the lung, uncoupled from its inhibition of neutrophil-generated

Figure 3. Inhibitory effects of hA1AT augmentation on
lung apoptosis in the VEGFR blockade model. (A–C ) Effect
of hA1AT on SU5416-induced apoptosis in mice. (A, B )
Active caspase-3 expression (cells per field [cpf] normalized
by alveolar perimeter, mean � SEM; p � 0.05 vs. Ctl* and
vs. VEGFR-inh#) is shown in (B ) as representative panel
(positive cells in brown, arrows; bar � 50 �m) at 3 wk after
SU5416 administration. (C ) Lung caspase-3 activity (�
SEM; p � 0.05 vs. Ctl* and vs. VEGFR-inh#). Measurements
performed 4 wk after SU5416 administration. (D ) Apo-
ptotic nuclei detected by terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling (TUNEL) staining
(green, arrow) in the upper panels. Note increased apoptotic
nuclei in the VEGFR-inh animals receiving the empty virus,
compared with the hA1AT virus. Lower panels show total
alveolar nuclear counterstaining with DAPI, in blue. Repre-
sentative sections of n � 3 mice/group.

serine proteases, and provide the framework for future studies
addressing how A1AT is internalized in alveolar cells and inhib-
its alveolar structural (noninflammatory) cell apoptosis.

Prior experimental evidence of protection afforded by
hA1AT to cigarette smoke exposure–induced lung injury (33)
and liver and kidney ischemia–reperfusion injury (18, 19) could
not dissect the particular contribution of a direct prosurvival
effect of hA1AT vis-à-vis its effects on neutrophil elastase. Our
experimental approach allowed us to demonstrate that the pro-
tection of hA1AT against apoptosis-dependent emphysema was
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Figure 4. Effect of hA1AT on VEGFR antibody–induced apoptosis in
mice. (A ) Lung caspase-3 activity (� SEM; p � 0.05 vs. Ctl* and vs.
VEGFR-inh#) and (B ) active caspase-3 expressing cells (immunohisto-
chemistry), positive cpf normalized by total number of DAPI-stained
nuclei in mouse alveoli at 4 wk after intratracheal transduction of
c-AAV or hA1AT-AAV and VEGFR inhibition with a combination of
VEGFR-1 and -2 neutralizing antibodies (DC101 and MF1, respectively)
or Ctl (rat IgG; mean � SD; *p � 0.05), 4 wk after DC101 and MF1
(VEGFR neutralizing) antibody administration (800 �g thrice weekly
intraperitoneally; n � 3 in control groups, n � 4 in treatment groups).

Figure 5. Lung antioxidative
effects of hA1AT augmentation
in the VEGFR blockade and
caspase-3 instillation models.
(A–B ) Intramuscular trans-
duction of hA1AT-AAV in the
SU5416-treated mouse. (A) Rep-
resentative immunohistochem-
istry (IHC) of nitrotyrosine (in
brown, arrow, upper panel; bar �

50 �m) and 4-hydroxy-nonenal
(in red, arrows, lower panel and
inset) expression at 3 wk VEGFR
blockade. (B) Nitrotyrosine ex-
pression (cpf by IHC, mean �

SD; *p � 0.05 vs. Ctl #p � 0.05
vs. VEGFR-inh. (C) Intratracheal
transduction of hA1AT-AAV
in the SU5416-treated mouse.
Lung catalase activity 4 wk
after VEGFR-inh administration
(mean � SEM; *p � 0.05 vs. Ctl
#p � 0.05 vs. VEGFR-inh).

achieved by hA1AT overexpressed either systemically or locally
in lung. Because hA1AT supplementation was required to block
apoptosis of alveolar cells, it became apparent that endogenous
A1AT could not rescue the apoptosis and oxidative stress caused
by emphysema triggers. Similar implications are derived from
findings that even mild decreases in serum A1AT characteristic
of Pi MZ individuals may increase their risk of lung disease (34,
35), and that impaired A1AT function (despite normal serum
levels) from post-translational modifications by free radicals
may contribute to acquired emphysema due to cigarette smoking
(7, 8). Although our study was not specifically designed to test an
hA1AT dose response against apoptosis-dependent emphysema,
we observed clear beneficial effects of hA1AT at concentrations
of up to 30 �g/ml. We noticed enhanced intracellular accumula-
tion of hA1AT in septal cells (Figure 1), despite serum increases
of only up to 1% of predicted mouse serum A1AT levels. It is
conceivable that the intratracheal instillation resulted in alveolar
cell AAV infection and intracellular accumulation of hA1AT.
Because intramuscular or intravenous administration afforded
similar lung protection, hA1AT may be preferentially internal-
ized by alveolar cells as compared with mouse A1AT. This might
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be particularly relevant for C57Bl/6 mice, with increased suscep-
tibility to emphysema attributed to their lower lung A1AT levels
(36). Importantly, the 40% differences in BAL A1AT levels
between susceptible and resistant strains suggest that even mod-
erate increases in lung A1AT, as observed in our experiments,
may protect against emphysematous lung injury (defined in our
studies by a combination of alveolar cell apoptosis, alveolar space
enlargement, and enhanced lung oxidative stress). A differential
cell-entry or antiapoptotic function of mouse versus hA1AT
could be explained by structural differences (60% overlap in
amino acid sequence; Figure E1), which are supported by immu-
nogenicity of hA1AT after prolonged administration in mice
(31), and a possible lower antielastase activity of the mouse
A1AT, compared with hA1AT (37). As mentioned, the oxidative
stress from VEGFR blockade may induce localized decreases
in mouse A1AT activity or intracellular availability.

Our findings broaden the lung protective roles of A1AT
beyond its effects on neutrophil elastase, to include apoptosis
blockade. A1AT is among several serum proteins that can rescue
serum withdrawal-induced apoptosis (20), suggesting a tonic pro-
survival effects of A1AT exerted by a yet unknown mechanism.
When analyzed in the context of unpublished observations of
direct interaction between hA1AT and active caspase 3 in vitro
(38), the in vivo antiapoptotic effects of hA1AT may be direct,
intracellular, and mediated by specific interactions with active
caspase-3 in apoptosis, as we found in a parallel line of inves-
tigation of the mechanisms involved in caspase-3 inhibition
of hA1AT (Petrache and colleagues, unpublished manuscript,
2006). These findings argue against a direct effect specifically
linked to VEGFR blockade–initiated vascular injury. Three
other serpins, poxvirus CrmA (39), the endogenous proteinase
inhibitor-9 (40), and plasminogen activator inhibitor type-1 (41),
have been shown to be endogenous caspase inhibitors, yet their
mechanism of action remains unknown. Bona-fide mammalian
inhibitors of caspase-3, such as the inhibitor of apoptosis XIAP,
share the BIR2 domain, which is structurally unrelated to A1AT
(NCBI blast). Similarly, a prosurvival effect of transduced A1AT
may occur via inhibition of intracellular serine proteases impli-
cated in apoptosis (42). Although our main hypothesis is that
the protection afforded by the A1AT augmentation against oxi-
dative stress is explained by a reduction in the burden of apo-
ptotic cells in the lung, a direct antioxidative stress effect of
A1AT cannot be excluded (see the increase in baseline catalase
activity observed with the hA1AT-AAV in Figure 5).

An important development from our studies will be the inves-
tigation of mechanisms by which A1AT (native or polymerized)
elicits intracellular responses in cells other than hepatocytes
(the major synthetic source of A1AT). The nonserpin actions
of hA1AT may involve receptor-dependent and/or -independent
effects, and be part of a growing novel intracellular actions in-
volved in cell signaling, as our results imply, in cell protection.
Although the lung itself is not a major source of A1AT synthesis,
local production or accumulation of A1AT (43) may exert impor-
tant roles in the maintenance of alveolar cell survival.

There is increasing evidence of novel biological effects of
A1AT beyond its inhibition of elastolysis, such as inhibition
of proinflammatory response (44), and based on our studies, as
inhibition of lung structural cell apoptosis, possibly indepen-
dent of its inhibitory effects on neutrophil elastase. These
properties of A1AT may broaden its role in the lung structural
maintenance, its impact in emphysema development, and in sys-
temic diseases also characterized by inflammation, oxidative
stress, and apoptosis.
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