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a1-antitrypsin deficiency is a rare genetic condition that can
cause liver and/or lung disease. There is currently no cure for
this disorder, although repeated infusions of plasma-purified
protein may slow down emphysema progression. Gene therapy
in which a single recombinant adeno-associated viral vector
(rAAV) administration would lead to sustained protein expres-
sion could therefore similarly affect disease progression, and
provide the added benefits of reducing treatment burden and
thereby improving the patient’s quality of life. The study pre-
sented here tests whether treating the Serpina1a-e knockout
mouse model of a1-antitrypsin-deficiency lung disease with
gene therapy would have an impact on the disease course, either
on spontaneous disease caused by aging or on accelerated dis-
ease caused by exposure to cigarette smoke. Liver-directed
gene therapy led to dose-dependent levels of biologically active
human a1-antitrypsin protein. Furthermore, decreased lung
compliance and increased elastic recoil indicate that treated
mice had largely preserved lung tissue elasticity and alveolar
wall integrity compared with untreated mice. rAAV-mediated
gene augmentation is therefore able to compensate for the
loss of function and restore a beneficial lung protease-antipro-
tease balance. This work constitutes a preclinical study report
of a disease-modifying treatment in the Serpina1a-e knockout
mouse model using a liver-specific rAAV serotype 8 capsid.

INTRODUCTION
Emphysema is a major life-limiting chronic obstructive pulmonary
disease (COPD) condition, and the leading genetic cause of it is amono-
genic disease, a1-antitrypsin deficiency (AATD).1–4 AATD is an auto-
somal codominant disorder caused by variants in the SERPINA1 gene
encoding serine protease inhibitor a1-antitrypsin (AAT) protein.
AATD has been recognized in all populations worldwide.5 However,
it is a largely underdiagnosed monogenic condition, and less than
10% of severely deficient individuals are currently identified.6–8

Over 80% of AAT is synthesized and secreted by hepatocytes, and
0.5%–10% reaches the alveolar fluid from plasma, with local concen-
trations ranging from 100 to 300 mg/mL.9 The normal range of circu-
lating AAT protein level is estimated to be 20 to 53 mM (1,000 to
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2,000 mg/mL). Based on genotype-phenotype studies, it is estimated
that plasma levels below the serum protective threshold of 11 mM
(572 mg/mL) significantly increase the risk of developing lung
emphysema.10

Low levels of circulating AAT have been found to result in excessive
cleavage of extracellular and cell-surface proteins in the alveolar
epithelium by a number of proteolytic enzymes, including neutrophil
elastase, proteinase 3, cathepsin G, and neutrophil serine protease 4,
released from activated neutrophils.11–17 AAT is also antiapoptotic in
pulmonary endothelial cells, primarily via the inhibition of
caspase-3.18,19

AAT functions to irreversibly inactivate excess free serine proteinase
elastase released by neutrophils during inflammation caused by respi-
ratory infections, air pollutants, and cigarette smoke, thus protecting
the alveolar interstitium and capillary bed from degradation and
enabling regeneration of the pulmonary parenchyma.20–22 AAT defi-
ciency is further exacerbated clinically through oxidant-mediated
inactivation in the context of tobacco smoke exposure.23

Emphysema is characterized by destruction of the interalveolar septa,
loss of capillaries, reduced lung elastic recoil, and diminished lung
diffusion capacity and, as a result, life-threatening respiratory insuffi-
ciency in human patients. AATD subjects can suffer from liver disease
of varying severity at a very young age; however, lung disease is the
principal cause of mortality among elderly subjects.4,8,24

Currently there is no cure for AATD. Although AAT protein
augmentation therapy is safe and effective at slowing emphysema
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progression in AAT-deficient patients, it requires costly weekly intra-
venous infusions of pooled human donor plasma in order to maintain
sufficiently high levels of AAT protein in serum and lung epithelial-
lining fluid.25

In contrast, gene therapy may offer treatment of AATD following a
one-time administration of a recombinant adeno-associated viral vec-
tor (rAAV) that mediates SERPINA1 gene delivery and long-term
AAT expression.26,27 Several studies have established proof of concept
in animal models through liver-directed,28–30 muscle-directed,31–33 or
lung-directed routes.34–37

In this study we demonstrate the therapeutic efficacy of liver-directed,
rAAV-mediated delivery of the human SERPINA1 gene for emphy-
sema therapy. We used the Serpina1a-e Null (hereafter “knockout”)
mouse generated in our laboratory as a model of spontaneous and
cigarette smoke-aggravated genetic emphysema. Due to the absence
of endogenous mouse AAT protein, these mice closely recapitulate
the specific clinical characteristics of bilateral panacinar emphysema
found in AAT null patients.38,39 We provide here evidence of thera-
peutic gene augmentation that compensates for the loss of AAT func-
tion through restored protease-antiprotease balance in vivo.

RESULTS
Aged Serpina1a-e knockout mice spontaneously develop an

emphysema phenotype

To determine a therapeutic window, aged Serpina1a-e knockout mice
were examined for pulmonary phenotype at the ages of 18, 28, and
52 weeks, and the averages of three maneuvers per mouse were
compared with those of age-matched wild-type mice. The upward
shift of pressure-volume loops showed that the lung volumes of Serpi-
na1a-e knockout mice continuously increased from 0.59 ± 0.07 to
0.64 ± 0.08 to 0.70 ± 0.08 mL, while 52-week-old wild-type mice
reached a maximum lung volume of 0.63 ± 0.07 mL (Figures 1A
and 1B). Accordingly, lung compliance significantly increased from
0.084 ± 0.002 mL/H2O in 18-week-old and 0.089 ± 0.002 mL/H2O
in 28-week-old to 0.10 ± 0.003 mL/H2O in 52-week-old knockouts,
compared with 18-week-old (0.075 ± 0.002 mL/H2O), 28-week-old
(0.081 ± 0.002 mL/H2O), and 52-week-old (0.082 ± 0.002 mL/H2O)
wild-type mice (Figure 1C). Importantly, tissue elastance decreased
from 20.55 ± 0.48 cm/H2O/s/mL in 18-week-old and 18.82 ±

0.61 cm/H2O/s/mL in 28-week-old to 15.28 ± 0.26 cm/H2O/s/mL in
52-week-old knockoutmice, while no significant change was observed
in wild-type mice between 28 and 52 weeks of age (22.55 ± 0.59,
19.85 ± 0.46, 19.00 ± 0.52 cm/H2O/s/mL) (Figure 1D). Destruction
of the alveolar walls followed by degradation of the lung parenchyma
may hypothetically be causing the observed overinflation of the lung.
We thereforemeasured alveolar air spaces in lung sections (Figure 1E).
The enlargement of alveolar spaces was evident from the decreased
probability density in the healthy alveolar diameter range (20–
40 mm) and corresponding increased probability density in the
damaged range (50–80 mm) in Serpina1a-e knockout mice of all three
age groups, compared with age-matched wild-type mice (Figures 1F
and S1A–A1C).Overall, these results point to an early onset of a slowly
426 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
progressing lung emphysema phenotype in Serpina1a-e knockout
mice. Moreover, the observed decline in pulmonary function and
enlargement of alveolar air spaces in knockout mice are associated
with a decrease in lung parenchyma elastic recoil, which influences
emphysema disease severity.
rAAV-mediated expression of SERPINA1 produces therapeutic

levels of biologically active a1-proteinase inhibitor and protects

Serpina1a-e Null mice from emphysema

To test treatment efficacy, Serpina1a-e knockout mice were treated as
young adults and followed up longitudinally. An rAAV vector ex-
pressing wild-type human AAT (hAAT) (Figure 2A) was systemically
injected into 16-week-old knockout mice at two different doses
(1.4 � 1011 and 5.0 � 1010 genome copies [gc]/mouse), and the ani-
mals were subsequently followed for 36 weeks (Figure 2B). At study
end, pulmonary mechanics were assessed and three maneuvers per
mouse were averaged. Lung volumes of rAAV-treated knockout
mice (0.64 ± 0.08 and 0.66 ± 0.08 mL for the 1.4 � 1011 and
5.0 � 1010 gc doses, respectively) were comparable to that of wild-
type controls (0.63 ± 0.07 mL) but differed from that of vehicle-
treated knockouts (0.72 ± 0.08 mL) (Figures 2C and 2D). Lung
compliance was significantly decreased in rAAV-treated knockouts
(0.091 ± 0.002 and 0.094 ± 0.002 mL/H2O for the 1.4 � 1011 and
5.0 � 1010 gc doses, respectively) as compared with vehicle-treated
mice (0.10 ± 0.002 mL/H2O) and was comparable to that of wild-
type controls (0.088 ± 0.002 mL/H2O) (Figure 2E). Tissue elastance
was significantly preserved in mice treated with 1.4 � 1011 gc
(16.77 ± 0.74 cm/H2O/s/mL) compared with wild-type controls
(18.16 ± 0.52 cm/H2O/s/mL), while mice treated with 5.0 � 1010 gc
showed no improvement and retained a tissue elastance (15.65 ±

0.38 cm/H2O/s/mL) comparable to that measured in vehicle-treated
mice (15.03 ± 0.25 cm/H2O/s/mL, Figure 2F). rAAV treatment pro-
duced levels of hAAT that were stable over the duration of the study
(�3,000 mg/mL (�58 mM) at high dose and�1,000 mg/mL (�19 mM)
at low dose as measured at the endpoint, Figure 2G); quantification of
the protein biological activity against human elastase indicated that
the secreted hAAT protein was biochemically active and could effec-
tively inhibit neutrophil elastase (Figure 2H). Cellular analysis of
bronchoalveolar lavage cytospins reflected an unchanged presence
of lymphocytes in vehicle-treated (21.0% ± 4.8% and 20.8% ±

1.8%) and in rAAV-treated (11.6% ± 2.2% and 11.2% ± 1.9%)
knockout mice. However, significantly increased presence of neutro-
phils (18.1% ± 1.4%) was evident in vehicle-treated knockouts (n = 3)
compared with (7.0% ± 0.8%) wild-type controls, whereas a signifi-
cantly reduced influx of neutrophils, 3.3% ± 1.0% and 2.7% ± 0.9%,
was measured in the rAAV-treated knockouts at 1.4 � 1011 and
5.0 � 1010 gc dose, respectively (Figure 2I). Finally, we measured
lung air spaces in rAAV-treated and vehicle-treated knockout mice.
An increased probability density in the healthy alveolar diameter
range (20–30 mm) and decreased probability density in the damaged
alveolar diameter range (50–70 mm) were observed in rAAV-treated
mice compared with vehicle-treated controls (Figures 3A and 3B),
demonstrating preservation of the interalveolar septa.
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Figure 1. Aged Serpina1a-e knockout mice spontaneously develop an emphysema phenotype

Key respiratory parameters were assessed in knockout and age-matched wild-type mice. Averages of three maneuvers per mouse are shown, along with the age group

mean. (A and B) Pressure-volume (PV) loops (red dotted line, 18-week-old knockouts, n = 7; red dashed line, 28-week-old knockouts, n = 8; red solid line, 52-week-old

knockouts, n = 9; gray solid line, 52-week-old wild-type control, n = 6). (C) Static compliance and (D) tissue elastance (red circle, knockout mice; gray circle, age-matched

wild-type control mice). Histological changes were assessed in fixed lung sections. (E) Representative segmented images of left lung lobe showing airway and alveolar

boundaries (black contour line) (52-week-old wild-type mouse (left top and bottom) and age-matched knockout mouse (right top and bottom)) (see also Materials and

methods). (F) Histogram of distribution, showing the decreased probability density in the healthy alveolar diameter range (20–40 mm) and increased probability density in the

damaged range (50–80 mm) in 52-week-old knockout mice (red bar) compared with control, wild-type mice (gray bar) (n = 5 wild type; n = 7 knockout). Shift of PV loops

upward (in A), increased lung compliance, and decreased elastic recoil are due to destruction of alveolar walls (in E, right) followed by degradation of lung parenchyma that is

causing overinflation of the lung. Error bars represent the SEM. Statistical significance was determined by two-tailed unpaired t test, except for the PV loops (two-way

ANOVA). ns, p > 0.05; *p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001. Scale bars, 1 mm (top), 150 mm (bottom).
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Figure 2. rAAV-mediated SERPINA1 transgene expression produces therapeutic levels of biologically active a1-proteinase inhibitor and preserves

pulmonary function in aged Serpina1a-e knockout mice

(A) Schematic of the single-function pCB-hAAT vector construct. The expression cassettes contain a single-stranded DNA molecule with AAV serotype 2 inverted terminal

repeats (ITRs) flanking a gene cassette comprising cytomegalovirus immediate-early enhancer/chicken b-actin hybrid promoter sequences, cDNA encoding wild-type

human a1-antitrypsin (AAT) with exon 1C, and an SV40 polyadenylation signal. The expression cassette was packaged in the liver-specific AAV serotype 8 capsid. (B)

Schematic showing the experimental design: the rAAV-hAAT single-function vector was systemically infused by a single tail vein injection at two different doses into the livers

of 16-week-old knockout mice, and the animals were subsequently followed for 36 weeks. Mouse serum was collected to measure levels of human AAT by ELISA at various

(legend continued on next page)
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Cigarette smoke exposure accelerates emphysema

development in young adult Serpina1 a-e knockout mice

Young adult (10 weeks old) knockout and wild-type mice were
whole-body exposed to cigarette smoke for a period of 8 weeks (Fig-
ure 4A) to accelerate the emphysema phenotype development. In
the whole-body exposure chamber, cigarette smoke can be absorbed
through the skin and the gastrointestinal tract. Cotinine, the pri-
mary metabolite of nicotine, was therefore used as a biomarker of
exposure to toxic tobacco agents. At baseline (room air), serum
levels of cotinine in knockout and wild-type animals were similar
(0.54 ± 0.48 and 0.35 ± 0.18 ng/mL, respectively). Exposure to
four cigarettes for 20 min produced comparable serum levels of co-
tinine in wild-type (5.0 ± 0.3 ng/mL) and knockout mice (5.6 ±

0.6 ng/mL), as measured by anti-mouse soluble cotinine ELISA
(Figure 4B). Pulmonary mechanics were assessed in age-matched
knockouts and wild-type mice exposed to either cigarette smoke
or room air. An upward shift of pressure-volume loops was
observed in the knockouts exposed to cigarette smoke (0.59 ±

0.07 mL) as opposed to room air (0.68 ± 0.08 mL, Figure 4C), as
well as increased compliance (from 0.082 ± 0.002 to 0.10 ±

0.002 mL/H2O, Figure 4D) and decreased tissue elastance (from
19.89 ± 0.50 to 18.00 ± 0.42 cm/H2O/s/mL, Figure 4E). There
were no changes in lung volumes (0.54 ± 0.07 mL versus 0.52 ±

0.06 mL), compliance (0.074 ± 0.002 mL/H2O versus 0.74 ±

0.003 mL/H2O) or tissue elastance (23.31 ± 0.78 cm/H2O/s/mL
versus 23.26 ± 0.68 cm/H2O/s/mL) in cigarette smoke-exposed
versus room air-exposed wild-type mice (Figures 4C–4E). Profound
damage to the lung microarchitecture was observed in cigarette
smoke-exposed knockout mice (Figures 4F–4H). Probability density
of alveolar spaces in the healthy alveolar diameter range (20–40 mm)
was significantly decreased, and a respective increase in enlarged
alveolar spaces (70 mm) was evident in cigarette smoke-exposed
knockout mice compared with room air-exposed knockout mice
(Figure 4I). No changes in alveolar spaces were measured in wild-
type mice in response to exposure (Figure 4J). Therefore, the pro-
posed regimen of cigarette smoke exposure induced the aggravated
destruction of alveolar walls and resulted in the accelerated decline
of lung function in Serpina1a-e knockout mice, but not in wild-type
mice, which tolerated it well.
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rAAV-mediated expression of SERPINA1 protects lung

parenchyma and preserves pulmonary function in Serpina1a-e

knockout mice exposed to cigarette smoke

rAAV-hAAT was systemically injected into 12-week-old knockout
mice at two different doses (5.0� 1010 and 2.9� 1011 gc/mouse, Fig-
ure 5A). Two weeks post-treatment, the mice were exposed to ciga-
rette smoke for a period of 8 weeks (Figure 5B), after which pulmo-
nary mechanics were assessed. At both doses, rAAV-treated
knockout mice demonstrated decreased lung volumes (0.60 ± 0.07
and 0.61 ± 0.07 mL compared with 0.68 ± 0.08 mL in vehicle-treated
knockouts, Figures 5C and S2A), decreased lung compliance
(0.085 ± 0.003 and 0.086 ± 0.002 mL/H2O compared with 0.096 ±

0.002 mL/H2O in vehicle-treated knockouts, Figures 5D and S2B),
and increased elastic recoil (19.78 ± 0.61 and 20.63 ± 0.45 cm/
H2O/s/mL compared with 17.60 ± 0.36 cm/H2O/s/mL in vehicle-
treated knockouts, Figures 5E and S2C). The significantly improved
lung function indicates that rAAV-AAT treatment helped to pre-
serve the elastic properties of lung tissue and the integrity of alveolar
walls compared with untreated AAT knockout control mice.
Accordingly, protection of the alveolar septa was evident from
increased probability density in the healthy alveolar diameter range
(30–40 mm) and decreased probability density in the damaged
alveolar diameter range (60 mm) in rAAV-treated Serpina1a-e
knockout mice exposed to cigarette smoke compared with vehicle-
treated control mice (Figures 5F–5H, S2D, and S2E). Serum hAAT
protein reached levels of �3,000 mg/mL (�58 mM) at the
5.0 � 1010 gc/mouse dose and 10,000 mg/mL (�2,100 mM) at the
2.9 � 1011 gc/mouse dose (Figures 5I and S2F). At the baseline, un-
der room air exposure, bronchoalveolar lavage differential cell
counts in 22-week-old knockouts were comparable to the corre-
sponding cell counts found in age-matched wild-type mice
(4.6% ± 0.7% and 4.6% ± 0.9% for lymphocytes, 0.67% ± 0.33%
and 0.83% ± 0.60% for neutrophils, respectively). In contrast,
cellular analysis demonstrated increased inflammatory cell profiles
of both lymphocytes (7.6% ± 0.7%) and neutrophils (2.90% ±

0.58%) in cigarette smoke-challenged knockouts compared with
knockouts exposed to room air. The lavage cellular counts did not
change significantly in smoke- compared with room air-exposed
wild-type mice. Remarkably, both the lymphocyte and the
rs were assessed in rAAV-injected mice and compared with vehicle-treated age-
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Figure 3. rAAV-mediated SERPINA1 transgene expression protects alveolar wall integrity in Serpina1a-e knockout mice

Histological changes were assessed in fixed lung sections. (A) Representative segmented images of left lung lobe showing airway and alveolar boundaries (black contour line)

in knockouts dosed at 1.4� 1011 gc/mouse (left top and bottom) and knockouts dosed at 5.0� 1010 gc/mouse (right top and bottom) (see also Materials and methods). (B)

Histograms of distribution, showing the increased probability density in the healthy alveolar diameter range (20–40 mm) and decreased probability density in the damaged

range (50–80 mm) in knockout mice treated with rAAV at 1.4� 1011 gc (blue bars, left, n = 6) or rAAV at 5.0� 1010 gc (green bars, right, n = 4), compared with vehicle-treated

knockoutmice (red bars, n = 7). Error bars represent the SEM. Statistical significance was determined by two-tailed unpaired t test. ns, p > 0.05; *p% 0.05; **p% 0.01. Scale

bars, 1 mm (top), 150 mm (bottom).
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neutrophil counts were significantly reduced (3.33% ± 0.88% and
0.5% ± 0.1%, respectively) in cigarette smoke-exposed knockout
mice treated with 5.0 � 1010 gc/mouse dose of vector and were close
to counts found in cigarette smoke-exposed wild-type mice (3.00% ±

0.80% and 0.50% ± 0.10%, respectively) (Figure 5J). Neither lympho-
cyte nor neutrophil counts were significantly changed in knockout
mice treated with 2.9 � 1011 gc compared with control knockout
and wild-type mouse groups (Figure S2G).
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DISCUSSION
Emphysema is a condition that is anatomically characterized by
abnormal enlargement of the alveolar spaces resulting in loss of lung
elastic recoil. We previously described the generation of the Serpi-
na1a-e knockout model and showed that this mouse had undetectable
levels of murine AAT and developed spontaneous emphysema, mak-
ing this model highly relevant not only to the preclinical development
of therapeutics for AATD, but also to research on smoking-related
022



Figure 4. Cigarette smoke exposure accelerates emphysema development in young adult Serpina1a-e knockout mice

(A) Schematic showing the experimental design: 10-week-old knockout and wild-type mice were whole-body exposed to cigarette smoke for 8 weeks (see Materials and

methods). The level of systemic exposure was assessed in knockout and wild-type mice. (B) Exposure to four cigarettes for 20 min produced comparable serum levels of

nicotine metabolite cotinine in wild-type and knockout mice as measured by anti-mouse soluble cotinine ELISA. Key respiratory parameters were assessed in age-matching

cigarette smoke- and room air-exposed knockouts and wild-type mice and the averages of three maneuvers per mouse are shown, along with the age groupmean. (C) Pres-

sure-volume (PV) loops (red solid line, cigarette smoke-exposed knockouts, n=7; reddashed line, roomair-exposed knockouts, n=7; gray dashed line, roomair-exposedwild

type, n = 5; gray solid line, cigarette smoke-exposed wild type, n = 8). (D) Static compliance and (E) tissue elastance are shown. Histological changes were assessed in fixed

lung sections. (F–H) Representative segmented images of left lung lobe showing airway and alveolar boundaries (black contour line) (cigarette smoke-exposed wild-type con-

trol [F], cigarette smoke-exposed knockouts [G], and age-matched room air-exposed knockouts [H]) (see also Materials and methods). (I) Histogram of distribution, showing

remarkably decreased probability density in the healthy alveolar diameter range (20–40mm) and increased probability density in the damaged range (50–80mm) in 18-week-old

cigarette smoke-exposed knockoutmice (white bar outlined in red, n = 8) comparedwith roomair-exposed knockout control (red bar, n = 5). (J) No change in alveolar diameter

(legend continued on next page)
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non-genetic emphysema. As detailed in our previous publication,
three lines of quintuple Serpina1a-e gene knockout mice were gener-
ated (A, B, and C), and the first two (A and B) were characterized. The
difference between the three lines is at the DNA serpinA1 locus level.
While all three lines have the same phenotype, resulting from com-
plete absence of circulating AAT, the resulting gene editing events
for how each of the genes was disrupted were unique among the three
lines.39 Therefore, we used mouse line C, which was not characterized
earlier, and confirmed that the line C phenotype is consistent with
those of line A and line B.

Here, we expanded on the prior work and implemented a cigarette
smoke exposure protocol, which accelerated the decline in lung func-
tion in Serpina1a-e knockout mice, while wild-type mice were not
affected. We demonstrated that in the absence of functional AAT,
cigarette smoke induced aggravated destruction of alveolar walls
and changes in the lung mechanical behavior associated with loss
of lung tissue elastic recoil. These findings parallel clear evidence
that for individuals with AATD, smoking is a major risk factor for
lung disease. Emphysema in smokers is associated with greater
chronic expiratory airflow obstruction, increased rate of airflow
decline over time, younger age of disease onset, and overall shorter
life expectancy.40

The primary objective of this study was to test the efficacy of rAAV-
mediated human SERPINA1 gene constructs for liver-directed ther-
apy of slowly progressing and accelerated pulmonary emphysema
in Serpina1a-e knockout mice. We tested the efficacy of the two
AAV vectors for human SERPINA1 gene delivery and hAAT protein
expression by hepatocytes using AAT null mice. We did not intend to
compare the potency or the efficacy of the two constructs. While the
single-function vector was designed to deliver wild-type hAATM, the
dual-function vector construct was designed to deliver hAAT M
Ala213. The latter naturally occurring variant represents an amino
acid substitution in the AAT M protein at 213, of Val to Ala, which
is overrepresented in patients with the PiZ mutation. This variant
has no apparent effect on the function or metabolism of the protein
and it is functionally identical to wild-type hAAT M.41

Treatment with rAAV generated dose-dependent systemic levels of
hAAT protein that rise significantly above the serum protective
threshold level of 572 mg/mL (11 mM). In particular, the levels up
to 10,000 mg/mL (>2,000 mM) at a dose of 2.9 � 1011 gc per animal
are 10 to 5 times the normal human levels estimated to be 1,000 to
2,000 mg/mL (20–53mM). Measurements of the biological activity of
hAAT against human neutrophil elastase indicated that the liver
secreted biochemically active hAAT, which could inhibit neutrophil
elastase. Transgene levels were sufficient to restore the protease-anti-
distributionwas observed inwild-typemice (gray bar, roomair, n =4;white bar outlined in

(in D), and decreased tissue elastance (in E) are due to cigarette smoke-induced destru

evident as early as 18 weeks of age in cigarette smoke-exposed knockout mice, while

bars represent the SEM. Statistical significance was determined by two-tailed unpaired t

***p % 0.001; ****p % 0.0001. Scale bars, 1 mm (top), 150 mm (bottom).
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protease balance and halt the irreversible degradation of elastin that
provides resilience and elasticity to the lung tissue. Decreased lung
compliance and increased elastic recoil indicate that mice treated
with rAAV-hAAT largely conserved the elastic properties of their
lung tissue compared with vehicle-treated controls. Remarkably, a
significant presence of neutrophils in lung airways correlated with
progression of emphysema in both the spontaneous and the cigarette
smoke exposure models, supporting the idea that neutrophil recruit-
ment plays a role in this mouse model, as it does in humans. We also
observed increased presence of lymphocytes in both knockout and
wild-type mice enrolled in the longitudinal study. One possible hy-
pothesis is aging. This age-related increased influx of lymphocytes
would be supported by the literature in both humans and mice.42,43

Given the data provided here and from several earlier studies, we
can now conclude that alveolar destruction is driven largely by
increased levels of elastase activity derived from activated
neutrophils.13,16,21,39,44,45 In summary, we propose the Serpina1a-e
knockout mouse as a model of genetic and cigarette smoke-induced
emphysema; we further provide evidence that rAAV-mediated gene
therapy can compensate for the loss-of-function disease and restore
protease-antiprotease balance and ultimately prevent development
of or slow down the progression of SERPINA1-associated lung dis-
ease. Restoration of the protease-antiprotease balance may also lead
to more successful outcomes of regenerative therapy for AATD pa-
tients at different stages of emphysema.46–49 Gene therapy for
AATD is still in the initial phases of development for humans.
Although promising, the first trials have not given satisfactory results
so far, due to the low serum levels of AAT achieved and the frequent
development of immune response against viral vector.50–55

Overall, the research presented here demonstrates the efficacy of sys-
temic liver-directed gene augmentation therapy in the first animal
model of AATD. Importantly, basing efficacy on functional readouts,
as opposed to serum level quantification, may help in the develop-
ment of more efficacious treatments for patients with AATD.

Although we provided considerable empirical results to support the
effectiveness of the liver-directed gene augmentation therapy, there
are two major limitations in this study that will be addressed in our
future research. First, the study is focused on hAAT activity against
its primary target, neutrophil elastase. However, AAT also demon-
strates protease inhibitory activity against other proteases, in partic-
ular the proteinase 3 (PR3). We have no evidence that hAAT is
also inhibiting mouse PR3, which could potentially explain why
AAV treatments do not precisely mimic the mouse wild-type pheno-
type. Second, obtaining the evidence of increased levels and antipro-
teases activity of hAAT in the mouse lung epithelial lining would add
to the value of the findings and solidify the concept. These
black, smoke, n=9). A dramatic shift in PV loops upward (inC), increased compliance

ction of the alveolar walls (in G) resulting in overinflation of the lung, which become

wild-type mice tolerated (in C, D, and F) the cigarette smoking regimen well. Error

test, except for the PV loops (two-way ANOVA). ns, p > 0.05; *p% 0.05; **p% 0.01;
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Figure 5. rAAV-mediated SERPINA1 transgene expression protects lung parenchyma and preserves pulmonary function in Serpina1a-e knockout mice

exposed to cigarette smoke

(A) Schematic of the dual-function (df.CB-hAAT) vector construct. The expression cassettes contain a single-stranded DNA molecule with AAV serotype 2 inverted terminal

repeats (ITRs) flanking a gene cassette comprising cytomegalovirus immediate-early enhancer/chicken b-actin hybrid promoter sequences, cDNA encoding wild-type

human a1-antitrypsin (AAT) protein with exon 1C, and an SV40 polyadenylation signal. The recombinant dual-function construct is assembled by inserting a gene-silencing

(legend continued on next page)
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measurements can be made using bronchoalveolar lavage fluid and
the same analytical methods that were used here for serum samples.

It is well understood that preclinical animalmodels not only are the key
to understanding the pathophysiology of a disease, but also are crucial
for selecting the correct therapeutic approach. To study major aspects
of humandisease associatedwithAATD, an idealmurinemousemodel
should have nomouseAAT expression and a single copy of humanPiZ
inserted in the specific locus of theDNA sequence on amouse chromo-
some.However, each animalmodel has its pros and cons, and selection
of one depends on the nature of the study to be conducted.

In this study we are focused on the respiratory disease phenotype and
integrity of lung parenchyma. We tested AAV vectors as tools for hu-
manM-AAT expression as well as the functionality of the protein pro-
duced. The AAT knockout mouse model of genetic emphysema not
only provides excellent information on the development of emphy-
sema and the associated disease progression respiratory insufficiency,
but also allows us to test a new strategy for the AATD gene therapy.

Translating these exciting data into larger species will likely be chal-
lenging, as evidenced by the difficulties several sponsors faced in the
past in trying to reach high enough serum levels in patients. While the
minimal therapeutic level with a stably expressed gene product may
be lower than a protein replacement product, where the pharmacoki-
netics has large swings between peak and trough, this has not yet been
determined. We believe that future studies in these mice will allow for
that evaluation as well as a head-to-head comparison of different
therapeutic modalities for their effectiveness at halting the progres-
sion of AATD lung disease.

MATERIALS AND METHODS
Animals

All experimental procedures were approved by the Institutional An-
imal Care and Use Committee at the University of Massachusetts
artificial miR914 before the start codon of the human AAT transgene. The expression

showing the experimental design: the rAAV-hAAT dual-function vector was systemica

12-week-old knockout mice, and the mice were exposed to cigarette smoke 2 weeks la

various time points (red triangles) (see also Materials and methods). Key respiratory pa

wild-type mice, and the averages of three maneuvers per mouse are shown, along w

knockout control, n = 9; green line, rAAV-treated knockouts, n = 7; gray line, wild-type c

changes were assessed in fixed lung sections. (F and G) Representative segmented im

(cigarette smoke-exposed wild-type mice (F, top and bottom) and knockout mice treate

Histogram of distribution, showing increased probability density in the healthy alveolar d

range (50–80 mm) in human AAT transgene-expressing cigarette smoke-exposed knock

n = 4). Shift of PV loops downward (in C), decreased lung compliance (in D), and increa

inhibitor protein were protected from cigarette smoke and largely preserve the elastic pr

vehicle-treated control knockout mice. (I) Dual-function vector generated sufficiently hig

protein (green line,�3,000 mg/mL at the endpoint, n = 3), as measured by ELISA. (J) Cell

profiles in cigarette smoke-exposed vehicle-treated control knockout mice (gray bar, wil

outlined in black bar, cigarette smoke-exposed wild type; white outlined in red bar, ciga

knockout; n = 3 per group). Lymphocyte (left) and neutrophil (right) counts are significan

smoke-exposed vehicle-treated knockout mice and are comparable to those of cig

significance was determined by two-tailed unpaired t test or the Holm-�Sidàk metho

p > 0.05; *p % 0.05; **p % 0.01. Scale bars, 1 mm (top), 200 mm (bottom).
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Medical School. Quintuple Serpina1a-e gene knockout (B6.129Serpi-
nAla-eem5UMMS) (also called as line 31C)39 and wild-type C57BL/6J
mice were housed in groups of five on a 12-h light cycle and had
free access to water, were fed a standard mouse chow ad libitum,
and were bred in-house. Adult male mice were used in all studies. Ser-
pina1a-e knockout mice and wild-type controls were enrolled in the
cross-sectional study at the age of 18 weeks (n = 10), 28 weeks (n =
10), or 52 weeks (n = 12). Serpina1a-e knockout mice and wild-
type controls were enrolled in the cigarette smoke-aggravated emphy-
sema study at 10 weeks of age (n = 16 per strain). Serpina1a-e
knockout mice were randomly assigned to one of the four treatment
groups: (1) AAV8.df-AAT (n = 24) or (2) vehicle (phosphate-buff-
ered saline [PBS]) (n = 12) at the age of 12 weeks (enrolled in the
attenuation of cigarette smoke-induced emphysema study), or (3)
AAV8.AAT (n = 24) or (4) vehicle (PBS) (n = 10) at the age of
16 weeks (enrolled in the prevention of spontaneous emphysema
study). In addition, wild-type control mice (n = 8) were enrolled in
the attenuation of cigarette smoke-induced emphysema study at the
age of 22 weeks. To evaluate cigarette smoking status, Serpina1a-e
knockout (n = 5) and wild-type (n = 5) mice were used for the mea-
surement of cotinine in mouse serum at the age of 28 weeks.

Recombinant AAV vectors

The rAAV serotype 8 vectors used in this study were generated, pu-
rified, and titered at the University of Massachusetts Gene Therapy
Vector Core as previously described.56 The vector constructs contain
a single-stranded DNA molecule with AAV serotype 2 inverted ter-
minal repeats flanking a gene cassette comprising cytomegalovirus
immediate-early enhancer/chicken b-actin hybrid promoter se-
quences, wild-type exon 1C, cDNA encoding either wild-type (M
allele) hAAT in single-function vector or the sequence of the hAAT
M allele with alanine 213 (MAla213) in a dual-function vector and
an SV40 polyadenylation signal.29 The recombinant dual-function
construct is assembled by inserting a gene-silencing artificial
miR914 before the start codon of the hAAT transgene as described
cassette was packaged in the liver-specific rAAV serotype 8 capsid. (B) Schematic

lly infused by a single tail vein injection at 5.0 � 1010 gc/mouse into the livers of

ter for a period of 8 weeks. Mouse serum was collected to measure human AAT at

rameters were assessed in age-matched cigarette smoke-exposed knockouts and

ith the age group mean. (C) Pressure-volume (PV) loops (red line, vehicle-treated

ontrol, n = 8). (D) Static compliance and (E) tissue elastance are shown. Histological

ages of left lung lobe showing airway and alveolar boundaries (black contour line)

d with rAAV at 5.0 � 1010 gc (G, top and bottom) (see Materials and methods). (H)

iameter range (20–40 mm) and evenly distributed probability density in the damaged

out mice (green bar, n = 6) compared with vehicle-treated knockout control (red bar,

sed elastic recoil (in E) indicate that mice expressing wild-type human AAT protease

operties of the lung tissue and the integrity of the interalveolar septa compared with

h-level transgene expression to produce significant systemic levels of human AAT

ular analysis of bronchoalveolar lavage cytospins reflects increased inflammatory cell

d-type room air-exposed control; red bar, room air-exposed knockout control; white

rette smoke-exposed knockout; green bar, rAAV-treated cigarette smoke-exposed

tly reduced in cigarette smoke-exposed rAAV-treated mice compared with cigarette

arette smoke-exposed wild-type mice. Error bars represent the SEM. Statistical

d (cell counting), with a = 0.05, except for the PV loops (two-way ANOVA). ns,
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earlier.57 Final formulations of dual-function AAV8.df-CB-AAT used
in the accelerated cigarette smoke-induced emphysema study and
single-function AAV8.CB-AAT vector used in the longitudinal spon-
taneous emphysema study were in PBS. All viral vector doses were per
animal, at 2.9� 1011, 1.4� 1011, 5.0� 1010, or 5.0� 109 gc or vehicle.
Animals received a single intravenous injection in a total volume of
200 mL (or PBS for vehicle group) into the tail vein.

Measurements of pulmonary mechanics

Invasive lung function measurements were performed at the study
endpoint using the forced oscillation technique (flexiVent FX1 sys-
tem, SCIREQ, Montreal, QC, Canada), broadly acknowledged as
the gold standard for pulmonary function tests in mice.

Animals were anesthetized with an intraperitoneal (i.p.) injection of a
mixture of ketamine hydroxychloride (90 mg/kg, Patterson Veteri-
nary, product 07-890-8598, Greeley, CO), or ketaset (90 mg/kg,
Fort Dodge Animal Health, product 0856-2013-01, Fort Dodge, IA)
and xylazine (4.5 mg/kg, Lloyd, product 343720RX, Santa Cruz Ani-
mal Health, Dallas, TX), or rompun (4.5 mg/kg, Bayer, product
321350RX, Leverkusen, Germany) to maintain a surgical plane of
anesthesia during the entire procedure. The anesthetized mouse
was placed in a supine position on a heating pad during the course
of the tracheotomy. The surgical area was cleaned with 70% alcohol,
and a 2- to 3-cm skin incision was made directly over the trachea, the
underlying fat pads were reflected laterally, and the sternohyoid and
omohyoid muscles were separated over the trachea with blunt dissec-
tion. To secure a cannula in place, the trachea was exposed a few
millimeters caudal to the larynx and a surgical silk thread was passed
under the trachea using fine curved-tip forceps and then the thread
was tied into a single knot around tubing in the trachea.

A partial incision was then made between the tracheal cartilage rings
followed by insertion of a precalibrated 18G cannula into the trachea.
The flexiVent machine was turned on at this point, and a default
ventilation profile was used. The mouse was then connected to the
ventilator via the Y-tubing. The cannulated animal was aligned to
the ventilator to avoid a possible cannula occlusion or tracheal twist.
To ensure proper placement once themouse is ventilated, a deep infla-
tion was administered to ensure bilateral chest rise. In addition, during
the deep inflation, a pressure of 30 cmH2O over a 3-s period was
applied, and this also ensures the absence of a leak. Once adequate
cannulated animal placement was confirmed, a mechanical scan was
performed to measure baseline pulmonary mechanics. The flexiVent
system can provide mechanical ventilatory support with control of
tidal volumes, pulmonary pressures (inspiratory and expiratory pres-
sures), respiratory rate, and oxygen flow. Spontaneous respiratory
effort was prevented using a neuromuscular blocking agent (pancuro-
nium bromide, 0.2 mg/kg; Hospira, product 00409464601, Lake For-
est, IL, or rocuronium bromide, 0.6 mg/kg; X-Gen Pharmaceuticals,
product 1006740, Horseheads, NY). Respiratory mechanics were ob-
tained and calculated using flexiWare v.8.2v software (flexiVent sys-
tem, SCIREQ, Montreal, QC, Canada) as previously described.58

Once the experiment was completed, the ventilation was stopped,
Molecul
and the cannulated mouse was detached from the flexiVent and
then euthanized by cervical dislocation followed by a bilateral thora-
cotomy. At the endpoint of each study, the raw data were collected
for 3 consecutive days with the measurements of at least two control
animals on every day of the experiments. The measurements were
consequently repeated three times for each mouse (referred to as
“three maneuvers per mouse”) and the average of the corresponding
parameters was then considered. To characterize the disease model
and evaluate the effect of the therapeutic approach, the key respiratory
parameters were then analyzed. In particular, the pressure-volume
loops assess the intrinsic elastic properties of the respiratory system
and describe the mechanical behavior of the lungs and chest wall dur-
ing inflation and deflation. The inflation (lower arm) and deflation
(upper arm) arms differ at any given pressure. Due to destruction of
the alveolar wall resulting in the loss of the lung parenchyma elastic
recoil, the lower pressure is needed to inflate emphysematous lungs
to a higher volume. Pressure-volume loops are a must in our research,
where a change in elasticity is expected. Static compliance is the classic
parameter extracted from a pressure-volume curve. It reflects the
intrinsic elastic properties of the respiratory system. Compliance refers
to the ability of the lungs to stretch and expand. Compliance can be
calculated by dividing volume by pressure. It is increasing as emphy-
sema is progressing. Tissue elastance describes an index of tissue stiff-
ness. It represents the elastic energy stored within the tissue following
the imposed deformation and therefore the ability of the tissue to
retract and revert to its original shape. Elastance is the reciprocal of
compliance and vice versa. Tissue elastance is decreased in emphy-
sema due to diminished cellular elastic properties.58,59

Histology and morphometry

Immediately following the measurements of pulmonary functions
(flexiVent), bronchoalveolar lavage (BAL) fluid was collected or lungs
were harvested to quantify alveolar air spaces to further characterize
emphysema progression in every experimental group. To collect
airway cells, lungs were slowly inflated via cannula with 1 mL cold
PBS using a 3-mL syringe. Collected cells were spun down at
1,500 rpm for 5 min and supernatant was separated and stored at
�80�C. The cell pellet was resuspended in 500 mL PBS. Cell aliquots
of 50 mL were mixed with 50 mL of 0.4% trypan blue (Thermo Fisher
Scientific, product 15250061, Waltham, MA) and total cell count was
performed using a Hausser Bright-Line Phase hemacytometer (Hor-
sham, PA). To prepare cell cytospins, 200 mL of the cell suspension
was used. BAL cells were spun onto labeled glass slides at 500 rpm
for 10 min (Shandon Cytospin 3 centrifuge, Nottingham, UK). Air-
dried slides were stained using a Kwik-Diff stain kit (Fisher Scientific
Shandon Kwik-Diff stain kit, product 9990700, Waltham, MA). The
stained BAL cells were imaged, and differential cell count was per-
formed using ImageJ1.x software.60 Per cytospin, 200 cells were
counted for the absolute number of lymphocytes, neutrophils, and
macrophages, differentiated by standard morphology and staining
characteristics. Prior to collection of the lung tissue for histopatholo-
gy, the lung vascular bed was perfused using a 10-mL syringe filled
with 5 mL PBS. A small incision in the left ventricle was made to con-
nect a 21G needle and the needle was inserted into the right ventricle.
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The lung histopathology was performed on the lungs fixed with phos-
phate buffered 10% formalin (Fisher Scientific, 6764240, Waltham,
MA). The lungs were fixed at a constant hydrostatic pressure of a
25-cm formalin column for at least 5 min and post-fixed in formalin.
The lung lobes were separated and embedded in paraffin using a
routine procedure. Three 3-mm-thick sections were obtained at a dis-
tance of 100 mm from one another and were stained with hematoxylin
and eosin. Three sections per mouse left lung lobe were tile scanned
using a Leica DM5500B upright microscope and resized with Leica
LAS X software. Image backgrounds were made black with a brush
tool using Adobe Photoshop CS4 software. To obtain values of the
air-space diameters, tile scans of equal pixel size were further
segmented to locate alveolar boundaries using a previously published
MATLAB (MathWorks, Natick, MA) program.61,62 The relationship
between a range of air-space diameters and their probability (that is,
“probability density”) as well as statistics were analyzed using
MATLAB scripts (MathWorks, Natick, MA).

Cigarette smoke exposure

A reference cigarette, the 3R4F type (developed in the Cigarette Lab-
oratory at the Tobacco and Health Research Institute, University of
Kentucky, Lexington, KY), with machine cigarette smoking regimens
defined by the International Organization for Standardization (ISO)
was used. Animals were exposed to cigarette smoke via a computer-
controlled smoke exposure configuration apparatus in a whole-
body chamber (inExpose system, SCIREQ, Montreal, QC, Canada).
Test mice were exposed to the ISO standard puffing profile with
mainstream cigarette smoke. Each cigarette was 35 mL puff volume,
2 s puff duration, 7 puffs per cigarette, and frequency of 1 puff per
minute. In phase 1, mice of each strain were exposed to two 3R4F cig-
arettes 5 days a week for 2 weeks. Phase 2 followed as four 3R4F cig-
arettes twice per day, 5 days a week, for an additional 6 weeks. Control
animals were exposed to room air.

ELISA

rAAV-treated mice were bled via the facial vein in the first 2 months
biweekly and then monthly. To measure levels of hAAT in the mouse
serum, an hAAT ELISA kit from GenWay (product GWB-5428A0,
San Diego, CA) was used per the manufacturer protocol. A cotinine
(mouse/rat) ELISA kit (Abnova, product KA2264, Walnut, CA) was
used per the manufacturer protocol for the measurements of cotinine
levels in mouse serum collected within 1 h of cigarette smoking cessa-
tion. The human neutrophil elastase activity assay was from Enzo Life
Sciences (product BML-AK497-0001, Farmingdale, NY). All plates
were analyzed using SoftMax Pro 4.8 software.

Statistics

Statistical analyses were performed using GraphPad Prism v.7
(GraphPad, La Jolla, CA) or MATLAB (MathWorks, Natick, MA).
Statistical significance was determined by two-way ANOVA for mea-
sures of pressure-volume loops in respiratory mechanics, by the
Holm-�Sidàk method for cell counting, with a = 0.05, or by two-tailed
unpaired t test. Significance was considered to be at p < 0.05 with 95%
confidence level.
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