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INTRODUCTION
α1-antitrypsin deficiency (AATD) is the most common genetic cause 
of emphysema, affecting an estimated 80–100,000 Americans1,2 
and resulting in significant morbidity and mortality. Homozygous 
inheritance of a single base pair mutation (Lys342Glu) is responsible 
for the most common severe form of the disease, resulting in pro-
duction of a misfolded protein in hepatocytes, the cell type most 
responsible for α1-antitrypsin (AAT) production. Misfolding and 
polymerization of mutant AAT (zAAT) predisposes AATD patients to 
hepatic cirrhosis and impairs secretion of AAT into the circulation, 
resulting in protease-antiprotease imbalance in the lung, degrada-
tion of elastin by excess neutrophil elastase activity over time, and 
early-onset panacinar emphysema. Periodic intravenous infusion of 
human AAT protein to restore circulating AAT levels to a protective 
threshold, known as augmentation therapy, is the current standard 
of care for severely affected individuals with lung damage. Although 
potentially beneficial for patients with AATD-associated lung dis-
ease, lifelong augmentation therapy is inconvenient, invasive, and 
costly,3 providing a rationale for alternative treatment approaches.

Delivery of the normal AAT gene via gene therapy is one such 
potential alternative approach to combat AATD-related progres-
sive lung damage. Many cell types are capable of AAT production, 
providing researchers with a number of possible target tissues for 
gene delivery.4–6 Early-stage clinical trials utilizing adeno-associated 
virus (AAV) to target skeletal muscle have demonstrated safety and 
long-term transgene expression but thus far have been unable to 

produce the 11 μmol/l (~500–800 μg/ml) of circulating AAT protein 
considered necessary to protect the lung from neutrophil elastase-
mediated lung damage.7–13 Induction of transgene expression levels 
sufficient to replace the second-most abundant circulating blood 
protein has in practice turned out to be a major technical challenge. 
Because AAT transport into the lung is an inefficient process,13–15 
levels of normal AAT reaching the lung are lower than those in the 
circulation following transgene delivery to distant sites. Indeed, 
the putative “protective threshold” in the lung epithelial lining 
fluid is significantly lower than the corresponding threshold in the 
bloodstream, reflecting these distinct biological compartments.13 
Together, these factors suggest the possibility that direct delivery 
of the normal AAT gene to the lung might circumvent one major 
impediment to successful gene therapy and in so doing provide a 
therapeutic benefit to patients with AATD.

We have previously reported intratracheal (IT) instillation of len-
tiviruses to deliver the normal, human AAT (hAAT) gene to resident 
lung alveolar macrophages (AMs) as a means of protecting against 
experimental lung injury.16 In contrast to integrating retroviral vec-
tors, AAV vectors have a well-established safety profile in multiple 
human gene therapy trials.17 Cross-packaging of recombinant AAV 
in capsids from recently discovered serotypes allows for optimi-
zation of tissue tropism and immunogenicity profiles.18,19 Several 
pseudotyped AAV constructs have accomplished gene delivery to 
lung cell types, including AAV 5, 6, 8, 9, and 10.20,21 AAV2/8 has also 
demonstrated safety and efficacy in human systemic gene therapy 
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In vivo gene delivery has long represented an appealing potential treatment approach for monogenic diseases such as  
α1-antitrypsin deficiency (AATD) but has proven challenging to achieve in practice. Alternate pseudotyping of recombinant 
 adeno-associated virus (AAV) vectors is producing vectors with increasingly heterogeneous tropic specificity, giving researchers 
the ability to target numerous end-organs affected by disease. Herein, we describe sustained pulmonary transgene expression for 
at least 52 weeks after a single intratracheal instillation of AAV2/8 and characterize the multiple cell types transduced within the 
lung utilizing this approach. We demonstrate that lung-directed AAV2/8 is able to achieve therapeutic α-1 antitrypsin (AAT) protein 
levels within the lung epithelial lining fluid and that AAT gene delivery ameliorates the severity of experimental emphysema in 
mice. We find that AAV2/8 efficiently transduces hepatocytes in vivo after intratracheal administration, a finding that may have 
significance for AAV-based human gene therapy studies. These results support direct transgene delivery to the lung as a potential 
alternative approach to achieve the goal of developing a gene therapy for AATD.
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trials for Hemophilia B,22 suggesting it as a logical candidate for lung 
parenchyma-targeted transgene delivery with potential clinical 
relevance.

Here, we present a strategy combining an advanced recombi-
nant AAV2/8 vector and a lung-directed gene delivery approach 
to achieve sustained, high-level production of human AAT in mice. 
Following IT instillation of AAV2/8, multiple cell types within the 
murine lung are targeted and express the delivered transgene for 
at least 1 year. This approach resulted in lung-localized production 
of human AAT at levels predicted to be protective in patients as well 
as attenuation of injury in an experimental model of emphysema.

RESULTS
Sustained intrathoracic transgene expression results from 
intratracheal instillation of AAV2/8
To determine the anatomic distribution and duration of gene 
expression following IT instillation of AAV2/8, we utilized a vector 
(hereafter referred to as “AAV8-CASI-luc”; Figure  1a) expressing 
the firefly luciferase gene under control of the recently published 
CASI promoter (Supplementary Figure  S1).23 Intramuscular (IM) 
injection with this vector results in sustained local expression 

of firefly luciferase at high levels (Supplementary Figure S2 and 
ref. 23). One week after a single IT administration of 1 × 1011 
genome copies (gc) of AAV8-CASI-luc, photon flux was measured 
in the thoraco-abdominal region of experimental mice (female 
C57BL/6J, n = 4; Figure 1b). Unexpectedly, the initial maximum 
observed bioluminescence was localized to the abdomen 
(Figure 1b,d) rather than the thorax, suggesting transduction of 
cell types outside the lung with this route of delivery. Over time, 
abdominal bioluminescence declined in three of four IT-treated 
mice, returning to near-background levels after 24 weeks 
(Figure  1d). In repeated experiments, this pattern recurred, 
with 29% of mice exhibiting abdominal bioluminescence which 
declined to a plateau but did not extinguish, remaining detect-
able for up to 72 weeks (Figure 1c,d; additional data not shown).

Thoracic bioluminescence was likewise detectable 1 week after 
IT delivery (Figure 1e) and exhibited a similar kinetic to the abdomi-
nal bioluminescence, declining by approximately one log between 
10 and 20 weeks after administration before stabilizing and persist-
ing for at least 52 weeks (Figure 1c,e). This durable thoracic trans-
gene expression prompted us to explore further the application of 
AAV2/8 for lung-directed gene delivery.

Figure 1  AAV2/8 mediates sustained transgene expression in the mouse abdomen and thorax. (a) A schematic representation of AAV8-CASI-luciferase 
expression vector backbone is shown. The CASI promoter, firefly luciferase transgene, WPRE, and SV40 late-polyadenylation signal are flanked by AAV2 
inverted terminal repeats (ITR). (b) One week after IT administration, bioluminescence was present in both the abdominal and thoracic regions of 
AAV-luciferase recipients (n = 4, 1 × 1011gc; AAV-GFP-treated mouse shown as negative control, n = 1), with photon flux (mean ± SD) in the abdominal 
region exceeding that in the thorax. (c) After 52 weeks, abdominal bioluminescence subsided allowing distinct visualization of persistent thoracic 
bioluminescence. (d,e) The bioluminescence kinetic is quantified as total photon flux (photon/s/cm2) and isolated according to anatomic region (lung 
or abdomen) as shown over a period of 52 weeks postadministration of AAV8.
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Multiple resident lung cell types contribute to intrathoracic 
transgene expression
We next moved to identify the phenotype of endogenous lung 
cells transduced by AAV2/8. Frozen right lung sections harvested 
1 month following IT instillation of 1 × 1011 gc of AAV8-CASI-eGFP 
(female C57BL/6J mice, n = 3, Figure 2a) revealed the presence of 
GFP+ cells both within distal bronchioles and alveolar structures 
(Figure 2b,c). Immunofluorescent staining and confocal microscopy 
confirmed transduction of multiple endogenous lung epithelial cell 
types, including club cells (CC10+, Figure 2d), ciliated bronchial epi-
thelial cells (FoxJ1+, Figure 2d) and type II pneumocytes (Pro-SPC+, 
Figure 2e) as well as nonepithelial cell types (alveolar macrophages, 
Figure 2f and Supplementary Figure S3). To quantify the transduc-
tion of various lung cell types, we analyzed bronchoalveloar lavage 
(BAL; right lung) and enzymatically digested lung preparations (left 

lung) from AAV8-CASI-eGFP-treated mice (n = 4). Flow cytometric 
analysis of lung digest samples similarly indicated transduction 
(GFP positivity) of a variety of cell populations, including epithe-
lial (EpCAM, (23 ± 10%), hematopoietic (CD45, 9 ± 6%), alveolar 
macrophage (CD11c, 23 ± 9%), and endothelial (CD31, 3 ± 1%) cells 
(Figure 2h,i). Flow cytometric analysis of BAL cells revealed that a 
significant percentage of alveolar macrophages were also GFP posi-
tive (32 ± 1%; Figure 2g).

AAV8 vectors have been previously demonstrated to be tropic 
for hepatocytes.24,25 To determine whether the intense abdominal 
bioluminescence observed after IT AAV8-CASI-luc administration 
represented hepatic transduction, frozen liver sections were like-
wise analyzed by fluorescence microscopy 1 month following IT 
AAV8-CASI-GFP. Numerous GFP+ cells exhibiting the characteristic 
polygonal hepatocyte morphology were observed, consistent with 

Figure 2 Phenotyping of transduced cells following delivery of AAV 2/8 to the mouse lung. (a) A schematic represention of the AAV8-CASI-GFP 
vector, utilized in these experiments, is depicted. eGFP expression is under the control of the CASI promoter. (b,c) Four weeks after IT AAV8- 
CASI-GFP administration, frozen left lung sections counterstained with DAPI demonstrate multiple GFP+ cells in the airspaces (b) and distal airways 
(c). Immunofluorescent staining for CC10 (d), Fox J1 (d), T1α (e), prosurfactant protein C (e) and GFP exhibits colocalization of GFP with CC10, FoxJ1, 
and prosurfactant protein C. Area of inset images in panels d and e are designated by arrowheads. (f) Frozen lung section with DAPI counterstaining 
demonstrates a GFP+ resident alveolar macrophage within an alveolus. (g) Representative flow cytometric analysis of cells from bronchoalveolar lavage 
performed 4 weeks after IT AAV8-CASI-GFP (gated to isolate live alveolar macrophages); aggregate data (not shown) yielded 32% GFP+ cells (n = 4).  
(h) Representative flow cytometric analysis of whole lung digests 4 weeks after IT AAV8-CASI-GFP (n = 4) demonstrate GFP+ cells among CD45+, CD11c+, 
EpCAM+, and CD31+ cell populations. (i) Aggregate data from panel H experiment reveals percentages of each cell type found to be transduced (GFP+) 
by AAV8-CASI-GFP. (j) A frozen liver section at low magnification, 4 weeks after IT AAV8-CASI-GFP, illustrates efficient transduction of hepatocytes.
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a significant level of hepatic transduction in these experiments 
(Figure  2j). Antibody staining of liver sections demonstrated that 
GFP-positive cells in AAV-CASI-eGFP-treated mice stained positive 
for albumin, confirming hepatocyte transduction in these animals 
(Supplementary Figure S4).

IT delivery of AAV-hAAT achieves sustained hAAT secretion in the 
murine respiratory epithelial lining fluid
To determine whether lung-targeted transgene delivery would result 
in high level production of a secreted transgene, we next cloned the 
human AAT gene into the recombinant AAV2 plasmid to create AAV8-
CASI-AAT (Supplementary Figure S1). The capacity of AAV8-CASI-AAT 
to achieve potentially therapeutic local concentrations of hAAT pro-
tein was then tested following IT and intramuscular (IM) administra-
tion in C57BL/6J mice (n = 4 per group). Plasma hAAT levels were 
measured at baseline and then serially for 28 or 32 weeks, at which 
time animals were harvested to quantify AAT levels in the BAL.

Both IM and IT administration of AAV8-CASI-hAAT resulted in 
detectible levels of hAAT in the plasma, although neither condi-
tion achieved the previously mentioned threshold believed to be 
sufficient in the circulation to protect against human lung injury 
(Figure 3a). In contrast to the luciferase expression kinetic outlined 
in Figure 1, hAAT secretion into the blood following either IM or IT 
AAT8-CASI-hAAT increased over time (Figure 3a). IM gene delivery 
led to a 16-fold higher plasma hAAT concentration than IT gene 
delivery, with a peak of 172 μg/ml (Figure 3a). hAAT was persistently 
detectable in the plasma following IT administration, potentially 
reflecting a contribution from multiple cell types, including trans-
duced hepatocytes, to circulating hAAT.

We next harvested the mice to measure levels of secreted hAAT 
in the epithelial lung lining fluid (ELF). ELF hAAT was measured at 
28 or 32 weeks after gene delivery by the IM or IT route, respectively. 
As anticipated, ELF hAAT levels following IM vector administration 
were lower than those detected in the circulation at the time of har-
vest (Figure 3b). In contrast, however, ELF hAAT levels following IT 
delivery exceeded circulating hAAT levels in these mice, reaching 
a mean level of 59.8 μg/ml and exceeding the ELF AAT threshold 
anticipated to protect the lung against injury.13

AAV8-mediated expression of hAAT attenuates elastase-induced 
emphysema
To confirm the functional relevance of AAV-mediated pulmonary 
hAAT gene delivery, we employed a murine model of emphysema 
induced via IT instillation of porcine pancreatic elastase (PPE). This 
established technique causes elastin destruction and a brisk inflam-
matory response together with histologic and physiologic fea-
tures of pan-acinar emphysema including increased airspace size, 
increased heterogeneity of alveolar size and increased lung compli-
ance that progress over a period of weeks.16,26,27

Eight-week-old female C57BL/6J mice were administered 1 × 1011 
gc of AAV8-CASI-hAAT (n = 20) or control vector (AAV8-CASI-GFP, 
n = 15) via the IT route and were maintained for 8 weeks to estab-
lish stable transgene expression. A single dose of IT elastase (n = 15 
per group) or phosphate buffered saline (PBS) control vehicle (n = 5, 
hAAT group only) was then administered 21 days before the time of 
harvest to induce experimental emphysema and test the protective 
capacity of hAAT transgene expression (see schematic illustration of 
treatment, Supplementary Figure S5).

As in prior experiments, IT treatment with AAV8-CASI-hAAT 
resulted in physiologically significant hAAT levels in the plasma, 

averaging 55 μg/ml 3 weeks after IT elastase instillation (Figure 4a). 
IT AAV8-CASI-hAAT treatment similarly resulted in high-level hAAT 
secretion into the ELF, again exceeding the estimated therapeutic 
threshold for lung protection (Figure 4b). AAV8-CASI-hAAT-treated 
mice that subsequently underwent PPE-induced lung injury were 
found to have higher levels of hAAT in both the ELF and serum than 
PBS-treated controls (Figure  4a,b). This finding contrasts with our 
previously published lentiviral work16 and may reflect the broader 
tropism of AAV8 or important differences in vector promoter or 
regulatory element activity.

We next analyzed the degree of elastase-induced lung injury in 
AAV8-treated mice with histologic and physiologic assays. First, 
we quantified the effect of PPE on the airspaces (Figure  4c and 
Supplementary Figure  S6) measuring both mean equivalent air-
space diameter (Deq, Figure 4d), and maximum equivalent airspace 
diameter (max Deq, Figure 4e).28 We also calculated the D2, a vali-
dated index which takes into account both alveolar size and hetero-
geneity (Figure 4f).28,29 While mean Deq and D2 measurements were 
marginally larger in the elastase-GFP group compared to nonin-
jured controls, the degree of elastase-induced airspace enlargement 
at our chosen PPE dose of 0.28U was less than expected, making 
differences between groups more difficult to detect. The airspace 
size as measured by maximum Deq, however, was higher in the 
AAV8-CASI-GFP-elastase group (P = 0.023), suggesting a regional 

Figure 3 AAV2/8-based expression of human AAT protein in serum 
and epithelial lining fluid. (a) Mice administered 1 × 1011gc of AAV8- 
CASI-hAAT via the IM (n = 4) or IT (n = 4) route underwent serial 
measurements of serum hAAT concentration (mean ± SD) by ELISA for 28 
or 32 weeks, respectively. (b) Mice in each group were harvested at that 
timepoint for BAL. ELF hAAT concentrations were then quantified by ELISA.

ELF

Control IM
 AAV-hAAT

IT
 AAV-hAAT

0

20

40

60

80

hA
AT

 (
m

cg
/m

l)

*

Serum

0 10 20 30
0

10,000

20,000

60,000

110,000

160,000

210,000

Weeks

hA
AT

 (
ng

/m
l)

IM AAV-hAAT
IT AAV-hAAT
AAV-GFP Control

a

b



5

AAV2/8 pulmonary gene delivery
JG Payne et al.

Molecular Therapy — Methods & Clinical Development (2016) 16042Official journal of the American Society of Gene & Cell Therapy

elastase-induced airspace enlargement in these animals that was 
less severe in the hAAT-treated group (Figure  4e, Supplementary 
Figure S6). Treatment with AAV8-CASI-hAAT resulted in significant 
protection against elastase-induced alterations in lung physiology 
as quantified by lung compliance (Figure  4g and Supplementary 
Table  S1). Importantly, histologic and physiologic measures of 
PPE-induced injury were strongly correlated in this experiment30 
(Figure 4h) (P < 0.0001). Together, these findings suggest that AAV8-
mediated hAAT expression diminished the degree of lung injury 
resulting from PPE instillation in experimental mice.

DISCUSSION
In this study, we apply a potent AAV8 gene expression system 
together with a lung-directed administration approach to achieve 
durable gene delivery to the murine lung. Using fluorescent and 
bioluminescent reporters, we demonstrate sustained transgene 
expression for greater than 1 year. Further, immunofluorescent 
characterization indicates that multiple local cell types in the lung 
are transduced, including ciliated airway epithelial cells, club cells, 
type 2 alveolar epithelial cells, vascular endothelial cells, and alveo-
lar macrophages.

Figure 4 Effects of AAV8-hAAT on lung function and morphometry in the setting of elastase-induced lung injury. (a,b) hAAT concentration within 
the serum and lung epithelial lining fluid 7 weeks after IT AAV8-CASI-hAAT or AAV8-CASI-GFP, and 3 weeks after porcine pancreatic elastase (PPE) or 
control vehicle. Dashed line represents theoretical therapeutic threshold hAAT concentration (***P < 0.001, *P < 0.05). (c) Representative axial sections of 
paraffin-embedded, H&E-stained lung tissue according to vector and PPE treatment group. Additional images are shown in Supplementary Figure S6. 
(d–f) Airspace size is illustrated as equivalent alveolar diameter (Deq), maximum Deq (Max Deq), and area-weighted mean alveolar diameter (D2).26  
(g) Lung compliance across a range of PEEP settings was quantified in each treatment group (**P < 0.01, see two-way analysis of variance, Supplementary 
Table S1). (h) Demonstration of the relationship between D2 and lung compliance.
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Thus far, clinical trials for gene therapy for AATD in humans have 
demonstrated the safety and feasibility of viral gene transfer for 
AAT delivery, but have been unable to achieve the high systemic 
levels of AAT protein required to protect the lung.4 Though it is 
established that significantly lower levels of AAT are necessary 
within the lung interstitium and ELF than in the peripheral blood to 
correct protease-antiprotease imbalance and progressive emphy-
sema, AAV-based gene therapy clinical trials have targeted more 
accessible peripheral tissues. Delivering our AAV8 vector directly to 
lung parenchyma, we assessed local levels of AAT protein achieved 
in the lung together with physiologic and histologic changes in a 
PPE injury model of emphysema.

Our results suggest that IT AAV8 can result in therapeutic secre-
tion of hAAT within the ELF in the absence of a high circulating hAAT 
concentration, likely due predominantly to local protein secretion 
by multiple cell types within the lung. While previous studies have 
provided evidence for AAV8 as an effective pulmonary gene trans-
fer vector,21,31 our results provide for the first time detailed pheno-
typing of transduced lung cell types as well as an illustration of the 
functional effect of local hAAT gene delivery.

The preservation of lung function in the setting of injury pro-
vided by AAV8-directed transgene delivery is an important feature 
of our studies. The local ELF hAAT secretion levels achieved with 
our vector surpassed those of previous reports,21,31 exceeding 
the theoretical level required to protect the lung against endog-
enous elastase activity. For unclear reasons, the protective effects 
of hAAT transgene expression were more apparent in physiologic 
measurements of lung mechanics than in histologic quantification 
of airspace size, potentially representing a limitation in our ability 
to detect subtle differences in these parameters. Indeed, the tight 
correlation between D2 and lung compliance that we found in 
these and previous experiments16 supports the link between these 
parameters and diminishes the likelihood that that they might be 
independently affected by experimental injury.

Interestingly, substantial hepatocyte transduction was observed 
in the initial weeks following IT administration of AAV8, a find-
ing suggesting early systemic vector distribution. Hepatocytes are 
known to increase secretion of a variety of proteins as a part of the 
acute phase response,32 potentially contributing to the increases in 
serum and ELF hAAT secretion demonstrated in our experiments. 
Liver transduction has been documented after IT administration of 
AAV vectors,20 and our findings are consistent with the avid tropism 
of AAV8 for hepatocytes.25,33 In previous studies of intratracheally 
delivered AAV vectors, however, hepatic transgene expression was 
either not reported or vector genome copies in the liver were consid-
ered low relative to the lung.20 In contrast, AAV8 vector recipients in 
this experiment displayed early abdominal luciferase expression that 
exceeded that of the lung region by at least 30-fold. Future consider-
ation of AAV8 for pulmonary gene therapy should take into account 
the systemic distribution and efficient hepatic targeting of this vec-
tor after IT administration. Multiple other tissues not interrogated in 
our work, including cardiac muscle,34,35 skeletal muscle,19,36 brain,37–39 
and retinal40–42 tissues are also reported targets of systemic AAV8 and 
may likewise contribute to systemic transgene expression.

The most common variety of severe AATD in humans, the PI*ZZ 
form, is marked by not only the deficiency of circulating AAT but also 
the toxic gain-of-function effects of mutant Z α-1 protein (zAAT), 
which causes liver disease and has also been speculated to con-
tribute to emphysema pathogenesis.43–45 Though few gene therapy 
approaches targeting AATD address both liver and lung manifesta-
tions, promising recent work implements liver-directed AAV9 to 

achieve miRNA-mediated knockdown of zAAT while simultaneously 
overexpressing wild-type AAT in PiZ transgenic mice.6 IT AAV8, which 
gains access to both lung and liver tissues after a single treatment, 
might similarly allow for dual modulation of gene expression while 
avoiding the high circulating requirement of hAAT for lung protection.

While our results exhibit sustained, therapeutic hAAT expression 
in C57BL/6J mice with PPE-induced emphysema, this model has limi-
tations. First, due to the embryonic lethality of complete AAT knock-
out,46 no murine model fully recapitulates human AAT deficiency, 
and murine AAT was expressed concurrently with human AAT in our 
experiments. Second, while a single dose of IT PPE causes protease-
antiprotease imbalance and associated elastin destruction, inflam-
mation and panacinar emphysema in the murine lung, many other 
factors are likely implicated in the pathogenesis of chronic smoking-
related emphysema in humans. Lastly, the degree of emphysema 
induced by PPE in the control group of our experiment was less 
severe than in previous experience, potentially decreasing our abil-
ity to detect differences between treatment groups.

Careful evaluation of the immune response to IT AAV8 remains an 
important avenue for future research. While phase 1/2 clinical trials 
of intravenous AAV8 gene therapy for Hemophilia B have indicated 
safety in humans, capsid-specific CD8+ T-lymphocyte responses 
were detected concomitantly with rising aminotransferases neces-
sitating immunosuppressive therapy. Though the clinical signifi-
cance of anticapsid responses remains unclear, the duration of gene 
expression may be limited by immune targeting of cells transduced 
by AAV8.47,48 Alternatively, phase 1/2 trials of intramuscular AAV1 
for AATD identify a T regulatory mechanism which mediates per-
sistent gene expression despite ongoing anti-capsid responses.49 
Elucidation of T-lymphocyte responses following IT AAV8 may sug-
gest a mechanism for the observed differences in gene expression 
duration within the lung and liver, and provide insight into potential 
risks for human studies.

In summary, our results demonstrate the ability of lung-delivered 
AAV8 vectors carrying the normal hAAT gene to result in high-level, 
potentially therapeutic secretion in mice. We provide, to our knowl-
edge, the first detailed phenotyping of lung cell types targeted using 
AAV8, essential for understanding potential effects of lung-directed 
gene therapy with this vector in patients. Broadly considered, these 
results further support the concept of direct lung-targeted trans-
gene delivery for emphysema resulting from AATD.

MATERIALS AND METHODS
Vectors and viral production
Recombinant AAV8 vectors were optimized and produced as previously 
described in detail.23 The AAV8 expression system and viral production, 
purification and concentration techniques are outlined in Supplementary 
Methods.

Animal studies and AAV vector administration
All animal studies were approved by the Institutional Animal Care and Use 
Committee of Boston University School of Medicine. Female C57BL/6J mice 
were obtained from Jackson Laboratories at 6 weeks of age . Mice were anes-
thetized with isoflurane prior to IT, intramuscular or intraperitoneal injec-
tions. Thirty minutes prior to vector administration, AAV virus was thawed 
and diluted in buffer (100 mmol/l sodium citrate, 10 mmol/l Tris pH 8) to a 
dose of 1 × 1011 genome copies in either 100 μl (IT route) or 50 μl (intramus-
cular route). To administer vector intratracheally, a single dose of AAV was 
instilled in the posterior oropharynx just above the tracheal entrance using 
via a blunt-ended, 18-gauge needle. Aspiration of fluid upon inhalation 
was confirmed in each recipient by investigator visualization. Intramuscular 
administration of AAV was performed as a single injection into the right vas-
tus lateralis muscle.



7

AAV2/8 pulmonary gene delivery
JG Payne et al.

Molecular Therapy — Methods & Clinical Development (2016) 16042Official journal of the American Society of Gene & Cell Therapy

Noninvasive bioluminescence imaging
After isoflurane anesthesia, mice were injected intraperitoneally with 150 μl of 
D-luciferin (30 mg/ml; Gold Biotechnology, St. Louis, MO). Bioluminescent images 
were captured 8–16 minutes after D-luciferin injection using the Xenogen IVIS 
Spectrum, and photon flux was quantified within specified anatomic regions 
using Living Image software (Caliper Lifesciences, Hopkinton, MA).

Measurements of lung physiology
Following pentobarbital anesthesia and tracheostomy, mice underwent tra-
cheal cannulation for lung function testing by a computer-driven ventilator 
(Flexivent; SCIREQ, Montreal, Canada). The forced oscillation technique was 
used to measure respiratory impedance for estimations of airway resistance 
and respiratory compliance (C).50,51

Tissue harvesting and analysis
Following euthanasia, the trachea was cannulated and bronchoalveolar 
lavage was performed by instillation and aspiration of three consecutive ali-
quots of PBS (500 μl volume per lung). Centrifugation of BAL fluid was per-
formed and supernatant was stored at −80 °C for analysis of hAAT protein 
and urea content. The BAL cell pellets were immediately resuspended in PBS 
+ 2% fetal bovine serum (FBS) for quantification of GFP-positive cells using 
flow cytometry. A previously described gating algorithm was used to iden-
tify live AMs within BAL cell populations.23

To analyze GFP expression within lung tissue, the left lungs of mice were 
inflation-fixed at 25 cm H2O overnight with 4% paraformaldehyde and embed-
ded in Optimal Cutting Temperature compound (OCT). Thin slices of liver tis-
sue were cut using a razor blade before fixation in 4% paraformaldehyde over-
night and embedding in OCT. Frozen sections of lung and liver tissue, 5 μm 
thick, were covered with 4’,6-diamidino-2-phenylindole (DAPI)-containing 
mounting media (Vector labs, Burlingame, CA) and analyzed by fluorescence 
microscopy on a Nikon Ni-E Motorized Multichannel upright microscope.

Enzymatic lung digest
Single-cell suspensions of lung tissue were prepared by enzyme digestion 
with collagenase A and dispase II (Roche, Basel, Switzerland).16,52 Single-cell 
suspensions of digested cells were stained with PE fluorescence-conjugated 
anti-mouse monoclonal antibodies against CD45 (BD Biosciences, San Jose, 
CA), CD11c (eBioscience, San Diego, CA), EpCAM (eBioscience), CD31 (BD 
Biosciences), and T1α (Biolegend, San Diego, CA). Gating thresholds to identify 
positively stained cells were determined by staining parallel cell aliquots with 
antibodies of identical isotype. Propidium iodide (PI; 2 μg/ml; Molecular Probes, 
Eugene, OR) was added to all samples to exclude dead cells from analysis.

hAAT ELISA
The concentration of human AAT in plasma and BAL fluid specimens was deter-
mined by sandwich enzyme-linked immunosorbent assay (ELISA) (Genway 
Biotech, San Diego, CA). The lower limit of detection for hAAT was 3.125 ng/
ml. After quantitation of hAAT concentration in BAL fluid, hAAT level in lung 
ELF was calculated using the urea dilution method developed by Rennard and 
colleagues53 (Quantichrom Urea Assay; Bioassay Systems, Hayward, CA).

Emphysema model
AAV vectors expressing hAAT or GFP were administered via the IT route to 
adult female C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME). Eight 
weeks after treatment, animals received IT instillation of PPE (0.28 U = 30 μg; 
Sigma-Aldrich, St. Louis, MO) dissolved in 100 μl of PBS or 100 μl of PBS alone 
(control vehicle). Euthanasia was performed 21 days later at the time of har-
vest and sample collection.

Quantification of histology
PFM-fixed lungs were embedded in paraffin by standard methods, sec-
tioned at 5 μm, and stained with hematoxylin and eosin. The equivalent 
diameters of alveolar airspaces were obtained from digital images and the 
area-weighted mean alveolar diameter index was computed.28,29

Statistics
For all physiologic and morphometric lung analyses, one-way analysis of 
variance with post-hoc Tukey’s multiple comparison testing or Kruskal-Wallis 

testing were performed as indicated according to the distribution of results 
within an experimental group. Two-way analysis of variance with post-hoc 
Tukey’s multiple comparison testing was performed to evaluate differences 
between compliance, PEEP, and experimental treatment groups (Figure 4d, 
Supplementary Table  S1). Differences in hAAT levels among experimental 
groups were assessed using one-way analysis of variance with post-hoc 
Tukey’s multiple comparison testing. A P-value <0.05 was used to distinguish 
statistical significance in all studies.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGMENTS
The authors thank Darrell Kotton for manuscript editing and scientific review and the 
members of the Kotton and Ikonomou labs and the Boston University Pulmonary Center 
for scientific discussion. Additionally, the authors wish to thank the following individu-
als for their invaluable assistance: Anne Hinds (tissue sectioning and slide preparation), 
Arjun Guha (immunostaining and confocal microscopy), Andrew Payne (graphical 
layouts) and Christin Hong (AAV production). A.A.W. is supported by K08 HL103771, 
FAMRI 062572YCSA, an α-1 Foundation Research Grant, and a Boston University School 
of Medicine Department of Medicine Career Investment Award; J.G.P. is supported by 
5T32HL007035-38 (David Center) and 5T32AI089673-03 (Caroline Genco).

AUTHOR CONTRIBUTIONS
Conception and design: A.A.W., A.B., and B.S.; Experimental implementation: J.G.P., 
E.L.P., M.I.H., and A.T.; Analysis and interpretation: J.G.P., A.A.W., A.T., and B.S.; Manuscript 
drafting for important intellectual contribution: J.G.P. and A.A.W.

REFERENCES
 1. American Thoracic SocietyEuropean Respiratory Society (2003). American Thoracic 

Society/European Respiratory Society statement: standards for the diagnosis and 
management of individuals with α-1 antitrypsin deficiency. Am J Respir Crit Care Med 
168: 818–900.

 2. Silverman, EK, Miletich, JP, Pierce, JA, Sherman, LA, Endicott, SK, Broze, GJ Jr et al. (1989). 
Alpha-1-antitrypsin deficiency. High prevalence in the St. Louis area determined by 
direct population screening. Am Rev Respir Dis 140: 961–966.

 3. Gildea, TR, Shermock, KM, Singer, ME and Stoller, JK (2003). Cost-effectiveness analysis of 
augmentation therapy for severe alpha1-antitrypsin deficiency. Am J Respir Crit Care Med 
167: 1387–1392.

 4. Flotte, TR, Trapnell, BC, Humphries, M, Carey, B, Calcedo, R, Rouhani, F et al. (2011). Phase 
2 clinical trial of a recombinant adeno-associated viral vector expressing α1-antitrypsin: 
interim results. Hum Gene Ther 22: 1239–1247.

 5. Wilson, AA, Kwok, LW, Hovav, AH, Ohle, SJ, Little, FF, Fine, A et al. (2008). Sustained 
expression of alpha1-antitrypsin after transplantation of manipulated hematopoietic 
stem cells. Am J Respir Cell Mol Biol 39: 133–141.

 6. Mueller, C, Tang, Q, Gruntman, A, Blomenkamp, K, Teckman, J, Song, L, et al. (2012). 
Sustained miRNA-mediated knockdown of mutant AAT with simultaneous 
augmentation of wild-type AAT has minimal effect on global liver miRNA profiles. Mol 
Ther 20:590–600.

 7. Morse, JO, Lebowitz, MD, Knudson, RJ and Burrows, B (1975). A community study of 
the relation of alpha1-antitrypsin levels to obstructive lung diseases. N Engl J Med 292: 
278–281.

 8. Shigeoka, JW, Hall, WJ, Hyde, RW, Schwartz, RH, Mudholkar, GS, Speers, DM et al. (1976). 
The prevalence of alpha-antitrypsin heterozygotes (Pi MZ) in patients with obstructive 
pulmonary disease. Am Rev Respir Dis 114: 1077–1084.

 9. Morse, JO, Lebowitz, MD, Knudson, RJ and Burrows, B (1977). Relation of protease 
inhibitor phenotypes to obstructive lung diseases in a community. N Engl J Med 296: 
1190–1194.

 10. Bruce, RM, Cohen, BH, Diamond, EL, Fallat, RJ, Knudson, RJ, Lebowitz, MD et al. (1984). 
Collaborative study to assess risk of lung disease in Pi MZ phenotype subjects. Am Rev 
Respir Dis 130: 386–390.

 11. Hutchison, DC, Tobin, MJ and Cook, PJ (1983). Alpha 1 antitrypsin deficiency: clinical and 
physiological features in heterozygotes of Pi type SZ. A survey by the British Thoracic 
Association. Br J Dis Chest 77: 28–34.

 12. Larsson, C, Dirksen, H, Sundström, G and Eriksson, S (1976). Lung function studies in 
asymptomatic individuals with moderately (Pi SZ) and severely (Pi Z) reduced levels of 
alpha1-antitrypsin. Scand J Respir Dis 57: 267–280.



8

AAV2/8 pulmonary gene delivery
JG Payne et al.

Molecular Therapy — Methods & Clinical Development (2016) 16042 Official journal of the American Society of Gene & Cell Therapy

 13. Wewers, MD, Casolaro, MA, Sellers, SE, Swayze, SC, McPhaul, KM, Wittes, JT et al. (1987). 
Replacement therapy for alpha 1-antitrypsin deficiency associated with emphysema. N 
Engl J Med 316: 1055–1062.

 14. Crystal, RG (1990). Alpha 1-antitrypsin deficiency, emphysema, and liver disease. Genetic 
basis and strategies for therapy. J Clin Invest 85: 1343–1352.

 15. Gadek, JE, Klein, HG, Holland, PV and Crystal, RG (1981). Replacement therapy of alpha 
1-antitrypsin deficiency. Reversal of protease-antiprotease imbalance within the 
alveolar structures of PiZ subjects. J Clin Invest 68: 1158–1165.

 16. Wilson, AA, Murphy, GJ, Hamakawa, H, Kwok, LW, Srinivasan, S, Hovav, AH et al. (2010). 
Amelioration of emphysema in mice through lentiviral transduction of long-lived 
pulmonary alveolar macrophages. J Clin Invest 120: 379–389.

 17. Asokan, A, Schaffer, DV and Samulski, RJ (2012). The AAV vector toolkit: poised at the 
clinical crossroads. Mol Ther 20: 699–708.

 18. Rabinowitz, JE, Rolling, F, Li, C, Conrath, H, Xiao, W, Xiao, X et al. (2002). Cross-packaging 
of a single adeno-associated virus (AAV) type 2 vector genome into multiple AAV 
serotypes enables transduction with broad specificity. J Virol 76: 791–801.

 19. Zincarelli, C, Soltys, S, Rengo, G and Rabinowitz, JE (2008). Analysis of AAV serotypes 1-9 
mediated gene expression and tropism in mice after systemic injection. Mol Ther 16: 
1073–1080.

 20. Limberis, MP and Wilson, JM (2006). Adeno-associated virus serotype 9 vectors 
transduce murine alveolar and nasal epithelia and can be readministered. Proc Natl Acad 
Sci USA 103: 12993–12998.

 21. Limberis,  MP, Vandenberghe,  LH, Zhang,  L, Pickles,  RJ and Wilson,  JM (2009). 
Transduction efficiencies of novel AAV vectors in mouse airway epithelium in vivo and 
human ciliated airway epithelium in vitro. Mol Ther 17: 294–301.

 22. Nathwani, AC, Tuddenham, EG, Rangarajan, S, Rosales, C, McIntosh, J, Linch, DC et al. 
(2011). Adenovirus-associated virus vector-mediated gene transfer in hemophilia B.  
N Engl J Med 365: 2357–2365.

 23. Balazs, AB, Chen, J, Hong, CM, Rao, DS, Yang, L and Baltimore, D (2012). Antibody-based 
protection against HIV infection by vectored immunoprophylaxis. Nature 481: 81–84.

 24. Flotte, TR (2004). Swinging for the fences: persistent and efficient liver-directed gene 
therapy for hemophilia A. Blood 103: 1183–1184.

 25. Cunningham, SC, Dane, AP, Spinoulas, A, Logan, GJ and Alexander, IE (2008). Gene 
delivery to the juvenile mouse liver using AAV2/8 vectors. Mol Ther 16: 1081–1088.

 26. Lucey, EC, Keane, J, Kuang, PP, Snider, GL and Goldstein, RH (2002). Severity of elastase-
induced emphysema is decreased in tumor necrosis factor-alpha and interleukin-1beta 
receptor-deficient mice. Lab Invest 82: 79–85.

 27. Houghton, AM, Quintero, PA, Perkins, DL, Kobayashi, DK, Kelley, DG, Marconcini, LA et al. 
(2006). Elastin fragments drive disease progression in a murine model of emphysema.  
J Clin Invest 116: 753–759.

 28. Parameswaran, H, Majumdar, A, Ito, S, Alencar, AM and Suki, B (2006). Quantitative 
characterization of airspace enlargement in emphysema. J Appl Physiol (1985) 100:  
186–193.

 29. Ito, S, Ingenito, EP, Arold, SP, Parameswaran, H, Tgavalekos, NT, Lutchen, KR et al. (2004). 
Tissue heterogeneity in the mouse lung: effects of elastase treatment. J Appl Physiol 
(1985) 97: 204–212.

 30. Hamakawa, H, Bartolák-Suki, E, Parameswaran, H, Majumdar, A, Lutchen, KR and 
Suki, B (2011). Structure-function relations in an elastase-induced mouse model of 
emphysema. Am J Respir Cell Mol Biol 45: 517–524.

 31. Liqun Wang, R, McLaughlin, T, Cossette, T, Tang, Q, Foust, K, Campbell-Thompson, M et 
al. (2009). Recombinant AAV serotype and capsid mutant comparison for pulmonary 
gene transfer of alpha-1-antitrypsin using invasive and noninvasive delivery. Mol Ther 
17: 81–87.

 32. Gabay, C and Kushner, I (1999). Acute-phase proteins and other systemic responses to 
inflammation. N Engl J Med 340: 448–454.

 33. Gao, GP, Lu, Y, Sun, X, Johnston, J, Calcedo, R, Grant, R et al. (2006). High-level transgene 
expression in nonhuman primate liver with novel adeno-associated virus serotypes 
containing self-complementary genomes. J Virol 80: 6192–6194.

 34. Pacak, CA and Byrne, BJ (2011). AAV vectors for cardiac gene transfer: experimental tools 
and clinical opportunities. Mol Ther 19: 1582–1590.

 35. Wang, Z, Zhu, T, Qiao, C, Zhou, L, Wang, B, Zhang, J et al. (2005). Adeno-associated virus 
serotype 8 efficiently delivers genes to muscle and heart. Nat Biotechnol 23: 321–328.

 36. Wang, L, Louboutin, JP, Bell, P, Greig, JA, Li, Y, Wu, D et al. (2011). Muscle-directed gene 
therapy for hemophilia B with more efficient and less immunogenic AAV vectors.  
J Thromb Haemost 9: 2009–2019.

 37. Cearley, CN and Wolfe, JH (2006). Transduction characteristics of adeno-associated virus 
vectors expressing cap serotypes 7, 8, 9, and Rh10 in the mouse brain. Mol Ther 13: 528–537.

 38. Klein, RL, Dayton, RD, Tatom, JB, Henderson, KM and Henning, PP (2008). AAV8, 9, Rh10, 
Rh43 vector gene transfer in the rat brain: effects of serotype, promoter and purification 
method. Mol Ther 16: 89–96.

 39. Ayers, JI, Fromholt, S, Sinyavskaya, O, Siemienski, Z, Rosario, AM, Li, A et al. (2015). 
Widespread and efficient transduction of spinal cord and brain following neonatal AAV 
injection and potential disease modifying effect in ALS mice. Mol Ther 23: 53–62.

 40. Pang, JJ, Dai, X, Boye, SE, Barone, I, Boye, SL, Mao, S et al. (2011). Long-term retinal 
function and structure rescue using capsid mutant AAV8 vector in the rd10 mouse, a 
model of recessive retinitis pigmentosa. Mol Ther 19: 234–242.

 41. Petrs-Silva, H, Dinculescu, A, Li, Q, Min, SH, Chiodo, V, Pang, JJ et al. (2009). High-efficiency 
transduction of the mouse retina by tyrosine-mutant AAV serotype vectors. Mol Ther 17: 
463–471.

 42. Watanabe, S, Sanuki, R, Ueno, S, Koyasu, T, Hasegawa, T and Furukawa, T (2013). Tropisms 
of AAV for subretinal delivery to the neonatal mouse retina and its application for in vivo 
rescue of developmental photoreceptor disorders. PLoS One 8: e54146.

 43. Wei, J, Rahman, S, Ayaub, EA, Dickhout, JG and Ask, K (2013). Protein misfolding and 
endoplasmic reticulum stress in chronic lung disease. Chest 143: 1098–1105.

 44. Mahadeva, R, Atkinson, C, Li, Z, Stewart, S, Janciauskiene, S, Kelley, DG et al. (2005). 
Polymers of Z alpha1-antitrypsin co-localize with neutrophils in emphysematous alveoli 
and are chemotactic in vivo. Am J Pathol 166: 377–386.

 45. Lawless, MW, Greene, CM, Mulgrew, A, Taggart, CC, O’Neill, SJ and McElvaney, NG (2004). 
Activation of endoplasmic reticulum-specific stress responses associated with the 
conformational disease Z alpha 1-antitrypsin deficiency. J Immunol 172: 5722–5726.

 46. Wang, D, Wang, W, Dawkins, P, Paterson, T, Kalsheker, N, Sallenave, JM et al. (2011). 
Deletion of Serpina1a, a murine α1-antitrypsin ortholog, results in embryonic lethality. 
Exp Lung Res 37: 291–300.

 47. Mingozzi, F and High, KA (2013). Immune responses to AAV vectors: overcoming barriers 
to successful gene therapy. Blood 122: 23–36.

 48. Mingozzi, F, Maus, MV, Hui, DJ, Sabatino, DE, Murphy, SL, Rasko, JE et al. (2007). CD8(+) 
T-cell responses to adeno-associated virus capsid in humans. Nat Med 13: 419–422.

 49. Mueller, C, Chulay, JD, Trapnell, BC, Humphries, M, Carey, B, Sandhaus, RA et al. (2013). 
Human Treg responses allow sustained recombinant adeno-associated virus-mediated 
transgene expression. J Clin Invest 123: 5310–5318.

 50. Schuessler, TF and Bates, JH (1995). A computer-controlled research ventilator for small 
animals: design and evaluation. IEEE Trans Biomed Eng 42: 860–866.

 51. Bates, JH and Irvin, CG (2003). Measuring lung function in mice: the phenotyping 
uncertainty principle. J Appl Physiol (1985) 94: 1297–1306.

 52. Kotton, DN, Summer, RS, Sun, X, Ma, BY and Fine, A (2003). Stem cell antigen-1 expression 
in the pulmonary vascular endothelium. Am J Physiol Lung Cell Mol Physiol 284:  
L990–L996.

 53. Rennard, SI, Basset, G, Lecossier, D, O’Donnell, KM, Pinkston, P, Martin, PG et al. (1986). 
Estimation of volume of epithelial lining fluid recovered by lavage using urea as marker 
of dilution. J Appl Physiol (1985) 60: 532–538.

This work is licensed under a Creative Commons Attribution 4.0 
International License. The images or other third party material in this 

article are included in the article’s Creative Commons license, unless indicated otherwise in 
the credit line; if the material is not included under the Creative Commons license, users will 
need to obtain permission from the license holder to reproduce the material. To view a copy 
of this license, visit http://creativecommons.org/licenses/by/4.0/

© JG Payne et al. (2016)

Supplementary Information accompanies this paper on the Molecular Therapy—Methods & Clinical Development website (http://www.nature.com/mtm)


