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Abstract

Nebulization delivery of adeno-associated virus serotype 1 encoding sarcoplasmic reticulum Ca2þ-ATPase2a (AAV1.SERCA2a)

gene was examined in a Yukatan miniature swine model of chronic pulmonary hypertension (n¼ 13). Nebulization of

AAV1.SERCA2a resulted in homogenous distribution of vectors, lower pulmonary vascular resistance, and a trend towards

better long-term survival compared to control animals.
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Pulmonary vascular remodeling attributable to proliferation
of pulmonary vascular smooth muscle cells (PVSMC)
underlies the pathophysiology of pulmonary hypertension
(PH).1 Emerging evidence suggests that dysregulation of cal-
cium cycling in PVSMCs promotes a phenotype switch from
a contractile to a proliferative phenotype owing, in part, to
concomitant downregulation of sarcoplasmic reticulum
Ca2þ-ATPase 2 (SERCA2) isoforms.2,3 Gene transfer of
SERCA2a has demonstrated potential in prevention of
this aberrant phenotype switch in vitro and in vivo and
shown efficacy as a therapeutic in pre-clinical PH
models.4–6 Recently, we reported that aerosolized intra-
airway delivery of adeno-associated virus type 1 (AAV1)
carrying the SERCA2a gene (AAV1.SERCA2a) inhibited
progression of PH by ameliorating pulmonary vascular
remodeling in a Yorkshire pig model of post-capillary
PH.6 In this study, we used a metal sprayer device inserted
directly into the trachea via the endotracheal tube to deliver
AAV1.SERCA2a, which is not feasible for clinical use in

severely ill PH patients who would benefit from a minimally
invasive delivery system. Therefore, the objective of the cur-
rent study was to investigate the safety and efficacy of
AAV1.SERCA2a gene therapy using nebulization delivery
as a less invasive and clinically applicable means of vector
delivery. We also extended follow-up to four months after
the gene delivery in order to determine if the efficacy of
AAV1.SERCA2a gene therapy was maintained in the
long term.
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Methods

The study was performed in accordance with the Guidelines
for the Care and Use of Laboratory Animals, with approval
granted by the Icahn School of Medicine at Mount Sinai
Institutional Animal Care and Use Committee. The general
study protocol, post-capillary PH model creation, and meth-
ods to evaluate PH have been published previously,6 except
for using different pig strain, different gene delivery method,
and a longer follow-up. Due to the expected large weight
gain during the long-term observation in the Yorkshire
swine, studies were performed in Yukatan miniature swine
(Sinclair Bioresources, ME, USA). Briefly, female Yukatan
miniature swine underwent pulmonary vein banding as
described previously.7 Two months after surgery, when
PH is established, a total of 13 animals were randomized
to receive either 2.0� 1013 of AAV-1.SERCA2a (3mL)
(n¼ 6) or 0.9% saline (3mL) (n¼ 7) using nebulization
delivery (Aeroneb Solo, Aerogen) in circuit with the endo-
tracheal tube. The Aeroneb Solo produces a particle size of
1–5 mm, which is smaller than that of a Microsprayer (Penn-
Century, Inc.) used in the previous study (16–22 mm).6 The
animals were ventilated with �3mmHg of positive end-
expiratory pressure for 15min after the end of nebulization
delivery. Hemodynamic and echocardiographic evaluations

were conducted at two and four months after gene delivery
in surviving animals (Fig. 1a). The animals were euthanized
if they developed refractory symptoms of right ventricular
(RV) failure or at completion of the study. Upon euthan-
asia, the lung tissues were collected for histology and
molecular analysis. More detailed methods are available in
the supplemental materials.

Results

To demonstrate that nebulization was at least comparable
to the intra-tracheal aerosol method, we delivered Evans
Blue dye via nebulization (n¼ 1) or the intra-tracheal
sprayer (n¼ 1)6 (Fig. 1b). Nebulization delivery resulted
in a more homogeneous distribution of dye evidenced by
lighter blue staining across a greater area of the lungs
compared to the intra-tracheal sprayer delivery method,
which concentrated the dye in lung central segments
(Fig. 1b). After nebulization delivery, the endotracheal
tube also retained Evans Blue dye due to precipitation
on the tube. To account for potential vector loss within
the endotracheal tube and nebulizer, we therefore used a
dose of 2.0� 1013 vg (twice the dose used in our prior
study [1013 vg]).6

Fig. 1. Nebulization of AAV1.SERCA2a results in homogenous vector distribution and improves survival in a pig model of chronic PH. (a) Study

protocol. Baseline functional evaluation followed by gene delivery was conducted 2 months after the PH induction surgery. Animals were

followed up to 4 months after gene delivery. (b) Intra-airway delivery of Evans Blue dye using a nebulizer (top) or an intra-tracheal sprayer

(bottom) method. Nebulizer delivery resulted in more homogeneous distribution with weak dye staining, whereas sprayer delivery exhibited

more focal and concentrated distribution of dye. (c) Pigs treated with nebulized AAV1.SERCA2a had lower PVR index compared to the saline-

treated pigs 2 months after treatment. (d) Representative hematoxylin and eosin staining of the lung tissues from sham, saline-treated, and

AAV1.SERCA2a-treated animals. AAV1.SERCA2a-treated animals exhibited decreased pulmonary vascular medial thicknesS. (e) PH pigs treated

with AAV1.SERCA2a nebulization therapy had better survival compared to those treated with saline. (f) Vector genome copy number relative to

the pig genome in the lungs. An average of the lower left and right lung lobes is shown following nebulized delivery (n¼ 6) or intra-tracheal

sprayer administration (n¼ 6). Error bars indicate � SEM.
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Similar to Yorkshire pigs, Yukatan miniature swine
developed PH two months after the pulmonary vein band-
ing surgery; however, Yukatan miniature swine were less
tolerant of the elevated pulmonary pressures and resistance,
and many animals in the saline-treated group developed
refractory RV failure before reaching the study endpoint.
Therefore, we evaluated the therapeutic efficacy of nebulized
AAV1.SERCA2a at two months after delivery. Consistent
with our prior results, SERCA2a-treated animals had lower
pulmonary vascular resistance (PVR) (Fig. 1c), consistent
with the beneficial effect of SERCA2a gene therapy on pul-
monary vascular remodeling (Fig. 1d). Although the
number of animals that survived to the study endpoint
was numerically higher in the AAV1.SERCA2a-treated
group than the saline-treated group, the study was under-
powered to detect differences between the treatment groups
(Fig. 1e).

Vector genome distribution was measured by reverse
transcription polymerase chain reaction (RT-PCR) as an
indicator of virus distribution by nebulization in both the
left and right lung lobes from all AAV1.SERCA2a-treated
animals. After nebulization, vector genome copy numbers
were similar in the left and right lung lobes consistent with
homogenous virus distribution. There were also numerically
higher vector genome copy numbers detected in the
collected lung tissues from animals that had
AAV1.SERCA2a delivered by nebulization as compared
to the intra-tracheal sprayer method (Fig. 1f). There were
no complications associated with nebulization delivery in
the AAV1.SERCA2a- or saline-treated animals.

Discussion

In this study, we found that AAV1.SERCA2a delivery via
nebulization is safe and results in homogenous distribution
of vectors in both the left and right lung lobes with good
retention of viral genome copy numbers. Similar to our
prior study,6 nebulized AAV1.SERCA2a gene therapy was
associated with improvement in PH; however, the large
number of deaths in the saline-treated control group
before the study endpoint (four months after gene therapy)
precluded systematic evaluation of long-term efficacy. The
animals treated with AAV1.SERCA2a had a trend towards
better survival despite the small study sample size. The
deaths in the AAV1.SERCA2a group early after gene ther-
apy may potentially be related to the delayed SERCA2a
protein expression using AAV system, which requires
about 3–4 weeks to achieve stable expression of transferred
SERCA2a. We believe that the numerically higher survival
rate in the SERCA2a-treated group with lower PVR at two
months after gene delivery strongly support the therapeutic
efficacy of nebulization SERCA2a gene therapy in PH.

A key feature of this study was to evaluate nebulization
as a method of minimizing the invasiveness of vector deliv-
ery while retaining efficacy. More homogenous distribution
using the nebulizer is likely attributed to the smaller particle

size generated by the nebulizer compared to the sprayer.
Because of expected loss of vector outside the body using
the nebulizer, we used twice the dose relative to the previous
study which employed the direct intra-tracheal spraying
method. In the clinical situation, part of the vector would
be absorbed in the oral and main trachea instead of the
tracheal tube, thus its effect must be carefully evaluated in
the future. Although differences in pig strain, vector dose,
and timing of analysis after vector delivery preclude a full
direct comparison between our nebulization and intra-
tracheal sprayer studies, beneficial effects of airway
AAV1.SERCA2a gene therapy on PH are consistently
demonstrated in these studies. It remains to be determined,
however, which of the following has better efficacy to
achieve global effects on vascular remodeling and, ultim-
ately, RV remodeling and function: high local gene over-
expression or low but homogeneous gene expression.

In summary, we demonstrated the safety and longer-term
efficacy of AAV1.SERCA2a nebulization therapy in a clin-
ically relevant animal model of advanced PH. While nebu-
lization delivery showed excellent safety with a less invasive
delivery method, whether efficacy is superior to intra-
tracheal sprayer delivery requires further study. Our finding
of potential improvement in survival with SERCA2a gene
therapy also warrants further examination of this approach
and translation to clinical studies.
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