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Human Bocavirus Type-1 Capsid Facilitates the Transduction
of Ferret Airways by Adeno-Associated Virus Genomes
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Human bocavirus type-1 (HBoV1) has a high tropism for the apical membrane of human airway epithelia.
The packaging of a recombinant adeno-associated virus 2 (rAAV2) genome into HBoV1 capsid produces a
chimeric vector (rAAV2/HBoV1) that also efficiently transduces human airway epithelia. As such, this
vector is attractive for use in gene therapies to treat lung diseases such as cystic fibrosis. However,
preclinical development of rAAV2/HBoV1 vectors has been hindered by the fact that humans are the only
known host for HBoV1 infection. This study reports that rAAV2/HBoV1 vector is capable of efficiently
transducing the lungs of both newborn (3- to 7-day-old) and juvenile (29-day-old) ferrets, predominantly in
the distal airways. Analyses of in vivo, ex vivo, and in vitro models of the ferret proximal airway dem-
onstrate that infection of this particular region is less effective than it is in humans. Studies of vector
binding and endocytosis in polarized ferret proximal airway epithelial cultures revealed that a lack of
effective vector endocytosis is the main cause of inefficient transduction in vitro. While transgene ex-
pression declined proportionally with growth of the ferrets following infection at 7 days of age, reinfection
of ferrets with rAAV2/HBoV1 at 29 days gave rise to approximately 5-fold higher levels of transduction than
observed in naive infected 29-day-old animals. The findings presented here lay the foundation for clinical
development of HBoV1 capsid-based vectors for lung gene therapy in cystic fibrosis using ferret models.
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INTRODUCTION

CysTic FIBROSIS (CF) is a lethal autosomal-recessive
disorder that affects a population of >30,000 in the
United States alone and of 70,000 worldwide.! CF
affects multiple organs, and lung disease caused by
chronic infection and inflammation is the primary
cause of morbidity and mortality.? The genetic ba-
sis of CF is a defect in a single gene that encodes
cystic fibrosis transmembrane conductance regu-
lator (CFTR), a chloride and bicarbonate channel
that is expressed on the cell surface of many epi-
thelia, including the airways.>* With the exception
of recent small molecule modulators for certain
CFTR mutations, current treatments for CF lung
disease are limited to symptomatic therapies and
alleviate only certain pulmonary complications.’
Gene therapy is an attractive mutation agnostic

approach for treating this disorder, and clinical
trials attempting to introduce a normal copy of the
CFTR gene to airway cells in CF patients were
initiated in the mid-1990s.° In spite of the successes
of gene therapy in treating some other genetic dis-
eases, in the case of CF, significant challenges have
been met, and no trial to date has achieved the de-
sired outcomes.”®

A requirement for the success of gene therapy is
an efficient vector. Among the current available
viral vectors, recombinant adeno-associated virus
(rAAV) is the most promising one that has been
widely used for delivering therapeutic genes in
various clinical applications.>!® However, clinical
trials of rAAV for CF lung disease have failed to
demonstrate efficacy, despite its favorable safety
profile and genome persistence in human airway
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epithelia.'»'? Studies evaluating the transduction
biology of rAAV in polarized human airway epithelia
cultured at an air-liquid interface (HAE-ALI) have
shed light on mechanisms that limit transduction of
the human airway by rAAV-based vectors. Specifi-
cally, although most rAAV serotypes enter airway
epithelia apically, these cells are equipped with
mechanisms that prevent the virus from trafficking
to the nucleus for productive transduction.'®'5 In
addition, an inherent disadvantage of rAAV in CF
gene therapy is its small 4.679 kb genome size. This
precludes packaging the large CFTR gene (of 4.43 kb
coding sequence) in conjunction with an effective
promoter, and thus requires the use of a CFTR
minigene and minimal promoter.’®~!® As such, gene
therapy for CF lung disease would benefit from in-
novation in the development of vectors that are ef-
ficient for human airway transduction.

The human airway has evolved defense mecha-
nisms and luminal barriers that inhibit infection by
most of the commonly used viral vectors. Ideally, a
vector for airway gene transfer would be derived
from a respiratory virus whose native host is the
human airway. Although respiratory syncytial
virus'® and parainfluenza virus®® are candidates,
their inherent complexity poses challenges for the
construction of recombinant viral vectors and the
production of virus. Human bocavirus 1 (HBoV1) is
a recently identified parvovirus that naturally in-
fects the human respiratory tracts.?! Evidence
suggests that HBoV1 is pathogenic and leads to
acute lower and upper respiratory infections in in-
fants and young children.?>2* Recombinant HBoV1
is a potentially attractive vector for transduction of
the airway, given that HBoV1 is one of the most
common viruses in human respiratory secretions®*
and reinfection can occur during childhood despite
seroconversion.?” HBoV1 is an autonomous human
parvovirus, belonging to species Primate boca-
parvovirus of the genus Bocaparvovirus of the Par-
voviridae family.?® To date, HBoV1 and parvovirus
B19,%” which causes rash, arthropathy, anemia, and
fetal death, are the only parvoviruses known to be
pathogenic in humans. In contrast, as a relative
to HBoV1, AAV is a replication-deficient, non-
pathogenic parvovirus. Although AAV and boca-
virus are both single-stranded DNA viruses, HBoV1
has a genome size of 5,543 nt, and as such is 18.5%
(863 nt) larger than that of AAV2 (4,679 nt).

Since a full-length sequence of HBoV1 genome
(including terminal palindromic sequences at two
termini) was cloned and identified, a cell culture
system for its production from proviral plasmid-
transfected HEK293 cells has been established.?®
Furthermore, the virology of HBoV1 has been

studied in HAE-ALI cultures,?** revealing an
extremely high tropism for the apical membrane of
the HAE, as well as efficient replication.®® These
findings, together with the advantages of the size
of the HBoV1 genome, led to the development of
HBoV1-based vectors for CF gene therapy. To elim-
inate the safety concerns related to HBoV1 as a
human pathogen, a chimeric vector (rAAV2/HBoV1)
was engineered, packaging a rAAV2 genome into the
HBoV1 capsid.?® This chimeric parvoviral vector has
increased efficacy in apical transduction of HAE-
ALI resulting in fivefold higher levels in transgene
expression than the best-performing rAAV vector
(rAAV2/1). Importantly, the capsid of HBoV1 ac-
commodates an oversized (5.5kb) rAAV2 genome,
overcoming the size limitations of conventional
rAAV for delivery of the full-length CFTR cDNA. A
rAAV2/HBoV1 vector (AV2/HBc.CBAhCFTR) has
been successfully used to deliver a large rAAV ge-
nome harboring a 5.2kb cassette that encodes a
strong CMV-f-actin promoter, the full-length CFTR
c¢DNA coding sequence, and a short synthetic poly-
adenylation signal. This vector is capable of partially
correcting CFTR-mediated chloride transport across
CF HAE-ALI cultures following apical infection.>

Historically, a lack of appropriate CF animal
models has been an obstacle for validating ap-
proaches to CF gene therapy. This was also a major
concern for preclinical testing of rAAV2/HBoV1,
given that the only known host of HBoV1 is human.
The recent development of two larger animal
models of CF, in the ferret and pig, has opened new
avenues for such testing.3”3® Importantly, CF in
these models closely mimics the human disease
phenotype, with animals spontaneously developing
lung infections.?**° Thus, these models are useful
for evaluating the therapeutic effect of CFTR gene
transfer to CF airways. The current study tested
transduction of the rAAV2/HBoV1 vector in ferret
airway epithelial models, including in vitro ALI
cultures and ex vivo tracheal xenografts, as well as
in the airways of newborn and juvenile ferrets
(in vivo). It was found that the ferret airway is
permissive to gene transfer mediated by HBoV1
capsid, suggesting that the ferret is a suitable ani-
mal model for preclinical studies evaluating the
potential of rAAV2/HBoV1-mediated gene therapy
to the CF lung.

MATERIALS AND METHODS
Chemicals and reagents

The proteasome inhibitor doxorubicin was from
Sigma—Aldrich (St. Louis, MO), and N-acetyl-L-
leucine-L-leucine-L-norleucine (LLnL) was from
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Boston Biochem (Cambridge, MA). Proteinase K
was from Roche (Indianapolis, IN). DNase I was
from MP Biochemicals (Santa Ana, CA). Ultraser G
(USG) was from Pall Corporation (Port Washington,
NY). The firefly luciferase detection kit, Luciferase
Assay System, and VivoGlo Luciferin substrate for
live imaging were from Promega (Madison, WI). The
gaussia luciferase detection kit, BioLux® Gaussia
Luciferase Assay Kit, was from New England Bio-
Labs, Inc. Ipswich, MA). TagMan primer and probe
sets were synthesized by IDT (Coralville, TA).

Production of recombinant virus

rAAV2/HBoV1 vectors, AV2/HBc.fluec, AV2/
HBc.gLuc, and AV2/HBc.mCherry-fluc were gener-
ated by pseudotyping of the rAAV genome into
HBoV1 capsid, as described previously.>® In brief,
HEK293 cells were transfected with a rAAV proviral
plasmid harboring one of the various reporter, to-
gether with three helper plasmids: pHBoV1KUm630,
pAd4.1, and pAV-Rep2. At 72h post transfection, cell
pellets were collected, and the cells were lysed in hy-
potonic buffer (10 mM of Tris-HC], pH 8.0). Following
digestion with DNase I, virus was purified from
clarified cell lysate through two rounds of CsCl ul-
tracentrifugation, and the titers was determined as
DNase I-resistant particles (DRP) by TagMan poly-
merase chain reaction (PCR). The virus-containing
fractions, which ranged in density from 1.43 to
1.40g/mL, were pooled and dialyzed against
phosphate-buffered saline (PBS) prior to use.

Cell culture and in vitro infection conditions

HEK293 cells, which were used for vector pro-
duction, were cultured as monolayers in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum and penicillin-
streptomycin, and maintained in a 37°C incuba-
tor at 5% CO,. Human airway epithelial cultures
grown at an air-liquid interface (HAE-ALI) and
primary airway cells were obtained from the In Vitro
Models and Cell Culture Core of the University of
Iowa. Research was conducted on these human tis-
sue cultures from the Core that has been verified as
compliant with the University of Iowa policies, in-
cluding IRB/IEC approval. The primary epithelial
cells, which were obtained from normal human lung
donors, were seeded onto transwell inserts (Corning,
Tewksbury, MA) and differentiated in USG me-
dium (2% Ultraser G in DMEM/F12 medium sup-
plemented with antibiotics) at an ALI for 3 weeks
prior to use, as described previously.*!

Ferret airway epithelial cultures grown at an ALI
(FAE-ALI) were generated from primary epithelial
cells obtained from adult ferret trachea using

methods previously described.*>*® The ferret cells
were seeded onto transwell inserts and differenti-
ated in PneumaCult ALI medium (StemCell Tech-
nologies, Vancouver, Canada) at an ALI for 3 weeks
prior to use. For apical infections of ALI cultures,
7.5x10° DRP of rAAV2/HBoV1 vector in a 50 L in-
oculum was applied to the upper chamber of the
transwell insert, and the epithelia were exposed to
the virus for 16 h. Infections of polarized HAE-ALI or
FAE ALI cultures were performed in the presence of
proteasome inhibitors (2.5 uM of doxorubicin and
20 uM of LLnL were added to the medium in the
basolateral chamber). After the 16 h infection period,
the inoculum in the upper chamber and the medium
in the basolateral chamber were removed. The cul-
tures were then briefly washed with a small amount
culture medium and fed fresh medium in the ab-
sence of proteasome inhibitors. With approximately
7.5%10° cells present on each insert, the multiplicity
of infection (MOI) was around 10,000 DRP/cell.

Animal care and viral infection

All animal experimentation was performed ac-
cording to protocols approved by the Institutional
Animal Care and Use Committees of the Uni-
versity of Iowa.

Infection of xenografts. Human and ferret tra-
cheal xenografts were generated as subcutaneous
implants in athymic mice, and were used as an ex vivo
model of a vascularized airway for virus infection. As
previously described,** human tracheal xenografts
were generated by seeding the denuded rat tracheas
with primary human bronchial airway cells; ferret
tracheal xenografts were generated directly from
around a 1lcm segment of 2-day-old ferret tra-
chea.*>*% The denuded rat tracheas or segments of
fresh ferret trachea were cannulated with flexible
plastic tubing, and the assembled tracheal cassettes
were transplanted subcutaneously into athymic
mice. Four weeks post transplantation, each fully
differentiated human or ferret xenograft (n =4 each)
was infected with a 100 uL. inoculum consisting of
4.5x10" DRP of AV2/HBe.fLuc, 4.5x 10" DRP of
AV2/HBc.gLuc, and 7.4 ug of doxorubicin (final con-
centration 125 uM). The inoculum was applied to the
grafted lumen for 4 h and then removed by irrigation
of the xenografts with 1 mL of Ham’s F-12 medium,
followed by an air flush. At each test time point
tested, the xenografts were irrigated with 0.5 mL of
Ham’s F-12 medium and then flushed with air.
These luminal washes were saved for gLuc assays.

In vivo infection of ferrets. Ferret airways were
infected with rAAV2/HBoV1 by intra-tracheal
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injection. In brief, under anesthesia (by inhalation
of a mixture of isofluorane and oxygen), surgery
was conducted to expose the trachea (~1cm inci-
sion), and the vector inoculum was directly injected
into the tracheal lumen under a dissecting micro-
scope. The incision was sutured closed after in-
fection. rAAV2/HBoV1 vectors were diluted with
saline and included doxorubicin (final concentra-
tion 250 uM). The volume administered and the
virus load varied depending on the age of the ferret
(values are indicated in the figure legends). Mock
infections were performed by intra-tracheal injec-
tion of the same volume of saline lacking virus but
containing doxorubicin at the same concentration.

Measurement of luciferase
reporter expression

Quantification of fLuc activity in live animals
was performed using the Xenogen IVIS Biopho-
tonic Imaging system (Xenogen, Alameda, CA),
according to the manufacturer’s instructions. Fer-
ret kits were anesthetized by inhalation of a mix-
ture of isofluorane and oxygen, and were injected
intraperitoneally with VivoGlo Luciferin substrate
at a dose of 150 mg/kg body weight. Images were
taken 10 min after injection, and signals were quan-
tified using the Living Image 2.51 software (Xeno-
gen). For the end-point assay, cells or tissues were
lysed with passive lysis buffer or reporter buffer
(Promega), and firefly luciferase activity in cell/tissue
lysates was determined using the Luciferase Assay
System (Promega). Gaussia luciferase in the cell
culture medium, serum, and tissue lysates was de-
termined using the BioLux® Gaussia Luciferase
Assay Kit (New England BioLabs, Inc.). All the en-
zymatic assays for luciferase activities were con-
ducted using a 20/20 luminometer equipped with an
automatic injector (Turner Biosystems, Sunnyvale,
CA). Tissues harvested from animals were snap
frozen in liquid nitrogen and pulverized while fro-
zen. The powder was then mixed thoroughly, and a
fraction of material was removed for assays of levels
of luciferase or vector DNA.

Analysis of bound and internalized
viral genomes

After apical rAAV2/HBoV1 infection of ALI cul-
tures at one of two temperatures (4°C or 37°C) for
1h, the transwells were washed with 40 mL of cold
PBS in 50 mL conical tubes three times to remove
unbound virus. In the 37°C condition, transwells
were returned to the incubator for an additional
period, while in the 4°C condition, transwells were
processed after washing. The membrane support-
ing the cells was then excised from the insert and

submerged in 200 uL of digestion buffer containing
50 mM of KCl, 2.5 mM of MgCl,, 10 mM of Tris pH
8.0, 0.5% NP40, 0.5% Tween-20, and 400 ug/mL of
proteinase K. After digestion at 56°C for 45 min and
heat inactivation at 95°C for 15 min, 1 uL (1/200) of
the digestion mixture was used for TagMan PCR.

Quantitative analysis of rAAV genome
by TagMan PCR

TagMan real-time PCR was used to quantify the
DRP titer in the viral stocks and the number of
viral genomes in lysates from AAV2/HBoV1-
infected cells or tissues. The PCR primers used to
generate a 73bp amplicon from the fLuc cDNA
were 5-TTTTTGAAGCGAAGGTTGTGG-3" (for-
ward) and 5-CACACACAGTTCGCCTCTTTG-3’
(reverse). Those used to generate a 130 bp amplicon
from gLuc ¢cDNA were 5-CGACATTCCTGAGAT
TCCTGG-3’" (forward) and 5-TTGAGCAGGTCA
GAACACTG-3’ (reverse). Those used to generate a
85bp amplicon from mCherry cDNA were 5-CCT
GAAGGGCGAGATCAAGC-3" (forward) and 5'-
CTTGGCCTTGTAGGTGGTCTTG-3’ (reverse). The
Tagman probe for fLuc was 5-ATCTGGATACCGG
GAAAACGCTGGGCGTTAAT-3; that for gLuuc was
5-TGGAGCAGTTCATCGCACAGGT-3’; and that
for mCherry was 5-CTGAAGCTGAAGGACGG
CGG-3'. The probes were tagged with 6-carboxy
fluorescein (FAM) at the 5”-end as the reporter,
and with Dark Hole Quencher 1 (BHQ1) at the 3’-
end as the quencher. The PCR reaction was per-
formed and analyzed using the Bio-Rad My IQ™
Real-Time PCR detection system and software
(Bio-Rad, Hercules, CA).

RESULTS
rAAV2/HBoV1 transduction of ferret versus
human airway epithelium using in vitro
and ex vivo models

Although humans are thought to be the only host
for wild-type HBoV1 infection, given that trans-
duction with recombinant vectors does not require
functional components of the lytic viral cycle, it was
hypothesized that the rAAV2/HBoV1 chimeric
vector would be capable of transducing the ferret
airway epithelium. This would require only that
ferret airway epithelial cells harbor the receptor and
co-receptor typically used by HBoV1. To test this
possibility, first rAAV2/HBoV1 transduction was
evaluated in an in vitro model of the proximal airway
epithelium. Specifically, ferret airway epithelial ALI
cultures (FAE-ALI) similar to the HAE-ALI cultures
were generated by differentiating primary proxi-
mal airway cells at an ALIL*?* Comparison of the
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transduction (i.e., transgene expression) of a rAAV2/ cultures were washed to remove the inoculum and
HBoV1 vector (AV2/HBc.fLuc) in FAE-ALI versus sent back to normal culture condition at 37°C for a
HAE-ALI revealed that transgene firefly luciferase further 15h in medium only. Quantitation of cell-
(fLuc) expression in FAE-ALI cultures was around associated vector genomes at 16h post infection
1,500-fold lower than that in their HAE-ALI coun- demonstrated that the level of cell-associated vector
terparts (Fig. 1a). Reasoning that receptors and/or genomes in FAE-ALI was around 100-fold lower
co-receptors required for HBoV1 binding may be than in HAE-ALI cultures (Fig. 1b). Notably, the

absent in the ferret proximal airway epithelium, the number of cell-associated vector genomes in HAE-
extent of vector binding at 4°C (1 h exposure), as well ALI cultures maintained at 37°C 16h (associated
as that of endocytosis at 37°C (16-hour exposure), with endocytosis) was 10-fold higher than those
was compared in FAE-ALI versus HAE-ALI cul- measured following exposure at 4°C for 1h (associ-

tures. Results from the 1h 4°C binding studies ated with binding only), indicating an effective entry
demonstrated an approximately 10-fold reduction in to HAE-ALI of the bound vector during the infection
the level of cell-associated vector genomes (Fig. 1b), period. By contrast, there was no difference in the
suggesting the presence of receptor(s) for HBoV1 amount of vector genomes in FAE-ALI cultures at
capsid on surface of FAE-ALI but with less abun- 37°C versus 4°C (Fig. 1b). These results suggest
dance and/or lower affinity than those of HAE-ALIL that the ~1,500-fold lower level of rAAV2/HBoV1
For the endocytosis assays, the same amount of transduction of FAE-ALI cultures, as compared to
vector as for the binding studies was applied to the HAE-ALI, is most likely caused by inefficient viral
ALI cultures at 37°C for 1h incubation. Next, the endocytosis by the ferret epithelium.
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Figure 1. Recombinant adeno-associated virus 2 (rAAV2)/human bocavirus type-1 (HBoV1) transduces ferret proximal airway epithelium in vitro and ex vivo.
(a) Firefly luciferase (fLuc) activity in human airway epithelia cultured at an air-liquid interface (HAE-ALI) and ferret airway epithelial cultures grown at an ALI
(FAE-ALI) derived from primary human and ferret proximal airway cells, following apical infection with AV2/HBc.fLuc, at 5 days post infection. Data represent
the mean (+standard error of the mean [SEM]; n=3) relative luciferase activity in 5 uL cell lysates (1/40 of each infection). (b) Binding and endocytosis of
rAAV2/HBoV1 in HAE and FAE cultures. A 50 L inoculum of 7.5 10° DNase I-resistant particles (DRP) of AV2/HBc.fLuc was apically applied to FAE-ALI and
HAE-ALI cultures and removed after incubation at 4°C or 37°C for 1h. After extensive washing of unbound vector, cultures incubated at 4°C were lysed for the
binding assays, whereas those incubated at 37°C were returned to 37°C for another 15h prior to lysis for endocytosis assays. Bound (white column) or/and
internalized (black column) viral genomes were quantitated by TagMan real-time polymerase chain reaction (PCR). Data represent the mean (+SEM; n=3) of
the viral genome copies (per well) for each condition. (c—f) gLuc and fLuc expression in human and ferret tracheal xenografts co-infected with AV2/HBc.fLuc
and AV2/HBc.gLuc (4.5x 10" DRP of each vector). (¢) gLuc expression in luminal washes from individual human (H) and ferret (F) xenografts over time. (d)
Averaged (mean+ SEM; n=4) gLuc expression in luminal washes from human and ferret xenografts over time. (e) Biophotonic images of live mice harboring
xenografts at 10 days post infection, detecting fLuc. (f) Average radiant efficiencies (mean+ SEM; n=4) of bioluminescence for infected human and ferret
grafts shown in (e).
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Previous studies of HBoV1 infection and rAAV2/
HBoV1 transduction in in vitro human airway cell
cultures have demonstrated that HBoV1 prefer-
entially infects well-differentiated airway epithe-
lia, and that the efficiency of infection varies
depending on the extent of differentiation.?® Ten-
fold higher transduction was also observed using
rAAV2/HBoV1 in HAE-ALI cultures derived from
primary airway cells versus in the immortalized
human airway cell line CuFi8.%® Reasoning that
the extent of differentiation of FAE-ALI cultures
may affect the findings, the study was extended to
an ex vivo tracheal xenograft model in which sub-
cutaneous implantation of human** *” and ferret*®
proximal airway epithelia into athymic mice pro-
duces better differentiated epithelia than the ALI
cultures. Both the human and ferret xenografts
were infected with equal amounts of a mixture of
two rAAV2/HBoV1 vectors, one carrying the se-
creted Gaussia luciferase (gLuc) and the other
carrying intracellular fLuuc. This dual expression
allowed transgene expression to be monitored in
both airway secretions (gLuc; via enzymatic assay)
and in the airways in situ (fLuc; bioluminescence
monitoring following injection of firefly luciferase
substrate). Whereas rAAV2/HBoV1 transduced
ferret airway xenografts, its efficiency was 10- to
100-fold lower than in human airway xenografts
(Fig. 1c—f). However, the kinetics of expression of
the secreted gLuc reporter in ferret xenografts was
similar to that in human xenografts (Fig. 1c¢), with
onset detectable as early as 3 days post infection
and the plateau occurring at 7-10 days post infec-
tion. At 10 days post infection, the average level of
gLuc expression in ferret xenografts was 72-fold
lower than in human xenografts (Fig. 1d). Analysis
of fLuc expression at this time point by monitor-
ing of bioluminescence showed that fL.uc expres-
sion varied greatly among infected samples but
was absent in uninfected xenografts (Fig. 1le). The
average radiant efficiency in the infected ferret
xenografts was 6.7-fold lower than that in the in-
fected human xenografts (Fig. 1f). Although the
fLuc data were quite variable, in all human xeno-
grafts the bioluminescence was stronger than that
of any ferret xenograft. Of note, in the case of one
ferret xenograft (1294F), its fLuc expression was
too low to be displayed through the biolumines-
cence in the static view of live imaging, but analysis
of the image using analytic quantitation software
(Living Image v2.51) revealed the level to be above
that in the non-infected grafts. Consistently, en-
zymatic measurement of gliuc expression revealed
that the 1294F signal was the lowest among the
four ferret grafts. Although it remains unclear that

the different degrees of transduction efficiency in-
dicated by gLuc and fLuc assays were due to the
transduction potencies of the different vector preps
or the detection sensitivity of the reporters, the
general trends confirmed the in vitro findings in-
dicating that the human proximal airway epithe-
lium is more highly transduced by rAAV2/HBoV1
than is the ferret proximal airway epithelium.
However, the fact that the difference in transduc-
tion between HAE-ALI and FAE-ALI cultures
(~1,500-fold) was much greater than that between
human and ferret xenografts (7- to 70-fold) sug-
gests that the extent of differentiation in FAE-ALI
cultures may have exacerbated the difference in
tropism between ferret and human tissue.

rAAV2/HBoV1 transduction of the ferret lung

Although the efficiency of rAAV2/HBoV1 trans-
duction of ex vivo ferret tracheal xenografts was
lower than that of human bronchial xenografts, it is
clear that ferret proximal airway epithelial cells
possess the components that are required for
HBoV1 capsid-mediated transduction, although
their abundance would be less and/or affinity
would be lower. The studies were extended to
evaluate rAAV2/HBoV1 transduction of more distal
airways of the ferret lung in vivo. As an initial test
of whether ferret lung is permissive for rAAV2/
HBoV1 transduction, a pilot study was performed
in a single 3-day-old ferret kit, infecting it with the
rAAV2/HBoV1 vector AV2/HBc.fLuc (~3.6x10'2
DRP/kg body weight) by transtracheal instillation.
This experiment was designed to evaluate how ef-
fectively vector was distributed throughout the
various lobes of the lung following tracheal deliv-
ery. At 7 days post infection, the trachea and indi-
vidual lobes of the lung were evaluated for both
luciferase expression and number of copies of the
vector genome (Fig. 2). An effective transduction of
rAAV2/HBoV1 in newborn ferret airway was justi-
fied by the transgene expression (Fig. 2a) and vector
distribution (Fig. 2b) throughout all lobes of the
ferret lung, suggesting that larger studies in ferrets
were warranted.

Next, five 5-day-old neonatal ferrets were infected
with a dual reporter vector, AV2/HBc.mCherry-fLuc,
using the same dose of vector (7.5x10'° DRP,
~3.6x10'? DRP/kg body weight) and route of
delivery. Transgene fLuc expression was assayed
at 10 days post infection, first by monitoring of
bioluminescence in live animals and then by en-
zymatic method following tissue harvesting.
Analyses of the transduction also included the
quantitation of number of vector genomes in tis-
sue and localization of mCherry expression in
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Figure 2. Pilot test evaluating the distribution of rAAV2/HBoV1 transduction in various lung lobes and trachea of newborn ferret. Relative transduction at
8 days post infection, as determined by (a) expression of fLuc and (b) number of vector genome copies in individual lung lobes and trachea. Data are from one

3-day-old ferret kit infected with 5x 10" DRP of AV2/HBc fLuc.

tissue sections. Bioluminescence assays demon-
strated that transgene expression was confined
to the chest of infected animals, but also that
variability among animals was high (Fig. 3a).
To assess whether poor distribution of luciferin
might limit detection in vivo, the lung of the an-
imal with the lowest expression (Kit #5) was in-
flated, submerged in luciferin substrate, and
reimaged. The level of bioluminescence in this
excised lung was significantly greater than that
seen in vivo (Fig. 3b), and was most strongly localized
to intralobar regions of the lung. Thus, the biolumi-
nescence data were interpreted as qualitative, and
the study sought to evaluate transduction more
thoroughly in each lobe by more quantitative lysate
luciferase assays. The remaining animals were al-
lowed to recover following imaging to allow for
clearance of the luciferin prior to harvesting the lung.

The tracheas and lungs of the remaining kits
(Kit #1-4 and mock infected) were divided for two
sets of experiments: (1) three of the lung lobes and
halfthe trachea from each animal were snap frozen
and pulverized for analysis of fLuc activity and
vector DNA, and (2) the remaining lung lobes and
trachea were embedded for cryosectioning for lo-
calization of mCherry expression. fLuc expression
was detectable in all the tissue lysates of the tested
lung lobes and tracheas of Kits #1—4 (Fig. 3c). Al-
though the biophotonic imaging was not able to
demonstrate the fLuc expression in the tracheas of
all four kits, expression was detectable in the tra-
cheal tissue extracts, albeit at lower levels and more
varied than in the lung extracts among the four kits.
The number of vector genomes in these samples
roughly correlated with fLuc expression (Fig. 3c and
d), suggesting that post-endocytic processing of the

virus was likely not responsible for differences in
transduction between the trachea and intralobar
airways. Analysis of mCherry reporter expression
in the intact lobes of the lungs under fluorescence
dissecting microscope was patchy (Fig. 3e), sug-
gesting that the vector delivery was unevenly dis-
tributed. Further analysis at the cellular level in
sections demonstrated widespread mCherry ex-
pression in the bronchiolar airways and the sur-
rounding lung alveolar airspaces (Fig. 3f).

rAAV2/HBoV1 transduction of the ferret lung
is not adversely affected by vector exposure
early in life

Given that CF ferrets develop lung infections
starting early in 1life*®*® and the rAAV2/HBoV1
genomes from dose-limited neonatal infection will
be diluted as the animal grows, evaluating rAAV2/
HBoV1 for gene therapy in the neonatal CF ferret
lung will require repetitive dosing. Furthermore,
although the data to this point suggested that
rAAV2/HBoV1 transduces the neonatal airway, it
remained unclear whether this would be the case in
the fully mature airways of the juvenile ferret. In
the ferret airway, ciliogenesis and the development
of submucosal glands occur during the first 3 weeks
of life.?® rAAV1 transduction of the airway declines
over this period due to the presence of inhibitory
factors in airway fluid that may be produced by the
submucosal glands.*® Thus, it was critical to eval-
uate rAAV2/HBoV1 for the ability to infect the ju-
venile ferret lung, as well as to determine whether
prior exposure to rAAV2/HBoV1 inhibits trans-
duction of repetitively administered vector.

An experiment to evaluate transduction by a
vector harboring gLuc reporter (AV2/HBc.gLuc) at
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Figure 3. rAAV2/HBoV1 vector transduction to the airway of 5-day-old ferret kits. Five-day-old ferret kits (n=5) were infected with 7.5x10'® DRP of AV2/
HBc.mCherry-fLuc and evaluated at 10 days post infection. (a—b) Biophotonic images acquired with the IVIS system, color bar set at the same scale of radiant
efficiency applies to all the pseudocolored images. (a) Luminescent images visualized the firefly luciferase reporter expression in live kits. (b) Front and back
views of whole lung cassette of Kit #5 in (a). Left: photographic image displaying the tissue only. Right: Luminescent pseudocolored image overlaid on
photographic image. (c) Quantitation of fLuc activity in tissue extracts prepared from three entire lung lobes (L) and half of trachea (T), of Kits #1-4 in (a). (d)
Quantitation of vector genomes, using genomic DNA prepared from the tissues used in (c). (e) mCherry expression in representative lung lobes, shown as
merge of bright-field and fluorescence (red) taken on a fluorescent dissecting microscope. (f) mCherry expression in sections of lung tissue (red), with nuclei
stained with DAPI (blue). Left: fluorescence only, showing both mCherry and DAPI. Right: Merge of red fluorescent channel with phase contrast image. Images

were taken at 10 x magnification.

29 day of age was designed in animals that were
either naive to rAAV2/HBoV1 exposure or had been
infected with a rAAV2/HBoV1 vector harboring the
fLuc reporter (AV2/HBc.fLuc) at 7 days old (Fig. 4a).
The animals in the naive group were also co-infected
with AV2/HBc.fLuc vector at the same dose that was
given to the 7-day-old kits of the exposed group. All
kits were sacrificed for transduction assays at the

age of 36 days (Fig. 4a). Since equal amounts of AV2/
HBc.gLuc were administered to all kits at 29 days of
age, first gliuc expression was compared in the se-
rum of the naive versus previously exposed groups.
Whereas gLuc activity was detectable in the sera
of all the infected kits, the activity in the exposed
group (E) was significantly higher (5.5-fold; p <0.04)
than that in the naive group (N; Fig. 4b).
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after serum was collected for assessment of secreted glLuc. (b) Comparison of gLuc expression in serum, for individual kits (black columns) and as averages

for the two test groups (striped columns, mean+ SEM).

Transduction in lung tissues of the two groups
was also compared using assays for fLuc and
gLuc expression in lysates. Measurements of the
gLuc activity in extracts from lung tissue dem-
onstrated that expression was significantly high-
er (6.9-fold; p <0.004) in the exposed versus naive
group (Fig. 5a), consistent with the data from the
plasma measurements. However, TagMan PCR-
based analysis of the number of vector genomes
for AV2/HBc.gLuc in these lung samples did not
reveal significant differences between the two
groups (Fig. 5b; p=0.51). This suggests that post-
entry pathways that influence transduction may
be altered by previous exposure to the virus.
However, given that the measurements were
made shortly after infection (7 days), possible
presence of a large amount of transcriptionally
silent genomes in both groups might impact the
interpretation of these findings.

Insights into viral persistence during growth of
the neonatal lung were provided by evaluation of
fLLuc expression and the number of vector genomes
in the two groups at 36 days of age. In lung tissues
from the exposed group (29 days post infection with
AV2/HBc.fLuc), the average levels of fLuc activity
(Fig. 5¢) and number of vector genome copies
(Fig. 5d) were around 5.0- and 4.7-fold lower, re-
spectively, than in the naive group (7 days post
infection with AV2/HBc.fLuc). In addition, al-
though variation in the level of fLuc expression in
kits of the naive group was marginal, it varied
substantially in animals in the exposed group. In
the exposed group, one kit in particular (#1E;
Fig. 5¢) maintained 6.5- to 23-fold higher expres-

sion than the others of the same group. Similarly,
at 10 days post infection, the outcome of fLuc ex-
pression from the kits infected at 5 days old was
also largely varied. Thus, the variability in gene
expression from the rAAV2/HBoV1 infection to
neonatal lungs appears larger than that to the fully
mature juvenile lungs. It was reasoned that the
difference in fLiuc activities between the two groups
could relate to the amount of growth the animals
experience between the time of infection and the
measurement of outcome. During the first month of
life, the ferrets gained a significant amount of
weight, starting out at an average of about 5-8 g at
birth and ending at 241 g by 36 days of age. During
the 29-day period from the time of their first in-
fection, the kits in the exposed group gained an
average of 186 g (+760%) body weight; in contrast,
during the 7 days from the time of their infection,
the kits of the naive group gained only 58 g (+37%).
Given that the relative luciferase activities were
normalized to amount of protein in the tissue ly-
sates using for comparison, the approximately
fivefold lower fLuc expression at 29 days post in-
fection most likely relates to the expansion of cell/
tissue mass in the lung, reflected by the ~ 7.6-fold
weight gain during this period.

Relationship between growth and transgene
expression following infection with rAAV2/
HBoV1 vector

To evaluate the relationship between growth
and the persistence of transgene expression more
fully, experiments were designed to evaluate
transgene expression in the lung at various ages



FERRET MODELS OF RAAV2/HBoV1 TRANSDUCTION 621

4]

106 4

105 <

104 <

103 .
& & & &
@@@@ﬁ@@ﬁﬁﬁ

gluc Activity in Lung Extracts
RLU/ug protein

(7]

10° 1

102 1

10" 1

fLuc in Lung Extracts
(RLU/ug protein)

N4

o

&ﬁﬁﬁﬁﬁﬁ@@
%

29 Days Post-infection 7 Days Post-infection

o

14000 {

10500 4

7000 A

3500 4

0-

& & & &
%ﬂ@¢£§§§§§
% &

7 Days Post-infection 7 Days Post-infection

Copies/100ng Genomic DNA

d
1200 4
<
=z
[a
2 900 4
E
o]
&
O 600 -
()]
=
S
= 300
w
o
&
(&) 0

%\‘0 %'f" @Q’ ﬂp‘:(’ N )&\‘\ %q}\ ,&5‘\ ,@“\ @oQ
Y o
< <
29 Days Post-infection 7 Days Post-infection

Figure 5. rAAV2/HBoV1-mediated transgene expression and vector genomes in naive and previously exposed ferret lungs. Transgene expression and vector
genomes in extracts of lung lobes for each ferret in the exposed (E) and naive (N) groups shown in Fig. 5, with the time post infection and transgene indicated.
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each group (mean+ SEM, striped column). (a) gLuc expression. (b) Number of copies of the AV2/HBc.gLuc genome. (c) fLuc expression. (d) Number of copies
of AV2/HBc.fLuc genome. Relative gLuc and fLuc activity was normalized to the protein content of the tissue extracts. Genomic DNA (100 ng) was used for
TagMan PCR, and copies of vector genome were quantified using gLuc or fLuc cDNA standard curves.

following AV2/HBc.fLuc infection of 7-day-old ani-
mals. Initial attempts to monitor fLuc expression
continually in the exposed group by biophotonic
imaging were unsuccessful because maturation of
the animals (including thickening of the skin and
hair) led to inadequate sensitivity of the IVIS in-
strument. To study the persistence of transgene
expression during the neonatal period more accu-
rately, a time course of enzymatic luciferase end-
point assays was performed for separate sets of
animals. The dose of fLLuc vector was the same as
used for the exposed group in the studies described
in Fig. 5. In total, sixteen 7-day-old ferret kits were
infected with AV2/HBc.fLuc vector, and transduc-
tion was evaluated at days 8, 15, 22, and 29 post
infection. At each time point, four kits were sacri-
ficed, and their body weights were recorded. fLuc
activities were measured in the tissue homogena-
tes from lungs (average of the measurements from
six lung lobes for each kit) and tracheas. It was

found that as the weight of the animals increased
(Fig. 6a), the average fLuc activity decreased
(Fig. 6b). Over the 3-week period of the study (8—
29 days post infection), transgene expression de-
creased 11.2-fold in the lung and 26.7-fold in the
trachea. Growth of the lung, as inferred by weight
gain (60—214g over the 3-week period), is likely
partly responsible for the decrease. However, this
increase in weight only represents a 3.5-fold differ-
ence and does not account for the 11.2- to 26.7-fold
reduction in transgene expression. Thus, the dura-
tion of transgene expression could be influenced by
additional factors, perhaps the shedding of trans-
duced cells and/or inactivation of the promoter.

DISCUSSION

While rAAV2/HBoV1 represents a potentially
promising vector for gene therapy to the CF lung,
there is a critical need for a suitable animal model
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in which to perform preclinical studies. Given that
a CF ferret model exists, the ability of rAAV2/
HBoV1 to transduce ferret airway epithelial cells
was tested using three model systems: an in vitro
model of polarized FAE-ALI cultures, an ex vivo
model of tracheal xenografts, and an in vivo model
of infection of lungs of newborn and juvenile ferret.
Results demonstrated that rAAV2/HBoV1 trans-
duction in the ferret in vitro and ex vivo airway
model systems were much poorer than that in
HAE-ALI and human tracheal xenografts. Given
that this species difference was much less in tra-
cheal xenografts compared to polarized ALI cul-
tures, the extent of differentiation may influence
the HBoV1 tropism for proximal ferret airway ep-
ithelia. Data from the analyses of vector bind-
ing and endocytosis suggest that the species
discrepancies in the case of the ALI cultures can
be accounted for by inefficient endocytosis of
HBoV1 capsids by in vitro polarized ferret prox-
imal airway epithelia. This implies that the re-
ceptor and/or co-receptor for HBoV1 is poorly
expressed on the apical surface of in vitro cul-
tured ferret proximal airway epithelia. Together
with the in vivo tests demonstrating poor trans-
duction of the ferret trachea compared to the distal
airways, it is concluded that HBoV1 capsids do not
efficiently transduce the ferret tracheal epithelium.

While the in vivo cellular site of lytic HBoV1
infections in human is unknown, HBoV1 is thought
to cause both upper and lower respiratory infec-
tions.?%2* HBoV1 clinical presents with bronchio-

litis and pneumonia,®® suggesting that distal lung
may be the primary site of infection; this is con-
sistent with the location of rAAV2/HBoV1 trans-
duction in the ferret lung. rAAV2/HBoV1 vector
preferentially transduced the lower respiratory
tract in the neonatal ferret lung, with transgene
expression predominantly localized to intralobar
regions. Histologic examination revealed high lev-
els of transgene expression (mCherry fluorescent
protein) in the bronchiolar airways as well as the
alveolar regions of the lung. Furthermore, mature
lungs of juvenile ferrets (1 month old) were also
permissive to rAAV2/HBoV1 transduction.

Gene therapy to the lung with episomally per-
sistent parvoviral vectors will likely require repeat
administration. However, the adaptive immune
system is known to prevent repetitive viral infec-
tion.52 In this context, repeated rAAV administra-
tion to mouse lung has given variable results. Re-
administration of rAAV5 or rAAV6 vectors to the
mouse lung is prevented by neutralizing anti-
bodies,?®%* but an effective second administration
with rAAV6 can be achieved by transient immu-
nosuppression during the first dose.** By contrast,
re-administration of rAAV9 is effective in the
mouse lung.?® Analysis of rAAV2/HBoV1 indicates
that repetitive vector administration during the
first month of life is feasible in the ferret. Of par-
ticular interest in these studies was the observed
five- to sevenfold enhancement in rAAV2/HBoV1
transduction following a second round of virus ad-
ministration. Notably, although HBoV1 lung in-
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fections in children 1-2 years of age lead to sero-
conversion, these children can nevertheless con-
tract HBoV1 infection years later, and cases of
secondary HBoV1 infection occurring in older
children and adults have also been reported.?*°¢:57
It is currently unclear if the neonatal adaptive
immune response, which may be different from
that in adults, plays a role in the ability of HBoV1
to infect children repetitively. The present studies
of repeated rAAV2/HBoV1 infection in neonatal
and juvenile ferrets were modeled after data de-
scribing both primary and second HBoV1 infec-
tions in infants and toddlers, respectively. The
findings in the ferret studies also support data of
secondary infections in infants and toddlers. Based
on extrapolations between humans and ferrets, a
1-month-old ferret would be the approximate age
equivalent of a 1-year-old human.’® Thus, the
studies in ferrets represent the earliest window for
HBoV1 secondary infection in humans, for which
around 22% occur by 1 year of age and ~42% occur
at ages >6 years.?” Since nearly 100% of humans
are seroposititve for HBoV1 antibodies by 6 years of
age,” it remains unclear if primary and secondary
infections can similarly occur in naive adults. Si-
milarly, it is unclear if re-administration of rAAV2/
HBoV1 will be effective when first exposure to
rAAV2/HBoV1 occurs in older ferrets. The obser-
vation of enhanced secondary transduction in the
exposed group is interesting and warrants further
investigation.

These observations are reminiscent of findings
reported in Mucopolysaccharidosis type I (MPS I)
dogs, which have interesting implications for cir-
cumventing unwanted immune responses to gene
therapy. In this study, the dogs were infected twice
with rAAV vectors: with a rAAVS8 vector on post-
natal day 1 or 7, and then with rAAV9 at 1 month of
age. rAAVS8 and rAAV9 served as vectors for the
same canine o-I-iduronidase (IDUA) expression
cassette, and the IDUA activity in cerebrospinal
fluid from the exposed group of dogs was 3- to 100-
fold greater than that in the naive animals.®’ These
findings suggest that the postnatal period may
represent a developmental window during which
tolerance to a viral vector can be induced, and that
neonatal gene transfer might be an effective ap-
proach for preventing immune responses to a
transgene product and/or vector proteins following
re-administration at older ages.®1®? Although fur-
ther experimentation is required to determine the
mechanisms by which prior exposure to the HBoV1
capsid can enhance transduction from the same
vector later in life, investigation on the repetitive
infection of rAAV2/HBoV1 vector with the ferret

model may also provide useful clues for the im-
munogenicity of HBoV1 capsid proteins and de-
velopment of HBoV1 vaccine.

Consistent with proteasome inhibitor augmen-
tation of HAE-ALI cultures following apical infec-
tion with rAAV1, 2, and 54536 or rAAV2/
HBoV1,3¢ proteasome inhibition is required for ef-
fective in vivo transduction of the ferret airway by
rAAV1*? and facilitated effective in vivo TAAV2/
HBoV1 transduction in the present study. Al-
though in vitro studies have revealed that the
application of proteasome inhibitors (including
doxorubicin) increases nuclear accumulation of
rAAV in HAE-ALI cultures,®® a detailed under-
standing of how doxorubicin augments transduc-
tion by parvoviral vectors (rAAV and rAAV2/
HBoV1) in airway epithelial cells in vivo remains
unclear. Doxorubicin is a pharmaceutical agent
clinically used in cancer chemotherapy. As a mul-
tifunctional molecule, doxorubicin inhibits the ac-
tivities of DNA topoisomerase I1°° and the 20S core
proteasome,®® and can also affect cell proliferation
and the immune response.®” Any of these cellular
effects could facilitate rAAV2/HBoV1 transduction
to the ferret airway in vivo and the ability to repeat
administer vector. Indeed, studies in mice have
shown that the proteasome inhibitor bortezomib
can enhance rAAV2 transduction of mouse liver
while also reducing MHC I presentation of AAV2
capsid peptides.®® Proteasome inhibition has also
been shown to induce immune tolerance in human
and mouse models,®>"° and thus it is possible that
the administration of doxorubicin with vector to
7-day-old ferrets might play a critical role in pre-
venting immune responses to the second infection
at 1 month of age. The dose doxorubicin required to
facilitate rAAV2/HBoV1 transduction maximally
in vivo and the consequences on the ferret immune
system are remaining major questions that will
assist in translating the rAAV2/HBoV1 vector
system to repeat dosing in CF ferrets.

While interpreting the persistence of transgene
expression in the lungs of growing animals has
caveats, given that lung size may not correlate di-
rectly with body weight, the present findings sug-
gest that actively replicating cells in the growing
lung may more rapidly dispose of rAAV2 genomes.
Over the 3-week period during which transgene
expression was monitored (8-29 days post infec-
tion), transgene expression decreased 11.2- and
26.7-fold in the lung and trachea, respectively,
whereas body weight increased only 3.5-fold. This
suggests that when gene therapy is applied in
rapidly growing children, more frequent dosing will
be required than in adults. Similar experiments in
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fully grown ferrets will be required to confirm this
hypothesis. However, it will first be necessary to
improve rAAV2/HBoV1 packaging systems, so that
vector can be generated in quantities sufficient for
those studies.

Postnatal development of the ferret lung involves
the formation of ciliated cells, goblet cells, and sub-
mucosal glands. These developmental changes al-
ter the extracellular milieu of the airways, and it
was previously shown that this negatively affects
rAAV2/1 transduction of the ferret lung.*® That
study demonstrated that the airways of the newborn
ferret are highly transduced by rAAV2/1, but that
by 18 days of age, an inhibitory factor in the air-
way fluid significantly reduces transduction, and
by adulthood it is undetectable. It was hypothesized
that submucosal glands may be responsible for
the secretion of this inhibitor. By contrast, rAAV2/
HBoV1 efficiently transduces the lungs of both
7- and 29-day-old ferrets, suggesting that the HBoV1
capsid is relatively unaffected by lung development
and the change in airway secretions.

In summary, this study demonstrates that ferret
airways are permissive to rAAV2/HBoV1 trans-
duction in vivo, with rAAV2/HBoV1 effectively
transducing ferret lungs from at least 3 to 29 days

of age. Additionally, during this period repetitive
vector administration was successful, without a
reduction in transduction efficiency. Collectively,
this work lays a foundation for using the ferret to
study the transduction biology of HBoV1 in the
airway, and for using the CF ferret as a preclinical
model to develop rAAV2/HBoV1-mediated gene
therapies for the CF lung.
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