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Abstract

We recently created a cystic fibrosis ferret model that acquires neonatal lung infection. To develop lung gene
therapies for this model, we evaluated recombinant adeno-associated virus (rAAV)-mediated gene transfer to
the neonatal ferret lung. Unlike in vitro ferret airway epithelial (FAE) cells, in vivo infection of the ferret lung with
rAAV1 required proteasome inhibitors to achieve efficient airway transduction. We hypothesized that differ-
ences in transduction between these two systems were because of an in vivo secreted factor that alter the
transduction biology of rAAV1. Indeed, treatment of rAAV1 with ferret airway secretory fluid (ASF) strongly
inhibited rAAV1, but not rAAV2, transduction of primary FAE and HeLa cells. Properties of the ASF inhibitory
factor included a strong affinity for the AAV1 capsid, heat-stability, negative charge, and sensitivity to en-
doproteinase Glu-C. ASF-treated rAAV1 dramatically inhibited apical transduction of FAE ALI cultures (512-
fold), while only reducing viral entry by 55-fold, suggesting that postentry processing of virus was influenced by
the inhibitor factor. Proteasome inhibitors rescued transduction in the presence of ASF (*1600-fold) without
effecting virus internalization, while proteasome inhibitors only enhanced transduction 45-fold in the absence of
ASF. These findings demonstrate that a factor in lung secretions can influence intracellular processing of rAAV1
in a proteasome-dependent fashion.

Introduction

Cystic fibrosis (CF) is the most common life-threatening
autosomal recessive disorder in Caucasians and is caused

by defects in the cystic fibrosis transmembrane conductance
regulator (CFTR) and epithelial dysfunction in multiple or-
gans, including the lung, gastrointestinal tract, pancreas, liver,
and gallbladder (Welsh et al., 2001; Rowe et al., 2005). The
primary target for gene therapy of CF is the lung, given that
chronic bacterial infections in the airways are the most life-
threatening aspects of the disease (Driskell and Engelhardt,
2003; Griesenbach et al., 2010). Preclinical studies to test the
efficacy of gene therapies to the CF lung have been hindered
by the fact that CF mice do not acquire spontaneous lung
disease (Grubb and Boucher, 1999; Wilke et al., 2011), likely
because of an alternative Ca + 2-activated chloride channel that
compensates for the lack of CFTR in the airways (Grubb and
Boucher, 1999). Interestingly, this alternative chloride chan-
nel in mouse airway epithelium is responsive to cAMP in-

duction, making it difficult to functionally evaluate CFTR
complementation electrophysiologically in CF mouse air-
way epithelium using viral vectors (Liu et al., 2006). How-
ever, the recent creation of a new CF ferret model that
spontaneously acquires rapid lung infections (Sun et al.,
2008, 2010) provides new opportunities to develop and test
gene therapies for CF lung disease. In the current study, we
sought to evaluate recombinant adeno-associated viral
(rAAV) vectors for gene therapy of the neonatal ferret lung
as a first step in developing this model.

rAAV vectors have been extensively studied in the field of
gene therapy and has been evaluated in CF clinical trials
(Flotte, 2001; Carter, 2005; Griesenbach and Alton, 2009).
Although phase I and II trials for CF lung disease with
rAAV2 have demonstrated a promising safety profile, CFTR
expression in these trials was sufficiently low to preclude the
detection of transgene-derived CFTR mRNA (Aitken et al.,
2001; Wagner et al., 2002; Moss et al., 2007). In vitro studies
using polarized human airway epithelia (HAE) cultured at

1Department of Anatomy and Cell Biology, 2Center for Gene Therapy, and 3Department of Internal Medicine, University of Iowa School of
Medicine, Iowa City, IA 52242-1009.

HUMAN GENE THERAPY 24:786–796 (September 2013)
ª Mary Ann Liebert, Inc.
DOI: 10.1089/hum.2013.137

786



an air–liquid interface (ALI) led to the finding that postentry
barriers are primarily responsible for low efficiency of
rAAV2 transduction from the apical surface (Duan et al.,
2000). While rAAV2 is efficiently internalized from both the
apical and basolateral membranes of HAE, entry through the
basolateral membrane is 200-fold more effective at expres-
sing transgenes as compared with apical entry (Duan et al.,
1998, 2000). The apical block of rAAV transduction appears
to be linked to proteasome function and ubiquitination of the
capsid, since transient inhibition of the proteasome at the
time of infection dramatically enhances capsid ubiquitination
and transduction by improving nuclear translocation of
the virus (Duan et al., 2000; Yan et al., 2002). Various
rAAV serotypes have differences in their susceptibility to
proteasome-dependent blocks in apical transduction of HAE,
with rAAV1 being the least sensitive, and rAAV2 and
rAAV5 being the most sensitive (Yan et al., 2004, 2006).

While the HAE ALI culture model has been very useful for
sorting through rAAV serotypes with the highest tropism for
the apical surface (Yan et al., 2013), this model cannot com-
pletely reproduce the in vivo extracellular environment of the
airway that contains mucins and other secreted components
of innate immunity (Knowles and Boucher, 2002). Although
certain rAAV serotypes have demonstrated effective in vivo
airway gene transfers in the mouse (Halbert et al., 2001;
Auricchio et al., 2002; Bell et al., 2011; Li et al., 2011), the
utility of the CF mouse for testing CFTR gene transfer is
limited because they failed to develop the spontaneous lung
infection seen in CF patients (Guilbault et al., 2007; Fisher
et al., 2011; Keiser and Engelhardt, 2011). Thus, there is a
need to evaluate rAAV vectors in less studied species, like
the ferret, so that they can eventually be applied in the
context of CFTR gene therapy for CF lung disease.

Previously, we compared the transduction efficiency of
different rAAV serotypes in polarized ferret airway epithelial
(FAE) cultures grown at an ALI and discovered that the
rAAV1 most effectively expressed its transgenes after apical
infection compared with rAAV2 and rAAV5 (Liu et al.,
2007a). Therefore, in the current study, we sought to evaluate
the efficiency of rAAV1 to transduce the neonatal ferret air-
way in vivo. We found that rAAV1 was efficient at trans-
ducing the trachea and intralobar airways of newborn ferrets
only when a proteasome inhibitor was applied in the vector
inoculum. Interestingly, the adult ferret lung was consider-
ably resistant to rAAV1 infection even in the presence of a
proteasome inhibitor. These findings were in stark contrast
to the high level of rAAV1 transduction seen in vitro after
infection of primary FAE grown at an ALI. Seeking to better
understand why the in vivo, but not in vitro, FAE is so re-
sistant to transduction by rAAV1, we evaluated whether the
airway secretory fluid (ASF) of the ferret contained an
inhibitory factor that altered the biology of rAAV1 trans-
duction. Using in vitro reconstitution experiments, we dem-
onstrate that ferret tracheal and whole-lung ASF contains
factor that alters both the uptake and the postentry intra-
cellular processing of rAAV1 in a proteasome-dependent
fashion after apical infection of airway epithelia. These
studies demonstrate for the first time that an extracellular
factor can influence intracellular processing of rAAV and
shed new insights into potential innate immunity barriers
that can limit in vivo gene delivery to the lung. Further
characterization of such an extracellular inhibitor factor may

lead to improvements in rAAV vectors through the further
engineering of capsid-interacting domains.

Materials and Methods

Recombinant AAV vector production

All rAAV vector stocks were generated by triple-plasmid
cotransfection using an adenovirus-free system and purified
with an identical procedure involving iodixanol ultracentri-
fugation following with HPLC, as previously described (Yan
et al., 2006). Constructs for the triple-plasmid cotransfection
were previously described (Yan et al., 2006) and included: (1)
adenovirus helper plasmid, pAD4.1; (2) AAV trans helper
plasmid, either pBS-HSP-RC2.3 for rAAV2 or p5E18RXC1
for rAAV1; and (3) an rAAV proviral plasmid designated
below. rAAV2/2.CMVluc and rAAV2/1.CMVluc were
generated by packaging the same rAAV2 proviral plasmid
[pAV2-CMVluc-flag, harboring a CMV-promoter-driven
firefly luciferase expression cassette (Yan et al., 2006)] into
AAV2 and AAV1 capsid, respectively. The rAAV1 vector
rAAV2/1.RSV-AP contained an RSV-LTR-driven alkaline
phosphatase expression cassette and rAAV2/1.CBA-RL
contained a CMV enhancer and chicken actin promoter
(CBA)-driven renilla luciferase expression cassette. rAAV2/
1.RSV-AP and rAAV2/1.CBA-RL were generated from
rAAV2 proviral plasmids pCWRAPSP (Yang et al., 1999) and
pAV2-CBA-RL (Flotte et al., 2010), respectively. Viral titers of
purified stocks were calculated as DNase-resistant particles
(DRP) using slot blot assays with P32-labeled probes as pre-
viously described (Yan et al., 2006).

AAV infection of ferret lungs

All animal experimentation was performed according to
protocols approved by the Institutional Animal Care and Use
Committees of the University of Iowa. rAAV1 in vivo infec-
tion of ferret lungs was performed by intratracheal instilla-
tion. The administration volume and virus load varied
depending on the age of the ferret and is indicated in the
figure legends. Proteasome inhibitor doxorubicin (Dox) was
included in the vector inoculum at a final concentration of
250 lM, unless otherwise stated. Mock infections were per-
formed by intratracheal instillation of phosphate buffered
saline (PBS) lacking virus. Ferret kits were anesthetized by
inhalation of a mixture of isofluorane and oxygen, and the
installation of inoculum was performed over 10–20 min
(vector titers and volumes for each age group are giving in
the figure legends).

Detection of reporter gene expression in ferret lung

Animals were euthanized at desired time points postin-
fection with an overdose sodium pentobarbital injection
(i.p.). For renilla luciferase expression assay, the ferret tra-
chea/lung cassette was immediately frozen in liquid nitro-
gen and then pulverized using a cryogenic tissue pulverizer.
About 1 ml of passive lysis buffer (Promega, Madison, WI)
was added to the pulverized tissue to extract protein. After
freeze–thaw cycles, the tissue extract was then centrifuged at
15,000 rpm for 5 min, and the clarified tissue extract was used
for renilla luciferase assays with a renilla luciferase assay kit
from Promega. For detection of alkaline phosphatase ex-
pression, the in situ trachea/lung cassette was washed by
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inflation with *5–10 ml PBS, followed by instillation of 10 ml
fixation solution (0.5% glutaraldehyde in PBS). After dis-
secting from the chest cavity, the trachea and lung were
submerged in *40 ml fixation solution for 1 hr and then
washed three times with PBS over the course of 1 hr. After
the last PBS wash, the tissues (in fresh PBS) were heated at
70�C in a water bath for 2 hr to inactivate the endogenous
alkaline phosphatase activity. Alkaline phosphatase staining
was then performed with a 1:50 dilution of the NBT/BCIP
stock solution (Roche, Indianapolis, IN) in 0.1 M Tris-HCl,
0.1 M NaCl, and pH 9.5 buffer containing 1:100 dilution
of levamisole (Vector Laboratory, Burlingame, CA). After
staining at 37�C for 4 hr, tissues were rinsed three times with
PBS over the course of 1 hr and then postfixed in 10% buff-
ered formalin.

Chemical and enzymes

Proteasome inhibitor Dox was from Sigma (St. Louis,
MO), and LLnL (N-Acetyl-L-leucine-L-leucine-L-norleucine)
was from Boston Biochem (Cambridge, MA). The Dynabeads
Antibody Coupling kit was from Invitrogen (Carlsbad, CA).
Anion (Poros 20 PI) and cation (Poros 20 HS) exchange resin
were from Applied Biosystems (Foster City, CA). Protenase
K was from Roche, and sequencing-grade endoproteinases
(trypsin, Arg-C, and Asp-N) were from Promega. N- and
O-deglycosidase mix (PNGase F; Endo-a-N-Acetylgalacto-
saminidase; Neuraminidase and b-1-4 Galactosidase; and
N-acetylglucosaminidase) was from New England Biolabs
(Ipswich, MA). Heparinase, chondroitinase, and hyaluroni-
dase were from Sigma. Methods of digestion with the vari-
ous enzymes were performed under conditions provided by
the manufacturers.

Collection of ASF from ferret

ASF from ferrets of different ages was collected after eu-
thanasia. For lung lavages, the trachea and lung cassette was
dissected from the chest cavity with the proximal end of the
trachea held closed with hemostat. For adult ferrets, 4 ml of
sterile PBS was injected into the cannulated trachea, and the
lung was lavaged. The procedure was repeated, and the la-
vages were pooled and briefly spun at 1000 rpm for 5 min. The
supernatant was filtered through 0.22 lM filter and adjusted
to OD280 = 1 with sterile PBS. Typically *10–12 ml PBS-
diluted ASF of OD280 = 1 could be collected from one adult
ferret. Adult tracheal washes harvested into 500 ll PBS gave
similar results to the whole lung lavages. All the data pre-
sented in the article used ASF harvested from lung lavages.

Cell culture and virus infection conditions

HeLa cells were cultured as monolayers in Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal
bovine serum and penicillin–streptomycin, and maintained
in a 37�C incubator at 5% CO2. FAE cultures grown at an ALI
were generated as previously described (Liu et al., 2007a,b).
Briefly, primary epithelial cells obtained from adult ferret
trachea were seeded onto 12 mm Millicell cell culture inserts
(Millipore, Billerica, MA) and differentiated with 2% Ultroser
G (USG; Pall Corporation, Port Washington, NY) medium at
an ALI for 3 weeks before use. Before infection, AAV vectors
were premixed with PBS or ASF at room temperature for

1 hr. AAV infections of HeLa cells were performed by di-
rectly adding the viruses at a multiplicity of infection of 1000
DRP/cell (108 DRP) to cell cultures in a 48-well plate at
*70% confluence. Viruses were typically left in the culture
medium over a 24 hr infection period, unless otherwise sta-
ted. Infections of polarized FAE ALI cultures were per-
formed by apical application of 4 · 109 DRP diluted in PBS
or premixing with ASF in the final volume of 50 ll to the
upper chamber of the Millicell insert. Viruses were exposed
to epithelia for 16 hr and then removed. At this time,
the Millicell inserts were briefly washed with a small amount
USG medium and fed with fresh USG medium to the bot-
tom chamber only. Approximately 106 cells were in each
Millicell insert and thus the multiplicity of infection
was *4000 DRP/cell.

Measurement of firefly luciferase reporter expression

At the time points of 24 hr postinfection for HeLa cells and
72 hr postinfection for FAE ALI cultures, cells were lysed
with luciferase cell lysis buffer, and luciferase enzyme
activity in cell lysates was determined using the Luciferase
Assay System (Promega) in a 20/20 luminometer equipped
with an automatic injector (Turner Biosystems, Sunnyvale,
CA).

Analysis of internalized viral genomes

At the time point of 4 hr postinfection for HeLa cells or
16 hr postinfection for FAE ALI cultures, virus was removed
by extensive washing with PBS. Cells were detached from
the culture support by trypsin digestion, and the cell pellets
were washed twice with PBS before lysing with a digestion
buffer containing 50 mM KCl, 2.5 mM MgCl2, 10 mM Tris pH
8.0, 0.5% NP40, 0.5% Tween-20, and 400 lg/ml proteinase K.
After digestion at 56�C for 45 min and heat inactivation at
95�C for 15 min, 1 ll of the digestion mixture was used for
TaqMan polymerase chain reaction (PCR).

Quantitative analysis of rAAV genome
by TaqMan PCR

TaqMan real-time PCR was used to quantify the physical
titer of the viral stocks and copies of viral genome in cell
lysates from AAV-infected cells as previously described
(Ding et al., 2006; Yan et al., 2006). The PCR primers used
were 5¢-TTTTTGAAGCGAAGGTTGTGG-3¢ (forward) and
5¢-CACACACAGTTCGCCTCTTTG-3¢ (reverse), and ampli-
fied a 73 bp fragment of the rAAV2.Luc genome. The Taq-
Man probe (5¢-ATCTGGATACCGGGAAAACGCTGGGCG
TTAAT-3¢) was synthesized by IDT (Coralville, IA). This
probe was tagged with 6-carboxy fluorescein (FAM) at the
5¢-end as the reporter and Dark Hole Quencher 1 (BHQ1) at
the 3¢-end as the quencher. The PCR was performed and
analyzed using Bio-Rad My IQ Real-time PCR detection
system and software (Ding et al., 2006; Yan et al., 2006).

Purification of ASF inhibitor factor bound to rAAV1

About 6 · 1010 DPR of AAV2/1.CMVluc was diluted in
3 ml PBS or ASF and incubated at room temperature for 2 hr.
After incubation, the virus suspensions were loaded on the
top of a two-layer (0.5 ml) 30% and 50% sucrose-PBS solu-
tion. The AAV particles were then pelleted through the
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sucrose cushions by ultracentrifugation at 45,000 rpm for
2.5 hr in an SW55 Ti rotor. Virus pellets were resuspended in
100 ll PBS and used for transduction assays on HeLa cells
and TaqMan PCR for viral genome quantification. A portion
of the original sample loaded onto sucrose was also retained
for both transduction and PCR.

Results

rAAV1 highly transduces neonatal ferret airways only
when proteasome function is inhibited

Our previous comparative studies of rAAV2/1, rAAV2/2,
and rAAV2/5 transduction of polarized FAE ALI cultures
demonstrated that rAAV2/1 affords *50-fold greater
transgene expression than rAAV2/2 and rAAV2/5 vectors
after apical infection (Liu et al., 2007a). This study also
demonstrated that coadministration of proteasome inhibitors
at the time of infection could enhance apical transduction of
FAE ALI cultures with these serotypes in a similar manner
to that observed in HAE ALI cultures (Yan et al., 2006).
However, rAAV1 transduction of both HAE and FAE
ALI cultures was *10-fold less responsive to proteasome
inhibitor induction than rAAV2/2 and rAAV2/5, suggesting
that rAAV1 is less susceptible to ubiquitin/proteasome-
dependent barriers after apical infection. Our initial studies
evaluating in vivo intratracheal rAAV2/1 infection to the
neonatal ferret lung without coadministration of proteasome
inhibitor failed to detect transgene expression (Fig. 1), sug-

gesting that the biology of rAAV2/1 transduction in vivo
differed from that in polarized FAE ALI cultures. To this end,
we sought to determine whether coadministration of the
proteasome inhibitor Dox could enhance in vivo transduction
by performing a dose response of Dox administration with
an rAAV2/1 CBA-driven rellina luciferase reporter (rAAV2/
1.CBA-RL) (Flotte et al., 2010). To our surprise, rAAV2/
1.CBA-RL transduction of neonatal ferret lung after in-
tratracheal delivery was remarkably augmented by the in-
clusion of Dox in the vector inoculum. At a dose of 67 and
200 lM Dox, transgene expression in lung lysates was in-
duced by *60- and 2700-fold, respectively (Fig. 1A).

To confirm these findings with an alternative promoter-
driven reporter, we performed similar experiments using an
rAAV2/1 RSV LTR/promoter-driven alkaline phosphatase
vector (rAAV2/1.RSV-AP) (Yang et al., 1999) and used his-
tochemical staining to determine the cellular targets of
transduction. Similar to the findings with rAAV2/1.CBA-RL,
transduction with rAAV2/1.RSV-AP was significantly en-
hanced by the addition of Dox in the vector inoculum, and no
transgene expression was observed in the absence of Dox (Fig.
1B–D). After infection of 5- and 12-day-old kits, transgene
expression was observed in the tracheobronchial epithelium,
bronchioles, and scatter alveolar cells (Fig. 1D and E). When
the rAAV2/1 infections were performed with 18-day-old and
adult ferrets in the presence of Dox, transgene expression in
airways was significantly lower in 18-day-old animals (Fig.
1F) and undetectable in adult animals (data not shown).

FIG. 1. Proteasome inhibitors dramatically induce rAAV2/1 transduction of the ferret lung. (A) Fourteen-day-old ferrets were
infected with 5 · 1010 DRP of rAAV2/1.CBA-RL in 600ll inoculum containing the indicated concentrations of Dox through
intratracheal instillation. Graph shows the mean – SEM of luciferase activity (RLU/mg protein) measured at 8 days postinfection
(n = 4 animals for each condition). (B–D) Five-day-old ferrets were infected with 2.5 · 1011 DRP of rAAV2/1.RSV-AP in the
presence or absence of 250 lM Dox (21.6 lg in 150 ll inoculum). (E) Twelve-day-old ferrets were infected with 1 · 1012 DRP of
rAAV2/1.RSV-AP in the presence of 250lM Dox (72lg in 500 ll inoculum); this embedded lung sample was not inflated. (F)
Eighteen-day-old ferrets were infected with 1 · 1012 DRP of rAAV2/1.RSV-AP in the presence of 250lM Dox (86.4 lg in 600ll
inoculum). Dark purple staining demonstrates the expression of the alkaline phosphatase reporter at 8 days postinfection.
Images in (C–F) were acquired at the 100 · magnification. Dox, doxorubicin; DRP, DNase-resistant particles; rAAV, recom-
binant adeno-associated virus; SEM, standard error of the mean. Color images available online at www.liebertpub.com/hum

LUNG INHIBITORS OF rAAV1 TRANSDUCTION 789



Adult ferret tracheal ASF contains an inhibitory factor
that selectively block rAAV1 transduction

rAAV2/1 is relatively efficient at transducing polarized
FAE ALI culture in vitro in the absence of proteasome in-
hibitors. By contrast, in vivo rAAV2/1 transduction to the
ferret airway required a high concentration of Dox to achieve
efficient transgene expression. Furthermore, the adult ferret
lung is refractory to rAAV2/1 transduction even in the
presence of Dox. Thus, it appears that the ferret lung de-
velops a host defense mechanism with age that compromises
rAAV2/1 infection in vivo. We hypothesized that a specific
factor within the ASF might act as extracellular barriers to
block in vivo access of rAAV2/1 to the airway epithelium. To
test this hypothesis, we investigated whether the ASF har-

vested from adult ferret tracheal washes and bronchoalveo-
lar lavage contained substances that are capable of inhibiting
rAAV2/1 infection. To evaluate the specificity toward the
rAAV1 serotype, we performed comparative experiments in
which rAAV2/1 or rAAV2/2 was incubated with ferret ASF
or PBS at room temperature for 1 hr and then applied to
HeLa cells. Results from this experiment demonstrated that
ferret ASF only inhibited rAAV2/1 transduction, but not
transduction by rAAV2/2. The level of transgene expression
from HeLa cells infected with the ASF-exposed rAAV2/1
was about 3% of the PBS-treated (control) virus (Fig. 2A).
This inhibitory effect was rAAV1 specific, since the transgene
expression after infection with ASF- or PBS-treated rAAV2
was unchanged (Fig. 2A). The inhibitory effect of ASF on
rAAV1 transduction of HeLa cells was mediated through

FIG. 2. Inhibition of rAAV2/1 transduction by ferret ASF. (A) 1 · 108 DRP of rAAV2/1.CMVluc or rAAV2/2.CMVluc
was incubated with 50 ll ferret ASF (1 lg/ll) or PBS at room temperature for 1 hr before applying to HeLa cells cultured on
48-well plates (*105 cell/well, MOI = 103 DRP/cell). Luciferase assays were performed at 24 hr postinfection. Data represent
the mean ( – SEM) relative luciferase activity per well (n = 3 independent wells). (B) HeLa cells in 48-well plates were overlaid
with 200 ll PBS (black column) or ASF (gray column) and incubated at 37�C for 1 hr. After the removal of PBS and ASF, cells
were fed with 450 ll complete culture medium and infected with rAAV2/1.CMVluc at an MOI of 103 DRP/cell. rAAV2/
1.CMVluc was premixed in 50 ll ferret ASF (1 lg/ll) or PBS at room temperature for 1 hr before infection. Luciferase assay
was performed at 24 hr postinfection. Data represent the mean ( – SEM) relative luciferase activity per well (n = 3 independent
wells). (C) Prechilled HeLa cells were incubated with 1 · 108 DRP of rAAV2/1.CMVluc (premixed with 25 ll PBS or ASF) at
4�C for 2 hr. The virus bound to the cell surface (4�C for 2 hr) or internalized into cells (after an additional 2 hr incubation at
37�C) were accessed by TaqMan PCR for viral genome copies. Data represent mean – SEM of n = 6 infections. (D) 1 · 108,
5 · 108, or 1.5 · 109 DRP of rAAV2/1.CMVluc were incubated with different amount of ferret ASF at room temperature for
1 hr before applying to HeLa cells cultured on a 48-well plate (*105 cell/well). Luciferase assay was performed at 24 hr
postinfection. Data represent the mean ( – SEM) relative luciferase activity per well (n = 3 independent wells). (E) 5 · 108 DRP
of rAAV2/1.CMVluc was incubated with ferret ASF of different ages at room temperature for 1 hr before applying to HeLa
cells cultured on a 48-well plate (*105 cell/well). Luciferase assay was performed at 24 hr postinfection. Data represent the
mean ( – SEM) relative luciferase activity per well (n = 3 independent wells). ASF, airway secretory fluid; PBS, phosphate
buffered saline; MOI, multiplicity of infection.
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virion–ASF interactions, since pre-exposure of ASF to cells
in the absence of virus, followed by viral infection in the
absence of ASF, did not alter the transduction (Fig. 2B).
Furthermore, premixing of rAAV1 with ASF before infec-
tion blocked binding of the virus to HeLa cells at 4�C and
thus also internalization after a shift to 37�C (Fig. 2C). The
extent of ASF-mediated inhibition of rAAV1 transduction
was dependent on the concentrations of both ASF and virus
(Fig. 2D). While the transduction activity of 103 DRP of
rAAV2/1 was inhibited by 50% after incubating with
*2 lg ASF, at 5- and 15-fold higher viral inoculums, 50%
inhibition required only *4 and *7.5 lg of ASF, respec-
tively (Fig. 2D). This nonlinear relationship between ASF
concentration and viral inoculum titer suggests that the
ASF inhibitory factor might cooperatively act to inhibit
virion binding to the cell surface.

Given the differences in transduction observed after
in vivo infection of ferrets of various ages (Fig. 1C–F), we
hypothesized that the rAAV1 ASF inhibitory factor in-
creased in abundance (or became more active) as ferrets
matured. To test this hypothesis, ASF was collected from
ferrets of various ages ranging from newborn to adult. This
ASF was then used to titrate dose-dependent inhibition of
rAAV1 transduction in HeLa cells. Results from this analysis
(Fig. 2E) demonstrated that the ability of ASF to inhibit
rAAV1 transduction indeed increased with age. No differ-
ences in the specific activity of ASF was seen between 1- and
5-day-old ferrets—both ages retained inhibitory activity with
50% inhibition of transduction observed at *12 lg ASF. By
contrast, ASF from 13-day-old and adult ferrets inhibited
rAAV1 transduction more significantly, giving rise to 50%
inhibition of transduction at *7 and *4 lg ASF, respec-
tively. These findings correlated with the decreasing effi-
ciency of rAAV2/1 to transduce the ferret airways as animals
aged (Fig. 1C–F) and suggest that either the inhibitory ac-
tivity or the abundance of the rAAV1 inhibitory factor in-
creased in the ASF with age.

The inhibitor factor in ASF reduces rAAV1 entry
into HeLa cells and transduction of HeLa cells
in a proteasome-independent manner

We further investigated whether ASF-mediated inhibition
of rAAV1 transduction was the result of reduced viral entry.
To this end, rAAV2/1 was incubated with ferret ASF or PBS
(control) at room temperature for 1 hr and then applied to
HeLa cells. The cells were exposed to vector inoculum at
37�C for 4 hr in the absence or presence of 1 lM Dox, and
then they were re-fed with fresh medium after the inoculum
was removed. At 24 hr postinfection, cells were assessed for
both internalized viral genomes and luciferase reporter ex-
pression (Fig. 3A and B). Results from these analyses dem-
onstrated significantly reduced internalization of ASF pre-
exposed rAAV2/1 and also revealed a direct correlation
between internalized viral genomes and transgene expres-
sion. ASF inhibition led to a 5.4-fold decrease in transgene
expression regardless of Dox treatment, and this was similar
to the 5.4–5.9-fold reduction in vector uptake. Inhibition of
the proteasome has been shown to enhance rAAV trans-
duction through postentry virion processing and trafficking
with minimal effect on viral uptake in HeLa cells (Yan et al.,
2002). Thus, our results (Fig. 3A and B) are consistent with
these observations. Given that transgene expression per viral
genome was similarly enhanced by the presence of Dox re-
gardless of ASF inhibition (Fig. 3C), these findings suggest
that ASF does not alter the proteasome-dependent proces-
sing of the internalized rAAV2/1 virions in HeLa cells. Thus,
the primary mechanism by which ASF inhibits rAAV1
transduction of HeLa cells is through reduced virus binding
and internalization.

Characterization of the rAAV1 inhibitory factor
in ferret ASF

To evaluate whether the ASF inhibitory factor was an
enzyme that might modify the virus capsid to prevent

FIG. 3. Ferret ASF inhibits rAAV2/1 virus uptake and transduction in HeLa cells. HeLa cells cultured on a 48-well plate
(*105 cell/well) were infected with rAAV2/1.CMVluc preincubated with 50 ll ferret ASF or 50 ll PBS at an MOI of 103 DRP/
cell. Infections were performed for 4 hr in the absence or presence of 1 lM Dox, and then the inoculums were removed and
the cells were replenished with fresh medium. (A, B) Quantification of internalized viral genomes (A) and luciferase
transgene expression (B) in cell lysates were performed at 24 hr postinfection. (C) An index for rAAV2/1 vector efficiencies
after the indicated infection conditions was calculated as the ratio of luciferase expression divided by the number of viral
genome. Data represent the mean ( – SEM) values from n = 4 independent infections.
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binding/endocytosis, we first investigated whether inhibi-
tion could be reversed by heat inactivation (85�C for 45 min)
of ASF before mixing with rAAV1 and infection of HeLa
cells. Results demonstrated that the inhibitor in the ASF
was resistant to heat inactivation and thus likely not an en-
zyme (Fig. 4A). We next performed studies to determine if
the ASF inhibitory factor was a protein and define its
biochemical properties. As summarized in Fig. 4B, results
from these experiments suggested that the inhibitory factor
was a heat-stable protein with a net negative charge. Both
predigestion of ASF with proteinase K (followed by heat
inactivation of proteinase K) and preadsorption of ASF using
an anion exchange resin significantly depleted ASF inhibi-
tory activity in the HeLa cell transduction assay. The inhib-
itory factor was also sensitive to endoproteinase Glu-C
digestion, but resistant to other endoproteinases, such as

trypsin, Arg-C, and Asp-N. The inhibitory factor was also
resistant to digestion with N- and O-deglycosidase, hepar-
inase, chondroitinase, and hyaluronidase, suggesting that
these glycan modifications were not responsible for the in-
hibitory effect on transduction.

To evaluate the specificity of binding of the inhibitor fac-
tor to AAV1 capsids, the binding characteristics of the ASF
factor was examined using Dynabeads covalently coupling
to rAAV1. ASF precleared with rAAV1-Dynabeads failed to
block rAAV1 transduction of HeLa cells in comparison to the
significant inhibition observed with mock-cleared ASF (i.e.,
using Dynabeads alone) (Fig. 4C). Notably, the inhibitory
factor bound extremely tightly to rAAV1-conjugated Dyna-
beads and could not be eluted with high salt (5 M NaCl)
(data not shown). Furthermore, ASF-bound virus retained
reduced transduction activity when pelleted through a

FIG. 4. Biochemical properties of the rAAV1 inhibitory factor in ferret ASF. (A–C) All infections were performed in HeLa
cells cultured on a 48-well plate (*105 cell/well) with 108 DRP of rAAV2/1.CMVluc incubated with 50 ll ASF or PBS for 1 hr
before infection. When indicated, the ASF was pretreated before incubation with virus. Luciferase activities in cell lysates
were determined 24 hr postinfection. (A) Ferret ASF preheated at 85�C for 45 min before the infection assay retains inhibitory
activity on rAAV1 transduction. Data represent the mean ( – SEM) values from n = 4 independent infections. (B) Ferret ASF
was treated with the agents shown on the y-axis. After the enzymatic treatments, ASF was heated at 85�C for 45 min to
inactivate enzymes before mixing with rAAV2/1.CMVluc. The N/O-deglycosidase mixture contains five enzymes: PNGase
F, endo-a-N-acetylgalactosaminidase, neuraminidase, b-1-4 galactosidase, and N-acetylglucosaminidase. Anion or cation
exchange resins were used to preclear the ASF by mixing 450 ll of the ASF and 25 ll (dry volume) of resin slurry pre-
equilibrated with PBS. Results indicated the mean ( – SEM)% inhibitory activity (with respect to rAAV1 transduction assays,
n = 3–4 independent infections) remaining in the ASF as compared with the untreated control ASF (as 100%). (C) rAAV2/1-
RSV.AP was covalently conjugated to Dynabeads using the Dynabeads antibody coupling kit (Invitrogen) and used to
preclear ASF before incubation with rAAV2/1.CMVluc and infection of HeLa cells. Mock control beads were run through the
coupling reaction in the absence of rAAV1. Data represent the mean ( – SEM) values from n = 3 independent infections. (D, E)
6 · 1010 DPR of rAAV2/1.CMVluc were mixed with 3 ml PBS or ASF. After 2 hr of incubation at room temperature, the
virus solutions were loaded onto the top of two layers of 0.5 ml sucrose-PBS solution of 30% and 50% (w/v) and spun at
45,000 rpm for 2.5 hr in an SW55 Ti rotor. After spinning, the virus pellets were resuspended in 100 ll PBS and used for (D)
quantification of viral genomes by TaqMan PCR and (E) quantification of viral transduction. Recovery of virus pelleted was
73% from the PBS condition and 86% from the ASF condition. Approximately 2 · 108 DRP of rAAV2/1.CMVluc before spinning
(but after mixing with PBS or ASF) and after spinning (from the sucrose pellets) were used to infect HeLa cells. Luciferase reporter
expression assays were conducted at 24 hr postinfection. Data represent the mean ( – SEM) for n = 3 independent experiments.
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sucrose step gradient (Fig. 4D and E), emphasizing the
strong binding interactions between the inhibitory factor and
the rAAV1 capsid. Results from this analysis demonstrated
that > 75% of rAAV1 DNA-containing particles were recov-
ered in the sucrose pellet after either PBS or ASF incubation
(Fig. 4D) and that ASF-bound virus demonstrated a similar
% inhibition of transduction on HeLa cells before and after
sucrose purification (Fig. 4E).

Proteasome inhibitor treatment rescues rAAV1
transduction in polarized FAE from inhibition by ASF

We next sought to determine the manner in which ferret
ASF might alter rAAV2/1 transduction of polarized FAE in
ALI culture. On the basis of the findings in HeLa cells, we
hypothesized that the factor might inhibit viral uptake. In-
deed, preincubation of rAAV2/1 with ASF significantly re-
duced viral uptake (55-fold) from the apical surface (Fig. 5A).
Similar to HeLa cell studies, viral uptake in the presence
or absence of ASF was unaffected by the treatment with
proteasome inhibitors at the time of infection (Fig. 5A).
Surprisingly, however, ASF more significantly inhibited
rAAV2/1 transduction (512-fold) of ALI cultures (Fig. 5B)
than viral uptake (55-fold), unlike the findings from HeLa
cells. Furthermore, proteasome inhibition at the time of in-
fection significantly rescued transduction in the presence of
ASF (*1600-fold) (Fig. 5B), while proteasome inhibition in-
creased transduction in the absence of ASF by only 46-fold.
These findings suggest that although the inhibitory factor in
ASF reduces AAV1 endocytosis in FAE, it also redirects
AAV1 that does get internalized to a proteasome-sensitive
pathway of transduction. In light of changes in viral uptake
in the presence of ASF, this can more easily be appreciated
by evaluating the functionality of internalized vector ge-
nomes to express their transgene (Fig. 5C). Proteasome in-

hibitors increased the functionality of the rAAV1 vector
genome (RLU/vg) by 44-fold in the presence of ASF (i.e.,
1896-fold increase in the presence of ASF vs. 43-fold increase
in the absence of ASF). This is in contrast to the findings from
HeLa cells, where proteasome inhibition similarly increased
the functionality of rAAV1 genomes by 7.1-fold and 6.4-fold
in the presence and absence of ASF, respectively. These
findings provide insights into why the in vivo ferret airway is
highly resistant to rAAV1 transduction in the absence of
proteasome inhibitors.

Discussion

Our studies demonstrate that rAAV2/1 may be a suitable
viral vector to test gene therapy to the lung of neonatal CF
ferrets. Interestingly, the airways of adult ferrets were ex-
tremely resistant to rAAV2/1 transduction, and this appears
to be caused, at least in part, by the increased abundance of
the secreted inhibitory factor in the adult ferret airway. The
identity of the secreted inhibitory factor remains unknown;
however, resistance of the airway to rAAV1 infection ap-
pears to develop at 18 days after birth, a time point when
submucosal glands are nearing a mature state in ferrets
(Leigh et al., 1986; Liu et al., 2004). Thus, the inhibitor factor
may originate from airway glands. One other group has
previously noted an inhibitory factor specific to CF bronch-
ioalveolar lavage, but not non-CF, that reduces rAAV2 in-
fection in cell lines *6-fold (Virella-Lowell et al., 2000). These
authors concluded that the likely inhibitor factor was a hu-
man neutrophil peptide. Our studies shed new insights on
how inhibitory factors found in the lung can impact rAAV
transduction through the altered intracellular processing of
virions.

The specificity of the ASF inhibitory factor toward
blocking rAAV1, but not rAAV2, transduction is intriguing

FIG. 5. Ferret ASF influences transduction of ferret airway epithelia by altering uptake and proteasome-dependent intra-
cellular processing of rAAV1. (A–C) 4 · 109 DRP of rAAV2/1.CMVluc were mixed with 45 ll ferret ASF or PBS and incubated
for 1 hr at room temperature. The inoculum was then apically applied to FAE ALI cultures (at an MOI of *4 · 103 DRP/cell)
for 16 hr. When proteasome inhibitors (PI) were applied, they were added to the medium in the basolateral chamber to a final
concentration of 1 lM Dox and 10 nM N-Acetyl-L-leucine-L-leucine-L-norleucine (LLnL) for the entire infection period. At
16 hr postinfection, the apical inoculum was removed. After washing, the cultures were either (A) lysed for the analyses of
internalized viral genomes by TaqMan PCR or (B) fed with fresh medium in the basolateral chamber and cultured till 3 days
postinfection for luciferase expression assays. (C) The vector efficiencies under the different infection conditions were cal-
culated as the ratio of luciferase expression to the number of viral genome in the sample at 16 hr postinfection. Data represent
the mean ( – SEM) values for n = 3–4 independent infections.
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and suggests that interactions with the AAV1 capsid are very
specific. The ability of the inhibitory factor to bind very
tightly to the AAV1 capsid is emphasized by the fact that
ASF prebound rAAV1 retains its inhibitory activity on
transduction after sucrose gradient purification (Fig. 4D and
E) and the finding that 5 M NaCl failed to elute the inhibitory
factor from virus. Given the sensitivity of the inhibitory
factor to proteinase K and endoproteinase Glu-C, we con-
clude that it is a protein. However, if it is a protein, it is
highly resistant to heat denaturation and other en-
doproteinases. Given the negative charge of the ASF inhibi-
tory factor, we conclude that defensins are unlikely
candidates since they are highly positively charged.

Although the ASF inhibitory factor reduced rAAV1
uptake in both HeLa cells and primary FAE, there were
interesting differences that likely account for the ability of
proteasome inhibitors to rescue transduction in the pres-
ence of ASF only in airway epithelium in vitro and in vivo.
In HeLa cell, the ASF inhibited rAAV1 endocytosis and
transduction to similar extent (5.4–6-fold). Thus, in HeLa
cells, the functionality of each internalized vector genome
remained the same in the presence and absence of ASF
inhibition (i.e., as indexed by the ratio of transgene
expression/internalized viral genome; Fig. 3C). Although
proteasome inhibitors augmented rAAV1 transduction in
HeLa cells, the functionality of endocytosed viral genomes
remained the same in the presence and absence of ASF
when Dox was present. Thus, in Hela cells, the pathway of
ASF inhibition appears to be primarily at the level of
blocking viral binding/endocytosis and does not alter the
intracellular proteasome-dependent processing. In contrast
to studies in HeLa cells, the reconstitution experiments with
FAE showed that ASF strongly inhibited functionality of
rAAV1 genomes by *10-fold, decreasing viral uptake by
55-fold and transduction by 512-fold (Fig. 5). These findings
suggested that intracellular processing of internalized viri-
ons were also inhibited by the ASF inhibitory factor. The
ability of proteasome inhibitors to rescue ASF-inhibited
rAAV1 transduction (*1600-fold) supports this hypothesis.
Even more striking was the fact that ASF-treated rAAV1 in
the presence of proteasome inhibitor gave rise to a 5-fold
greater functionality of internalized viral genomes than
untreated rAAV1 in the presence of proteasome inhibitor
(Fig. 5C). These findings suggest that the ASF inhibitor
factor routes internalized virus to a highly proteasome-
sensitive compartment within airway epithelia, thus ren-
dering transduction to greater modulation by proteasome
inhibitors. Given the large body of work on the ability of
proteasome inhibitors to improve trafficking of several
AAV serotypes to the nucleus, this is the likely mechanism
of improved transduction in the presence of the ASF in-
hibitory factor. However, the mechanism by which ASF
enhances virus trafficking to a proteasome-sensitive com-
partment remains unclear. This could occur by changing
the primary receptor–co-receptor pair through binding of
the ASF factor to the capsid sites that normally bind a more
abundant primary receptor–co-receptor on the cell surface
of airway epithelia. Alternatively, the ASF factor may enter
with the virion through its normal receptor–co-receptor and
alter postendocytic virion processing.

It is a very intriguing finding that neonatal ferrets less than
2 weeks of age can be highly transduced with rAAV1 in the

presence of proteasome inhibitors, but ferrets older than 18
days of age lose this sensitivity. We hypothesize that at
lower abundance, the ASF inhibitory factor routes virus to
an intracellular compartment that can be highly modulated
by proteasome inhibitors. Such findings are consistent with
our in vitro FAE data. However, given that the ASF inhib-
itory factor also blocks binding and uptake of rAAV1 in
FAE, we hypothesize that when the factor reaches a critical
concentration in the ferret lung, this mechanism of inhibi-
tion predominates and that there is little internalized virus
to be rerouted to the nucleus after proteasome inhibitor
treatment.

The innate immune system provides immediate protec-
tions against viral infections and plays an important role in
stimulating adaptive immune responses. Such innate im-
mune mechanisms against enveloped and nonenveloped
viruses can attack nearly all stages of the infectious process,
including binding, endocytosis, endosomal escape, and virus
processing in the cytoplasm (Gaiha et al., 2008; See and Wark,
2008; Ding et al., 2009; Brennan and Bowie, 2010; Faure and
Rabourdin-Combe, 2011)—secreted defensins and the cyto-
solic and membrane-bound pattern recognition receptors
such as toll-like receptors are two examples (Ding et al., 2009;
Brennan and Bowie, 2010; Faure and Rabourdin-Combe,
2011). The airway epithelium has multiple modalities of in-
nate immunity, including passive (i.e., mechanical clearance),
resident active biomolecules in the airway secretions (i.e.,
defensins and surfactant proteins), and reactive systems (i.e.,
pattern recognition receptors) (Diamond et al., 2000; See and
Wark, 2008). Viruses have evolved different entry and in-
tracellular trafficking mechanisms to evade the innate host
surveillance. For example, while the lung surfactant proteins
commonly inhibit infections from many respiratory viruses
(Matalon and Wright, 2004), the binding of surfactant pro-
tein A to cytomegalovirus enhances virus entry into lung
cells (Weyer et al., 2000). The cellular functions of the ubi-
quitin-proteasome system (UPS) also affect virus infections at
each stage of their life cycle (Yu and Lai, 2005; Gao and Luo,
2006); however, viruses have also adapted to counteract
immune defenses by inhibiting or redirecting the host UPS
(Viswanathan et al., 2010). For example, certain wild-type
parvoviruses require an active UPS to translocate to the
nucleus (Ros and Kempf, 2004), and in the case of many
rAAV2 and rAAV5, enhanced ubiquitination of the capsid in
the presence of proteasome inhibitors correlates with en-
hanced nuclear translocation (Duan et al., 2000; Yan et al.,
2002). Although the mechanism by which proteasome in-
hibitors counteract the rAAV1 innate immune factor found
in ferret ASF remains unclear, our findings suggest that
factors found in biologic fluids that passively bind to AAV
can dramatically influence both entry and postentry pro-
cessing of the virion.

In summary, this study describes the existence of protein
inhibitors in airway fluid that compromise rAAV1 trans-
duction to the ferret airway in vivo by inhibiting both uptake
of virus and postentry processing. Interestingly, binding of
ASF to rAAV1 reroutes the internalized virions to a non-
productive pathway that can be rescued by the application of
a proteasome inhibitor. A better understanding of how this
inhibitory factor influences rAAV1 transduction biology and
how proteasome inhibitors rescue virus will be important for
improving the design of rAAV-based gene therapies for CF.

794 YAN ET AL.



Whether similar innate immune factors exist in other biologic
fluids and/or act on other serotypes of rAAV remains un-
clear, but warrants further investigation. Given that protea-
some inhibitors appear to enhance rAAV transduction of
several rAAV serotypes after in vivo delivery to several or-
gans, including vasculature, liver, and joints (Denby et al.,
2005; Jennings et al., 2005; Finn et al., 2010; Monahan et al.,
2010), the mechanism by which proteasome inhibitors en-
hance rAAV transduction in vivo to these organs may have a
molecular basis that is more complex than previously
thought. Despite the finding that ferret ASF strongly inhibits
in vivo rAAV1 transduction of the ferret airways, reasonable
transgene expression was achieved in younger ferret kits
infected at the age of 5–12 days old when proteasome in-
hibitors were administered at the time of infection. Thus,
rAAV1 may be useful in testing gene therapies for the neo-
natal CF ferret lung.
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