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The first human gene therapy trials using recombinant adeno-associated virus (rAAV) vectors were
performed in cystic fibrosis (CF) patients. Over 100 CF patients were enrolled in 5 separate trials of
rAAV2-CFTR administration via nasal, endobronchial, maxillary sinus, and aerosol delivery. Re-
combinant AAV vectors were designed to deliver the CF transmembrane regulator (CFTR) gene and
correct the basic CFTR defect by restoring chloride transport and reverting the upregulation of proin-
flammatory cytokines. However, vector DNA expression was limited in duration because of the low in-
cidence of integration and natural airway epithelium turnover. In addition, repeated administration of
AAV-CFTR vector resulted in a humoral immune response that prevented effective gene transfer from
subsequent doses of vector. AAV serotype 2 was used in human trials before the comparison with other
serotypes and determination that serotypes 1 and 5 not only possess higher tropism for the airway
epithelium, but also are capable of bypassing the binding and trafficking processes—both were important
hindrances to the effectiveness of rAAV2. Although rAAV-CFTR gene therapy does not appear likely to
supplant newer small-molecule CFTR modulators in the near future, early work with rAAV-CFTR pro-
vided an important foundation for later use of rAAV in humans.

INTRODUCTION
CYSTIC FIBROSIS (CF) is an autosomal recessive life-
limiting disease caused by mutations in the gene
encoding the CF transmembrane conductance reg-
ulator protein (CFTR). CF is characterized clini-
cally by chronic airway obstruction and infection,
exocrine pancreatic insufficiency, and abnormally
high sweat electrolyte concentrations.1 Increased
mucus viscosity, a prominent aspect of the presen-
tation of CF, inhibits exocrine gland secretion and
impedes clearance of bacteria from pulmonary air-
ways via impaired mucociliary clearance, resulting
in inflammation and polymorphonuclear neutro-
philic leukocyte infiltration.2 The inflammatory
characteristic of the disease is thought to be caused
by an upregulation of interleukin-8 and tumor ne-
crosis factor-a production and downregulation of
the anti-inflammatory cytokine, interleukin-10.3

As a result of the increased mucus and aberrant
inflammatory processes, CF patients experience
chronic airway infections with specific bacteria,

including Pseudomonas aeruginosa and Staphylo-
coccus aureus.

When CF was first distinguished pathologically
from celiac disease in 1938, the life expectancy was
limited to 6 months as a result of malabsorption.4

The discovery of elevated ionic strength of sweat
gland secretions in CF allowed for the implementa-
tion of a convenient diagnostic test based on sweat
electrolyte concentrations and the generation of the
hypothesis that chloride transport abnormalities
represented the unifying defect in the organs af-
fected in CF patients.1

Positional cloning allowed for the identification
in 1989 of the CFTR gene as the primary defect in
CF.5–7 The CFTR gene was identified as a member
of the ATP-binding cassette (ABC) protein super-
family, functioning as a low-conductance, adeno-
sine 3¢,5¢-cyclic monophosphate (cAMP)-dependent
chloride channel in the affected exocrine organ
systems and a regulator of other transmembrane
channels.6,8,9 Five domains compose CFTR: two
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transmembrane domains, two nucleotide binding
domains, and one regulatory domain.10 Internal
sites in the transmembrane domain of CFTR can
function as initiation codons for translation. Re-
moval of more than the first four sections of trans-
membrane domain 1 results in loss of functional
chloride channels, whereas removal of only the first
four sections of the domain yield ion selectivity
comparable to wild type though with diminished
open probability and channel conductance.

Two thousand mutations have been defined with
severe mutations either affecting chloride channel
function (e.g., the G551D mutation) or its locali-
zation to the membrane (e.g., the F508-del muta-
tion).11 There are six different classes of CFTR
mutations. F508-del is the most common mutation
affecting about 90% of patients with CF in the
United States. This mutation involves the deletion
of a phenylalanine and is characterized as a class II
mutation—that is, the F508-del mutation seques-
ters the mutant CFTR in the endoplasmic reticu-
lum, preventing the formation of CFTR chloride
channels on the apical membrane.12 The other
classes of CFTR mutations are less common in the
United States and include the following: class I
mutations result from premature truncation or
nonsense alleles; class III mutations encode pro-
cessed full-length CFTR proteins that reach the cell
surface but possess little, or no, ion channel activity;
class IV mutations exhibit only partial CFTR ac-
tivity, whereas class V mutations have decreased
CFTR transcripts; and class VI mutations have
defective CFTR stability at the cell surface.13 The
different classes of CFTR mutations have become
particularly important over the last few years with
the success of targeted small molecular therapy (see
below).

CFTR activation requires protein kinase A phos-
phorylation and ATP binding to the nucleotide
binding domains. In the absence of functional CFTR,
protein kinase A is incapable of activating chloride
channels.14 The CFTR anion channel is crucial to
absorption and secretion, and is implicated in exo-
crine organ dysfunction. Functional CFTR is also
responsible for normal immune regulation.15 Defi-
ciency of CFTR in lymphocytes results in an exag-
gerated IgE response to pathogens with increased
levels of proinflammatory cytokines, indicating a di-
rect link between CFTR function in T-cells and im-
mune function.

The median age of survival for patients with CF
is now approximately 40 years. This is because of
the treatment of malabsorption with enzyme re-
placement therapy, rigorous chest physical ther-
apy and mucolytics to relieve airway obstruction,

and treatment of airway infections with antibiot-
ics.16–19 However, despite these interventions,
many patients with CF still develop progressive
airway obstruction, bronchiectasis, and some even-
tually undergo lung transplantation. This is in part
because of the effects of an abnormal CFTR on the
immune system. For example, CF causes abnormal
ionic composition and disruption of normal poly-
morphonuclear neutrophilic leukocyte phagocyto-
sis, which act as primary defenses against major
bacterial invaders, such as S. aureus, P. aeruginosa,
and Aspergillus fumigatus.2 The exact mecha-
nism of polymorphonuclear neutrophilic leukocyte
phagocytosis is unknown but most likely in-
volves defective apoptosis and impaired degranu-
lation in CF neutrophils.20,21 In addition, chronic
P. aeruginosa infection results in a defective acid—
sphingomyelinase—an enzyme important to the
innate immune system, resulting in a 40% decrease
in N-glycosylation, interleukin-8 augmentation,
and the inability to cure the infection.22,23 Finally,
as life expectancy lengthens without a cure for the
genetic defect, the incidence of CF-related diabetes
increases.24

The last few years have been promising for CF
care because of the discovery of new small-molecule
therapies. In particular, dramatic benefits have
been observed from a CFTR potentiator, VX770 (or
Ivacaftor), which is a potentiator of CFTR and al-
lows the channel to open for more effective chloride
transport. This therapy is useful for class III (e.g.,
G551D) and class IV mutations, which are CFTR
channel gating and channel conductance defects,
respectively.25 However, as mentioned above,
the majority of patients with CF have the F508-del
mutation, which is a class II, or CFTR protein
processing mutation that prevents the protein from
reaching the cell membrane. Orkambi, a therapy
geared toward these class II mutations, is now
FDA approved. Orkambi consists of a combination
of ivacaftor and lumacaftor (a medication that
improves CFTR processing and chloride secre-
tion—i.e., a CFTR corrector).26 Unfortunately, this
therapy has not been as effective as the CFTR po-
tentiator and only results in a slight improvement
in pulmonary function (4% improvement in FEV1),
which is of questionable clinical significance.26

The limited success of these small-molecule ther-
apies for the majority of CF patients who carry
the type II mutations underscores the need for a
treatment that offers mutation-independent cor-
rection of CFTR mutations. Gene therapy to correct
the deficient mutation would ideally target all
CFTR mutations. However, the focus of this review
is to outline the historical significance of rAAV2-
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CFTR vector development, which provided impor-
tant foundational safety data regarding the safety
of recombinant adeno-associated virus (rAAV) in
humans.

RATIONALE FOR STUDIES OF RAAV2-CFTR

When the CFTR gene was discovered in 1989,
much hope was placed in gene replacement ther-
apy to cure the disease. Human cell culture studies
supported the potential for correction of the disease
pathology with the expression of a normal copy of
the CFTR gene.27 Successful in vitro complemen-
tation with retroviral delivery to CF pancreatic
adenocarcinoma cells sparked investigation into
viral transgene delivery to the airway epithelium
to correct the loss of function mutation.28 Although
Moloney murine leukemia-based virus vectors,
vaccinia virus-based vectors, and baculovirus vec-
tors had previously been used for CFTR gene
expression in cell culture, none of these were well-
suited for in vivo gene therapy of CF.27–29 Retro-
viral introduction to the airway epithelium was not
ideal because of the requirement for ex vivo ma-
nipulation and actively dividing cells for trans-
duction.9,28 In this case, an ideal gene therapy
vector would allow for long-term persistence of
CFTR in the absence of a host inflammatory re-
sponse within cells that are not actively dividing.

AAV serotype 2 (AAV2), a member of Parvovirus
family, is a small single-stranded DNA virus that
was explored as a potential eukaryotic gene trans-
fer vector because of its tropism for the respira-
tory epithelium with no associated pathology.18,30

(Table 1). Although over 100 natural variants of
AAV are now known, most were discovered after
2002. Therefore, the ‘‘type-strain,’’ serotype 2, was
the most thoroughly investigated for CF gene ther-
apy. While retroviruses necessitate active cell divi-

sion for integration and expression, AAV2 does not
have this constraint. AAV enters a stable form of
latency in the absence of adenovirus, herpesvirus, or
vaccinia.3 As a small single-stranded DNA virus,
AAV consists of only two genes, rep and cap,31 and so
is relatively easy to manipulate in proviral plas-
mids.

IND ENABLING STUDIES: PRECLINICAL
DEVELOPMENT, PROOF-OF-CONCEPT

The initial hurdle to be overcome in the develop-
ment of rAAV2-CFTR was packaging this very large
transgene (coding sequence of >4.4 kb) along with a
promoter, polyadenylation signal, and the manda-
tory 145 bp inverted terminal repeats (ITRs) into a
virus that naturally is only 4.7 kb in length. A series
of constructs were created in which the CFTR gene
was packaged in rAAV vectors, replacing the viral
genes between the two ITRs. When packaged with
an endogenous promoter, p5, the vector was slightly
larger than the wild-type virus, but was still capa-
ble of correcting the cAMP-regulated chloride ef-
flux.14,31 However, in the course of these studies, it
was discovered that the ITR has intrinsic promoter
activity allowing for expression of CFTR with a very
compact promoter element.32 Truncated versions of
the CFTR protein with the deletion of the amino-
terminus were also capable of correcting the CF
defect, as demonstrated by restoration of forskolin-
stimulated chloride efflux.14 Forskolin increases
intracellular cAMP, which facilitates chloride efflux
when functioning CFTR is present. CFTR-deficient
bronchial epithelial cells treated with forskolin
showed an increase in cAMP with no corresponding
increase in chloride efflux; however, the same cells
transduced with AAV-CFTR resulted in an marked
increase in chloride efflux.33 Immunofluorescence
assay stained cells with anti-CFTR antibodies
demonstrated the correlation between expression of
CFTR and cAMP-regulated chloride conductance,
as only cells with functional CFTR demonstrated
an increase in chloride conductance. Western blot
analysis demonstrated increased CFTR protein and
Southern blots of Hirt extracts demonstrated repli-
cation of integrated rAAV vector genomes in com-
plemented IB3 cells, validating the feasibility of
using rAAV2-mediated CFTR gene transfer.32

Complementation with CFTR delivered by
rAAV2 corrected the defective cAMP regulation of
outwardly rectifying chloride channels character-
istic of CF, allowing for normal chloride secretion.8

Correction of the defect through CFTR transgene
delivery also resulted in the activation of out-
wardly rectifying chloride channels by protein ki-

Table 1. Anticipated advantages of rAAV2-CFTR as
understood during the preclinical and early phase clinical
development of the rAAV2-CFTR vector and inherent
limitations of AAV-mediated CF gene therapy as identified
after preclinical and clinical trials of rAAV2-CFTR

Advantages Limitations

Nonpathogenic Small packaging requirement of AAV virion
Lower risk of insertional

mutagenesis
AAV persistence is largely episomal/low

efficiency of integration
Higher viral titers CF byproducts cause inactivation of transgene
Capable of transducing

fully differentiated cells
Generation of neutralizing antibodies with

repeat administration
Prolonged persistence Optimal serotype not applied

Low activity of endogenous promoter

AAV, adeno-associated virus; CF, cystic fibrosis; CFTR, CF transmem-
brane regulator.
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nase A, thus resolving a long-time discrepancy
between the concept of CFTR as a chloride channel
and that of CFTR as a regulator of other channels.
This pivotal 1992 Nature article indicated that both
concepts were valid. Patch-clamp experiments in
human epithelial cells verified the roles of both
CFTR chloride channels and outwardly rectify-
ing chloride channels in cAMP-activated cell cur-
rents.8,10 It was presumed that complementation of
only 6% of the bronchial epithelial cells would
suffice in correction of the defect.34

Preliminary attempts at in vivo recombinant
AAV transgene delivery in Sprague-Dawley rats
were performed intratracheally, resulting in low
but detectable levels of gene transfer three to seven
days postintroduction.18,31 In a subsequent mile-
stone 1993 study, direct endobronchial instillation
of rAAV2-CFTR was accomplished through a fi-
beroptic bronchoscope in New Zealand white rab-
bits to assess efficacy in vivo. Transgene delivery to
the right lower lobe of the rabbit lung resulted in
expression of CFTR protein and mRNA in a fashion
that was sustained for 6 months35 (Fig. 1). CFTR
expression was generally limited to the lobe to
which the rAAV was directed. The stability of

CFTR expression six months after in vivo delivery
to the rabbit lung demonstrated the possibilities for
applying gene therapy to correct the pathophysio-
logic defect and prevent progressive CF lung dis-
ease in humans.

Pivotal preclinical nonhuman primate data were
then generated as endobronchial administration of
AAV-CFTR to rhesus macaques resulted in vector
gene transfer and expression six months postde-
livery without inflammation or other adverse con-
sequences.36,37 Vector DNA was detected in 50% of
the bronchial epithelial cells in the highest dos-
age group.36 The safety and efficacy of single-dose
vector delivery to the airway epithelium of ma-
caques resulted in the approval of a phase I clinical
trial by the National Institutes of Health Re-
combinant DNA Advisory Committee (RAC) and
subsequent granting of an FDA Investigational
New Drug (IND) application with Targeted Ge-
netics Corporation as the sponsor and producer of
the cGMP vector material.

DISCOVERY OF EPISOMAL PERSISTENCE

Understanding the mechanism of persistence of
rAAV vectors ultimately proved to be very impor-
tant for the entire field of rAAV gene therapy. While
site-specific integration of wild-type AAV2 into the
AAVS1 site on human chromosome 19 had been de-
tected at a frequency of 50–70% within immortalized
cell lines,38 our laboratory’s studies demonstrated
that rep-deleted rAAV2 vectors persisted episomal-
ly.28,35,36 In nondividing cell cultures, both Southern
blots and fluorescence in situ hybridization (FISH)
indicated that recombinant rAAV2-CFTR persisted
episomally rather than by site-specific integration,
although wild-type AAV integration was predomi-
nantly site-specific in cell culture as had been re-
ported earlier.39

In order to confirm the significance of these
findings, we modeled rAAV2-CFTR, wt-AAV2, and
adenovirus replication and persistence in rhesus
macaques. We used a host-range mutant adenovi-
rus Ad2HR405, capable of replicating in rhesus
and providing AAV helper function. In these
studies, double-stranded rAAV2 vector DNA per-
sisted episomally in bronchial epithelial cells, as
judged by Southern blot and FISH, and was res-
cued from cells in vitro with the addition of wild-
type AAV and adenovirus37 (Fig. 2). As natural
hosts for AAV, these organisms were presumed to
function as a better animal model for human gene
therapy because most CF patients are likely AAV-
seropositive.14 Because bronchial epithelium is
more mitotically active in CF lungs compared with

Figure 1. The first demonstration of in vivo gene expression from an rAAV
vector in a living animal was this RT-PCR from rabbit bronchial epithelial
cells harvested at intervals from 3 days to 6 months after instillation of
rAAV2-CFTR through a fiberoptic bronchoscope in a 1993 publication. A
Southern blot (above) and an ethidium bromide-stained gel (below) depict
the products of RT-PCR on total cellular RNA extracted from lung tissue
homogenates collected 3 days, 10 days, 3 months, and 6 months after
vector administration. The lung homogenate harvested from the vehicle-
treated animal (vehc), along with the reactions without reverse transcrip-
tase (- RT), act as control. rAAV, recombinant adeno-associated virus;
CFTR, cystic fibrosis transmembrane regulator; RT, reverse transcriptase.
[Reproduced with permission from Flotte et al.31]
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normal lungs, AAV’s episomal persistence would
ultimately prove to be a major limitation of the
vector system.40

ANIMAL STUDIES PERFORMED
SUBSEQUENT TO INITIATING PHASE 1
CLINICAL TRIALS

In later studies, intratracheal AAV-CFTR de-
livery to CFTR knockout mice attenuated the
hyper-IgE expression present in allergic broncho-
pulmonary aspergillosis, a syndrome seen in 15% of
CF patients.15 Complementation with CFTR vector
delivery or administration of a hypermannose wa-
ter diet dissipates the inflammatory response and
reverts the bacterial stress on the trachea and
oropharynx of mice that act as in vivo models for
P. aeruginosa.23

Investigation into the transduction of functional
CFTR to the pulmonary epithelium during neona-
tal development was performed in newborn New
Zealand white rabbits to test the hypothesis that
the administration of the transgene early in life
would allow for long-term persistence and prevent
pulmonary inflammation and damage before the
onset of the disease.41 Intratracheal instillation
delivery of AAV-CFTR to the respiratory epithe-
lium was found to be safe and efficacious through
the alveolar developmental phase. Vector DNA was

not evident six months after administration, mark-
ing a divergence from previous studies in rhesus
macaques that could be attributed to the different
vector introduction mechanisms, indicating that
endobronchial administration may sustain more
favorable results than intratracheal instillation. In
addition, the higher rate of epithelial cell turnover
in the neonates compared with the adults may ex-
plain the inconsistency between the trials in rhesus
macaques and New Zealand white rabbits. This
higher turnover likely results in the diminution of
the vector DNA over time. Repeat administration
appeared to be necessary to address the waning
vector persistence.

Further investigation into the feasibility of re-
peat recombinant AAV vector administration was
performed bronchoscopically in rabbits in an at-
tempt to attain sustainable CFTR expression in the
airway epithelium.42 Two doses of vector resulted
in high titers of serum anti-AAV neutralizing an-
tibodies. The vector capsid was then switched from
AAV2 to AAV3 (one of the first examples of pseu-
dotyping of rAAV) in order to avoid the neutraliz-
ing antibodies. Administration of the third AAV
dose as a rAAV3 vector expressing green fluores-
cent protein (GFP) resulted in GFP expression
within the airway epithelial cells three weeks after
delivery. This demonstrated the ability of serotype
switching to overcome neutralizing antibodies.

Four lung deposition techniques, nebulized
through a mouthpiece, laryngeal mask, or endotra-
cheal tube, or bronchoscopically delivered by mi-
crosprayer, were compared in rhesus macaques to
determine the optimal method for vector instilla-
tion.43 Bronchoscopic delivery by microsprayer re-
sulted in the highest lung deposition fraction
compared with the other delivery methods and
easily allowed for AAV expression in the lungs three
weeks later. Successive administration of AAV2-
CFTR vector by bronchoscopic microspraying al-
lowed for gene transfer and transgene expression
while neutralizing antibodies were generated to-
ward the AAV serotype in rhesus macaques.44 Op-
timizing the deposition technique, increasing titer
production, and knowing the efficacy of recurrent
doses were needed for more effective clinical appli-
cations for CF.

The activities generated by the cytomegalovirus
(CMV) Rous sarcoma virus (RSV) promoter, CMV
enhancer/b actin (CB) promoter, and the CMV en-
hancer/RSV promoter hybrid were compared in vitro
to assess whether an exogenous promoter would
yield better expression than the previously im-
plemented endogenous ITR promoter. The CB pro-
moter was most effective in driving AAV to express

Figure 2. Discovery of episomal persistence in vivo in the rhesus lung.
[Reproduced with permission from Afione et al.37] Primary rhesus bronchial
epithelial cells harvested from animals after in vivo AAV-CFTR delivery were
cultured and evaluated by Southern blot with (+) and without (-) Ad5 and
AAV2 supernatants. Lane G shows the genomic DNA after BamH1 diges-
tion. The left Southern blot was analyzed by an internal specific CFTR cDNA
probe and the right by an AAV2 internal specific probe. AAV-CFTR was
determined to persist episomally, as Hirt supernatants without AAV2 re-
sulted in episomal bands with sizes of AAV-CFTR and wild-type AAV2
replicating-form dimers.
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the CFTR transgene.33 This new version of AAV-
CFTR vector corrected defective chloride transport
in bronchial cell culture and reverted the hyperin-
flammatory lung phenotype evident in CF mice.

Previous research with AAV2 in animal models
proved safe and efficacious despite low target gene
expression.45 As the prototype serotype, AAV2 in-
efficiently targets the apical receptors on the respi-
ratory epithelium compared with other serotypes,
such as AAV5, that target these receptors directly.
Low gene expression was also attributed to the ap-
plication of the endogenous promoter. A truncated
CFTR in AAV5 allows for the construct to have
an exogenous promoter such as the CB promoter,
which was presumed to increase expression. Aero-
solized vector delivery to the lungs of nonhuman
primates resulted in quantifiable gene and protein
expression that surpassed endogenous levels. The
powerful nature of the CB promoter combined
with the truncated CFTR in the construct showed
promise in therapeutic applications.33,45

Different AAV pseudotypes may have higher
tropism for the lung than AAV2 and the ability to
bypass the host’s humoral immune response.46 In
2004, a comparison of activity with different AAV
capsid serotypes and promoters demonstrated that
AAV5 was significantly more efficacious than the
vector implemented previously, AAV2.40 AAV5 not
only possessed higher expression levels in the air-
way epithelium, but it (along with AAV1) also had
the capacity to bypass AAV2’s hindrances, the
binding and trafficking processes, indicating both
AAV5 and AAV1’s value as next-generation vec-
tors.46 The low gene transfer efficiency of AAV2
was tied to the vector’s inability to bind to the
apical surface of human airway epithelial cells ef-
ficiently unless heparan sulfate proteoglycans are
present on the cell surface. In most cases, the hu-
man airway epithelial cells appeared to be resis-
tant to AAV2 infection because of the absence of
heparan sulfate proteoglycans. The binding and
trafficking processes of AAV2 are inhibited by sol-
uble heparin because of the degradation of heparan
sulfate proteoglycans that are necessary for the
vector to bind. On the other hand, AAV5’s pro-
cesses are unaffected, indicating that AAV5-
mediated gene transfer occurs by an alternative
mechanism that allows for higher transduction
efficiency.47 The benefits of AAV pseudotypes other
than AAV2 led for a comparison between AAV1 and
AAV5 to determine which serotype would serve as
a better vector for gene transfer.48 Ninety days
after vector administration to the chimpanzee air-
way, AAV1 yielded a 20-fold higher transduction
efficiency compared with AAV5, the vector that

also generated a more significant immune response
to its viral capsid.

RAAV BIOLOGY IN POLARIZED HUMAN
AIRWAY EPITHELIA

These preclinical and clinical studies elucidated
significant information about AAV serotypes and
their tropisms for different preclinical models,
providing an important perspective for the future
development of CF gene therapy. Through these
studies, differences in the biology of infection and
efficiency of transduction from the apical surface of
the human airway epithelium between rAAV sero-
types were revealed.

Although it was previously believed to exhibit
low gene transfer efficiency, rAAV2 actually has
high gene transfer efficiency on the apical surfaces
despite the known absence of heparin sulfate pro-
teoglycans.49 Instead, the marked low expression
of apically internalized virions stems from differ-
ences in the endosomal processing and nuclear
trafficking compared with virions internalized
basolaterally.49 Because the barrier to effective
transgene expression is at the level of endosomal
processing and ubiquination, modulation of the
ubiquitin–proteasome system could enhance gene
expression lessening the distinction between AAV2
internalized apically and basolaterally, increasing
the overall gene transfer efficiency of the AAV2
serotype.49

Selection of an appropriate preclinical model is
as important as the selection of the AAV serotype.
rAAV’s tropisms for specific hosts could hinder the
relevance or transferability of the findings to hu-
man clinical trials. Though nonhuman primates
such as rhesus monkeys were widely applied as
preclinical models for human CF gene therapy,
they were later determined to poorly represent
rAAV transduction of human airway epithelia.50

The efficiency of the apical and basolateral trans-
duction of rAAV1, rAAV2, and rAAV5 was signifi-
cantly higher in the rhesus monkey airway
epithelium compared with human airway epithe-
lium, indicating that these serotypes show a higher
tropism for the rhesus monkey airway epitheli-
um.50 rAAV5 also has a higher transduction effi-
ciency in mouse airway epithelium compared with
human airway epithelium.51 Cross-species varia-
tion in vector tropism has made it difficult to apply
animal models to inform human trials; however,
intratracheal delivery to chimpanzees has yielded
promising results with AAV1 and AAV5 trans-
duction efficiencies comparable to that in human
airway epithelium.48
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CLINICAL DEVELOPMENT
Phase I study: nasal epithelium and
endobronchial AAV-CFTR vector administration
to adult CF patients with mild lung disease

Based on the positive findings in rhesus ma-
caques, 12 adult CF patients presenting with mild
lung disease were recruited to participate in a
single-center, randomized, double-blind, placebo-
controlled, dose escalation phase I clinical study, in
which AAV was administered to humans for the
first time.52 A single dose of either AAV-CFTR or
placebo was administered to the nasal epithelium
and all patients received a single, open-label AAV-
CFTR dose to superior segment of the right lower
lobe of the lung. Gene transfer efficiency to the
nasal and bronchial epithelium was low, consistent
with later findings that AAV2 transduction sub-
sequent to apical internalization proceeds ineffi-
ciently.49,53 Reasons for the low gene transfer
efficiency at the time were thought to be the com-
petition for AAV binding by an excess of mucus
glycoproteins, low cell proliferation, or inhibitory
effects of host’s immune defenses.54 A comparison
of bronchoalveolar fluid from healthy and CF pa-
tients in vitro indicated that bronchoalveolar fluid
from patients with the CF defect possessed inhibi-
tory activity that resulted in a 5–20-fold decrease
in AAV’s transduction efficiency. The inherent
AAV inhibitory activity of bronchoalveolar fluid
from CF patients was attributed to neutrophil al-
pha defensins, which were inversely correlated
with AAV’s transduction efficiency and elevated
10,000-fold in samples with reduced efficiency. CF
presents with elevated levels of neutrophil alpha
defensins corresponding with bronchoalveolar
fluid inhibitory activity because it is an inflamma-
tory disease and the neutrophil alpha defensins
reduce AAV transduction efficiency. As an acute-
phase reactant protein, alpha-1 antitrypsin (AAT)
serum concentrations elevate in response to in-
flammation in order to downregulate the inflam-
matory response. AAT levels were investigated in
CF patients to determine if the AAV inhibitory
properties of the bronochoalveolar fluid were af-
fected by AAT. The inhibitory activity was miti-
gated and in some cases even completed reversed
by AAT, indicating that the accumulation of neu-
trophil alpha defensins at inflammatory sites
was disrupted by AAT.53 These results indicated
the potential for improved gene transfer efficiency
when AAT pretreatment was administered before
gene therapy. This allowed for a reversal of the
bronchoalveolar fluid inhibitory activity and in-
creased AAV-CFTR transduction to the bronchial

epithelial cells. These preliminary studies demon-
strated the safety of CF gene therapy despite the
low levels of expression.44

Analysis of primary nasal cells harvested after
the administration of CF gene therapy demon-
strated the correlation between AAV2-CFTR vector
genomes, CFTR mRNA expression, and chloride
channel activity in the cells33 (Fig. 3). Even low
levels of mRNA resulted in physiological correction
of CF pathology, demonstrating the possibility for
complementation of the CFTR defect despite the low
vector penetration.33

Phase I/II study: maxillary sinus delivery
of AAV-CFTR for the treatment of chronic
sinusitis in patients with CF

This clinical study served the purpose of inves-
tigating the safety of AAV-CFTR in humans and
determining the dosage that results in the trans-
duction of either 25% of maxillary sinus epithelial

Figure 3. Correlation between rAAV2-CFTR gene transfer and restoration
of cAMP-activated chloride flux (A). Cells were harvested from rAAV2-
CFTR trial patients after in vivo gene delivery and then grown in primary
culture for analysis. Primary cultures taken by bronchial or nasal brushings
(B1, L9, R9) or from nasal polypectomy (PL9, PR9) were analyzed by DNA
PCR for rAAV2-CFTR sequences (B). The primary culture from L9 (left nasal
sample of patient 9), which had shown strong positive DNA signal, was then
analyzed by whole cell current analysis after stimulation with a cAMP
activation cocktail. [Reproduced with permission from Flotte et al.33]
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cells or the maximum tolerated dose. In addition,
the study examined the differences between pla-
cebo and AAV-CFTR administration to patients
with CF who had recurrent sinusitis. Maxillary
sinus analysis was conducted because of the simi-
larity of their ion transport systems and microbi-
ology with the lower respiratory epithelium.55

Before enrollment in the study, patients’ nasal
mucosa was screened for adenovirus and AAV to
ensure that they did not have prior exposure.55

Patients were assigned to participate in either the
dose escalation or the double-blind nasal exposure
to AAV-CFTR vector with exposure to a placebo in
the other sinus. The purpose of the dose escala-
tion study was to determine the optimal or maxi-
mum allowable AAV-CFTR dose. The randomized
nasal exposure aimed to study the effects of the
AAV-CFTR on the presentation of sinusitis. Vector-
mediated complementation and induced cAMP
chloride conductance was assessed through analy-
sis of the in vivo transepithelial potential differ-
ence—the difference in voltage across the maxillary
sinus epithelium. Transepithelial potential differ-
ence is applied in the diagnosis of CF because these
individuals have a more negative nasoepithelium
than those without CF—this is a result of reduced
chloride secretion and increased sodium absorp-
tion. As reverse transcriptase PCR was limited in
its ability to detect vector transcripts, transepithe-
lial potential difference measurements were per-
formed after vector administration and compared
with a baseline voltage. Hyperpolarization corre-
sponding with CFTR expression and improved
chloride secretion elucidated the dose-dependent
relationship between AAV-CFTR treatment and ex-
pression in the maxillary sinus. Vector administra-
tion resulted in safe, dose-dependent gene transfer
that persisted for up to 10 weeks with no significant
immune response or contralateral exposure to the
untreated sinus, demonstrating the potential for
targeted exposure.55,56 AAV-CFTR treatment also
decreased the concentrations of the inflammatory
cytokine, interleukin-8, in sinus fluid.3

Phase II study: maxillary sinus delivery
of AAV-CFTR to CF patients with antrostomies

Based on the positive results of the phase
I/II clinical trial demonstrating the safety and
dose-dependent nature of CFTR gene transfer in
the maxillary sinuses, a phase II trial was con-
ducted.57 Patients who had previously received
endoscopic antrostomies were administered AAV-
CFTR in a double-blind, placebo-controlled man-
ner with one sinus receiving the vector and the

other a placebo. The rate of relapse, defined by the
clinical manifestation of sinusitis, in the treated
and untreated maxillary sinuses did not differ sig-
nificantly. The secondary endpoints, sinus transe-
pithelial potential difference, histopathology, and
sinus fluid interleukin-8, were not significantly dif-
ferent between the treated maxillary sinus and
the untreated contralateral sinus. One secondary
endpoint, measurement of anti-inflammatory cyto-
kine interleukin-10, was significantly increased in
the fluid from the treated sinus compared with the
control 90 days after vector delivery. Increased
levels of IL-10 with CFTR transgene administra-
tion reduced inflammation, indicating improved
CFTR function and demonstrating that there may
be a significant treatment effect 90 days post-
administration. Though the safety of vector delivery
was demonstrated with this phase II clinical trial, its
efficacy was put into question because of the absence
of statistically significant differences between the
treated and untreated maxillary sinuses.57

Phase II/IIB study: repeat administration
of aerosolized AAV-CFTR to lungs of patients
with CF

A phase II multicenter double-blind placebo-
controlled study was performed to assess the safety
of repeated vector administration to the airways
of patients with CF.58 Patients with mild lung
disease received three doses of either aerosolized
DNase-resistant vector or placebo at 30-day in-
tervals. Evidence of a significant improvement in
induced sputum interleukin-8 and forced expira-
tory volume in the first second (FEV1) was seen
between the treatment groups.58 All patients ad-
ministered the transgene generated serum-neu-
tralizing antibodies to the AAV capsid. In a subset
of patients enrolled in the study, gene transfer,
but not gene expression, was evident, as a result
of effective infection and inefficient intracellular
processing.49

As a follow-up to this study, a phase IIB study was
executed to further investigate the safety and benefit
of repeated aerosolized vector delivery.59 Over 100
subjects with mild to moderate CF received two doses
of either aerosolized DNase-resistant AAV-CFTR or
placebo. Even though the vector was tolerated well,
the FEV1 was not statistically significant between
the treatment groups, contradicting the results from
the previous study.58,59 The absence of significant
improvements in FEV1, changes in induced sputum
biologic markers, or duration of antibiotic use indi-
cated that AAV-CFTR did not sustainably improve
lung function in CF patients.

56 LORING ET AL.



CURRENT STATUS OF GENE THERAPY
FOR CF

Despite the strides made toward an effective gene
therapy treatment for CF over the past 25 years,
obstacles remain limiting its feasibility. Correction
of CF pathophysiology was achieved with CFTR
gene transfer; however, the low expression of the
endogenous promoter and low efficiency of integra-
tion coupled with the initiation of an immune re-
sponse with subsequent administrations presented
hurdles for effective therapy. Other obstacles asso-
ciated with gene therapy for CF are inherent to the
disease pathophysiology, such as the location of the
defect on the conducting airway epithelium requir-
ing the vector to transport from the airway to the
nuclei within airway epithelium.60

In recent years, less emphasis has been made on
developing gene therapy for CF because of the im-
provement of treatments for the disease and the
creation of pharmaceuticals targeted toward the
manifestation of the disease.19 The success with
small-molecule studies has demonstrated the effi-
cacy of treating CF with these molecules; thus, the
role of gene therapy is quite uncertain.

Genome editing with CRISPR/Cas9, TALENs, or
Zn-finger nucleases (ZFNs) could be used for more
specific and definitive correction of the CF defect.
The remarkable efficiency of the CRISPR/Cas9

system has attracted particular attention. Initial
genome editing efforts with CRISPR/Cas9 have fo-
cused on ex vivo manipulation of stem cells or or-
ganoid cultures.61 If AAV were to have a role in CF
gene therapy, it would most likely be in the context
of delivering the necessary components for genome
editing. The promise of such gene therapy ap-
proaches will rely on the development of a greater
understanding of stem cell and regenerative biology
and a greater technical ability to manipulate and
reintroduce cells into the airways of the lungs. Such
approaches will ultimately need to be objectively
evaluated in order to determine if they do, in fact,
offer any advantage over small-molecule CFTR
modulators and conventional CF therapies.
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