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Abstract

Gene therapy is an alternative treatment for genetic lung disease, especially monogenic disorders such as cystic fibrosis. Cystic 
fibrosis is a severe autosomal recessive disease affecting one in 2500 live births in the white population, caused by mutation 
of the cystic fibrosis transmembrane conductance regulator (CFTR). The disease is classically characterized by pancreatic 
enzyme insufficiency, an increased concentration of chloride in sweat, and varying severity of chronic obstructive lung disease. 
Currently, the greatest challenge for gene therapy is finding an ideal vector to deliver the transgene (CFTR) to the affected organ 
(lung). Adeno-associated virus is the most promising viral vector system for the treatment of respiratory disease because it has 
natural tropism for airway epithelial cells and does not cause any human disease. This review focuses on the basic properties 
of adeno-associated virus and its use as a vector for cystic fibrosis gene therapy.
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Gene therapy emerged in the 1980s as an alternative 
treatment for genetic diseases. It is based on the transfer of 
functional genes to replace or supplement defective genes. 
Gene transfer involves the entry of some genetic material 
(DNA, RNA or oligonucleotides) into target cells (1,2). In 
practice, the gene of interest (also called a transgene) must 
be delivered to the cell by a vector, which carries a molecule 
of DNA or RNA. The transgene can be delivered into the cell 
by the vector. The method of delivery differs depending on 
the type of treatment and organ/tissue to be targeted.

Gene therapy is an important alternative for the treat-
ment of monogenic diseases that affect the lungs and has 
the advantage of easy access to lung cells by bronchos-
copy, nebulizer or nasal spray. Among the genetic-based 
lung diseases, cystic fibrosis (CF) is a lethal autosomal 
recessive genetic disease caused by mutations in the CF 
transmembrane conductance regulator (CFTR). Mutations 
in the CFTR gene may result in defective processing of its 
protein and alter the function and regulation of this channel. 
Mutations are associated with different symptoms, including 
pancreatic insufficiency, bile duct obstruction, infertility in 
males, high Cl- level in sweat, intestinal obstruction, nasal 

polyp formation, chronic sinusitis, mucus dehydration, and 
chronic Pseudomonas aeruginosa and Staphylococcus 
aureus lung infection, responsible for 90% of deaths in 
patients with CF (3).

The strengths of gene therapy for CF are: a) it is a 
monogenic disease (CFTR mutation), b) the organ most 
affected is the lung, where the cells can be easily accessed, 
and c) it is a progressive disease with a virtually normal 
phenotype at birth, offering an advantageous therapeutic 
window (4,5).

However, there is no treatment for correcting the dys-
function of the chloride channel; existing therapies only al-
leviate the symptoms. Therefore, gene therapy has become 
a promising option because, due to easy access to cells in 
the airways, it is possible to insert the correct CFTR gene 
and restore the expression of the chloride channel in the 
cell membranes. Reports of the first patients with CF to 
receive CFTR gene therapy were published in 1993, and 
since then there have been more than 20 clinical trials of 
gene transfer agents (6).

Meanwhile, the major challenge in gene therapy is the 
choice of vector for safe delivery of the transgene to patient 
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cells. The ideal vector for gene therapy must have certain 
characteristics, such as: a) the ability to deliver the gene of 
interest; the vector must have adequate capacity to carry 
the necessary genetic information and be undetectable by 
the immune system; b) be non-inflammatory; c) be safe for 
the human host even in the setting of lung inflammation; d) 
have a long duration of transgene expression. The vector 
must be able to maintain the levels of target gene expres-
sion required to correct the disease phenotype or be safely 
readministered (7,8).

Gene therapy uses gene transfer systems, both viral 
and nonviral, as vectors. Among the many gene transfer 
systems being investigated, we highlight the viral vectors such 
as those based on the genome of adeno-associated virus 
(AAV). Currently, 12 human serotypes of AAV (AAV1-12) have 
been described, many of which have distinct cell and tissue 
tropism, potentially creating the option to generate a variety 
of different vector classes from this viral genus (9-12).

AAV has emerged as a potential vector in gene therapy 
for CF because of a number of theoretical advantages: a) 
AAV has natural tropism for airway epithelial cells; b) AAV 
elicits little or no inflammatory response; c) AAV generally re-
sults in stable expression; d) site-specific integration of AAV 
does not activate the possible oncogenes and the inserted 
gene can be maintained for a relatively long time in the host 
cell genome and stably expressed in vivo (13-15).

Adeno-associated virus

AAV is a non-pathogenic parvovirus, with 
single-stranded DNA, a genome of approxi-
mately 4.7 kb, not enveloped and has icosahe-
dric conformation. AAV was first discovered in 
1965 as a contaminant of adenovirus prepara-
tions (16). AAV belongs to the Dependovirus 
genus and Parvoviridae family, requiring helper 
functions from either herpes virus or adenovi-
rus for replication (17). In the absence of helper 
virus, AAV can set up latency by integrating into 
human chromosome 19 at the 19q13.4 loca-
tion. The AAV genome consists of two open 
reading frames (ORF), one for each of two AAV 
genes, Rep and Cap (18). The AAV DNA ends 
have a 145-bp inverted terminal repeat (ITR), 
and the 125 terminal bases are palindromic, 
leading to a characteristic T-shaped hairpin 
structure (19,20).

The Rep gene is transcribed from promot-
ers p5 and p19 into four Rep proteins (Rep78, 
Rep68, Rep52, and Rep40), which have 
important roles in the life cycle of the virus. 
Proteins Rep78 and Rep68 are encoded by the 
mRNA transcribed from promoter p5. These 
proteins are essential for viral DNA replication, 
transcription and control of site-specific integra-

tion. The two smaller proteins Rep52 and Rep40 are gener-
ated by the mRNA transcribed from promoter p19. These 
proteins are involved in the formation of a single-stranded 
viral genome for packaging and viral integration (21-23). 
The Cap gene encodes three viral capsid proteins: VP1 
(735 amino acids, ~90 kDa), VP2 (598 amino acids, ~72 
kDa) and VP3 (533 amino acids, ~60 kDa), which form the 
viral capsid of 60 subunits, at the ratio of 1:1:10. The three 
capsid proteins are translated from the mRNA transcribed 
from the promoter p40 (Figure 1) (20,22).

The ITRs are the only sequences necessary for pack-
aging and viral replication, and they have the following 
functions: a) they serve as a primer for synthesizing a 
new strand of DNA (24); b) they possess a binding site 
for Rep78 and Rep68 proteins, which have helicase and 
endonuclease activity (25); c) they have a terminal reso-
lution site (trs) identical to the sequence of chromosome 
19, which serves as a sequence of integration of the viral 
genome (25,26).

Despite the high prevalence of AAV in the human popu-
lation, there is no known disease associated with AAV in 
humans or other species, making it an ideal vector for gene 
transfer (27,28). Although the wild-type AAV, in the presence 
of the Rep gene, has the ability to integrate DNA into the host 
cell genome in a 4-kb region on chromosome 19 (q13.4), this 
feature disappears in the vectors (recombinant AAV), which 
are extracted from all viral genes. Thus, in most cases AAV 
remains episomal, but transcriptionally active (29). Another 

Figure 1. Map of the wild-type adeno-associated virus (AAV) genome. REP and 
CAP genes flanked by inverted terminal repeats (ITR), three promoters (p5, 
p19, and p40), four Rep proteins involved in viral replication (Rep78, Rep68, 
Rep52, and Rep42), and three Cap proteins involved in capsid formation (VP1-3).
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advantage of AAV vectors is the fact that they are capable 
of infecting a large number of cell types (proliferating and 
differentiating) with the same efficiency (30,31). Moreover, 
AAV vectors induce a relatively weak immune response, 
allowing re-administration in many cases (7).

However, one limitation of AAV vectors is their relatively 
small genome. Studies have shown that the ideal size for 
packaging a viral genome is 4100-4900 bp (32,33). Other 
studies suggest that packaging becomes very inefficient 
when the size exceeds 4900-5000 bp. Consequently, this 
becomes a problem for genes with large coding sequences, 
such as CFTR, which has a cDNA of 4450 bp (34). The AAV 
vector contains two ITR and enhancer/promoter elements 
and therefore the expression cassette can easily surpass the 
limits of packaging. Therefore, strategies are being developed 
to avoid this limitation for CF gene therapy. Some studies 
have used short sequences of endogenous AAV promoters 
(with or without proteasome inhibitors to increase expression) 
(35-37). Other studies have produced AAV vectors with a 
CFTR cDNA with a deletion at the N terminal (38), the regula-
tory domain (39), and missing the first four transmembrane 

domains of CFTR (40). These deletions did not alter the 
function of the CFTR chloride channel (38-40).

Adeno-associated virus serotype 2

Among different AAV serotypes, adeno-associated virus 
type 2 (AAV2) is the most studied. AAV2 gains entry into 
target cells by using the cellular receptor heparan sulfate 
proteoglycan (HSPG) and cells that do not express HSPG 
show resistance to infection with AAV2 (41). In addition, 
AAV2 uses a co-receptor for internalization into the cell 
via endocytosis. Five receptors have been identified: αVβ5 
integrin (42), fibroblast growth factor receptor 1 (43), hepa-
tocyte growth factor receptor (44), αVβ1 integrin (45), and 
laminin receptor (46). AAV, in general, binds to its recep-
tors and rapidly undergoes endocytosis in clathrin-coated 
vesicles. For successful AAV infection in gene therapy, 
after endocytosis, the AAV vector should escape from 
endocytic vesicles, enter the nucleus through the nuclear 
pore complex and promote transgene expression, such as 
CFTR (Figure 2) (13,47).

Figure 2. Cell entry and trafficking of the adeno-associated virus (AAV) vector. The AAV vector enters the cell by endocytosis in a 
receptor-mediated manner, through clathrin-coated pits. After endocytosis, the AAV vector should escape from the endosome, enter 
the nucleus through the nuclear pore complex and promote transgene expression (cystic fibrosis transmembrane conductance regula-
tor, CFTR).
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AAV2 vectors have rapidly gained importance in CF gene 
therapy applications. AAV2 vectors have been constructed 
in an attempt to deliver the CFTR gene to airway epithelial 
cells and to restore the expression of CFTR protein. Effi-
cient expression from recombinant AAV-associated cystic 
fibrosis transmembrane conductance regulator vectors 
(rAAV-CFTR) was observed in the airways of rabbits and 
monkeys for up to 6 months after a single bronchoscopic 
delivery (1010 particles of vector) (34,48). Another study 
demonstrated that repeated (two doses) bronchoscopic 
airway delivery of rAAV-CFTR vectors (5 x 109 DNase-
resistant particles, DRP) in rabbit lung resulted in incre-
mental transgene expression without detectable toxicity. 
No significant inflammatory responses to repeated airway 
exposure to rAAV2-CFTR vector expression were observed, 
showing successful redelivery (49). These studies provide 
the preclinical data necessary for the initiation of a clinical 
trial of rAAV in patients with CF.

A phase I clinical trial using AAV2 containing CFTR 
cDNA was performed in 10 patients with CF. The vector was 
administered into respiratory epithelial cells of the maxil-
lary sinus. In this trial, there was no obvious inflammatory 
response and gene transfer was observed in 0.1 to 1 copies 
of the vector per cell, obtained from biopsy 2 weeks after 
the administration of the vector. The persistence of gene 
transfer was maintained for 41 days in one patient and for 
10 weeks in another (50-52).

A further clinical trial used single doses of the AAV2 
vector encoding the human CFTR cDNA (dose ranging 
from 1010 to 1013 DRP) delivered by aerosol or nebuliza-
tion to the lungs of 12 patients with CF. The maximum gene 
transfer was observed at 0.6 and 0.1 vector copies per 
brushed cell (collected via bronchoscopy) after 14 and 30 
days, respectively, after nebulization of 1013 DRP, and this 
declined to nearly undetectable levels by day 90. Further-
more, it was not possible to detect vector-derived mRNA 
expression by the polymerase chain reaction (PCR) after 90 
days of viral administration. This phase I trial demonstrated 
that a single dose of AAV-CFTR by aerosol was safe and 
well tolerated by patients with CF with mild lung disease 
(53). Similar results were observed in a third phase I trial. 
Doses of rAAV2 vector expressing full-length human CFTR 
(6 x 104 to 2 x 1012 DRP) were administered intranasally 
and endobronchially to 25 patients with CF. Gene transfer 
measured by PCR was very low. The poor mRNA CFTR 
expression observed in these studies was attributed to the 
lack of an efficient promoter region within the construction 
of the viral DNA. Another important observation in both 
studies was the increase in neutralizing AAV2 antibodies 
in the serum of patients with CF who received the vector in 
these clinical trials. The increase of these antibodies could 
also be the cause of the reduced efficiency of gene transfer 
of CFTR. The inflammatory process itself can prevent the 
transduction of the vector, which raises concerns about 
possible reduced effectiveness in repeat dosing (14,36).

In addition, AAV has been administrated repeatedly to 
the lung in two trials conducted by the same group. In the first 
of these, AAV2 vectors containing CFTR cDNA (tgAAVCF; 
1013 viral particles or placebo) were administered in three 
doses at intervals of 30 days by aerosol to the lungs of 37 
subjects with CF. Improvements in induced-sputum interleu-
kin-8 and interleukin-10 and FEV1 (forced expiratory flow in 
1 s) were observed. Gene transfer but not gene expression 
was detected in a subset of six tgAAVCF subjects who un-
derwent bronchoscopy, and the delivery of tgAAVCF was 
associated with an increase in AAV2-neutralizing antibod-
ies. The second study also delivered repeated doses of 
tgAAVCF to 102 subjects with CF using the same protocols 
(54). Unhappily, no significant improvement in lung function 
(FEV1) was observed in patients who received the viral 
vector compared with placebo controls (54,55).

Based on these preclinical and clinical trials, a num-
ber of key limitations of AAV2 vector technology were 
recognized: a) low abundance of the AAV2 receptor and 
co-receptors on the apical surface of the airways; b) rela-
tive inefficiency of the AAV-ITR promoter; c) inactivation 
of rAAV2 particles by extracellular barriers, including 
elastase, alpha defensins, and other substances; d) short 
duration of gene transfer associated with rapid turnover 
of the CF airway epithelium with the subsequent loss of 
rAAV genomes, and e) the development of neutralizing 
antibodies by patients limiting the efficiency or repeated 
administrations of the vector (56).

In agreement with previous studies, Lassance et al. (57) 
showed that readministration of the rAAV2 vector containing 
the DNA of green fluorescence protein (GFP; three doses 
of 4 x 109 particles) caused a mild inflammatory response 
that affected the airways and lung parenchyma in mice. 
Histological findings showed that after the first dose it was 
possible to detect changes in lung parenchyma. The per-
centage of normal areas and collapsed areas decreased 
and increased, respectively, in all groups of animals that 
received the viral vector intratracheally. However, these mor-
phological changes were not sufficient to induce changes 
in lung function (57).

Several strategies to improve the efficiency of this prom-
ising viral vector are under investigation. One is to explore 
the use of other AAV serotypes. Early work showed that 
serotypes AAV1, AAV5 and AAV6 are better able to transfer 
to lung cells compared to AAV2. This is probably due to 
the reduced number of receptors for AAV2 on the apical 
surface of lung epithelial cells (58). Changes in the viral 
genome containing the coding portion of the CFTR gene 
have also been made in an attempt to improve the ability 
for expression; for example, inclusion of certain elements 
and use of other transcriptional promoter regions showed 
an improvement in transcription ability (59).

Due to the low transduction observed in lung cells after 
administration of the AAV2 vector, the AAV5 vector has also 
been studied for gene therapy of the lungs.
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Adeno-associated virus serotype 5

There is evidence that the AAV5 vector is more efficient 
for CF gene therapy than AAV2. Zabner et al. (38) suggested 
that AAV5 can increase gene delivery 50 times compared to 
AAV2 in human airway epithelium. Corroborating this study, 
Walters et al. (60) showed that the apical membrane of 
airway epithelium contains high-affinity receptors for AAV5, 
in contrast to AAV2, which has its receptors located in the 
basolateral membrane. AAV5 requires sialic acid (2,3-linked 
sialic acid) to connect to cell and gene transfer. Sialic acid is 
the most common terminal glucosyl residue of mammalian 
proteins, and is present not only in airway epithelium but 
also in many tissues (60). Other studies have shown that 
expression of the platelet-derived growth factor receptor 
(PDGFR-α-polypeptide) was highly associated with AAV5-
mediated transduction and both PDGFR-α and PDGFR-β 
were confirmed as receptors for AAV5 (61).

With regard to the AAV vector, it is known that neutral-
izing antibodies against AAV2 are most prevalent in the 
general population with neutralizing antibodies against 
AAV5 (62). Moreover, neutralizing antibodies did not limit 
the transfer of the transgene by AAV5 in mice first exposed 
to AAV2 (63).

In addition, to improve the gene transfer of AAV vectors 
for CF gene therapy, the activities of different promoters, 
cytomegalovirus (CMV), Rous sarcoma virus and cytomega-
lovirus promoter conjugated/β-actin (CB), were evaluated 
in CF bronchial cells. The CB promoter proved to be the 
most efficient. Also, the capsids of the AAV serotypes rAAV2 
and rAAV5 were compared and rAAV5 was shown to be 
significantly more efficient at transferring the transgene than 
rAAV2. The rAAV5 vector-CB carrying the CFTR gene with 
a deletion at the N terminal (AAV5-CB-Δ264CFTR) was 
able to correct defective chloride transport in vitro in a CF 
bronchial cell line, as well as the hyper-inflammatory lung 
phenotype in Pseudomonas-agarose bead challenged CF 
mouse lungs in vivo (64). The AAV5-CB-Δ264CFTR vector 
has been further tested in non-human primates in a study 
that utilized vector lung delivery of AAV5-ΔCFTR or AAV5-
GFP by aerosol in macaques. The studies demonstrated 
safe and efficient delivery to the lungs (1.24 x 105 copies of 
CFTR/µg DNA) with the absence of inflammation compared 
to untreated macaques (65).

In 2005, Ostedgaard et al. (39) conducted experiments 
to overcome the limited capacity of the AAV genome; they 
deleted a portion of the CFTR-regulatory domain (CFTRΔR) 
and the CMV promoter. The deleted elements (promoter 
and CFTRΔR) and the ITR were packaged in rAAV5 and 
applied to the apical surface of differentiated CF airway 
epithelia. Two to 4 weeks later, the AAV5 vectors partially 
corrected the chloride transport, defective in CF airway 
epithelium, providing the first evidence that a single AAV 
vector administered by itself can correct the CF Cl- transport 
defect in differentiated CF airway epithelia.

However, several doses are needed to maintain the 
transgene expression in the airways, since the permanence 
of transgene expression is limited. Martini et al. (66), using 
rAAV5-GFP, demonstrated that rAAV5 (4 x 1011 particles) is 
safe for gene transfer to mouse lungs. Immunohistochem-
istry results showed that re-administration (3 doses) of the 
rAAV5 vector leads to sustained expression of the reporter 
gene (GFP) in the lungs of treated animals. Also, repeated 
administration of rAAV5 did not induce an inflammatory 
process, apoptosis, or mechanical or morphometric changes 
in the lungs. These results agree with previous studies sug-
gesting that AAV5 is a good vector for CF gene therapy.

Other possible AAV vectors

Other viral vectors that have shown efficiency in gene 
transfer to the lung are the AAV subtypes 6 and 9. Halbert 
et al. (63) observed that the AAV6 vector is more efficient 
in gene transfer to mouse airway cells that the AAV2 vector. 
Corroborating this study, Limberis et al. (67) suggested that 
AAV6, among the AAV serotypes 1-9, is the most efficient 
for gene transfer to human ciliated epithelial cells. AAV9 
has also been shown to transduce airways remarkably 
well (68).

With the aim of improving the transduction of rAAV vec-
tors, newer vectors are often cross-packaged or pseudo-
typed with different capsid versions. Usually, the AAV2 
genome containing the ITRs is packaged into capsids from 
different serotypes in order to exploit the altered tropism of 
the capsid. Several of these, including AAV1, AAV5, and 
AAV10, are substantially superior to AAV2 for efficient in 
vivo transduction of the rodent lung (8,12).

Auricchio et al. (69) evaluated the potential of pseudo-
typed AAV-mediated gene transfer to the lung. They showed 
that AAV vectors containing the capsid from serotype 5 
transduce lung epithelial cells more efficiently than AAV2/1 
and AAV2/2, and that AAV2/5 can be readministered non-
invasively. A similar study observed the distribution of two 
pseudotyped vectors, AAV2/10 and AAV2/11. Systemic 
injection of AAV2/10 led to persistent transduction in the 
murine liver, heart, muscle, lung, kidney, and uterus, 
whereas AAV2/11 resulted in efficient transduction of the 
muscle, kidney, spleen, lung, heart, and stomach (31). In 
agreement, an early study used rAAV2/9 (1010 genome 
copies per mouse) vectors expressing the luciferase gene 
in surfactant protein B (SPB)-/- mice to test the efficiency 
of this vector in an inflamed lung (the vector was applied 
directly to the lung lobes). This study demonstrated stable 
long-term expression using an AAV2/9-based vector, sug-
gesting that AAV2/9 would be an excellent candidate for 
gene therapy of pulmonary disease (70).

Future directions

Although significant progress has been made in the 
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use of AAV vectors for CF gene therapy, several develop-
ments are likely to enhance the potential usefulness of 
this system.

The efficiency of rAAV transduction is dependent on 
the interaction of the virus with the host cell, which includes 
binding to cell receptors, to overcome the intracellular bar-
riers that limit nuclear accumulation of the virus. The viral 
capsid is an essential element that influences the events 
of extracellular recognition of specific receptors and the 
process of intracellular trafficking. As a result, the viral 
capsid plays a crucial role in cell tropism, the kinetics of 
transduction efficiency and transgene expression. Regulat-
ing these properties can improve the efficiency and safety 
of gene therapy (71).

One strategy used to improve the efficiency of ad-
enovirus vector was associated with the construction of a 
mutant AAV2 vector. Wu et al. (72) showed that insertion 
of the serpin receptor ligand into the N-terminal regions of 
VP1 or VP2 can change the tropism of AAV2 and increase 
the transduction efficiency for the human lung cell line IB3. 
In agreement with this study, other groups evaluated the 
transduction and expression efficiencies of several AAV 
serotypes and AAV2 capsid mutants with specific pulmonary 
targeting ligands in the mouse lung and compared intranasal 
delivery with intratracheal lung delivery. It was observed 
that rAAV8 was the most efficient serotype in expressing 
α1-antitrypsin (AAT) in the lung among all the serotypes 
and mutants tested (73).

Mutations in the tyrosine residues on the surface of 
the viral capsid, highly conserved residues in the AAV 
serotypes, were also performed. Tyrosine phosphorylation 
serves as a signal for ubiquitination of AAV particles, leading 

to subsequent targeting for proteasome-mediated vector 
degradation before reaching the nucleus. Consequently, 
mutation of capsid tyrosine residues from AAV particles is 
predicted to allow the vectors to escape the proteasome 
degradation pathway and thus promote more vector genome 
delivery to the nucleus and more transgene expression. 
Previous studies have demonstrated that point mutations 
in surface-exposed capsid tyrosine residues in AAV showed 
great efficiency in gene transfer to human cells in vitro, and 
mouse hepatocytes and retina in vivo (71,74,75).

Another strategy that is being tested is the use of agents 
that modulate intracellular enzymes (76) to prevent deg-
radation of AAV2 within the host cell, somehow optimizing 
gene transfer. The use of these factors has been shown 
to increase the expression of the reporter transgene about 
1000 times (76).

Conclusion

Great advances have been made in learning about 
the mechanism of AAV gene transfer to improve its trans-
duction. AAV remains a promising delivery system for CF 
gene therapy mainly because of its lack of pathogenicity 
and immunogenicity in the airways. However, more data 
are needed regarding the effectiveness of transgene 
delivery of different serotype, pseudotyped and mutated 
AAV vectors.
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