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Abstract There has been a resurgence in gene therapy
efforts that is partly fueled by the identification and
understanding of new gene delivery vectors. Adeno-asso-
ciated virus (AAV) is a non-enveloped virus that can be
engineered to deliver DNA to target cells, and has attracted
a significant amount of attention in the field, especially in
clinical-stage experimental therapeutic strategies. The
ability to generate recombinant AAV particles lacking any
viral genes and containing DNA sequences of interest for
various therapeutic applications has thus far proven to be
one of the safest strategies for gene therapies. This review
will provide an overview of some important factors to
consider in the use of AAV as a vector for gene therapy.

Key Points

Adeno-associated virus (AAV) is a versatile viral
vector technology that can be engineered for very
specific functionality in gene therapy applications.

To date, AAV has been shown to be safe and
effective in preclinical and clinical settings.

AAYV can be used in a wide range of clinical
applications in multiple diseases due its unique
biological and biophysical properties.
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1 Introduction

The discovery of DNA as the biomolecule of genetic
inheritance and disease opened up the prospect of therapies
in which mutant, damaged genes could be altered for the
improvement of the human condition. The recent ability to
rapidly and affordably perform human genetics on hun-
dreds of thousands of people, and to sequence complete
genomes, has resulted in an explosion of nucleic acid
sequence information and has allowed us to identify the
gene, or genes, that might be driving a particular disease
state. If the mutant gene(s) could be ‘fixed’, or if the
expression of overactive/underactive genes could be nor-
malized, the disease could be treated at the molecular level,
and, in best case scenarios, potentially be cured. This
concept seems particularly true for the treatment of
monogenic diseases, i.e. those diseases caused by muta-
tions in a single gene. This seemingly simple premise has
been the goal of gene therapy for over 40 years.

Until relatively recently, that simple goal was very
elusive as technologies to safely deliver nucleic acid cargo
inside cells have lagged behind those used to identify
disease-associated genes. One of the earliest approaches
investigated was the use of viruses, naturally occurring
biological agents that have evolved to do one thing, i.e.
deliver their nucleic acid (DNA or RNA) into a host cell for
replication. There are numerous viral agents that could be
selected for this purpose, each with some unique attributes
that would make them more or less suitable for the task,
depending on the desired profile [1]. However, the unde-
sired properties of some viral vectors, including their
immunogenic profiles or their propensity to cause cancer
have resulted in serious clinical adverse events and, until
recently, limited their current use in the clinic to certain
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applications, for example, vaccines and oncolytic strategies
[2]. More artificial delivery technologies, such as
nanoparticles, i.e. chemical formulations meant to encap-
sulate the nucleic acid, protect it from degradation, and get
through the cell membrane, have also achieved some levels
of preclinical and clinical success. Not surprisingly, they
also have encountered some unwanted safety signals that
need to be better understood and controlled [3].

Adeno-associated virus (AAV) is one of the most
actively investigated gene therapy vehicles. It was initially
discovered as a contaminant of adenovirus preparations
[4, 5], hence its name. Simply put, AAV is a protein shell
surrounding and protecting a small, single-stranded DNA
genome of approximately 4.8 kilobases (kb). AAV belongs
to the parvovirus family and is dependent on co-infection
with other viruses, mainly adenoviruses, in order to repli-
cate. Initially distinguished serologically, molecular clon-
ing of AAV genes has identified hundreds of unique AAV
strains in numerous species. Its single-stranded genome
contains three genes, Rep (Replication), Cap (Capsid), and
aap (Assembly). These three genes give rise to at least nine
gene products through the use of three promoters, alter-
native translation start sites, and differential splicing. These
coding sequences are flanked by inverted terminal repeats
(ITRs) that are required for genome replication and pack-
aging. The Rep gene encodes four proteins (Rep78, Rep68,
Rep52, and Rep40), which are required for viral genome
replication and packaging, while Cap expression gives rise
to the viral capsid proteins (VP; VP1/VP2/VP3), which
form the outer capsid shell that protects the viral genome,
as well as being actively involved in cell binding and
internalization [6]. It is estimated that the viral coat is
comprised of 60 proteins arranged into an icosahedral
structure with the capsid proteins in a molar ratio of 1:1:10
(VP1:VP2:VP3) [6]. The aap gene encodes the assembly-
activating protein (AAP) in an alternate reading frame
overlapping the cap gene. This nuclear protein is thought to
provide a scaffolding function for capsid assembly [7].
While AAP is essential for nucleolar localization of VP
proteins and capsid assembly in AAV2, the subnuclear
localization of AAP varies among 11 other serotypes
recently examined, and is nonessential in AAV4, AAVS,
and AAVI11 [8].

Although there is much more to the biology of wild-type
AAV, much of which is not fully understood, this is not the
form that is used to generate gene therapeutics. Recombi-
nant AAV (rAAV), which lacks viral DNA, is essentially a
protein-based nanoparticle engineered to traverse the cell
membrane, where it can ultimately traffic and deliver its
DNA cargo into the nucleus of a cell. In the absence of Rep
proteins, ITR-flanked transgenes encoded within rAAV can
form circular concatemers that persist as episomes in the
nucleus of transduced cells [9]. Because recombinant
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episomal DNA does not integrate into host genomes, it will
eventually be diluted over time as the cell undergoes
repeated rounds of replication. This will eventually result
in the loss of the transgene and transgene expression, with
the rate of transgene loss dependent on the turnover rate of
the transduced cell. These characteristics make rAAV ideal
for certain gene therapy applications. Following is an
overview of the practical considerations for the use of
rAAV as a gene therapy agent, based on our current
understanding of viral biology and the state of the platform.
The final section provides an overview for how rAAV has
been incorporated into clinical-stage gene therapy candi-
dates, as well as the lessons learned from those studies that
can be applied to future therapeutic opportunities.

2 Adeno-Associated Virus (AAV) Vector Designs

The main point of consideration in the rational design of an
rAAV vector is the packaging size of the expression cas-
sette that will be placed between the two ITRs. As a
starting point, it is generally accepted that anything under
5 kb (including the viral ITRs) is sufficient [10]. Attempts
at generating rAAV vectors exceeding packaging cassettes
in excess of 5 kb results in a considerable reduction in viral
production yields or transgene recombination (truncations)
[11]. As a result, large coding sequences, such as full-
length dystrophin, will not be effectively packaged in AAV
vectors. Therefore, the use of dual, overlapping vector
strategies (reviewed by Chamberlain et al.) [12], should be
considered in these cases. An additional consideration
relates to the biology of the single-stranded AAV-delivered
transgenes. After delivery to the nucleus, the single-stran-
ded transgene needs to be converted into a double-stranded
transgene, which is considered a limiting step in the onset
of transgene expression [13]. An alternative is to use self-
complementary AAV, in which the single-stranded pack-
aged genome complements itself to form a double-stranded
genome in the nucleus, thereby bypassing that process
[13, 14]. Although the onset of expression is more rapid,
the packaging capacity of the vector will be reduced to
approximately 3.3 kb [13, 14].

AAV?2 was one of the first AAV serotypes identified and
characterized, including the sequence of its genome. As a
result of the detailed understanding of AAV2 biology from
this early work, most rAAV vectors generated today utilize
the AAV2 ITRs in their vector designs. The sequences
placed between the ITRs will typically include a mam-
malian promoter, gene of interest, and a terminator
(Fig. 1). In many cases, strong, constitutively active pro-
moters are desired for high-level expression of the gene of
interest. Commonly used promoters of this type include the
CMV  (cytomegalovirus) promoter/enhancer, EFla



AAV as a Vector for Gene Therapy

319

ITR Promoter Gene of Interest Terminator ITR

~4.8 Kb

Fig. 1 Schematic representation of the basic components of a gene
insert packaged inside recombinant AAV gene transfer vector. AAV
adeno-associated virus, /TR inverted terminal repeat

(elongation factor 1a), SV40 (simian virus 40), chicken [-
actin and CAG (CMV, chicken B-actin, rabbit B-globin)
[15]. All of these promoters provide constitutively active,
high-level gene expression in most cell types. Some of
these promoters are subject to silencing in certain cell
types, therefore this consideration needs to be evaluated for
each application [16]. For example, the CMV promoter has
been shown to be silenced in the central nervous system
(CNS) [16]. It has been observed that the chicken B-actin
and CAG promoters are the strongest of these constitutive
promoters in most cell types; however, the CAG promoter
is significantly larger than the others (1.7 kb vs. 800 bp for
CMYV), a consideration to take into account when pack-
aging larger gene inserts [15].

Although many therapeutic strategies involve systemic
delivery, it is often desirable to have cell- or tissue-specific
expression. Likewise, for local delivery strategies, undesired
systemic leakage of the AAV particle can result in trans-
duction and expression of the gene of interest in unwanted
cells or tissues. The muscle creatine kinase and desmin
promoters have been used to achieve high levels of
expression, specifically in skeletal muscle, whereas the o-
myosin heavy chain promoter can significantly restrict
expression to cardiac muscle [15, 17]. Likewise, the neuron-
specific enolase promoter can attain high levels of neuron-
specific expression [18, 19]. Often is the case, systemic
delivery of AAV results in a significant accumulation in the
liver. While this may be desirable for some applications,
AAV can also efficiently transduce other cells and tissues
types. Thus, in order to restrict expression to only the liver, a
common approach is to use the ol-antitrypsin promoter
[20, 21]. Finally, there are now technologies that have the
ability to generate novel, tissue-specific promoters, based on
DNA regulatory element libraries [22].

Over the course of the past 10-15 years, much work has
been done to understand the correlation between codon
usage and protein expression levels. Although bacterial
expression systems seem to be most affected by codon
choice, there are now many examples of the effects of
codon engineering on mammalian expression [23]. Many
groups have developed their own codon optimization
strategies, and there are many free services that can simi-
larly provide support for codon choice. Codon usage has
also been shown to contribute to tissue-specific expression,
and play a role in the innate immune response to foreign

DNA [24, 25]. With regard to the gene of interest, codon
engineering to support maximal, tissue-specific expression
should be performed.

Additionally, terminator/polyadenylation signal choices,
the inclusion of post-transcriptional regulator elements and
messenger RNA (mRNA) stability elements, and the
presence of microRNA (miRNA) target sequence in the
gene cassette can all have effects on gene expression [26].
The human factor IX 3’ UTR, for example, was shown to
dramatically increase factor IX expression in vivo, espe-
cially in the context of additional cis regulatory elements
[27]. Likewise, synthetic miRNA target sequences have
been engineered into the 3’ UTR of AAV-delivered genes
to make them susceptible to miRNA-122-driven suppres-
sion in the liver [28]. Although there is much known about
these individual components that needs to be considered
when designing an AAV vector, the final design will most
likely need to be determined empirically. It is not yet
possible to know how a particular design will function by
just combining the best elements together based on pub-
lished reports, therefore considerable trial and error will
eventually be required for deciding on the final construct.
In addition, one also needs to consider the differences
between in vitro and in vivo activity. Although it is pos-
sible to model rAAV expression in rodents, there is still
significant concern about the translatability to humans.

3 AAYV Capsid Selection and Optimization

AAYV has evolved to enter cells through initial interactions
with carbohydrates present on the surface of target cells,
typically sialic acid, galactose and heparin sulfate [29, 30].
Subtle differences in sugar-binding preferences, encoded in
capsid sequence differences, can influence cell-type trans-
duction preferences of the various AAV variants [31-33].
For example, AAV9 has a preference for primary cell
binding through galactose as a result of unique amino acid
differences in its capsid sequence [34]. It has been postu-
lated that this preferential galactose binding could confer
AAVY with the unique ability to cross the blood—brain
barrier (BBB) and infect cells of the CNS, including pri-
mary neurons [35, 36].

In addition to the primary carbohydrate interactions,
secondary receptors have been identified that also play a role
in viral transduction and contribute to cell and tissue
selectivity of viral variants. AAV2 uses the fibroblast/hep-
atocyte growth factor receptor and the integrins owPs and
a5PB1; AAV6 utilizes the epidermal growth factor receptor;
and AAVS5 utilizes the platelet-derived growth factor
receptor. Recently, an uncharacterized type I membrane
protein, AAVR (KIAAO319L), was identified as a critical
receptor for AAV cell binding and internalization [37].
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As a result of these subtle variations in primary and
secondary receptor interactions for the various AAV vari-
ants, one can choose a variant that possesses a particular
tropism and preferentially infects one cell or tissue type
over others (Table 1). For example, AAV8 has been shown
to effectively transduce and deliver genes to the liver of
rodents and non-human primates, and is currently being
explored in clinical trials to deliver genes for hemoglobi-
nopathies and other diseases [38]. Likewise, AAV1 and
AAV9 have been shown to be very effective at delivering
genes to skeletal and cardiac muscle in various animal
models [39-46]. Engineered AAV1 is currently being
explored as the gene transfer factor in clinical trials for
heart failure, and has been approved for the treatment of
lipoprotein lipase deficiency [47]. However, although dif-
ferent AAV vectors have been identified that preferentially
transduce many different cell types, there are still cell types
for which AAYV has proven difficult to transduce.

With the strong desire to utilize AAV to deliver genes to
very selective cell and tissue types, efforts to clone novel
AAYV variants from human and primate tissues have iden-
tified a number of unique capsid sequences that are now
being studied for tropism specificities [48]. In addition,
recombinant techniques involving capsid shuffling, direc-
ted evolution, and random peptide library insertions are
being utilized to derive variants of known AAVs with
unique attributes [49-51]. In vivo-directed evolution has
been successfully used to identify novel AAV variants that
preferentially transduce the retinal cells of the eye, as well
as other cell populations, including those in the CNS
[50, 52, 53]. In addition, these techniques have been
employed to identify novel AAV variants with reduced
sensitivities to neutralizing antibodies (NAbs) [54-57].

Alternatively, other investigators have inserted larger
binding proteins into different regions of AAV capsid
proteins to confer selectivity. For example, DARPins (de-
signed ankyrin repeat proteins), portions of protein A, and
cytokines, have all been engineered into the capsid of AAV
for the purpose of greater cell specificity and targeting
[58, 59]. Employing this concept, others have been able to

selectively target AAV to tumors and CD4™ T cells, as
examples of engineered tropism [60, 61].

As we continue to learn more about the biology of AAV
with regard to the mechanisms involved in membrane
translocation, endosomal escape, and nuclear entry, we will
undoubtedly find opportunities to engineer unique proper-
ties into viral vectors through modulating one or more of
these functions. For example, it has been hypothesized that
surface-exposed serine and tyrosine residues could be
phosphorylated upon viral cell entry, resulting in their
ubiquitination and proteolytic degradation [62—64]. Studies
have shown that mutation of tyrosine to phenylalanine,
which prevents this phosphorylation, results in dramati-
cally improved transduction efficiencies [63]. Similar
efforts have been made in attempts to limit the effects of
NAbs, as discussed below.

The choice of a particular AAV to use as a gene
transfer vector is heavily reliant on several critically
important criteria: (1) which cell/tissue types are being
targeted; (2) the safety profile associated with the deliv-
ered gene; (3) the choice of systemic versus local deliv-
ery; and (4) the use of tissue-specific or constitutively
active promoters. As one gives careful consideration to
these selection criteria, it is possible to narrow the choices
of which AAVs (natural or engineered) to profile. Alter-
natively, one can begin the path of exploring fully engi-
neered versions of AAV for truly selective cell targeting
and optimized transduction. Because our understanding of
AAYV biology is in relative infancy, many of these efforts
will remain empirical for quite some time as optimization
for one activity could have a negative impact on another.
Nonetheless, the future looks promising for this highly
adaptable platform.

4 AAV Immunogenicity
One of the appealing aspects of using rAAV as a gene

transfer vector is that it is composed of biomolecules, i.e.
proteins and nucleic acids. Fortunately, a full-package

Table 1 Selected AAV

AAV variant Tissue tropism Receptors References
vectors, known receptors, and
known tropisms 1 N/Sk SA [122-125]

2 Broad HS, FGFR/HGFR, LR, a5bl [126-130]

5 N, RPE, PR SA, PDGFR [123, 131-134]

6 Sk, Lg SA, HS, EGFR [48, 122, 135-137]

8 Lv, Sk, H, P LR [128, 138-144]

9 Lv, Sk, Lg G, LR [128, 140, 145]

AAV adeno-associated virus, EGFR epidermal growth factor receptor, FGFR fibroblast growth factor
receptor, G galactose, H heart, HGFR hepatocyte growth factor receptor, HS heparan sulfate, Lg lung, LR
laminin receptor, Lv liver, N neuronal, P pancreas, PDGFR platelet-derived growth factor receptor, PR
photoreceptors, RPE retinal pigmented epithelia, SA sialic acid, Sk skeletal muscle
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virus lacks engineered lipids or other chemical compo-
nents that could contribute to unwanted toxicities or
immunogenicities that may not be predictable or fully
understood. In general, AAV has been shown to be less
immunogenic than other viruses. Although not completely
understood, one possible reason for this may hinge on the
observation that certain AAVs do not efficiently transduce
antigen-presenting cells (APCs) [65]. Additionally, unlike
previous viral delivery strategies, rAAV does not contain
any viral genes, therefore there will be no active viral
gene expression to amplify the immune response [66].
Although AAV has been shown to be poorly immuno-
genic compared with other viruses (i.e. adenovirus), the
capsid proteins, as well as the nucleic acid sequence
delivered, can trigger the various components of our
immune system. This is further complicated by the fact
that most people have already been exposed to AAV and
have already developed an immune response against the
particular variants to which they had previously been
exposed, resulting in a pre-existing adaptive response.
This can include NAbs and T cells that could diminish the
clinical efficacy of subsequent re-infections with AAV
and/or the elimination of cells that have been transduced.
It should be of no surprise that the formidable challenge is
how to deliver a therapeutically efficacious dose of rAAV
to a patient population that already contains a significant
amount of circulating NAbs and immunological memory
against the virus [67]. Whether administered locally or
systemically, the virus will be seen as a foreign protein,
hence the adaptive immune system will attempt to elim-
inate it.

The humoral response to AAV is driven by the uptake of
the virus by professional APCs, and their presentation of
AAYV capsid peptides in the context of class I major his-
tocompatibility proteins (MHCs) to B cells and CD4% T
cells [68, 69]. This leads to plasma cell and memory cell
development that has the capacity to secrete antibodies to
the AAV capsid. These antibodies can either be neutral-
izing, which has the potential to prevent subsequent AAV
infection, or non-neutralizing. Non-NAbs are thought to
opsonize the viral particles and facilitate their removal
through the spleen [70].

Upon entry of the virus into target cells during the
course of the natural infection process, the virus is inter-
nalized through clathrin-mediated uptake into endosomes
[71]. After escape from the endosome, the virus is trans-
ported to the nucleus where the ITR-flanked transgene is
uncoated from the capsid [72]. The pathway and mecha-
nism of AAV intracellular transport and processing is not
fully understood, and there are quite a few areas of debate
with regard to current understanding. The most current
hypothesis is that following endosomal escape, capsid
breakdown and uncoating occurs after subsequent nuclear

translocation. However, it is thought that cytosolic ubig-
uitination of the intact virus can occur during transport to
the nucleus [73]. This would be a critical step in directing
capsid proteins to the proteasome for proteolytic process-
ing into peptides for class I MHC presentation. This
hypothesis is supported by data in which proteasome
inhibitors, or mutations in capsid residues that are sites for
ubiquitination, can limit class I presentation and T-cell
activation [73-76]. However, apparent differences have
been observed for T-cell activation to different AAV
variants with significant sequence identity. At this time, it
is unclear whether this is due to subtle capsid sequence
differences and susceptibility to MHC I presentation or
differential cellular processing that is innate to the different
AAV variants, or simply due to contaminants in vector
preparations [76].

In addition to an adaptive immunological reaction to the
capsid of AAV, the transgene can elicit both an adaptive
and an innate response. If the transgene encodes a protein
that can be recognized as foreign, it too can generate a
similar B- and T-cell response. For example, in replace-
ment therapy applications in which the protein to be
replaced is the consequence of a null genotype, the immune
system will have never selected against precursor B and T
cells to that protein [70, 77]. Likewise, if the transgene is
an engineered variant, the engineered sequence can be
recognized as foreign. Even the variable regions of anti-
bodies can activate an adaptive response that can result in
deletion of target cells that are expressing transgene as a
result of AAV delivery. Finally, a transgene with a sig-
nificant number of CpG dinucleotides can activate innate
responses through toll-like receptor (TLR) molecular pat-
tern receptors [78].

Pre-existing immunity to AAYV, especially the pres-
ence of circulating NAb, can have a dramatic effect on
AAV clinical efficacy. To date, this represents one of the
biggest therapeutic challenges to the use of systemically
delivered AAV, and is thought to be one of the factors in
early clinical failures [79]. Pre-existing immunity to
AAV can often be overcome by selecting a particular
AAV variant that has not circulated throughout the
human population, and, therefore, does not have any
memory responses elicited against it, including NAbs
and T cells [80]. Additionally, some of the AAV evo-
lution technologies discussed above have been used to
identify AAVs that are resistant to the effects of NAbs
[50, 57]. Although not optimal, it is possible to pre-
screen subjects for the presence of NAbs to the partic-
ular AAV variant to be used. In addition, the impact of
this immunological response can sometimes be mini-
mized by the particular route of administration employed
for the particular therapeutic strategy, as discussed in
Sect. 6 [80].
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5 Manufacturing for Clinical Use

Like most biotherapeutics, AAV needs to be produced in a
living system (Fig. 2). The parallels with recombinant
antibody production during the 1990s and 2000s, with
regard to the upstream challenges of robust production
levels, are important to understand where the industry
currently is, and where we need to strive to be.

5.1 Transient Transfection Platforms

Current methods to produce rAAV are still expensive
despite years of research (Table 2). The most widely used
platform for producing rAAYV involves transfecting HEK293
cells with either two or three plasmids; one encoding the
gene of interest, one carrying the AAV rep/cap genes, and
another containing helper genes provided by either adeno or
herpes viruses [6]. While most robust production rates have
been achieved with adherent cells in either roller bottles or
cell stacks, similar rates are now achievable in suspension-
adapted HEK?293 cells (Table 2). Production rates of
approximately 10° genome copies (GC)/cell are now com-
mon, resulting in 10'* GC/L [81]. While this has proven to
be sufficient to support early clinical trials, and could supply
marketed product for small patient population indications,

Cell Platform Scale-up
»_
E Uy,
A~ ey
oo
pDNA
adherent ‘ -
g .
\ virus
suspension

Fig. 2 Overview of AAV production/purification. Cell platform:
HEK-293T, Sf9, or other suitable cell system can be grown on a small
scale on 150 mm tissue culture-treated culture dish, hyperflasks, or
shake flasks. Cells are then transfected with adenovirus helper virus,
rep/cap, and ITR-transgene plasmids for 293T, or infected with
baculovirus for Sf9. Producer lines with integrated expression of
rep/cap and ITR-transgene can be infected with adenovirus and grown
to scale. Scale-up: For larger-scale culture volumes, virus can be
produced in roller bottles, continuous perfusion, or WAVE Bioreactor
systems. Purification/polishing: Affinity or heparin chromatography
are optimal for isolation of virus from culture supernatants with or
without cell pellet harvesting. Benzonase/DNAse treatment of eluted
virus is required for removal of extraviral DNA contamination,
followed by anion-exchange chromatography to fractionate ‘empty’
vs. ‘full’” AAV particles. QC/release: Upper left of far right panel:
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the deficiencies in scalability with this platform are a sig-
nificant limitation [82, 83]. As one could surmise, success-
fully delivering three plasmids to one cell is a relatively
inefficient process. For larger-scale manufacturing efforts,
transient delivery of plasmid requires excess quantities of
DNA, adding to the overall cost of production and purifi-
cation. Moreover, transient delivery of rep/cap genes in the
presence of helper genes can also contribute to product
heterogeneity, including AAV vectors lacking a transgene.
These ‘empty capsids’ represent a significant proportion of
virus produced in transient transfection assays. Thus, it is
critically important to develop robust analytical quality
control (QC) methods that are able to distinguish between
these viral variants in order to ensure similarities between
production lots [82, 83].

5.2 Producer Mammalian Cell Lines

In three other AAV manufacturing platforms, one or more
genetic components for the AAV manufacturing has been
integrated into the genome of mammalian or insect pro-
duction cell lines. While most viral helper genes needed for
AAV production cannot be stably transfected, the adenoviral
Ela and E1b genes are exceptions. These genes have been
used to transform HEK293 cells, however they induce

Purification/ Polishing QC/Release

Pure

- l L S—- -

image depicts a silver stain analysis of culture FT next to affinity/
anion exchange purified AAV (pure). The three bands represent the
viral capsid proteins VP1, VP2, and VP3. Upper right of far right
panel: Dynamic light scattering analysis of purified AAV1 indicates a
uniform particle distribution of approximately 25-30 nM. Bottom half
of far right panel: Analytical ultracentrifugation can resolve the
proportion of ‘empty’ vs, ‘full’ particles of purified material.
Additional assays that should be employed are digital drop poly-
merase chain reaction for determining titer in GC/mL, cryo or
transmission electron microscopy for visual representation of purified
particles, endotoxin testing, and other assays to evaluate the presence
of residual host-cell protein contamination. AAV adeno-associated
virus, FT flow-through, GC genome copies, rep/cap replication/cap-
sid, QC quality control
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Table 2 Current manufacturing platforms being employed to generate rAAV for clinical use

Triple transfection

Triple transfection

Baculovirus-

Herpes virus co-

Adenovirus-infected

(adherent) (suspension) infected producer infection producer cell line
cell line
REP/CAP Plasmid Plasmid Integrated in cell First rHSV Integrated in cell line
line
ITR-transgene ~ Plasmid Plasmid BEV Second tHSV Integrated in cell line
Helper genes Plasmid Plasmid BEV (same as rHSVs (above) Wt adenovirus
above)

Cell line

Production
system

Efficiency of
DNA
delivery

Scalability
Yield (vector

genomes/cell)
Safety
concerns

Advantages

Challenges

References

HEK?293 (adherent)

CellFactory, roller,
CellCube

++

5 x 10* (AAV6) —
3.5 x 10° (AAV9)

None

Quick to produce
virus in small scale

Helper virus-free

AAV

Low scalability of
triple transfection

[146, 147]

HEK?293 (suspension)

Wave reactor (tens of
liters)

+

++

9 x 10* (AAV4) —
2.1 x 10° (AAV?2,
AAVY9)

None

Quick to produce virus in

small scale

Helper virus-free AAV

Low scalability of triple

transfection

[146, 148]

Sf9 insect cells
200 L stirred tank
reactor

+++

+++

8 x 102
(AAV12) —
5 x 10° (AAV3)

None

Added safety of
insect cells and
virus

Efficient large-scale
production

Potentially low BEV
stability

[87, 149, 150]

BHK (suspension)

10 L wave reactor

et

+++
7 x 10— 1 x 10°

Contaminating
helper virus

No stable cell line
required

Efficient large-scale
production

2 HSV helper
viruses to produce

HSV sensitive to
production
conditions

[151, 152]

HeLa S3 (suspension)
250 L stirred tank reactor

ot

+++
5 x 10*

Contaminating wild-type
helper virus

Same helper virus for all
production runs

Efficient large-scale
production

Stable producer cell line to
produce for each project

[153]

AAV adeno-associated virus, BEV baculovirus expression vector, HEK293 human embryonic kidney cell line, rAAV recombinant AAV, REP/
CAP replication/capsid, rHSV recombinant herpes simplex virus type 1, Sf9 Spodoptera frugiperda cell line

expression of the AAV rep gene, which is toxic to mam-
malian and insect cells [84, 85]. Hence, two different
approaches have been used to develop mammalian cell lines.
The first uses co-infection of BHK cells with two replica-
tion-defective HSVs engineered to encode the ITR-flanked
transgene and the rep/cap genes. The second is based on
stable producer cell lines in HeLa cells carrying the ITR-
flanked transgene and the rep/cap genes. Rep proteins are
not expressed in these cells since HeLLa carries no adenoviral
genes. However, infection with wild-type adenovirus is
required for AAV production. The inclusion of replication-
competent viral agents into a production process is a concern
that needs to be addressed and also requires additional steps
during the downstream processing [82, 83].

5.3 Producer Insect Cell Lines

More recently, the Sf9 insect cell system in combination
with baculovirus infection has been utilized to produce

bulk quantities of rAAV. In this system, two or three
baculovirus particles may be used to infect the Sf9 cells
and initiate AAV production. In one example, one virus
contains the rep gene, a second contains the cap gene, and
the final virus carries the ITR-flanked gene of interest. In
an alternative system, the Sf9 cells can be engineered to
have the ITR-flanked gene of interest integrated into their
genome, upon which production is initiated with only two
baculovirus preps [81, 82]. A further improvement has
recently been shown whereby the rep/cap genes are stably
integrated into the Sf9 cell line genome, but are under the
control of a promoter/enhancer that is induced by subse-
quent baculovirus infection. In this system, infection can
occur, with only one baculovirus containing the ITR-
flanked gene of interest, simplifying the system signifi-
cantly [86, 87].

Production levels of approximately 10° GC/cell and 10"
GC/L have routinely been achieved with these Sf9 systems.
Because of their ease of manipulation and their ability to
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grow to very high cell densities, the Sf9 system is rapidly
becoming the platform of choice for AAV manufacturing.
Concerns regarding baculovirus instability and differences
in post-translational modifications between mammalian
and insect cell systems are now beginning to be understood
and controlled. These concerns are offset by the fact that
baculovirus cannot efficiently infect mammalian cells
which makes it inherently safer then other viral-based
production systems [81-83, 86, 87].

5.4 Purification and Downstream Processing

Unlike antibody manufacturing that relied on a single protein
A-based purification platform early in the development of
the downstream process, AAV is still rapidly evolving in that
area. The products of an AAV production run will contain not
only cellular debris (protein/lipids/nucleic acids) but also
two main populations of AAYV particles: particles that con-
tain (full capsids) or those lacking (empty capsids) the ITR-
flanked transgene. Although still widely debated in the field,
the presence of empty capsids represents another contami-
nant that must be removed or controlled. Initial attempts to
separate these two populations originally relied on the
cumbersome and non-scalable method of density ultracen-
trifugation. In addition to the scalability issue, there are also
concerns about the physiochemical effects of this method on
the particles. Regardless, this method is still employed by
many organizations as either a primary or secondary step in
AAV purification [83].

Current technologies utilizing various affinity resins
and/or ion exchange chromatography are being adopted by
the industry. As mentioned above, AAV uses cell mem-
brane-associated carbohydrates as the primary cell receptor
for transduction. This affinity for carbohydrates can be
exploited as an initial capture step in AAV purification.
Indeed, heparin columns are frequently used in many
downstream processing steps for AAV [88]. However,
because of the lack of specificity, alternative affinity col-
umns based on AAV-specific binding proteins such as
scFvs and antibody single domains from llamas (camelids)
have started to dominate the field. Improvements in gen-
erating these AAV-specific resins confers many advantages
in downstream purification. These resins have the ability to
bind to more than one AAV variant, have very high binding
capacities (>1014 GC/mL resin), and are stable against
harsh clean-in-place and regeneration methods, making
them suitable for use multiple times. Some of these com-
mercial resins are already Good Manufacturing Practice
(GMP) compliant, making them ideal for downstream
manufacturing at commercial scales. Polishing steps using
anion exchange chromatography are now routinely inclu-
ded after affinity capture steps, and can efficiently separate
full capsids from empty capsids [89-92].
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As with any new therapeutic platform, and, again,
similar to antibody-based therapeutic evolution, details on
product specification and regulatory requirements are still
evolving. With still very limited clinical experience, the
impact of empty particles, host-cell impurities, post-trans-
lational modifications from different production platforms,
fidelity of the packaged transgene, capsid ratio integrity,
and probably many other specifications are still not known.
However, over time, and as more clinical experience is
gained, the field will be able to better relate these details to
product performance and safety [83].

The use of rAAV as a delivery vector for gene therapies
has been rapidly gaining interest over the past 3-5 years.
As approvals begin to increase (see Sect. 6), efforts to
optimize and maximize clinical manufacturing technolo-
gies will see a burst of activity. This will most likely mirror
what occurred with antibody therapeutics in the 1990s and
2000s, in which early technologies were quickly overcome
by next-generation technologies, resulting in significant
cost savings and increased clinical supplies.

6 Delivery Strategies for Recombinant AAV
Therapeutics and Clinical Candidates

AAV has been shown to be a very stable vector able to
withstand wide temperature and pH changes with little to
no loss in activity [93]. To date, the only limitation seems
to be the concentration with which it can be formulated,
currently maximized around 5 x 10" particles per milli-
liter [83]. With the resurgence in clinical use, this formu-
lation limit will most likely be overcome in the near future.
However, the robust stability of these vectors provides
ample opportunities to attempt different routes of admin-
istration and specialized delivery strategies (Table 3).
Other than the European Medicines Agency (EMA)-
approved AAV-based product alipogene tiparvovec (Gly-
bera®), the most advanced current clinical trial using AAV
is sponsored by Spark Therapeutics and utilizes local
injection of AAV?2 into the eye for inherited retinal dis-
eases (voretigene neparvovec-RPE65) (Table 3) [94].
Phase III studies have just been completed on this candi-
date and a Biologics License Application (BLA) submis-
sion is expected this year. This type of local delivery has
proven to be safe and efficacious, but requires specialized
surgical techniques and/or devices to deliver the vector
[94, 95]. Similar strategies are being conducted by Applied
Genetic Technologies Corporation (AGTC), targeting
X-linked retinoschisis and achromatopsia, X-linked retini-
tis pigmentosa, and age-related macular degeneration.
These programs are at various stages of development, with
the most advanced for X-linked retinoschisis and
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Table 3 Selected examples of more than 50 clinical candidates employing rAAV

US trade name (generic name) Company

Current
status (US)

Molecular target

Major indication

Comments

Glybera® (alipogene

tiparvovec)

Voretigene neparvovec (SPK-

RPE65)

rAAV2-CBSB-hRPE65

rAAV2-hRPE65

SPK-CHM

CNGA3-ACHM

CNGB3-ACHM

scAAV2-PIND4

XLRS gene therapy

BMN-270

SB-525

DTX101

SPK-9001 (SPK-FIX)

AMT-060

SB-FIX

scAAV2/8-LP1-hFIXco

ADVM-043

AVXS-101

uniQure

Spark
Therapeutics

MieraGTx UK
II Ltd/Syne
Qua Non Ltd/
UCL

UPenn; NEI

HMO

Spark
Therapeutics

AGTC

AGTC

NEI

Biogen/AGTC

Biomarin
Sangamo

Dimension
Therapeutics

Spark
Therapeutics/
Pfizer

uniQure/St.
Jude’s
Hospital

Sangamo

St. Jude’s
Hospital/UCL

Adverum

AveXis

EMA
approved,
11-2-12

Phase III

Phase I/I1

Phase I/I1

Phase 1

Phase I/II

Phase 1

Phase 1

Phase 1

Phase I/IT

Phase I/I1

Phase I/I1

Phase I/I1

Phase I/I1

Phase I/IT

Phase I

Phase I

Phase 1

Phase I

LPL gene

RPE-specific
protein
(RPE65) gene

RPE-specific
protein
65 kDa
(RPE65) gene

RPE-specific
protein
65 kDa
(RPE65) gene

RPE-specific
protein
65 kDa
(RPE65) gene

Gene encoding
defective/
missing REP-
1

Achromatopsia
CNGA3 gene
Achromatopsia
CNGB3 gene

G11778A
mutation in
mitochondrial
DNA

Mutated XLRS
gene

FVIII gene

FVIII gene

FIX gene

FIX19 variant
gene

FIX gene

FIX gene
FIX gene
AAT gene

SMN gene

LPL deficiency

LCA (eye
disease)

LCA (eye

disease)

LCA (eye
disease)

LCA (eye
disease)

CHM (eye
disease)

ACHM
(blindness)

ACHM
(blindness)

LHON (eye
disease)

XLRS (eye
disease)

Severe
hemophilia A
Hemophilia A

Hemophilia B

Hemophilia B

Hemophilia B

Hemophilia B
Hemophilia B
AAT deficiency

SMA

AAV1; 20-40 or more shots to thigh
muscle, depending on weight

AAV2-hRPE65v2-101-based delivery
of human RPE65 into the RPE
(NCT00999609)

AAV2/5 OPTIRPEGS;
ophthalmological (NCT02781480,
NCT02946879)

rAAV2-CBSB carrying human RPE65
gene (NCT00481546)

rAAV2-hRPE65 delivery platform;
ophthalmological (NCT02781480)

AAV2-hCHM for delivery to retina
(NCT02341807)

Ophthalmological conditions;
subretinal injection (NCT02935517)

rAAV2tYF-PR1.7-hCNGB3-
delivered for ophthalmological
conditions (NCT02599922)

scAAV2-PIND4v2 for gene therapy
to correct G11778A mutation in
mitochondrial DNA;
(NCT02161380)

rAAV2tYF-CB-hRS1 delivery
platform; ophthalmological
(NCT02416622)

(NCTO02576795)

Optimized AAV-cDNA hF8 construct
(NCT03061201)

AAVrh10 (NCT02618915)

AAV8 expressing a codon-optimiZed,
high-activity human factor IX
variant (NCT02484092,
NCTO01620801)

AAVS5; 9 mo of sustained factor IX
activity (NCT02396342)

AAV?2/6 delivered ZFN technology to
repair/replace FIX (NCT02695160)

AAYV 2/8-LP1-hFIXco encoding FIX
for hemophilia B (NCT00979238)

AAVrh.10halphal AT
(NCT02168686)

SC AAV9-SMN, which crosses BBB
(NCT02122952)
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Table 3 continued

US trade name (generic name) Company Current Molecular target Major indication Comments
status (US)
rAAVrh74. MCK. micro- NICHD Phase 1 MicroDMD DMD rAAVrh74. MCK.micro-Dystrophin
Dystrophin gene vector administered by IM route
(NCT02376816)
LGMD2D NCH Phase I/I1 a-Sarcoglycan LGMD2D SC AAVrh74 tMCK.hSGCA
gene delivered systemically
(NCT01976091)
rAAVI1.CMV. NCH Phase 1 Follistatin gene  BMDSIBM AAV1-based delivery of follistatin
huFollistatin344 gene (FS344) to muscle to build
muscle size and strength
(NCTO01519349)
rAAVrh74 MHCK7.DYSF.DV NCH Phase 1 Dysferlin gene  Dysferlin IM injection of
deficiency rAAVrh.74 MHCK7.DYSF.DV
gene vector to the EDB muscle
(NCT02710500)
ART-102 Arthrogen Phase I NF-xB and RA IA administration of AAVS5.NF-kB.
IFN-B genes IFN-B in subjects with RA and
active arthritis in the joint
(NCTO02727764)
Intracerebral gene therapy INSERM Phase I/11 ARSA gene Metachromatic AAVrh.10 vector used to transfer
leukodystrophy cDNA encoding ARSA into the
brain of children (NCT01801709)
CERE-110 Ceregene Phase 11 NGF gene Alzheimer’s CERE-110 injected into the brain
disease during a surgical procedure
(NCT00876863)
CERE-120 Ceregene/ Phase I/I1 Neurturin gene  Idiopathic AAV engineered to carry the human
Sangamo Parkinson’s gene for neurturin (NCT00985517)
disease
AAV-hAADC NIH Phase 1 AADC gene GERT for AAV2-hAADC delivered to the SNc
AADC and VTA in children with AADC
deficiency deficiency (NCT02852213)
AAV2CUhCLN2 Weill Cornell Phase 1 TPP1 GERT for Direct CNS administration of AAV2
University LINCL (form encoding human TPP1 cDNA
of Batten (NCT00151216)
disease)
Abeona Phase I/I SGSH gene GERT for SC AAV9.Ula.hSGSH injected IV
Therapeutics MPSIIA through a peripheral limb vein
(Sanfilippo A (NCT02716246)
syndrome)
SAF-301 Lysogene Phase I/I1 SGSH and GERT for SAF-301 (AAV10-SGSH-SUMF1
SUMF1 genes MPSIIIA cDNA) directly injected into both
(Sanfilippo A sides of the brain through six image-
syndrome) guided tracks, with two deposits per
track, in a single neurosurgical
session (NCT01474343)
DTX301 Dimension Phase 1 OTC gene GERT to correct AAV8-OTC-based delivery gene
Therapeutics blood therapy to correct OTC deficiency
ammonia (NCT02991144)
accumulation

A\ Adis



AAV as a Vector for Gene Therapy 327

Table 3 continued

Current Comments

status (US)

US trade name (generic name) Company Molecular target Major indication

TT-034 Tacere Phase I/I1 Hepatitis C

Therapeutics virus

Hepatitis AAV carrying three different anti-
HCV shRNAs that cleave the RNA
genome of HCV by RNA

interference (NCT01899092)

AAT ol antitrypsin, AAV adeno-associated virus, ACHM achromatopsia, AGTC Applied Genetic Technologies Corporation, ARSA arylsulfatase
A, BBB blood-brain barrier, BMDSIBM Becker muscular dystrophy sporadic inclusion body myositis, cDNA complementary DNA, hAADC
human aromatic L-amino acid decarboxylase, h=CHM human choroideremia, CNG cyclic nucleotide-gated, CNGA3 alpha subunit of the cone
photoreceptor CNG, CNGB3 beta subunit of the cone photoreceptor CNG, CNS central nervous system, DMD Duchenne muscular dystrophy,
EDB extensor digitorum brevis, EMA European Medicines Agency, GERT genetic enzyme replacement therapy, FVIII factor VIII, FIX factor IX,
HCYV hepatitis C virus, HMO Hadassah Medical Organization, /A intra-articular, /FN interferon, /M intramuscular, /V intravascular, LCA Leber
congential amaurosis, LGMD2D limb girdle muscular dystrophy type 2D, LHON Leber’s hereditary optic neuropathy, LINCL late infantile
neuronal ceroid lipofuscinosis, LPL lipoprotein lipase, MPS mucopolysaccharidosis, NCH Nationwide Children’s Hospital, NCT National
Clinical Trial, NEI National Eye Institute, NF-xB nuclear factor-kB, NGF nerve growth factor, NICHD Eunice Kennedy Shriver National
Institute of Child Health and Human Development, NIH National Institutes of Health, OTC ornithine transcarbamylase, RA rheumatoid arthritis,
rAAV recombinant AAV, REP-1 Rab escort protein-1, RPE retinal pigment epithelium, SC self-complementary, SGSH N-sulfoglucosamine
sulfohydrolase, shRNA short hairpin RNA, SMA spinal muscular atrophy, SMN survival motor neuron, SNC substantia nigra pars compacta,
SUMF1 sulfatase modifying factor-1, TPP1 lysosomal enzyme tripeptidyl peptidase 1, UCL University College, London, UPenn University of

Pennsylvania, VTA ventral tegmental area, XLRS X-linked juvenile retinoschisis, ZFN zinc-finger nuclease

achromatopsia in phase 1 safety studies (http://www.
AGTC.com) (Table 3).

6.1 Systemic Delivery

Several clinical trials are being run in which systemic
administration is being used to target the liver, a tissue that
is readily accessible through this route of administration
and a tissue type that is readily transduced by many well-
understood AAV variants [96]. These trials are mostly for
monogenic, inherited diseases, in which the goal is gene
replacement for defective genes, including those mutated
in hemophilia A and B. Currently, these trials are in phase
I/Il, and are sponsored by academic groups, as well as
biopharmaceutical companies such as Spark Therapeutics
(SPK-9001, SPK-8011), Sangamo Therapeutics (SB-525),
UniQure (AMT-060), Dimension Therapeutics (DTX101,
DTX201), and Biomarin (BMN 270) (Table 3) [97].
Unlike local administration to the eye, which is considered
an immune-privileged site that might not be affected by the
existence of NAbs, systemic administration will require
patient stratification for patient NADb levels. In addition, the
possibility for re-administration becomes very difficult,
should the need arise [80]. Although rare, there have been
reports of TAAV vector integration into animal model
genomes with subsequent genotoxicities [98, 99]. In addi-
tion, AAV genome sequences have been found in human
hepatocellular carcinoma samples near known cancer dri-
ver genes, although at a low frequency [100]. There is an
ongoing debate on these findings regarding cause and
effect, and mouse/human translation. Regardless,

hepatocellular, as well as other tissue genotoxicity, will
need to be monitored in the course of AAV clinical
development.

6.2 Intramuscular Delivery

Another common delivery strategy is direct intramuscular
injections. The only approved AAV gene therapy in Europe
(Glybera®) is an AAV1 encoding the gene for lipoprotein
lipase deficiency [47, 101]. Skeletal muscle has been
shown to be a target tissue type that is efficiently trans-
duced by many AAV variants [39]. Once transduced, the
muscle cells serve as a production site for protein products
that can act locally or systemically, as is the case with
Glybera®. As a result of the low cellular turnover rate of
the muscle cells, the transduced AAV gene product will be
maintained in these cells as an episome for years, as has
been shown in many studies in non-human primates [39].
Consequently, a single-dose regimen of an intramuscu-
larly-delivered product may never need to be readminis-
tered unless there is significant damage or immune
clearance of the transduced cells. This strategy is also
being employed by Adverum and AGTC for ol-antitrypsin
deficiency, as well as for certain muscular dystrophies
(Table 3) [97].

6.3 Central Nervous System Delivery
Direct CNS administration is being utilized for Parkinson’s

disease, as well as various inherited diseases such as Batten
disease, Canavan disease, and mucopolysaccharidosis
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(MPS) IIA and IIB, as well as MPS Illa and MPS IIIb
(Sanfilippo syndromes type A and type B, respectively).
Phase I/II studies for these diseases using a variety of AAV
variants, including AAV2, AAVrhl0, and AAV9, are
currently ongoing by various academic groups and bio-
pharmaceutical companies, such as Abeona Therapeutics
(ABO-101, ABO-102, ABO-201, ABO-202)
[97, 102, 103]. Delivery strategies range from direct
intraparenchymal administration into particular areas of the
brain, intracerebroventricular, and cisternal and lumbar
intrathecal routes [102]. The decision on the best route of
administration is intimately related to the disease and
affected areas. For example, for Parkinson’s disease,
according to our current understanding of disease patho-
genesis and therapeutic strategies, direct injection into the
putamen, substantia nigra or striatum is thought to be
required. Similarly, for diseases that affect larger areas of
the brain, such as Canavan disease or MPS, direct injection
into the cerebellum is thought to be most beneficial
[102, 103].

Alternatively, administration directly into the cere-
brospinal fluid through an intrathecal route can result in
wide CNS biodistribution, which is thought to be necessary
for diseases such as spinal muscular atrophy (SMA) and
Alzheimer’s disease [102—-106]. An alternative to cerebral
spinal fluid (CSF)-based routes is the use of systemic
administration of AAV variants that have been shown to
cross the BBB. AAV9 has been shown to transcytosis
across the BBB and transduce large sections of the CNS
[36, 104, 107, 108]. This approach is currently being
explored in the clinic for the treatment of SMA by AveXis
(AVXS-101).

Neurodegenerative diseases represent a particular dev-
astating health problem for which there is significant unmet
medical need. These diseases of the CNS have proven to be
very difficult to treat as a result of our poor understanding
of their etiology and difficulty getting efficacious agents
across the BBB. With regard to Alzheimer’s disease,
although there is still some disagreement in the field,
idiopathic amyloid plaque formation or generation of
neurofibrillary tau tangles (NFTs), both of which are
thought to be neurotoxic, are still the prevailing hypotheses
behind the mechanism of many of these neuropathologies.
Attempts to clear these plaques with plaque-specific anti-
bodies have shown signs of limiting this process in animals
and early-stage clinical trials [109, 110]; However, larger
studies have all shown to be inconclusive at best, or fail-
ures at worst. It is unclear if these failures were because the
plaque hypothesis is wrong, or if there was inefficient CNS
exposure to the antibody therapeutic [110, 111]. Alterna-
tive strategies taking advantage of the safety and persis-
tence of AAV would utilize either local administration of
antibody-encoding AAVs directly to the CNS, or systemic
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delivery of AAVs that can cross the BBB, resulting in
significantly higher CNS exposure levels of the antibody
[112].

6.4 Cardiac Delivery

Local delivery of AAV to cardiac muscle for heart failure
has been attempted in various clinical trials. In one case,
Celladon failed in their attempt to deliver SERCA2A
directly to the heart, and, in a second case, there is an
ongoing program sponsored by UniQure to deliver SI00A
directly to the heart that is currently still in preclinical
development [46, 113—115]. Although it is not thoroughly
clear why Celladon failed in the clinic, and why one would
expect UniQure/BMS to succeed, there are significant
differences in the delivery methods used by the two pro-
grams and the target gene delivered. Celladon used intra-
coronary infusion to deliver their AAV1 SERCA2A gene
product, whereas UniQure is using retroinfusion and left
anterior descending (LAD) coronary occlusion [41, 115].
This procedure is thought to better localize and restrict the
delivered AAV9 S100A gene product to better target the
heart tissue of interest. The reality of this suspected benefit
will be realized in the clinic in the coming years.

6.5 Pulmonary Delivery

Aerosolized AAV for inhaled pulmonary delivery was
utilized in some of the earliest trials for cystic fibrosis (CF).
Although none of these trials resulted in significant benefit
or showed much of a pharmacodynamic response, they did
help to show the safety of AAV when administered via this
route [116-118]. More importantly, the pathophysiology of
CF, molecular biology of the CF transmembrane conduc-
tance regulator (CFTR) gene, and the target cell population
for this type of indication exposed some key considerations
when using AAV [117]. Congestion of the airways in these
patients can limit AAV biodistribution after delivery, thus
attenuating robust transduction [118]. In addition, the
CFTR gene is over 4 kb in size, putting it at the upper limit
of the packaging capacity of AAV after also considering a
required promoter and terminator. Finally, CFTR is
expressed by the submucosal glands, which may be diffi-
cult to target efficiently [116, 117]. Nonetheless, these
early efforts proved that AAV can safely deliver genes to
the lung, which might be an ideal strategy for other dis-
eases, such as influenza and other infectious diseases of the
lung [119].

The field is just beginning to explore localized delivery
of AAV for gene therapy applications. The stability of the
virus and broad tropism for many different cell and tissue
types make them ideal for most applications. There appears
to be at least one AAYV variant option for every tissue type
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of interest, with engineering and novel AAV discovery
efforts sure to identify and create AAV variants with very
specialized functions on demand. These efforts will
undoubtedly result in new therapeutic strategies for many
new indications.

7 Concluding Remarks

The transfer of genes and other nucleic acids into cells has
been a research tool in the laboratory for more than four
decades. However, it was our growing understanding of the
genetic components underlying certain diseases that has
driven the search for true gene therapies. Progressively,
research in other areas have identified other potential
opportunities in which gene delivery could be applied
therapeutically. In addition, limitations with current small
molecule and protein therapeutic platforms have also dri-
ven the search for alternative therapeutic platforms that
accommodate those limitations [120, 121]. Gene therapies
accommodate all of those limitations, especially around
target accessibility. As a result, the search for safe and
effective gene delivery technologies has been a major focus
in pharmaceutical research and development, and will
hopefully represent a paradigm shift in how we approach
disease-state intervention.

AAV was discovered over 50 years ago and has since
become one of the leading gene delivery vectors in clinical
development. As a result of its unique biology, simple
structure, and no known disease associations, AAV could
become the vector of choice for most gene therapy appli-
cations. Gene therapy using rAAV has been demonstrated
to be safe and well-tolerated in virtually every clinical
setting in which it has been used. These studies, along with
basic research on its biology, have revealed many facets of
this vector that can be applied to future efforts.

Among the critical parameters to be considered are
vector design, capsid selection, desired target cell and tis-
sue type, and route of administration. The transgene to be
delivered optimized for expression, the right AAV variant
with an appropriate capsid for target cell transduction and
immunoreactivity profile, and the appropriate delivery
approach to maximize target tissue exposure while limiting
off-tissue exposure are key focal points for AAV-based
therapies.

All of these variables will be dictated by the overall
therapeutic strategy which will be influenced by our
understanding of the pathobiology of the disease to be
treated. Will the transgene have the desired effect? Is the
target cell driving the disease state? Is the turnover rate of
the target cell high, requiring repeat dosing? This cannot be
emphasized enough; without a strong understanding of the
mechanisms driving the disease state, it will not be possible

to design, discover, and develop the right gene therapeutic.
Better designed trials, optimized vector construction, and
novel AAV variants will certainly result in future regula-
tory approvals and improvements on patient outcomes and
health.
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