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Preface

From a drug development perspective, gene transfer technology is relatively new and evolv-
ing at a rapid pace. Recombinant adeno-associated viral (rAAV) vectors have become more
widely investigated and improved in their short history [1, 2]. Although wild-type AAV was
studied for decades, the work of Xiao Xiao and R. Jude Samulski published in 1996 repre-
sents the first evidence that rAAV can be directly administered in situ resulting in efficient,
remarkably tolerated, and long-term gene transfer in the mouse skeletal muscle following a
single injection [3]. That year was also the year of the lentivirus vector capable of transduc-
ing resting neurons after intracerebral injection in the murine model [4]. Yet, 1996 was
only 1 year after the Orkin and Motulsky report [5] emphasizing the need for better vec-
tors. Today, progress in rAAV-mediated gene transfer is so robust that long-term, efficient,
and regulatable transgene expression is reproducibly achieved in large animal models. For
example, (1) the entire limb of hemophilia dogs and primates can be efficiently transduced
resulting in long-term phenotypic correction [6, 7] and very recently in hemophilia B
patients [8]; (2) rAAV administered once in nonhuman primate muscle shows sustained
regulatable transgene expression for more than 5 years [9, 10]. Simultaneously, the discov-
ery of new AAV serotypes [11] along with the ability to encapsidate either “self-comple-
menting” or “single-stranded” vector DNA [12] has turned this vector system into an
extremely powerful and versatile tool with preferential organ transduction patterns depend-
ing on the AAV capsid origin and/or the vector DNA used. Finally, considerable improve-
ments have been made in the availability of clinical grade rAAV stocks [13] a critical issue,
even though large-scale production remains problematic despite the existence of potentially
powerful new biotechnological approaches (hybrid viruses such as herpes, baculovirus, and
stable packaging cell lines). rAAV vectors and their use in gene transfer are multidisciplinary
syntheses requiring the expertise of virologists, physical chemists, chemical engineers,
geneticists, epigeneticists, physiologists, and immunologists as well as veterinarians, phar-
macists, regulatory affairs specialists, manufacturers, analytical scientists, and medical doc-
tors. The complexity of gene transfer agents in the context of their clinical use requires
investigators to have an — or at least an appreciation of — the regulatory environment and
constraints that affect vector design, manufacturing, preclinical testing, and clinical use,
with an emphasis on patient protection. In this volume, we have invited experts in the field
from the USA and Europe to contribute current knowledge from this multidimensional
field relating to the biology of AAV, rAAV vector design, vector manufacturing and product
testing, performance of rAAV vectors in major organs, rAAV-related immunological issues,
design of animal and clinical studies, and clinical experience.

Gainesville, FL, USA Richard O. Snyder
Nantes, France Philippe Moullier
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Chapter 1

Adeno-Associated Virus Biology

Matthew D. Weitzman and R. Michael Linden

Abstract

Adeno-associated virus (AAV) was first discovered as a contaminant of adenovirus stocks in the 1960s.
The development of recombinant AAV vectors (rAAV) was facilitated by early studies that generated infec-
tious molecular clones, determined the sequence of the genome, and defined the genetic elements of
the virus. The refinement of methods and protocols for the production and application of rAAV vectors
has come from years of studies that explored the basic biology of this virus and its interaction with host
cells. Interest in improving vector performance has in turn driven studies that have provided tremendous
insights into the basic biology of the AAV lifecycle. In this chapter, we review the background on AAV
biology and its exploitation for vectors and gene delivery.

Key words: AAV, rAAV, Adeno-associated virus, Recombinant AAV, Gene delivery, Dependovirus,

Parvovirus

1. Introduction

1.1. Life Cycle

Adeno-associated viruses (AAVs) are helper-dependent members
of the Dependovirus genus of the parvoviruses that have evolved
to replicate under a diverse set of conditions (1). Productive
AAV infection requires helper functions that can be supplied either
by co-infecting helper viruses or by DNA damaging agents. Helper
viruses shown to promote AAV replication include Adenovirus
(Ad) and herpes simplex virus (HSV). In each case, the helper
induces changes to the cellular environment that can serve to facili-
tate AAV gene expression and replication. Although ubiquitously
prevalent in the human population, AAV has not been associated
with any human disease. The success of AAV infection is deter-
mined by molecular interactions between the virus and its host
cell at every step of the lifecycle. The AAVs are small viruses with

Richard O. Snyder and Philippe Moullier (eds.), Adeno-Associated Virus: Methods and Protocols,
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1.2. Genome Structure

limited coding capacity, and they are therefore highly reliant on
the cellular environment and machinery. In the absence of helper
virus, AAV can establish a latent infection in many cell types, from
which it can be rescued by subsequent helper virus infection. In
the case of AAV2, latency is associated with targeted integration at
a specific locus on human chromosome 19 and this requires the
viral Rep protein (2-6).

The most extensively studied serotype of AAV is type 2 (AAV2),
which serves as a prototype for the AAV family. Since most experience
with vectors has been obtained with AAV2, we will use information
about this serotype to describe general features of AAVs. The AAV
genome is a molecule of single-stranded DNA of approximately
4.7 kb. The plus and minus strands are packaged with equal efficiency
into separate preformed particles. At either end of the genome are
inverted terminal repeats (ITRs) that form T-shaped, base-paired
hairpin structures, and contain cis-elements required for replica-
tion and packaging. Two genes (rep and cap) encode for four
nonstructural proteins required for replication (Rep78, Rep68,
Rep52, and Rep40) and three structural proteins that make up the
capsid (VP1, VP2, and VP3). There are three viral promoters that
are identified by their relative map position within the viral genome:
p5, pl9, and p40. Although the transcription profiles vary for different
AAV serotypes (7), all transcripts of AAV2 contain a single intron.
Unspliced RNAs encode Rep78 and Rep52, while Rep68 and
Rep40 are encoded by spliced messages.

The virus can be rescued by transfection of molecular clones
into mammalian cells together with Ad helper functions. The basis
for the production of rAAV vectors is the fact that the rep and cap
genes can be deleted from the viral genome and provided in trans.
The viral genes can be replaced by a transgene with transcriptional
control elements, resulting in a vector genome of approximately
4.5 kb flanked by the viral ITRs. Various approaches are employed
for the production of rAAV vectors and many purification schemes
have been developed, some of which are customized to specific
serotypes (8). Purification protocols include ultracentrifugation
through cesium chloride density gradients, the use of nonionic iodix-
anol gradients, and various forms of column chromatography.

Some of the inherent limitations of packaging genes into small
rAAV genomes have been bypassed by elegant manipulation of the
basic vector constructs. These include dual vectors that expand
the rAAV packaging capacity (9) and self-complementary (scAAV)
vectors that circumvent the requirement for dsDNA conversion
(10). Dual vectors consist of two independent viruses that each
carry a portion of the transgene cassette which is reconstituted
following simultaneous co-infection. Examples of expanded capacity
through dual vectors include cis-acting vectors in which regulatory
elements are separated from the therapeutic gene (11), trans-splicing
vectors in which exons in separate vectors are reconstituted through
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splicing (12-16), and overlapping vectors that exploit homologous
recombination (14). These vectors have the potential to double
the capacity compared to a conventional single vector approach.
The scAAV vectors can be made by reducing the construct size to
approximately 2,500 bp, equivalent to half the size of the regular
genome. Production of scAAV vectors can be promoted by deleting
the terminal resolution site (TRS) sequence from one ITR such
that dimeric genomes are generated (17-19). Upon uncoating, the
scAAV vector genome can anneal rapidly to form a dsDNA hairpin
molecule with a covalently closed ITR at one end, and two open-
ended ITRs at the other end, mimicking a conventional rAAV vector
genome. These scAAV vectors have a limited capacity for transgene
load but in return offer efficient gene expression with a rapid onset
of transduction compared to conventional vectors (10, 17-20).

The AAV virion is an icosahedral nonenveloped particle with an
encapsidated single-stranded DNA genome. The AAV2 virion is
roughly 20 nm in diameter and is composed of 60 copies of the
three capsid proteins VP1, VP2, and VP3 in a 1:1:10 ratio. The VP1
and VP2 proteins share the VP3 sequence and have additional
residues at their N-termini. The N-terminus of VP1 has a conserved
phospholipase A2 sequence that has been implicated in virus escape
from endosomes and is crucial for infectivity (21). The VP2 protein
is not essential for assembly or infection (22). The core of the VP3
protein consists of a conserved B-barrel motif composed of antipar-
allel B-sheets (23). This motif is found in other parvoviruses but the
interstrand loops are variable, and it is these that determine receptor
usage and serology. Structural information combined with genetic
data has been important for understanding the molecular interac-
tions of the virus particles. Structural images of several AAV capsids
have been determined by X-ray crystallography and cryo-electron
microscopy (23-26). There are extensive interactions between capsid
subunits at the threefold axis where proteins come together to form
three clusters of peaks on the surface topology of the virion (23).

AAV serotypes were isolated as contaminants of adenovirus prepa-
rations from primates and other species (e.g., avian and bovine). AAV
serotypes 2, 3, 5, and 6 were discovered from human cells, while
AAV serotypes 1, 4, and 7-11 have nonhuman primate origins
(27, 28). As testament to the high prevalence of AAV in humans
and other primates, 108 new AAV isolates were identified and
classified into various clades based on phylogenetic similarities of
capsid sequences (27). The general organization of the parvovirus
genome is conserved across the ditferent serotypes, with a similar
configuration of replication and structural genes, although there
are some differences in transcription profiles (7). Comparing the
capsid proteins of the various serotypes revealed 12 hypervariable
surface regions, with most of the variability mapping to the threefold
proximal peaks (29).
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1.5. Human AAV
Infection

Vectors derived from naturally occurring AAV variants have
demonstrated diverse tissue tropisms (30-32). Cross-packaging
vectors that use the same vector genome in different capsids have
allowed direct comparisons of different serotypes and have shown
that the tropism can vary among different tissues in vivo (33-35).
Comparisons between the structures of AAV capsids suggests that
it is variation in surface topologies that determines the differences
in cell surface attachment and receptor usage, intracellular trafficking
pathways, and antigenicity between closely related serotypes
(23-25). For example, the patches of residues used by AAV2 for
heparan sulfate binding are absent from AAV5 and AAVS. Although
much of the human population possesses antibodies to AAV
capsids, the epitopes may vary between serotypes and not all neu-
tralizing antibodies will cross-react (36).

The structural and functional knowledge obtained from natural
AAV variants has enabled rational design of the capsid to improve
specific properties (34, 37). The capsid proteins of different
serotypes have been mixed to generate mosaic vectors (38), or
recombined to generate chimeric virions (39, 40). Combinatorial
libraries of capsid proteins have been generated by DNA shuffling
and error-prone PCR and these enable directed evolution to
isolate vectors with improved functionality (41-43). Targeted
transduction and immune evasion have also been achieved through
capsid manipulation by site-directed mutagenesis, peptide insertion,
and chemical conjugation (44, 45).

Despite the fact that AAVs have been studied for the past 50 years,
little is known about the natural infection by this virus. This obser-
vation might be further surprising in light of the finding that
approximately 80% of the population is seropositive for anti-AAV
antibodies. These antibodies have been determined to be against
serotypes 1,2, 3, and 5. It has become apparent that approximately
60% of the population has neutralizing antibodies at age 10, which
generally will persist into adulthood. However, together with
the absence of any discernable pathology associated with AAV
infection, our limited insights into the viral life cycle in vivo possi-
bly underline the close link between the study of viruses cycles with
disease. In this context, it has been noted that AAV might have
evolved an ideal relationship with its human host. AAV is inherently
replication-defective in normal, healthy cells. In the presence of
conditions that can be described as adverse to the host (i.c., helper
virus co- or super infection) AAV replicates to significant levels
(100,000-1,000,000 copies per cell). A consequence is that cells
aftected by helper viruses (adenoviruses, herpes viruses, papilloma
viruses) likely die as a result of AAV replication. Thus, it is reasonable
to assume that AAV can indeed have a protective eftect on its host.

In search of an in vivo life cycle, AAV particles have only
been isolated in the context of acute adenovirus infections (46).
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In addition, it has been proposed that AAV can be sexually
transmitted (47, 48), possibly together with either herpes or papil-
loma viruses. It remains unclear, however, if the latent AAV infec-
tion that has been well studied in tissue culture, is in fact an essential
component of the in vivo life style.

Our current understanding of effects by AAV infection on the
host is limited to correlative studies. Consistent with a protective
effect hypothesized above, epidemiological studies have suggested
that while 85% of healthy women showed to be seropositive for
AAV, in cervical cancer patients AAV antibodies could only be
detected in 14% of the cases (49). Consistent with this observation
is the finding that in healthy women the AAV titers were signifi-
cantly higher than in women who had cervical cancer (50). More
recently, this finding has been extended by the observation that
individuals infected with HPV are less likely to develop cervical
neoplasia when AAV is present, highlighting a potential protective
effect (51). To date, none of these phenomena have been addressed
mechanistically and only few hypotheses have been put forward
that attempt to explain these findings.

In summary, very little is known about the life style of AAV in
human hosts. In addition, an entire arm of the viral life cycle — the
latent infection — which has extensively been studied in tissue
culture, remains elusive in the context of the host.

Knowledge of the basic biology of AAV and its interactions with
the cell has helped to drive the development of rAAV vectors and
has guided production and applications (52). The first vectors were
generated in the 1980s by replacing the viral genes with a trans-
gene and transfecting Ad-infected cells with this vector plasmid
together with a complementing plasmid that provided Rep and
Cap functions. rAAV genomes are packaged into virus particles
which can be used to deliver the genome for transgene expression
in target cells. The most commonly used protocol for the produc-
tion of rAAV vectors involves transient transfection (53). Other
strategies explored for the production of rAAV vectors include the
use of producer cell lines, combining viral features into Ad-AAV
hybrids (54), the use of herpesvirus systems (55), and production
in insect cells using baculoviruses (56).

There are many settings where rAAV vectors have demon-
strated efficient gene transduction in preclinical gene therapy
studies (52) and have entered clinical trials (57, 58). Transduction
efficiency varies depending on the target cell type and serotype
capsid being utilized. A number of rate-limiting steps have been
identified in the transduction process (59, 60). These hurdles
include cytoplasmic trafficking to the nucleus, the rate of uncoating,
vector genome instability, and conversion of the single-stranded
DNA vector genome into a transcriptionally competent double-
stranded DNA molecule.
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2. Viral Replication

2.1. Entry
and Trafficking

Much of our current knowledge of the AAV life cycle must be seen
in the context of the extraordinary promiscuity of this virus.
As learned mainly from recombinant viruses, taken together the
serotypes of AAV can infect a wide range of tissue culture and a
panoply of tissues. It is thus not surprising that some ambiguity
remains with regard to viral entry and trafficking pathways. It is of
note that, likely, each of the serotypes isolated to date might share,
but more importantly, differ in a number of aspects of virus
host interactions, including the use of specific receptors as well as
particular trafficking pathways. Ultimately, only the in-depth charac-
terization of each serotype will result in a meaningful understanding
of the relevant host factors and pathways involved in AAV infection.
An additional point of caution is provided by the limitation that
most of the studies to date have been conducted with tissue culture-
adapted viruses. It is thus possible, if not likely, that the adaptation
process has selected for viral characteristics which cannot be
assumed to be found in natural isolates. This point is supported by
the finding that while tissue culture-adapted AAV2 readily binds
heparin, isolates from human tonsils do not (61).

Arguably the first step in viral tropism is the attachment to the
target cell. For the best-studied serotype (AAV2), heparan sulfate
was first identified as the cellular docking partner (62). On the viral
capsid, the docking site has been mapped to amino acids 585-588
with two relevant arginine residues at positions 585 and 588
(63, 64). Interestingly, these two residues are missing in the
isolates from human tissue samples (61). In addition to heparan
sulfate proteoglycans, fibroblast growth factor receptor 1 (FGFRI)
has been shown to be bound by AAV2 and, in the context of
recombinant viruses, its presence has been associated with enhanced
transduction (65). An additional molecule identified to enhance
AAV2 infection and transduction is the avb5 integrin, supporting a
role in AAV2 binding and uptake (66). The interesting aspect of
this finding is that the AAV2 capsid does not contain the RGD
motif that typically binds to these molecules, suggesting that alter-
native viral binding sites are used for this interaction. In addition
to HSPG attachment by AAV2, sialic acid have been identified as
attachment moieties for AAV serotypes 4 and 5 (67, 68). Using an
intriguing approach, Di Pasquale and colleagues identified platelet-
derived growth factor receptor (PDGEF-R) as the uptake receptor
for AAV5 (69).

Despite the discovery of a number of attachment partners and
protein receptors, to date little is known about the possible down-
stream effects of receptor binding. The question as to whether
particular signaling pathways are involved in enhancing virus
uptake and trafficking thus remains unanswered.
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Subsequent to receptor binding AAV is thought to enter via
clathrin-coated vescicles (70). Following the uptake, AAV2 has
been observed in many different cellular compartments and it must
be noted that it is still a matter of discussion whether — whatever
pathway is followed — the intact virus ends up in the nucleus for
uncoating (71, 72). Not unlike the complications experienced in
the studies of a number of other viruses, the experimental setup
generally used relies on the visualization of virus particles, thus
making these approaches vulnerable to detection sensitivities.
More importantly, wild-type viruses used in these experiments
typically display a particle over infectivity ratio of approximately
10:1; recombinant viruses (required to perform functional studies)
are in the range of 40 to 1. A consequence of this notion is the as
yet unmet challenge to demonstrate that the visualized particles
in trafficking studies indeed reflect the infectious virus rather than
the noninfectious majority. Nevertheless, it has been demonstrated
that AAV2 can be found in late endosomes as demonstrated by the
use of drugs that block endosomal trafficking steps (70, 73, 74).
It must be noted that these studies were performed in the absence
of helper virus, thus modeling the initiation of the latent life cycle
of AAV and the pathway likely to be relevant for gene therapy
applications. However, it is reasonable to hypothesize that AAV
trafficking follows the route of helper viruses (i.e., early endosome
escape in the case of adenovirus) (75).

AAV replication initiates in the nucleus. However, it remains
somewhat controversial how, and where, the DNA is released from
the capsids. Nevertheless, it has been recognized that one of the
rate-limiting steps in viral infection and vector transduction is
the uncoating of the extraordinary stable AAV virion (70, 74, 76).

Overall, it has become apparent that many question remain
with regard to trafficking of the virus from the cell surface ending
up as functional DNA within the nucleus. A challenge will be the
identification of relevant cells and tissues as well as the further
characterization of the viral reagents used in the dissection of AAV
uptake and trafficking pathways (77).

The current model of the AAV replication can be divided into
several steps. In the absence of helper virus factors limited
expression of Rep 68 /78 occurs, with three main consequences.
AAV gene expression is then repressed (78); thus AAV DNA repli-
cation is inhibited and AAV DNA can be integrated into the
host genome. Co-infection — or super infection of a latently infected
cell — with a helper virus leads to rescue of the AAV genome and
DNA replication (79).

In a simplifying attempt to summarize the data to date, the
requirement for the productive replication of AAV can be divided
into three steps: The single-strand genome of AAV must be extended
into a double-strand template for transcription (of the 7¢p gene)
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(17, 80-84). It is not clear yet if Rep plays a significant role in this
step. Subsequently 7ep genes are transcribed. This step appears to
involve several levels of regulation. In general, co-infection with
adenovirus activates the p5 (Rep68,/78) promoter as well as the
pl9 (Rep52/40) promoter (78, 85-88). Analysis of a variety of
mutations of the AAV genome has shown that Rep is involved in
both, negative (in absence of helper effects) and positive regulation
of transcription. Extensive DNA replication then occurs. Rep
activities are essential for this step (89). Furthermore, the cell-free
assays were able to demonstrate that bacterially expressed Rep68 is
capable of mediating AAV DNA replication in an adenovirus-
dependent manner in the presence of Hela cell extracts (90-93).

The model of AAV DNA replication has been developed over
the past few decades and has largely remained unchallenged. Key
components of this model consist of the notion that the general
mode consists of unidirectional strand-displacement replication
(92, 94, 95). The AAV genome is flanked on either side by struc-
tural elements known as the inverted terminal repeats, or I'TRs.
The I'TRs contain motifs that serve as the viral origin of replication,
namely the Rep binding site (RBS) and TRS. The I'TR’s ability to
self-anneal provides the basis for the model of AAV DNA replica-
tion. Through its self-complimentary sequence and the resulting
secondary structure, the ITR provides a base-paired 3" hydroxyl
group for unidirectional DNA synthesis. This synthesis is believed
to be mediated through the host replication machinery including
polymerase d (90). However, it is likely that during replication,
which is supported by herpes viruses, some components of the
cellular replication machinery are replaced by those from the helper
virus (96, 97). Once the AAV template has been copied, a remaining
step is the terminal resolution, the replication of the ITR, which
has self-annealed to form the initial replication primer. This end of
the genome is faithfully replicated through the actions of the Rep
protein, which specifically binds to the RBS motif (98) within the
ITR and regenerates a 3’ hydroxyl end by exacting a site- and
strand-specific nick at the TRS. This nick then provides the necessary
3’ hydroxyl group for the replication through the viral ITR. Rep
endonuclease activity directed at the double-stranded TRS is indirectly
ATP-dependent; Rep helicase activity is required to render the
TRS site single-stranded and thus accessible to the nicking active
site (99). This replication cycle can result in two possible products,
a double-stranded full-length AAV genome and a single-stranded
full-length AAV displacement product. It is as yet unknown whether
these distinct replication products can serve as templates for distinct
downstream activities. It is intriguing to speculate that while the
single-stranded AAV genome might serve as a template for further
replication, the double-stranded replication product would be
directed to serve as a template for genome packaging.
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Productive AAV infection requires co-infection with helper viruses
that provide functions that aid in AAV replication, including larger
DNA viruses such as Ad and HSV. Genes from Ad that provide
helper functions for AAV have been defined as Ela, E1b55K, E2a,
and E4orf6, together with the viral associated RNA (VAI RNA).
The Ela gene product activates other Ad promoters and also binds
to YY1 to relieve repression for the AAV p5 promoter (100, 101).
The product of the E2a gene is a single-strand DNA binding
protein DBP that is found at AAV replication centers (102) and
stimulates processivity of AAV replication in vitro (103). The
E1b55K and E4orf6 proteins function together to promote AAV
replication and second-strand synthesis (104, 105). The E1b55K/
E4ort6 proteins function as an ubiquitin ligase, and degradation
targets include the DNA repair proteins that make up the MRN
complex, which limits rAAV transduction (106). The VA RNA
stimulates expression of AAV proteins, possibly by preventing
phosphorylation of the e[F2alpha translation factor (107). In general,
the functions of Ad helper proteins are to enhance production of
AAV proteins and to alter the cellular environment to promote
AAV replication. In the context of this helper virus, it has been
shown that cellular DNA polymerases perform AAV replication.
High titer rAAV can be generated in the absence of helper virus by
transfection of plasmids that provide the Ad helper genes (108).

In contrast to Ad, the helper proteins provided by HSV-1 were
initially defined as a subset of HSV-1 replication proteins: the
helicase /primase complex (UL5, ULS8, and UL52) and the DNA
binding protein ICP8 encoded by the UL29 gene (109). Although
these minimal proteins are sufficient to replicate AAV (110), other
HSV-1 proteins have been shown to enhance helper functions in
combination with the replication proteins. These include the ICPO
transactivator that activates rep gene expression (111), and the
ICP4 and ICP22 proteins that can augment activity (112). The
HSV-1 DNA polymerase complex (the polymerase UL30 and its
co-factor UL42) can also contribute to efficient AAV replication
(112). In vitro studies have also shown that UL30 can replicate the
AAV genome without the requirement for the helicase—primase
complex (96).

AAV replication can also be stimulated in the absence of helper
viruses by treatments that cause cellular and genotoxic stress (113).
These agents include hydroxyurea, topoisomerase inhibitors, and
UV irradiation. Exactly how these treatments create a favorable
environment for AAV replication remains unclear. AAV replication
has also been suggested to occur autonomously in certain cells,
such as a skin raft model of keratinocyte differentiation (114).

Cellular proteins that are involved in AAV replication have been
identified by biochemical methods, genetic screens, and through
the use of cell-based assays. AAV can replicate in cell extracts
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(115, 116) and in vitro assays have enabled purification of host cell
proteins involved in AAV DNA replication (117). Amplification
of AAV DNA can be reconstituted in vitro with purified Rep
proteins and the following cellular enzymes: DNA polymerase d,
proliferating cell nuclear antigen (PCNA), replication factor C
(RFC), and the minichromosome maintenance complex (MCM)
(90). In vitro replication can also be enhanced by the addition of
single-strand DNA binding proteins from the cell (RPA) and helper
viruses (DBP of Ad and ICP8 of HSV) (103, 110).

Cellular proteins that bind to the viral Rep protein or directly
to the terminal repeats may either be required for replication or
may regulate aspects of the viral lifecycle. A recent proteomic analysis
of multiprotein complexes that interact with Rep during productive
infection with Ad helper virus identified 188 interacting proteins
by tandem affinity purification (118). These factors included those
involved in DNA replication, transcription, translation, protein
degradation, and RNA splicing. How these host proteins regulate
Rep functions or contribute to the AAV lifecycle is still unknown in
many cases. Some of the known interactions that affect Rep functions
include the importin alpha receptor that mediates nuclear import
(119), the Sp1 factor that mediates transcriptional activation (120),
the high mobility group protein 1 (HMG1) that stimulates Rep
activities (121), and PKA /PrKX that may be involved in inhibition
of'adenovirus (122).

A number of cellular factors have been shown to regulate AAV
through binding to the AAV ITR. The chaperone-associated
protein FKBP52 is a single-stranded DNA binding protein that
recognizes the D-sequence within the AAV ITR and has been
suggested to block second-strand synthesis (83, 123). A one-
hybrid screen designed to identity cellular proteins that recognize
the Rep binding sequence within the AAV ITR found that the
cellular zinc-finger protein ZF5 is a negative regulator of AAV2
replication (124). Other proteins have been shown to inhibit AAV
transduction and replication, including human APOBEC3A (125),
although the mechanisms of most are not yet known (126). The
AAV ITRs are also recognized by cellular DNA repair proteins
that process the viral genome to inhibit replication or recombine
the termini (106, 127-130).

During infection there is temporal and spatial regulation of
AAV DNA replication, capsid assembly, and genome packaging
(102,110, 131, 132). In a similar way to other viruses, AAV repli-
cation takes place at discrete sites within the nucleus. It has been
suggested that one of the helper functions provided by proteins
from HSV is to form a scaffold for the recruitment of cellular pro-
teins (110). Rep proteins colocalize with viral DNA at viral replica-
tion centers (102). Cap proteins are seen transiently in nucleoli and
they later accumulate with Rep in the nucleoplasm (131, 132).
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The AAV genome is highly compact, with complex overlapping
coding regions. The transcriptional profiles of a number of AAVs
have been examined and allows them to be divided into three main
groups that differ based on their use of internal polyadenylation
sites (7). The transcription and regulation has been most extensively
studied for the prototype AAV2 genome. Since the Rep proteins
inhibit cell proliferation (133), AAV2 gene expression is tightly
regulated through the repressive effects of cellular factors (100)
and the viral Rep protein (134). The Rep proteins can mediate
both activation and repression of AAV transcription (78, 85). In
the absence of helper virus co-infection, the larger Rep proteins
can suppress their own transcription through a binding element in
the p5 promoter (78, 134). However, in the presence of Ad, Rep
serves to activate all three promoters (78, 135) through direct
binding to the viral DNA or through interactions with transcription
factors such as Spl (120, 136). Inhibition of p5 can be relieved by
the Ela transactivator of Ad (101) and the ICPO protein of HSV
(111). There is also evidence to suggest that the ITR can act as
both an enhancer and an initiator for transcription (78, 137, 138),
implying that it is recognized by cellular proteins that regulate
transcription.

The ratios of the various Rep and Cap proteins is determined
by the level of splicing, which is stimulated by helper virus co-infection
(139). In the presence of helper proteins, the large Rep proteins
increased the ratio of spliced to unspliced RNA. Rep enhancement
of splicing is dependent on Rep binding to DNA but is independent
from effects on transcriptional initiation (140). Further steps in
processing of AAV RNAs are unclear. For example, it is not known
how the unspliced messages are exported from the nucleus.

A considerable number of studies indicate that the largest of the
Rep proteins, Rep78 /68, are required for virtually every step of
the viral lifecycle. These include DNA replication (89, 141, 142),
site-specific integration (4, 143, 144), rescue of integrated genomes
(145, 146), and the regulation of both viral and cellular promoters
(78, 85, 88,120, 134, 142, 147-149). The smaller Rep proteins,
Rep52 and -40, appear to be required for the accumulation
and packaging of single-stranded genomes, thus explaining the
prevalence of these transcripts during productive infection
(139, 150, 151).

Consistent with their multifunctional role during the viral lifecycle,
the products of the 7zp ORF, Rep78, -68, -52, and -40, possess a variety
of biochemical activities. The three major functional domains are
all present in the largest of the Rep proteins, Rep78. The Rep
amino terminus possesses specific DNA binding and endonuclease
activity (152, 153), the central domain bears motifs necessary for
ATPase and helicase activity as well as the nuclear localization
sequence, and the carboxy-terminal Zn-finger domain has been
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2.7. Genome
Integration

implicated in interacting with a myriad of cellular factors. The
remaining Rep isoforms, Rep68, -52, and -40, are a combination
of these functional domains arising from alternative splicing
schemes and differential promoter usage within the 7¢p ORF.
Notably, all four isoforms possess the helicase domain, with Rep40
representing the minimum AAV helicase. Overall, this central
domain is the most highly conserved region among parvoviral
nonstructural proteins. The AAV Rep helicase falls into the super
family 3 (SF3) class, as do several other viral helicases including
that of papillomoviruses, poliovirus, and simian virus 40 (SV40).
Members of this family contain four highly conserved regions:
motifs A, B (also known as Walker motifs A and B), and C essentially
make up the core of the helicase active site consisting of an NTD-
binding site, divalent metal cation coordination site, and sensor-1
site, respectively. Motif B’ is located between the Walker motifs and
the C' motif. Its role in catalysis was not yet known but the X-ray
structures of members of the family solved recently imply a possible
role in DNA interactions. A beginning toward understanding the
molecular details and mechanism of Rep proteins during the viral
life cycle has been the determination of the crystal structure of
Rep40 (154, 155). The structure shows that Rep40 is structurally
more similar to the AAA* class of cellular proteins than to DNA
helicases from other superfamilies. Rep40 that contains the minimal
helicase domain is bimodular with a small helical bundle at the
N-terminus and a large a/B ATPase domain at the C-terminus.
This domain has the classical topology of P loop ATPases, with a
central B-sheet flanked by four helices on one side and two on the
other. Comparison with the helicase domain of SV40-Tag points
out important structural differences that might point to the unique
the dynamic oligomeric nature of Rep proteins. Finally, the homology
to papilloma virus E1, SV40 Tag and AAA* proteins in general
have led to the suggestion that at least the larger Rep isoforms
likely function as hexamers. However, recent cryo-electron
microscopy studies revealed that Rep68 represents the only known
helicase which forms bi-directional double-octameric rings when
bound to a helicase substrate (156). This study further highlighted
that the DNA substrate dictates the oligomeric form of Rep68,
thus proposing a possible mechanism by which the multiple activities
of this protein could be distinguished and /or regulated.

Finally, it must be noted that although a considerable number
of biochemical studies have been conducted to characterize Rep,
only little is known as yet with respect to the molecular mecha-
nisms that are underlying the various biological functions of these
unique proteins.

To date, wild-type AAV remains the only known eukaryotic virus
with the unique ability to integrate site-specifically into the human
genome (146, 157). In this context it must be noted that all the



1 Adeno-Associated Virus Biology 13

studies addressing this intriguing phenomenon have been conducted
with cultured cells and no information is available about the
significance of the latent arm of the AAV life cycle in the human
host. However, recently the potential significance of the underlying
mechanism to the development of targeted gene addition as a novel
component of therapeutic gene delivery has been recognized and
a number of approaches are under development that aim to apply
aspects of wtAAV integration to clinically relevant disease models.
Among those aspects are the unique characteristics of the human
target site for integration as well as the seemingly sophisticated
mechanism, which AAV has evolved in order to insert its genome
into the human chromosome.

Site-specific integration was first documented by Kotin and
colleagues, who identified viral-cellular junctions from numerous
latently infected cell lines, and found that these junctions consis-
tently mapped to one region on human chromosome 19 (3, 158,
159). Using an independent approach, Samulski and colleagues
further confirmed this finding (6). The human target locus, termed
AAVSI, was then isolated and the sequence was determined in
order to assess potential characteristics of the cellular sequence
that might account for the unusual integration site preference (2).
In search for determinants of site-specific integration, the observation
by Walsh and colleagues that recombinant viruses devoid of the rep
gene did not show evidence of site-specific integration hinted at a
role for AAV Rep in site-specific integration (160). More direct
evidence was then provided by the observation that when provided
in trans the large Rep proteins could restore AAVSI targeted
integration (144, 161). A final and more mechanistic insight was
provided when functional RBS and TRS motifs were identified
within the human target sequence, suggesting that Rep played a
key role in the initiation of site-specific integration (162, 163).
Finally, it was demonstrated that in a functional integration assay
using episomes carrying AAVSI fragments that the RBS-TRS
motifs were necessary and sufficient for site-specific integration
(143). Based on these findings and together with observations
from cell-free integration assays, an initial model for the molecular
mechanism of Rep-mediated site-specific integration was proposed
(4). The core of this proposal was that AAV site-specific integration
parallels AAV DNA replication. In a manner equivalent to the
actions of Rep at the viral origin, it was proposed that Rep targets
the AAV genome for integration at AAVS1 by initiating replication
at this chromosomal origin, i.e., specific DNA binding at the RBS
followed by ATP-dependent endonuclease activity directed at
the TRS. Once DNA replication is initiated, strand-switching
between the chromosomal and proximal viral DNA template was
thought to allow for the eventual incorporation of multiple copies
of the AAV genome into the chromosomal locus. This model,
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although consistent with the characteristics of the viral-cellular
junctions and the organization of the integrated genomes
remained hypothetical.

The potential utility of AAV-mediated targeted transgene
integration relies on the safety of this viral approach. On the
background of the observation that AAV is a nonpathogenic virus,
it was somewhat counter-intuitive that the virus appeared to have
evolved a mechanism to integrate its genome into a highly gene-
rich genomic environment (164, 165), thus making insertional
mutagenesis a near certainty. However, the discovery of the mouse
ortholog of the human integration target sequence that closely
resembled the genetic makeup of AAVSI (166) enabled studies to
address possible functional consequences of Rep-mediated targeted
integration. Henckaerts and colleagues used this system to establish
a site-specific transgene integration assay in mouse embryonic stem
cells. With this system, it became possible to address several ques-
tions. It became clear that targeted integration of a marker gene
resulted in strong transgene expression, which persisted throughout
in vitro differentiation of these cells into multiple lineages (167).
In addition, when injected into blastocysts, the resulting animals
demonstrated strong contribution by the site-specifically marked
cells to all tissues in the absence of any discernable phenotypic
effect throughout the lifetime of the animals. Taken together these
experiments demonstrated that AAVSI-targeted gene addition
could result in the safe genetic modification of relevant cells. These
studies were further taken into human embryonic stem cells, where
AAVSI-targeted maker gene expression aided in the identification
of human cardiac progenitor cells that were able to functionally
integrate into a mouse heart (168). Molecular characterization of
integrants in numerous human and mouse cells then revealed a
surprising aspect of the Rep-mediated integration mechanism. It was
found that the initial integration mechanism needed to be amended
by the finding that in all cases analyzed the mechanism involved a
partial duplication of the target sequence, suggesting the intriguing
possibility that AAV might have evolved a mechanism for targeted
gene addition in the absence of functional perturbation of the
disrupted target genes (167).

To date, we begin to understand numerous aspects of this
unique viral mechanism. However, it is apparent that many ques-
tions remain unanswered. In particular, we do not yet know
whether integration is at all a significant component of the viral life
style in vivo. In addition, for the development of targeted gene
addition in therapeutically relevant approaches (e.g., X-SCID treat-
ment), many remaining questions need to be addressed, including
the identification of safe delivery strategies for the Rep protein
and — possibly more importantly — the efficiency of successful
integration events.
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3. Summary

3.1. Impact of Biology
of Vector Development

3.2. Impact of Vectors
on AAV Biology

It is apparent that our, albeit, partial understanding of the biology
of AAV has greatly aided the development of AAV vectors. The
isolation of a panoply of capsid variants from animals, e.g., has
provided a large range of vector types with specific transduction
characteristics. In addition, the determination of a number of
capsid crystal structures has opened doors that will ultimately allow
for the design of vectors with specific and exclusive tropism, to
name just a few. On the other hand, it is also clear that many addi-
tional discoveries on the biology of AAV are needed in order to
improve our current vectors. For example, to date it is unclear
why recombinant viruses exhibit a several-fold lower infectivity
than wild-type viruses. A further dissection of the requirements
for genome packaging as well as the identification of pathways
involved might result in vectors with considerably higher infec-
tivity, thus allowing for the administration of much lower vector
doses. Finally, a more comprehensive understanding of the inte-
gration mechanism could result in vectors for stem cell applications
that could overcome the apparent concern for consequential
insertional mutagenesis.

In addition to the basic biology driving the development of rAAV
for gene delivery, vectors have also served as tools to study the cell
biology of infection and have advanced our knowledge of the basic
parvovirus biology. They have been useful in elucidating the early
steps in virus infection, including receptor identification (69) and
highlighting barriers to intracellular trafficking and uncoating (75,
76, 84, 169). Vectors have also been useful for examining the fate
of viral genome during transduction in cell culture and in vivo
models (170). These studies revealed that the majority of the vector
genomes can persist as circular episomes of monomers or concate-
mers (5, 170, 171) and identified host DNA repair factors involved
in processing AAV genomes (127-129, 172). It is likely that the
dynamic relationship between understanding basic biology and
developing vectors will continue, and advances in each area will
propel the applications that are possible for gene therapy.
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Chapter 2

Design and Construction of Functional AAV Vectors

John T. Gray and Serge Zolotukhin

Abstract

Using the basic principles of molecular biology and laboratory techniques presented in this chapter,
researchers should be able to create a wide variety of AAV vectors for both clinical and basic research appli-
cations. Basic vector design concepts are covered for both protein coding gene expression and small non-
coding RNA gene expression cassettes. AAV plasmid vector backbones (available via AddGene) are
described, along with critical sequence details for a variety of modular expression components that can be
inserted as needed for specific applications. Protocols are provided for assembling the various DNA com-
ponents into AAV vector plasmids in Escherichin coli, as well as for transferring these vector sequences into
baculovirus genomes for large-scale production of AAV in the insect cell production system.

Key words: AAV, Vector plasmid, Vector performance, Transfection, Molecular cloning, Baculovirus,

Vector design

1. Introduction

1.1. Basics of Vector
Design

The construction of viral vectors is an exercise in compromise, as
there is always some limitation as to the length and type of sequence
that can be delivered, and any number of functional elements that
could in theory improve the behavior of the vector. It is the goal of
this chapter to provide tools and instruction to begin this process
with a limited set of such elements, but it remains to the investigator
to complete the effort by carefully evaluating the actual perfor-
mance of the vector in therapeutically or experimentally relevant
target cells and, if necessary, revisiting the construction process to
correct deficiencies observed.

The basic design of an AAV vector is relatively simple, in that
it consists of an appropriately sized expression cassette flanked by
inverted terminal repeats (ITRs), which mediate the replication

Richard O. Snyder and Philippe Moullier (eds.), Adeno-Associated Virus: Methods and Protocols,
Methods in Molecular Biology, vol. 807, DOI 10.1007/978-1-61779-370-7_2, © Springer Science+Business Media, LLC 2011
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1.2. Protein-Coding
Expression Design
Concepts

and packaging of the vector genome by the AAV replication
protein Rep and associated factors in vector producer cells. This
chapter attempts to provide specific methodological details to
enable an investigator to utilize standard molecular cloning tech-
niques to assemble a functional AAV vector plasmid for use in the
transient transfection system in HEK293 cells, which will suffice
for many preliminary evaluations of vector performance. For those
vectors slated for larger scale applications (as in large animal mod-
els or human clinical trials), we additionally provide instructions
for moving existing AAV cassettes into a baculovirus genome for
production in the insect cell system. A key aspect of our approach
to this chapter is that we attempt to provide specific sequence
details about many commonly used components of vector
cassettes, to enable more specific design using either fully synthetic
methods or PCR amplification from commonly available sources.

Beyond the requirements for optimal genome size and the
presence of AAV ITRs, AAV vector designs are only limited by
whatever functions can be conferred on a 4-5-kbp segment of
DNA. We will provide below a basic introduction for two of the
most common types of vectors, first for standard expression of a
protein coding gene and second for the expression of non-coding
RNAs to generate siRNA for targeted gene knockdown. There are
other powerful vector designs beyond the scope of this chapter,
but which may also be useful to the reader. In this book, Chapter
13 describes the use of AAV vectors for targeted homologous
recombination, which requires the insertion of homology arms in
the vector flanking the segment to be inserted into a cell genome.
Another powerful technology utilizes the expression of non-
coding RNA designed to interact with the cellular splicing
machinery and mutant mRNA to induce “exon-skipping,” which
in the case of certain muscular dystrophy mutations can restore
functionality to the resulting translated protein (1). Likewise,
expression of ribozymes within non-coding RNA transcripts can
be used to target mRNA for degradation (2).

Finally, should a vector prove to be clinically efficacious, com-
mercialization may be affected by relevant intellectual property,
which can be found by thorough review of patent databases and /
or consultation with intellectual property professionals.

A diagram of a basic expression cassette is presented in Fig. 1.
Expression of protein coding mRNA begins with the initiation of
transcription by RNA Polymerase II at promoter sequences, which
dictate the location and orientation of transcription. Enhancer
sequences, which function in a more position- and orientation-
independent manner, can be located either upstream or down-
stream of the promoter, and modulate both the strength and tissue
specificity of the promoter. Although in many cases a single con-
tiguous fragment from a naturally derived sequence will provide
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Fig. 1. Schematic diagram of a basic protein coding expression cassette. Basic components of a vector expression cassette
are indicated. SD splice donor, SA splice acceptor, CDS coding sequence. See text for additional explanations.

both functions, in some cases chimeric promoters are constructed
using separate enhancers and promoters positioned in a variety of
arrangements. The selection of the promoter you wish to use in
your vector depends upon the spatial and temporal control neces-
sary for your application, the level of expression desired and the
amount of space available. Although we provide information in
the Subheading 3 for a few more commonly used promoters, the
choices available are very broad should an investigator wish to
explore more deeply. Chapters 5-9 of this book discuss tissue-
specific vectors in detail, and a recent review (3) describes several
regulatable promoters that have been engineered for inducible
gene expression using small molecules.

Introns are frequently inserted downstream of promoters to
capitalize on the fact that the splicing process facilitates mRNA
export and increases steady state levels of mRNA in the cytoplasm.
As the presence of a translational termination codon upstream of
an intron splice junction is a trigger for initiation of the nonsense
mediated mRNA degradation (NMD) pathway (4), introns should
be located upstream of the end of any protein coding sequence.
When transmitting very large coding sequences, one should also
consider that the increase in gene expression provided by an intron
may very well be negated by significant reductions in vector yield
caused by exceeding the packaging capacity of the AAV system,
and in those cases an intronless construct may be the best option.

In order to achieve optimal translation efficiency, the coding
sequence must be positioned such that the ATG initiator codon is
the first ATG of the spliced message. The use of optimal Kozak
sequences just upstream of the ATG significantly improves transla-
tion initiation efficiency and ensures that ribosomal scanning of the
vector-encoded mRNA does not lead to translation of aberrant
products lacking N-terminal amino acids (5). Although the most
important element of this consensus is a purine at the -3 position,
the small size of the full optimal sequence (CCACCATG) enables
easy incorporation into any construct coding sequence generated
synthetically or by PCR.

Additional enhancement of gene expression can be provided
by a process called “codon optimization,” which involves the con-
struction of a ¢cDNA with alternate codons chosen to facilitate
robust gene expression while still encoding the same amino acid
sequence. The concept behind this technique is that though there



28

J.T. Gray and S. Zolotukhin

are multiple triplet codons that can encode for a single amino acid,
it is often the case that the best expression is achieved when amino
acids are coded by the codons most commonly found in highly
expressed genes. Codon usage is naturally biased to favor a subset
of codons in different species and also in highly expressed genes.
Although these biases can originate via a variety of mechanisms
(6), it has been shown that “optimal” codons can enhance transla-
tional efficiency by utilizing the most abundant charged tRNAs in
the cell (7). Codon optimization can be performed by commercial
gene synthesis companies, which have in many cases developed algo-
rithms for automated selection of the codons in a gene and have
convenient online ordering forms. The cost can depend upon the
length of the gene being synthesized, and range from $0.39 to $2 per
base pair. It should be noted, however, that the potential for intro-
duction of sequences that negatively affect gene expression is also a
risk with this process, and it is difficult to predict which sequences
will have such an effect. For example, it has been shown that the
sequences coding for protein domain boundaries are more likely to
be coded by “translationally slow” codons (8), providing support
for the hypothesis that slower translation at domain boundaries
enhances fitness by allowing each domain to fold co-translationally
in distinct temporal phases (9). Codon-optimized genes should
therefore be tested carefully to confirm that the resulting protein
product is not improperly folded.

Although in most cases fully spliced cDNAs are used in vectors
to preserve space, in some cases coding sequences in vectors are
interrupted with introns, such that splicing allows regeneration of
an intact open reading frame. One example of this application is
the use of native intronic sequences from the first intron of the
human Factor IX gene, which allowed incorporation of the endog-
enous tissue-specific enhancers present in those sequences (10).
Other applications include the insertion of regulatable polyA cas-
settes in an intron to allow regulation of complete expression (11)
and the splitting of large coding sequences between two vectors
genomes, which can, after head-to-tail joining in vivo, transcribe
through both genomes to generate transcripts longer than 5 kb
and which are spliced to yield an intact coding sequence (12).

Although clinical vectors almost invariably exclude them, addi-
tional exogenous peptides are often fused or co-expressed with the
primary gene of interest for research and pre-clinical applications.
Epitope tags are small and allow the use of commonly available
antibody reagents to quantitate expression in cell lysates from
tissues transduced with the vector. Signal peptides, when not
encoded by the natural cDNA sequences, can be inserted at the
N-terminus of an open reading frame to direct proteins to be
secreted from the cell. Co-transmission of a second, separate coding
sequence has numerous research and clinical applications, most
commonly in allowing the co-expression of fluorescent marking
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proteins to track cells transduced with the vector. This can be
achieved using internal ribosome entry sites (IRES), or more
recently by using specialized “2A peptide” sequences, which, when
translated, cause a failure in peptidyl bond formation between the
two coding open reading frames, resulting in efficient co-expression
of two separate proteins in an approximately 1:1 ratio (13).

Sequences downstream of the translational stop codon form
the 3’ untranslated regions (3" UTR) of a transcript. Recent
discoveries of the mechanisms of action for non-coding RNAs have
illuminated the importance of these sequences as mediators of
micro-RNA (miRNA) binding and regulation of both RNA stability
and translation (14). For some genes such as Factor IX, sequences
in the 3" UTR facilitate optimal expression of vector-derived tran-
scripts (10), whereas in other genes omission of endogenous 3’
UTR sequences can prevent unwanted degradation (15). In another
creative application of these natural interactions, insertion of mul-
tiple miRNA target site sequences rendered expression of an other-
wise ubiquitously expressed transcript specific to non-hematopoietic
tissues, enhancing evasion of immunological consequences of
expression in those tissues (16).

Small 21-25-nucleotide (nt) long RNA fragments in cells have
been shown to be powerful modulators of mRNA translation and
stability, and are increasingly utilized for experimental and thera-
peutic purposes. These short, interfering RNAs (siRNAs) act via
their assembly into an RNA-Induced Silencing Complex (RISC),
wherein the RNA fragment provides specificity via base comple-
mentarity to allow the RISC to target mRNAs for degradation or
translation inhibition, depending upon the degree of complemen-
tarity between the two RNAs. Construction of an expression vec-
tor to generate siRINAs in vivo has largely been accomplished using
two strategies, short hairpin RNAs (shRNAs) (17) and microRNA
mimics (18, 19). Although shRNA cassettes can be more potent
than miRNA mimics (20), miRNA mimics have been shown to
have reduced toxicity (21).

The structure of these two types of non-coding RNA expres-
sion cassettes are presented in Fig. 2, along with an illustration of
the different processing steps leading to the loading of the RISC
with the siRNA. Transcription of an shRNA cassette (Fig. 2a) is
typically mediated by RNA Polymerase III to generate a hairpin
free of additional nucleotides beyond the hairpin ends. This hair-
pin exits the nucleus where it is processed by the cytoplasmic
enzyme Dicer, which cleaves the loop sequence and allows the
resulting RNA fragment to be loaded onto the RISC (17).
MicroRNA mimics (Fig. 2b), on the other hand, can be generated
using RNA Pol I1, typically by inserting an extended RNA sequence
derived from a naturally occurring primary miRNA transcript into
either an intron or the 3" UTR of a pre-existing protein coding



30

J.T. Gray and S. Zolotukhin

a shRNA Expression Cassette Structure
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Fig. 2. Schematic diagram of two forms of non-coding RNA expression cassettes. Expression of siRNA for targeted knock-
down of gene expression. Wavy lines indicate portion of primary RNA transcript that will be incorporated into the RISC. Thin
black arrows indicate complementary arms of a hairpin. (a) Pol lll promoter-driven expression of short hairpin RNAs (shR-
NAs). (b) Pol ll-driven expression cassette for simultaneous expression of protein coding RNA and miRNA mimics.

expression cassette. The specific 21-22-nt RNA targeting sequence
and its complement are grafted into the primary miRNA fragment
native sequence in place of the miRNA sequence. The natural
flanking sequences are recognized by the nuclear enzyme Drosha,
which acts upstream of Dicer during miRNA biogenesis by cleaving
the extended hairpin at bulged nucleotides distal of the loop.
Hairpins processed in this way appear to be more efficiently trans-
ported to the cytoplasm and processed by the Dicer enzyme, appar-
ently leading to reduced toxicity (21). Additionally, miRNA mimics
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provide the added benefit that a wide range of well-characterized
RNA Pol II promoters and expression components can be used,
including regulated and tissue specific promoters (19). Additionally,
some naturally occurring miRNA primary transcripts are processed
to yield multiple miRNAs, which can be utilized to engineer a
single vector encoded transcript that generates multiple miRNA
mimics (22).

Although a baculovirus vector-mediated manufacture of rAAV in
insect Sf9 cells is a scale-up method of choice, it is not usually rec-
ommended for a routine production of research vectors used for
the initial screening at titers of 10'2~10!® DNase Resistant Particles
(drp). Initially, rAAV vectors can be made by transient transfection
at small scale to evaluate performance in rodents (23). Once the
transgene expression cassette is optimized and the most efficient
serotype is determined, the next step usually involves production
of high titer vector stocks for pre-clinical studies in a large-animal
model. At this stage, it might be worth investing effort in construction
of the baculovirus expression vector (BEV) carrying rAAV cassette.
The latter could be combined with the existent and published
(24-26) Rep-, and VP-expressing helpers in a full complement set
required for rAAV production.

Currently, there are three comparable systems to provide 7ep
and cap helper functions in Sf9 cells. The first one is a modified
BEV expressing both Rep and VP (26). A similar system expressing
Rep and VP from two separate BEVs had been described by Chen
(25). Yet another system utilizes stable insect cell lines expressing
inducible Rep and VP upon infection with BEV-rAAV (24).
Regardless of the approach, constructing rAAV-carrying BEV is a
prerequisite step and it is described below in detail.

BEVs are prepared using Invitrogen’s Bac-to-Bac system. The
system utilizes a bacmid, an intermediate shuttle plasmid vector of
143 kbp incorporating complete BV genome, as well as Km® gene
and bacterial o77. It also contains a Tn7 attachment site engineered
in-frame within a /acZ a peptide sequence. The rAAV cassette is
first cloned into a Bac-to-Bac plasmid, flanked by Tn7R and Tn7L
sequences. This is then transformed into the Escerichia cols
DHI0BAC that contains the bacmid, and a helper plasmid encod-
ing the transposase. The rAAV cassette is transposed on to the bac-
mid and selected by growth in the presence of gentamicin,
kanamycin and tetracycline. The parental bacmid encodes the LacZ
o peptide which complements with the chromosomal 3 peptide to
form a fully functional B-galactosidase which cleaves X-gal and
produces blue colonies. The transposed cassette disrupts the /acZ
o gene, and thus recombinant bacmid clones are white. Bacmid
DNA is prepared from the putative recombinant clones, and the
transposition is confirmed by PCR or Hirt DNA analysis. The
recombinant bacmid is transfected into Sf9 cells, and several days
later infectious BEV is harvested from the medium.
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2. Materials

2.1. Construction

of AAV Vector
Plasmids Suitable for
Transient Transfection
of 293 Cells

1. AAV vector plasmid backbone: Although many plasmids are
available from academic and commercial sources, the specific
sites provided in this chapter are selected for pAAV-GEP
and pscAAV-GFP, which have been deposited to AddGene
(AddGene.org/John_T_Gray)
(Fig. 3). pAAV-GFP contains two intact ITRs flanking a

Smal ,SnaBl
Smal-. ; _BstXI

BstXl
Intron ~ _EcoRl
Sacll
6892 bp Agel
Notl
- Xbal
Hindlll
all
Xhol
P Xbal Bglll
Smal SnaBl
Srfl, Srfl
Avrll
BspEl
JEcoRlI
/ SBacII HI
am
Intron® Agel
pscAAV-GFP
4369 bp
polyA Notl
/\rrs—ITR(D_ ~ Bopil
. ~Spel
“Srfl
Srfl

Fig. 3. Maps of single-stranded and Afrs AAV vectors available from AddGene, showing
relevant features and restriction sites. Additional details on the structure of these plasmids
can be downloaded from the AddGene records linked to this article.

and linked to this article
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Useful restriction enzyme sites in AddGene AAV vectors

Vector plasmid

pAAV-GFP pscAAV-GFP
Component
to be replaced 5 Enzymes 3’ Enzymes 5’ Enzymes 3’ Enzymes
GFP EcoR1, Sacll, Notl, HindIII, EcoR1, Sacll, Notl, Stul, and

and Agel Sall, Xhol, BamHI BspMI
and By/Il and Agel (Xhol compatible)
CMYV promoter BstX1 BstXI, EcoRI, Aprll EcoRI
(with intron) Sacll, and Agel
PolyA sequence Xbal Xbal Notl, Stul, Spel
and BspMI

Entire expression  SnaBI SnaBI Aprll Spel

cassette

2.2. Gonstruction
of Transfer and
Bacmid Plasmid
Vectors

9]

GFP expression cassette, which allows for production of
single stranded AAV vectors. In pscAAV-GFEP, the right ITR
contains a terminal resolution site mutation (Azrs), which
prevents Rep-mediated nicking and forces packaging of dimer
or self-complementary genomes. Pay strict attention to the
integrity of the vector ITRs in your plasmid preparations
(see Note 1). The restriction enzyme combinations used to
replace individual components of the expression cassette in
these plasmids are outlined in Table 1. Modular expression
cassette components: Table 2 provides a brief list of cis-acting
vector sequence components that can be assembled into an
AAV vector expression cassette.

. PCR cloning kit, provided by commercial vendor (pGEM-T-

Easy, Promega, Topo, Invitrogen, etc.).

. Restriction endonucleases, high fidelity PCR enzymes and kits

(Pfu Turbo, Stratagene, Santa Clara, CA or Phusion, NEB,
Beverly, MA or the like), transformation competent E. col
(SURE strain, Stratagene), and standard molecular cloning
equipment.

. Sterile 50% glycerol, in water, for freezing E. coli stocks (use at

a final glycerol concentration of 25%).

. SURE E. coli electrocompetent cells (Stratagene).

. Bac-to-Bac Baculovirus Expression System and pFastBacDual

vector (Invitrogen, Carlsbad, CA). All reagents required for the
construction of transfer and bacmid vector are listed in the kit.
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. PCR primers: pUC/M13 forward or reverse primer (New

England Biolabs, Beverly, MA) and a vector insert specific
primer.

. A real-time quantitative SYBRgreen PCR mixture (e.g., iQ

SYBR Green Supermix, Bio-Rad, Hercules, CA), or RT? Real-
Time™ SYBR Green PCR master mix (SuperArray Bioscience
Corporation, Frederick, MD).

. 89 insect cells (Invitrogen).
. Sf9 cell culture medium (e.g., Sf-900 II SEM (1x) liquid,

Invitrogen).

. Reagents suitable for transfection of insect cells. For example:

cationic liposomes (Cellfectin — Invitrogen, ESCORT - Sigma-
Aldrich, St. Louis, MO, Tfx™ - Promega, Madison, WI,
FectoFly™ — Polyplus-Transfection Inc., New York, NY); poly-
ethyleneimine /PEI (ExGen 500 — Fermentas, Glen Burnie,
MD); or calcium phosphate (Baculovirus Expression Vector
System — BD Biosciences, San Jose, CA). Any one of these
reagents could be utilized to transfect cells with bacmid DNA
following manufacturer’s protocol.

4. Rep78/68-expressing BEV, such as Bac-Rep (27) or similar.
. DNA Clean & Concentrator™-5 Kit (Zymo Research, Orange,

CA).

. Reagents for standard agarose gel electrophoresis.

. $19 insect cells (Invitrogen).
. $t9 cell culture medium (e.g., Sf-900 II SEM (1x) liquid,

Invitrogen).

. Alkaline PEG 200 solution, pH 13.5 (28).
4. PCR primers: Bac-F: 5'-CCGTAACGGACCTCGTACTT-3';

Bac-R: 5'-CCGTTGGGATTTGTGGTAAC-3'.

. A real-time quantitative SYBRgreen PCR mixture (e.g., iQ

SYBR Green Supermix, Bio-Rad), or RT? Real-Time™ SYBR
Green PCR master mix (SuperArray Bioscience Corporation).

3. Methods

3.1. Gonstruction
of AAV Vector
Plasmids Suitable
for Transient
Transfection of 293
Cells

. Design the expression cassette and the assembly process. In the

simplest form, this can be the ligation of your cDNA into one
of the plasmids shown in Fig. 1. after removing GFP (e.g.,
with EcoRI and Notl digestion). However, by using a modular
design strategy, it is straightforward to generate a small library
of fragments that can be combined in multiple configurations
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3.2. Construction of
Transfer and Bacmid
Plasmid Vectors

to create a series of vectors with alternative genes and regulatory
clements. For considerations of AAV vector size constraints
and clinical AAV vector backbones see Notes 2 and 3,
respectively.

. Using a high fidelity polymerase (such as Pfx Turbo, Stratagene

or Phusion, New England Biolabs), PCR amplify the individ-
ual components using primers containing the necessary restric-
tion enzyme sites and ligate them each into a PCR cloning
plasmid (see Note 4). Alternatively, using the sequences pro-
vided in Table 2 and the referenced GenBank record, one can
order the entire sequence to be commercially synthesized and
provided cloned in a plasmid (see Note 5).

. Fully sequence the component fragment plasmids. These plas-

mids should be saved and over time become part of a valuable
library for future constructions (4 la, the BioBricks™ model

(29)).

. Purify the fragments from parental plasmids after restriction

digestion, ligate them together, and transform E. coli (see
Note 1).

. Screen small scale plasmid preparations for structural integrity.

(a) After your small scale E. coli culture has grown overnight,
save a small frozen glycerol stock of your cells prior to
purifying the plasmid DNA from the remaining culture.
Leaving bacterial cells at 4°C for extended periods increases
the likelihood that the I'TRs will be deleted (see Note 1).

(b) In addition to whatever digestions are necessary to con-
firm proper assembly of the fragments in the ligation,
always screen your plasmid preparations with an appropriate
enzyme to monitor for ITR deletion, such as Smal or Srfl
(see Note 1).

. Using the frozen cell stock for the individual clone that meets

all screening criteria, prepare a large-scale plasmid preparation
by re-streaking the frozen cells to obtain fresh, individual colo-
nies and inoculating a single colony into a larger culture.

. After the large-scale culture has grown to late log phase, and

prior to lysing the cells for DNA purification, remove another
aliquot of culture liquid to prepare several 0.5-1.0 ml glycerol
aliquots for long-term storage. If the purified DNA from this
culture proves to be significantly free of ITR-deleted plasmid,
then all future plasmid preparations should be generated from
this validated stock to reduce the risk of re-introducing ITR
deletions.

. First, modify Invitrogen’s pFastBacDual plasmid by Stul and

Xhol double digest, blunting with Klenow, and religation.
This step deletes both p10 and polh promoters, which are not
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required for rAAV cassette rescue. The truncated polylinker
contains 12 unique restriction sites that could be utilized to
insert your recombinant AAV vector genomes.

. Transfer each AAV vector genome into the plasmid created in

Subheading 3.2 (step 1), including both ITRs flanking the
expression cassette. Again, pay strict attention to the integrity
of your ITRs (see Note 1).

. Transform E. cols DHI0BAC electrocompetent cells with the

pFastBacDual-derived vector plasmid containing your AAV
vector genome. Incubate plates at 37°C for at least 24 h fol-
lowed by overnight incubation at RT. The extended time is
required for colonies to grow and to develop light blue color.
Clones containing recombinant transposed bacmids are white
and usually slightly bigger in size. Pick 6-8 white colonies,
expand in 2 ml LB cultures, and purify the bacmid DNA for
further screening.

4. At this stage, candidate bacmids can be optionally screened by

PCR to confirm the presence of the vector genome. Using one
primer in the backbone (either pUC/M13 forward or reverse
primers) and one primer in your vector cassette, PCR amplify
each bacmid preparation to confirm successful introduction of
the vector genome. Although the ITR inhibits the PCR and
can lead to amplification of truncated products, it can still be a
useful tool to exclude recombinants that do not contain a vec-
tor genome. The integrity of the AAV ITRs is screened at a
later step by testing replicative fitness.

. Transfect Sf9 cells with bacmid DNA samples using any one of

the reagents described in Subheading 2.2 (item 2) following
manufacturer’s protocol (see Note 6). The supernatant (4 ml from
60 mm cell culture dish) harvested at day 5 post-transfection
contains BEV-rAAV stock, albeit at a lower titer of 107-10° pfu/
ml. Multiple bacmids for each recombinant vector are typically
transfected separately to allow screening of the resulting BEV
tor replicative fitness.

. Each supernatant can at this point be screened for replicative

fitness in an in vivo AAV genome replication assay. This allows
the best stock of BEV to be used in the plaque purification,
and can reduce the number of plaques that must be similarly
screened.

(a) To do this assay, add 0.5 ml of each supernatant to 60-mm
dish with St9 cells plated at ~75% confluence. Knowing
the precise titers and multiplicity of infection (MOI) is not
important for this step as long as all BEV stocks derived
from the individual transfected bacmid DNAs are treated
the same way. To rescue rAAV cassette, co-infect cells with
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3.4. Expansion,
Validation, and
Titration of Plaque
Purified BEV Stocks

Rep78,/68-expressing BEV, such as Bac-Rep (27) or similar
vector at MOI of 5.

(b) Forty-eight hour postinfection, isolate Hirt DNA accord-
ing to the following procedure (modified from ref. 30).
Harvest cells in the culture media from each of the dishes,
transfer into 15-ml conical tubes and pellet by centrifuga-
tion at 1,000 x4 for 5 min. Resuspend cell pellets in 1 ml
PBS, transfer into Eppendorf tubes, centrifuge at 5,000 x g4
for 5 min, and discard the supernatants. Resuspend cell
pellets in 250 ul 50 mM Tris—-HCI, pH 7.5, 10 mM EDTA
containing 100 nug/ml RNase A and lyse by the addition
of 250 ul 1.2% SDS. Gently mix the suspension by invert-
ing the tube several times and then incubate at RT for
5 min. Precipitate cellular debris and chromosomal DNA
by the addition of 350 ul solution containing 3 M CsCl,
1 M potassium acetate and 0.67 M acetic acid. Immediately,
gently mix the tubes and place them on ice for 15 min.
After centrifugation for 15 min at 14,000xy, load the
supernatants onto a silica-based matrix spin column, such
as those supplied with DNA Clean & Concentrator™-5
Kit (D4004, Zymo Research). Wash the column twice
with the wash buffer (supplied in a kit) and elute the DNA
in 20 ul H,O. Utilizing spin columns greatly facilitates the
DNA purification while reducing the sample-to-sample
yield variability.

(c) Load half of the DNA sample (10 pl) onto 1.2% agarose
TAE gel containing 10 pug/ml EtBr and separate the DNA
during 1.5 h electrophoresis. The pattern of UV light-
visualized bands should display a major band correspond-
ing to rAAV-cassette double-stranded monomer, as well as
several bands corresponding to higher order concatemers,
a replication intermediate (Fig. 4). Comparing all DNA
samples on the gel allows identifying one or two clones
with higher yield of replicating AAV vector genomic DNA.
These clones presumably contain BEV-rAAVs with higher
content of intact ITRs.

3. Perform plaque purification using the best supernatant.
Assuming that the starting titer of the original, bacmid-
derived BEV-rAAV is 108 pfu/ml, use tenfold serial dilutions
to derive a plate with no more than ten isolated plaques (see
Note 7).

1. Pick 3—4 well isolated plaques (called PO) and expand them by
serial infection of naive Sf9 cells. Optimally this is achieved by
titrating each amplification supernatant so as to determine the
quantity of supernatant necessary to achieve 0.1 MOI during
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M1 23456

Fig. 4. Agarose gel analysis of replicating rAAV DNA isolated using modified Hirt procedure.
Lane M contains 1-kbp DNA ladder. Lanes 7 and 4, 2and 5, 3 and 6 contain same rAAV
expression cassettes but purified using modified Hirt protocol (/anes 7-3) or standard Hirt
protocol (/anes 4-6). Letters “m,” “d,” and “t” indicate rAAV mono-, di-, and trimer repli-
cating forms, respectively. Because of the excessive contaminating RNA and DNA in /anes
4-6, the mobility of rAAV forms is abnormally retarded. Lanes 2 and 5 contain a smaller
size self-complementary (sc) rAAV cassette.

each phase of expansion. As plaque assay is impractical at
such steps, a quick quantitative PCR assay is described below.
Alternatively, one can simply dilute each supernatant 1:100
into a naive Sf9 culture for each amplification.

2. To perform a quick QPCR assay to estimate a relative plaque
forming unit (pfu) titer, use this adaptation of an alkaline PEG-
based method for direct PCR (28). Briefly, add 5 pl of baculo-
virus stock to 95 pl of alkaline PEG solution. After vortexing,
incubate the sample at room temperature for 15 min and then
dilute fivefold by adding 0.4 ml H,O. Use 5 pl of this diluted
mixture directly in QPCR 25 pl reaction mixture containing
12.5 pl SybrGreenER and 1.5 pl of 5 uM universal BEV Bac-F
and Bac-R primers each (see Note 8).

3. Early in the amplification process (P1 or P2), perform an assay
of the AAV vector genome replicative fitness, as described in
Subheading 3.3 (step 2). Select the best replicator for the mas-
ter seed virus stock for future expansions.

4. Propagate and expand the selected plaque puritied clone by
inoculating fresh Sf9 cells at an MOI of 0.1 (see Note 9).
The large-scale production and purification of the insect
cell-derived rAAV vectors are not covered in this chapter.
Follow the detailed procedures described elsewhere (26,
31-30).
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4. Notes

1. AAV vector plasmids are notorious for the instability and frequent
deletion of the ITRs when propagated in E. co/z. For this reason
it is important to carefully confirm the integrity of every prepa-
ration used for vector construction. Even the best plasmid
preparations contain significant quantities (5-15%) of DNA
containing small deletions in the ITR, which during cloning
procedures can be randomly selected and amplified. The I'TRs
have such strong secondary structure they cannot be sequenced
with standard automated protocols, and so integrity of the
ITRs is typically monitored by restriction enzyme analysis
sufficient to identify small deletions (20 bp). Most commonly
this is achieved with digestion with Smal or Srfl, which cut
twice within an unstable portion of the ITR, although an ideal
strategy must also consider the ability of the resulting frag-
ments to be separated and accurately sized on gels (Fig. 5). As
long as this type of careful screening technique and optimal
microbiological practice is maintained, then significant modifi-
cations to standard molecular cloning techniques are not abso-
lutely necessary. Once a validated, frozen glycerol stock of
E. coli is archived, subsequent preparations of plasmids from
those stocks rarely contain high levels of deleted DNA, in

M 1 2
Kbp

10 i
8 R
6 —

5 Bl
4 -
L —
2 ——
—

Fig. 5. Agarose gel analysis of Srfl digested AAV vector plasmid DNA. A complete digestion
product would be expected to generate two bands for each plasmid, with sizes of 3.7 and
4.7 kbp. Lane 1, AAV vector plasmid preparation with minimal ITR deletion, cut with Srfl.
Note that this successful preparation still appears as a partial digestion, with an 8.4 kbp,
singly cut plasmid band visible at ~5% of total. Lane 2, an ITR deleted preparation with
the proportions reversed, and ~5% of the DNA digested at both ITRs.
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contrast to frequent deletions observed when screening fresh
transformants. Because of these stability issues, most investiga-
tors utilize a recombination deficient strain, such as SURE for
AAV vector plasmid propagation and cloning.

. AAV vector genomes cannot significantly exceed 5 kb without
dramatically reducing yield. For single-stranded vectors, the
size of the resulting genome can easily be measured as the
length of the sequence between and including the I'TRs. For
double stranded genomes, the Azrs ITR becomes a central
hairpin in the middle of a dimer genome, and so the total
length of the vector in the plasmid, including the ITRs, should
be less than 2.4 kbp.

. For clinical applications, additional modifications to the vector
backbone plasmid are desired. Substitution of kanamycin resis-
tance for ampicillin allows preparation of the plasmid without
allergenic B-lactam antibiotics. Additionally, the backbone
sequences of plasmids can occasionally be incorporated into
vector particles by virtue of their proximity to the AAV ITR.
Insertion of large fragments of stuffer DNA into the backbone
can reduce this phenomenon (37).

. In many cases PCR products can be ligated directly to plasmid
backbone fragments after digestion with restriction enzymes;
however, the efficiency is significantly reduced, often preclud-
ing successful assembly of more than two fragments at a time.
Preliminary subcloning and sequencing is slower, but provides
an easily archived reagent and allows for the most efficient liga-
tion reaction.

. The advent of lower cost gene synthesis services provides yet
another avenue from PCR for getting your gene of interest
into a vector. This also has the advantage of allowing the modi-
fication of coding sequences to “optimize” expression or other
properties for the particular application you are interested in.
The instability and strong secondary structure of AAV ITRs
makes direct synthesis of whole vectors by this method much
more challenging, and for that reason most investigators, even
if they are synthesizing the gene and or regulatory elements,
will subsequently ligate those elements into a plasmid back-
bone for large-scale DNA propagation necessary for vector
production.

. The efficiency of Sf9 cell transfection can be assessed using a
plasmid with GFP reporter gene driven by baculovirus pro-
moter, such as immediate early OpIE2 in pIZ/V5-His vector
(Invitrogen). This reporter has to be constructed in advance
using conventional cloning techniques. Late promoters, such
as polh or pl10 in pFastBacDual cloning vector are not func-
tional in St9 cells even if cells are infected with baculovirus.
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These late promoters require cis-acting viral enhancer elements
(homologous region, s7) to be fully activated.

. For a plaque assay, it is important to plate Sf9 cells at no higher

than 40-50% confluence at the time of infection. At higher
densities, plaques are smaller in size, harder to visualize, and
yield fewer viruses. The other important consideration is the
quality of the BEV-rAAV. To improve the virus stability during
propagation, it is critical to infect cells at low MOI of about
0.1. Most of the virus harvested in a plaque derives from the
second round infection around the cell infected at time zero.
At high initial seeding density cells grow confluent by the time
of secondary infection and, thus, only few nearby cells are
infected at significantly higher than optimal MOIs. This results
in smaller plaques, lower yields, and higher ratios of re-arranged,
ITR-less progeny virus, which, by the fourth passage, becomes
the prevalent species.

. The BEV sample is assayed side by side with a serially diluted

reference standard, a BEV of a known titer. Universal BEV
primers sequences are the following: Bac-F: 5'-CCGTAAC
GGACCTCGTACTT-3'; Bac-R: 5'-CCGTTGGGATTTGTGG
TAAC-3'. The amplified sequence is part of AcMNPV gene
Ac-1E-01, locus tag — ACNVgpl42, a putative early gene trans-
activator; the size of the amplified DNA fragment is 103 bp.
The sensitivity of RT PCT titering method is as low as 10° pfu/
ml. One can use either universal BEV primers or transgene-
specific primers. When using the latter, a shuttle plasmid with
the cloned transgene is utilized to generate a serially diluted
reference standard. Prior to PCR analysis, plasmid DNA should
be linearized by a single-cutter restriction enzyme, phenol/
chloroform purified, and stored at 1 pug/ul frozen. Serial dilu-
tion DNA standards are prepared at the time of the RT PCR
experiment, preferentially after handling experimental samples.
Titers derived by this method are identical to the titers obtained
using standard plaque assay.

. Using the Baculovirus system, one should expect to produce at

least 10 drp rAAV from 1 L Sf9 cells culture. This would
require about 50 ml of BEV helper stock of a relatively low
titer of 2x10% pfu/ml. If BEV harvested from the plaque
designated as “passage zero” (P0), then propagating BEV
exponentially to passage two (P2) will generate as much as
4-5 L of the BEV stock. BEV helpers were shown to be stable
up to P5, thus generating sufficient amount of BEV does not
constitute a serious technical challenge. Titration of viral stocks
harvested at P1 through P3 is recommended to propagate the
vector at the known MOI of 0.1. Once the BEV stock is
produced, it could be stored for extended periods of time (up
to a year) at 4°C. Adding FBS to 1% increases long-term stability



2 Design and Construction of Functional AAV Vectors

45

of the stored stock. Over time, the infectious titer of the stock
is reduced necessitating re-titration assays. Because titers drop
due to viral particle aggregation, the RT PCR assay described
above might not be appropriate due to potential overestima-
tion of the infectious titer. Instead, a regular plaque assay,
although more laborious, will generate the up-to-date infec-
tious titer information.
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Chapter 3

AAV CGapsid Structure and Cell Interactions

Mavis Agbandje-McKenna and Jiirgen Kleinschmidt

Abstract

The Adeno-associated viruses (AAVs) are not associated with any diseases, and their ability to package
non-genomic DNA and to transduce different cell /tissue populations has generated significant interest in
understanding their basic biology in efforts to improve their utilization for corrective gene delivery. This
includes their capsid structure, cellular tropism and interactions for entry, uncoating, replication, DNA
packaging, capsid assembly, and antibody neutralization. The human and nonhuman primate AAVs are
clustered into serologically distinct genetic clade and serotype groups, which have distinct cellular/tissue
tropisms and transduction efficiencies. These properties are highly dependent upon the AAV capsid amino
acid sequence, their capsid structure, and their interactions with host cell factors, including cell surface
receptors, co-receptors, signaling molecules, proteins involved in host DNA replication, and host-derived
antibodies. This chapter reviews the current structural information on AAV capsids and the capsid viral
protein regions playing a role in the cellular interactions conferring an infective phenotype, which are then
used to annotate the functional regions of the capsid. Based on the current data, the indication is that the
AAVs, like other members of the Parvoviridae and other ssDNA viruses that form a T=1 capsid, have
evolved a multifunctional capsid with conserved core regions as is required for efficient capsid trafficking,
capsid assembly, and genome packaging. Disparate surface loop structures confer differential receptor
recognition and are involved in antibody recognition. The role of structural regions in capsid uncoating
remains to be elucidated.

Key words: AAV capsid structure, Glycan receptor recognition, Internalization, Endosomal trafficking,
Uncoating, Genome replication, Capsid assembly, Antibody response

1. Introduction

Twelve distinct human and nonhuman primate AAV serotypes
(AAV1-12) have been sequenced to date, and numerous recombinant
AAVs have been identified in primate and human tissues through
PCR studies (1-5). These viruses are classified into eight genetic
groups, clades A-F and clonal isolates AAV4 and AAV5, based on
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1.1. AAV Life Cycle,
the Need for a
Multifunctional
Capsid VP

antigenic reactivity and sequence comparisons (1). The representative
members of these groups are AAV1-AAV9, with AAV1 and AAV6
belonging to the same clade A because of their high sequence
similarity and antigenic cross-reactivity (1). The representative
members share ~60-99% sequence identity, with AAV4 and AAV5
being the most different from each other and from the other
members (1).

The 4.7-kb single-stranded (ss) DNA AAV viral genome has
two open reading frames (ORF), 7ep and cap. The rep ORF codes
for four overlapping proteins required for replication and DNA
packaging. The cap ORF encodes three capsid viral proteins (VPs)
from two alternately spliced mRNAs. One of these mRNAs
contains the entire cap ORF and encodes VP1. The other mRNA
encodes for VP2, from an alternate start codon (ACG), and VP3
from a conventional downstream ATG. AAV capsids are assembled
as a T=1 icosahedral particle (~260A in diameter) from a total of
60 copies of VP1, VP2, and VP3, in a predicted ratio of 1:1:8 /10
(6). VP3 is a 61-kDa protein that constitutes 90% of the capsid’s
protein content. The less abundant capsid proteins, VP1 (87 kDa)
and VP2 (73 kDa), share the same C terminal amino acid (aa)
sequence with VP3 but have additional N terminal sequences. The
only essential cis active sequences in AAV genomes are the 145-bp
terminal repeats (ITRs), which function as origins for DNA repli-
cation, packaging sequences, and integration sites (7-10).
Recombinant AAV vectors (rAAV) to be used for gene corrective
gene delivery applications are generated by retaining the ITRs and
replacing the internal wild type (wt) AAV coding sequences with
therapeutic genes (7, 11, 12).

As is the case for other DNA packaging viruses, the parvovirus
capsid, with its packaged ssDNA genome, has to traverse two
cellular barriers during infection, the plasma and nuclear mem-
branes, for replication in the cell nucleus. The parvovirus VPs that
assemble the capsid are capable of performing the wide variety of
structural and biological functions required during the viral life
cycle. In addition, the capsid is a metastable entity, being capable
of structural transitions to deploy essential functions for navigating
the cell to and from the nucleus, while apparently keeping its
infectious genome protected.

The initial capsid VP functions include host cell surface
receptor recognition, endosomal entry and trafficking, cytoplasmic
processing, and nuclear entry. Once inside the nucleus, uncoating
to release the packaged genome occurs, followed by genome
replication, message transcription and protein translation, nuclear
import of VPs for assembly into capsids, viral genomic encapsida-
tion, and nuclear export. Furthermore, the capsid is the target of
both T-cell and B-cell host-mediated immune responses as dis-
cussed in Chapter 11. In addition, pseudotyping studies in which
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the AAV2 ITRs are used as packaging signals for encapsidation
of the same transgene into rAAVs of different serotypes have
shown that transduction efficiencies in different tissues are dictated
by the capsid sequence (e.g. (1, 13-17)) as discussed in Chapter 4.
Thus identifying the aa sequences enabling the VP functions has
been an important aspect of studies aimed at understanding the
basic biology of the AAVs.

The relatively small ssDNA genome size for the parvoviruses
has allowed the use of genetic manipulation to identify functional
aas/regions of the VPs/capsid. For the AAVs these studies show
that the viruses have evolved to utilize the unique N-terminal
region of VP1 (VPIu) for a phospholipase A, (PLA,) function
required for endosomal escape during infection, N-terminal aas
common to VP1 and VP2 for nuclear entry, and aa stretches within
the common VP region for receptor attachment, tropism and
transduction efficiency, capsid assembly, DNA packaging, and host
antibody recognition. AAV2 is the best genetically characterized
AAV serotype. The role and aas/regions of the AAV2 capsid VDPs
and assembled capsid involved in the cellular interactions that
dictated successful infection will be discussed following a review of
the structural information available for the various AAV serotypes.

Towards correlating the VP /capsid function of the AAVs during
cellular infection with structural features, effort has been extended
to determine the structure of the representative members of the
AAV antigenic clade and clonal isolate groups using X-ray crystal-
lography and/or cryo-electron microscopy (cryo-EM) and image
reconstruction. Preliminary characterization of crystals or struc-
ture determinations have been reported for AAV1-AAV9 ((18-36)
and unpublished data). In the structures determined, only the
C-terminal overlapping VP aa residues (~520 aas) have been
observed (Fig. 1). This is also the case for all other parvovirus
structures determined to date (6). For example, in the crystal
structures of AAV2, AAV4, and AAVS aa residues 217-735, 216-
734, and 220-737 (VP1 numbering as will be used throughout
this chapter) are ordered, respectively. The unique VP1 N-terminal
region (VP1u) (138 aas), the N-terminal aas of VP2 that overlaps
with VP1 (65 aas), and the first ~15 residues of VP3, have been
disordered (24-26, 30, 31, 34). These “disordered” N-terminal
sequences are reported to be located inside the capsid (33, 37)
consistent with the location of the first N-terminal residue observed
in crystal structures (24-26). Interestingly, cryo-EM studies of
empty AAV2 capsids identified density “globules” located inside
the capsid at the icosahedral twofold axis that have been inter-
preted as the N-terminal regions of VP1 and VP2 (33). These
globules were absent in reconstructions of empty capsids in which
VP1, VP2 or VPland VP2 were deleted ((33), unpublished data).
They were also not detected in fractions that contained only full
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Fig. 1. The AAV VP structure. (a) Ribbon diagram of the AAV2 VP3 (PDB ID # 1LP3) showing B-strands (in blue), the
conserved oA (in red), and the loops connecting the strands (in orange). The strands of the core eight-stranded p-barrel
are labeled along with BA, the DE loop (between 3-strands D and BE), the HI loop (between p-strands 3H and Bl), and the
GH loop (between B-strands BG and BH). The N- and C-termini of the ordered overlapping VP3 region are labeled. The
approximate icosahedral two-, three-, and fivefold axes are depicted by the filled oval, triangle, and pentagon, respectively.
The capsid interior and exterior are also indicated. (b) Superimposition of the crystal structures of AAV1 (magenta),
AAV2 (blue), AAV4 (red), AAVS (gray), AAV6 (pink), AAV7 (cyan), AAV8 (green), and AAV9 (brown). Common variable regions
(labeled I-1X), the N- and C-termini, and the interior and exterior capsid regions are labeled. The approximate icosahedral
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two-, three-, and fivefold axes are depicted by the filled oval, triangle, and pentagon, respectively.

capsids and in AAV1 empty capsids (38). The lack of N-terminal
VP sequence ordering in the high-resolution structures is likely
due to the low copy numbers of VP1 and VP2 in the capsids (men-
tioned above) and to the possibility that the N-termini of VP1,
VP2, and VP3 adopt different conformations inside the capsid,
which is incompatible with the icosahedral symmetry assumed dur-

ing structure determination.
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The topology of the structurally ordered common VP region
(hereafter referred to as VP3 since this protein is the most abun-
dant in the capsid) is highly conserved between the AAV
serotypes and among members of other parvovirus genera, even
for members that are only ~20% or less identical at the aa sequence
level, such as AAV2 and B19 (39). It consists of a core eight-
stranded (BB-BI, named from the N to the C-terminus of the
VP3 structure) antiparallel B-barrel motif that forms the contigu-
ous capsid shell and an a-helix (aA), which are conserved in all
parvovirus structures determined to date (Fig. 1a) (6). There is
an additional B-strand, BA, at the N-terminal region of the VP3,
which forms antiparallel interactions with BB and is also con-
served in all the AAV and parvovirus structures (Fig. la). Loop
insertions between the B-barrel strands, which also contain small
stretches of B-strand structure, form the majority (~70%) of the
VP3 topology (Fig. 1a). The loops are named for the strands they
connect; for example, the DE loop is located between B-strands
BD and BE. The largest of the connecting loops is the GH loop
between BG and BH and contains ~230 aas and encompasses
variable regions (VR) IV to VIII (Fig. 1b), while the smallest, the
FG loop, is only 2-3 aas in length.

The 60 copies of the VP monomers assemble the T=1 icosahedral
capsid via two-, three-, and fivefold symmetry-related interactions
(Fig. 2a—c). These interactions create the characteristic features of
the AAV capsids, depressions at the twofold axes, protrusions sur-
rounding a depression at the threefold axes, and cylindrical channels
at the fivefold axes surrounded by a depression (Fig. 2d-f). A
conserved loop at the C-termini of the VP (e.g. residues 696-704
in AAV2), located after BI, invade neighboring VP monomers to
form the majority of the icosahedral twofold symmetry-related
interactions and is located between this depression and that sur-
rounding the icosahedral fivefold axis (Fig. 2a). The conserved aA
helix is also involved in the twofold interactions and forms the wall
of the depression (Fig. 2a). The twofold interactions are the least
extensive between the VP monomers, being only one polypeptide
chain thick, making this capsid region the thinnest with the small-
est buried surface area of the three interacting symmetry interfaces
(24). The interactions between icosahedral threefold related VP
monomers are the most extensive and involve aa residues in the
BC, EF, and GH loops (Fig. 2b). The GH loops interdigitate to
form the spike-like protrusions offset from the icosahedral three-
fold axes (Fig. 2d-t). The HI loop forms most of the interactions
between icosahedral fivefold symmetry-related VP3 monomers
(Fig. 2¢). The loop is positioned above the B-strands of adjacent
VP3 monomers and forms the floor of the conserved depression
that surrounds the channel at the axis (Fig. 2¢). The remaining
fivefold interactions are formed by regions of the BBIDG sheet and
ordered N-terminal residues in adjacent monomers. The cylindrical
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5F channel

3F
depression

protrusion

Fig. 2. The AAV capsid structure. (a—c) Coil diagrams of AAV2 VP3s in a transparent surface rendering showing icosahedral
symmetry-related two-, three-, and fivefold interactions, respectively. The reference (Ref in blue), twofold (2F in orange),
threefold (3F1 and 3F2 in magenta and wheat) and fivefold (5F1 to 5F4 in red, cyan, brown, and green) related monomers are
labeled. In (a) the loops, which invade the symmetry-related monomer at the twofold axis are labeled. In (b) the interdigitation
of the Ref and a threefold (3F2) symmetry-related monomer forming one of the three protrusions, which surround the
threefold axis is highlighted by a dashed circle. In (c) the loop between BH and I that invades neighboring fivefold symmetry-
related monomer is highlighted by a dashed circle (for 5F2 on top of the 5F3 monomer) and is labeled on all five monomers.
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channel at the fivefold axis is formed by the DE loop, which is a
B-ribbon that creates a surface turret (Figs. la, b and 2c—f). This
channel connects the inside and outside of the capsid. As noted
above, the first structurally ordered N-terminal residue
observed for the AAVs (as is also the case for other parvoviruses)
is located inside the capsid at the base of this channel, consistent
with suggestions that this is the site for externalization of N-terminal
sequences for the PLA2 and NLS function for VP1. Exposure of
the phospholipase activity on the capsid surface is required for
parvovirus infectivity as discussed below (37, 40—406).
Comparison of the atomic models for the available AAV struc-
tures ((24-26) and unpublished data) shows that the core -barrel
motif (BB-BI labeled in Fig. 1a) and oA (shown in red in the rib-
bon diagram in Fig. 1a) are highly conserved (Fig. 1b), as has been
observed for the autonomous parvovirus capsids (reviewed in refs.
6,47). The N-terminal residues, BA strand, and BBIDG sheet form
the interior surface of the capsid, while the loops inserted between
the B-strands form the capsid surface (Fig. 1a, b) (48). These loops
are variable in conformation between the AAVs (Fig. 1b) as has
been observed for the autonomous parvovirus capsids (reviewed in
ref. 47). The AAV surface loop differences were designated I-1X
based on the comparison of AAV2 and AAV4; the two most structur-
ally different serotypes (compare the blue and red coil structures in
Fig. 1b) (24). The observed structural difference between these
two serotypes is consistent with their sequence divergence (~65%
sequence identity) (1). The variable surface loops are formed by
the differing amino acids. AAV2 and AAVS, which share a high
sequence identity (83%) between them, differ in just three of these
variable regions, I, IT, and IV (25). The AAV variable loops become
clustered, from icosahedral symmetry-related monomers, to form
the “wall” between the depressions surrounding the icosahedral
two- and fivefold axes, the “shoulder” and top of the three protru-
sions that surround the threefold axes, and the top of the channel
at the fivefold axes. The clustered loops create the differences in
surface topology observed between the AAV capsids (examples for
AAV2, AAV4 and AAVS shown in Fig. 2d-f). Variable regions I,
III, VII, and IX are located between the depressions surrounding
the two- and fivefold axes and results in differences in the thickness
and width of this wall between these two axes in the example viruses
shown in Fig. 2d-f. AAV4’s rounder protrusions surrounding the
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Fig. 2. (continued) (d—f) Depth-cued surface representation of the AAV2, AAVS, and AAV4 capsid crystal structures,
respectively, viewed down the icosahedral twofold axis. The regions of the capsid surface at the lowest radial distance from
the capsid center are in blue; those at the furthest distance are in red. The approximate positions of a twofold (2F) depression,
threefold (3F) protrusion and depression, a fivefold (5F) channel and an Hl loop on the floor of the depression surrounding
the 5F axis is indicated in (d). An HI loop position is also indicated in (e) and (f). The approximate icosahedral two, three,
and fivefold axes are depicted as in Fig. 1.
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1.3. AAV Cell Binding
and Entry

1.3.1. Recognition—Glycan
Receptor Interaction

threefold axis compared to the more pointed structures in AAV2
and AAVS is due to conformational differences in variable regions
1V, V, VI, and VIII (Fig. 2d, f). The differences at variable regions
IV, V, and VI are more pronounced in AAV4 compared to the
other serotype structures determined to date (red coil in Fig. 1b).
The difference at variable region II (top of the DE loop) creates
the structural difference at the top of the cylindrical channel
observed in AAV2 and AAV4 (Fig. 2d, f, respectively).

The available capsid structures for AAV serotypes AAVI-AAV9
can be divided into two general topologies with respect to the
protrusions that surround the icosahedral threefold axes. AAV1-
AAV3b, AAV6-AAVS have pointed “finger-like” protrusions, while
AAV4, AAV5, and AAV9 have “rounder” protrusions surrounding
the icosahedral threefold axis of symmetry (examples for AAV2,
AAV4, and AAVS shown in Fig. 2d-f). Sequence alignments and
3D homologous model building (data not shown) suggest that
AAV3, AAV10, and AAV12 will fall into the first structural class,
while AAV11 will be more like the structures with the rounder
protrusions. Interestingly, sequence alignments predicted that
AAV9 should fall into the first structural class although its surface
topology was more similar to the structures in the second class.
Significantly, surface topologies alone do not determine the recep-
tor binding or transduction phenotypes for the AAVs, since viruses
within each structure class appear to require specific recognition of
different surface receptors for transduction and they have different
transduction efficiencies in the same tissues (1). Thus the aa
sequence composition and structural topology of these surface
loops must encode several important functions, including tissue
tropism (including receptor recognition for internalization and
cellular trafficking), transduction efficiency, and the antigenic
responses directed against the capsid (Table 1).

Like most other viruses, attachment to a cell surface receptor is an
essential first step of parvovirus infection. Conventionally, it is
believed that after binding to a primary receptor, interaction with
a co-receptor leads to virus internalization of AAV via endocytosis.
A list of receptors that have been proposed to be used by the AAVs
for cell entry is shown in Table 2.

Cell transduction phenotypes for members of the AAVs have been
shown to be due to the ability of their capsids to use different cell
surface glycans for cell binding. Heparan sulfate proteoglycan
(HSPQG), the first receptor identified for an AAV virus (49), func-
tions primarily to attach the AAV2 and AAV3 serotypes to the cell
surface. AAV1, which is ~83% identical to AAV2, binds both a2-3
and a.2—6-N-linked sialic acid, not heparan sulfate (HS) (16, 50, 51).
AAV4 and AAV5 that are ~60% identical to cach other, and ~65%
to AAV2, also bind sialic acid, although AAV4 binds 0.2—3 O-linked
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Table 1
Variable regions on the AAV capsid structure
and annotated functions

VR Function References

I Transduction®/A20 & IVIG (65, 67,
neutralization 191)

II Transduction® (65)

11T Transduction®, A20 /MADb (65, 67,
neutralization 191)

v Transduction*/HS /MAb (65, 67)
& IVIG neutralization

A% Transduction/HB/HS / (64-67)
& IVIG neutralization

VI Transduction/HB/HS /& MAb (64-67)
& IVIG neutralization

VII A20/HS/MAD & IVIG (65)
Neutralization

VIII Transduction/HB /SIA /HS / (64-66)
MADb/IVIG neutralization

X Transduction/HB /A20, HS (65, 67,
& IVIG neutralization 191)

HB heparin binding, SIA sialic acid binding, HS human sera, IVIG intrave-
nous immunoglobulin
*Transduction inhibition not due to Hep-phenotype

Table 2

Glycan receptors and co-receptors for AAVs
Receptors/co-receptors References

AAV1 02-3/02-6 N linked SA (16,50, 51)

AAV2 HSPG, FGFR1, HGFR, integrins, (49, 69-73)

37/67 kDa LamR

AAV3 HSPG, 37,/67 kDa LamR (49,71)

AAV4 02-3 O linked SA (52,53)

AAV5 02-3 N linked SA, PDGFR (52-54)

AAV6 HSPG, 02-3/0.2-6 N linked SA (51, 55)

AAV7 Not determined

AAVS 37,/67 kDa LamR (71)

AAV9 Galactose, 37 /67 kDa LamR (56,57,71)
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sialic acids, while AAV5 binds a2—3 N-linked sialic acids ((52, 53)
and unpublished data). Platelet-derived growth factor receptor
(PDGEFR) is the sialylated protein mediating AAV5 infection (54).
AAVG6, a tissue culture adapted recombinant between AAV1 and
AAV2, binds both HS and sialic acid (51, 55). The nature of the
glycosylation (if any) required for cellular transduction by AAV7
and AAVS has not been determined. For AAV9 galactose has
been identified as a cell surface glycan mediating cellular entry
and transduction (56, 57). Thus the representative members of
the primate AAV clades fall into three broad groups with respect to
the cell surface glycans recognition for cellular transduction: those
that bind HS (AAV2, AAV3, and AAV6), those that bind sialic acid
(AAV1, AAV4, AAV5, and AAV6), and AAV9 that binds galactose
plus those for which there are no data (AAV7 and AAVS).

Despite the high structural homology between parvovirus
capsids, different regions, configured only on assembled capsids,
are used for receptor attachment by different parvoviruses (47, 58).
The depression at the icosahedral twofold axis is used by MVM
(59), the wall between the two- and fivefold depressions by CPV
(60-62), and the depression at the threefold axis by B19 (63).

Studies aimed at deciphering AAV tissue tropism and trans-
duction properties have utilized mutagenesis, cell binding, and
transduction assays, mainly on AAV2, to identify individual capsid
protein aa sequences that play a central role in cellular recognition
(64-67). Mutagenesis studies identified the aas responsible for
AAV2’s heparin-binding phenotype as R484, R487, K532, R585,
and R588, with R585 and R588 being the most critical for this
interaction (64, 66). It is noteworthy that several natural isolates of
AAV2_ in which the aa at positions 585 and 588 are not arginines;
do not bind HS (68).

The availability of the high-resolution 3D structure for AAV2
(26) enabled the visualization of the AAV2 HS binding site on the
capsid, with residues being contributed from symmetry-related VP
monomers at the wall of the protrusions surrounding the icosahe-
dral threefold axes and in the valley that runs from the two- to
threefold axis (Fig. 3a). More recently, cryo-EM and image recon-
struction studies of AAV2 complexed with either an HS oligosac-
charide or an HSPG have been used to structurally verify this
binding site on the AAV2 capsid (27, 32). In both studies, HS
density was shown proximal to the basic residues at the threefold
protrusion. In the Levy et al. study, (32) additional structural rear-
rangements were observed at the twofold and fivefold axes com-
pared to the wtAAV2 no-HS reconstruction, which were postulated
to be capsid transitions necessary for subsequent steps in the AAV
life cycle, such as the opening of the fivefold pore for PLA2 activity.
However, these additional structural rearrangements were not
reported by O’Donell et al. (27).

Using X-ray crystallography followed by mutagenesis, the
AAVS5 binding site for sialic acid has also been mapped to the
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Fig. 3. The receptor attachment regions on AAV2. (a) A trimer of the AAV2 VP3 (coil repre-
sentation, viewed down the icosahedral threefold axis and colored in blue (Ref), magenta
(3F2), and wheat (3F1)) showing the location of the heparan sulfate binding site residues
(R484, R487, K532, R585, and R588) as small spheres at the interface between each two
3-fold related monomers (labeled according to the monomer color, pink and wheat). R487
is hidden behind R585 and R588 in this top down view of the threefold axis. (b) Close-up
view (down the threefold axis) of a solid surface representation of a trimer of AAV2 VP3
(colored in gray (Ref), pink (3F2), and wheat (3F1)) showing the position of R585 and R588
(shaded in blue) and the proposed 511-NGR-513 integrin recognition motif (in red). The
approximate icosahedral two, three, and fivefold axes are indicated as in Fig. 1.

icosahedral threefold axes (unpublished results). In addition,
mutagenesis, transduction studies, 3D model building, and the
crystal structures of these viruses locates the AAV1 /AAV6 difter-
ence that results in their differential HS recognition to capsid
regions proximate to the AAV2 HS binding site (36, 52). These
observations suggest that there may be a common capsid site for
binding the glycan receptor in all of the AAV serotypes and differ-
ences in aa sequence and structural topology at this common site
dictates glycan specificity in recognition.
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1.3.2. Internalization—
Co-receptor Interaction

Potential co-receptors involved in internalization of AAV2 include
integrin aVB5, integrin a5B1, fibroblast growth factor receptor 1
(FGFR1), hepatocyte growth factor receptor, and 37/67-kDa
laminin receptor (69-73). FGFRI1 is also reported to function in
the internalization of AAV3 and laminin receptor is reported to
mediate cell entry by AAV3 as well as AAVS8 and AAV9 (69-71).
The only other AAV serotype for which a protein receptor has been
reported is AAV5 for which platelet-derived growth factor receptor
has been shown to mediate cellular recognition and transduction
(54). Thus this discussion of AAV co-receptor interaction for inter-
nalization will be mostly focused on AAV2.

Most AAVs enter the cell via clathrin-coated vesicles in a
dynamin-dependent process (74-76). For AAV5, caveolar uptake
into caveosome-like organelles has also been observed (77). Single
particle real-time tracking suggests that AAV2 uptake into HeLa
cells occurs within the range of 100 ms after multiple repeated
contacts with the cell membrane (78). However, endocytosis might
also be slow and rate limiting in other cell types (79). For AAV2,
inhibition of aV5 integrin prevents endocytosis (80). However,
the involvement of aVB5 integrin in AAV2 infection has also been
questioned by others (81). Binding to cell surface receptors trig-
gers intracellular signaling pathways such as Racl activation, which
leads to subsequent activation of the phosphoinositol-3-kinase
pathway (80). Activation of Racl seems to be necessary to initiate
endocytosis of AAV2. The phosphoinsititol-3-kinase pathway has
been suggested to influence movement of AAV2 particles to the
nucleus in endocytotic vesicles. The entry site on polarized cells
also has an influence on the infection outcome. AAV2 vectors
transduce polarized human airway epithelia more efficiently from
the basolateral surface than from the apical site (79).

There are some indications for specific AAV2 VP3 sequences
that interact with co-receptors. For binding to a5f1 integrin an
NGR motif comprising aas 511-513 of AAV2 has been identified
(73). This sequence motif'is present in most AAV serotypes, except
in AAV4, AAV5, and AAV11 (73). It is partially surface-exposed
and located close to the base of the threefold protrusions, across a
valley from AAV2’s HS binding site (Fig. 3b). Mutation of this site
has only a moderate effect on cell binding but blocks cell entry.
The NGR motif overlaps with a surface-exposed capsid domain,
called “dead zone,” where site-directed mutations can lead to a
greater than 1,000-fold decrease in transduction in vitro that is not
due to a defect in HS binding (65). The dead zone consists of 18
adjacent aa positions, localized in the capsid region between the
depressions at the icosahedral two- and fivefold axes, close to the
base of the protrusions that surround the threefold axis. It contains
aas contributed from the variable VP regions (discussed above)
that are clustered from symmetry-related monomers. The overlap
of the NGR motif with the dead zone and the proximity of this
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motif to the HS binding site suggest that binding to HS might
promote binding of potential cellular co-receptor proteins to
this domain. Structural rearrangements of the capsid following
HS binding observed by Levy et al. (32) were observed in this
capsid region close to the NGR motif and were postulated as
possible transitions that further exposure its residue to enable con-
tact with a co-receptor. In the Lochrie et al. study (65) a dimeric
heparin/bFGF /FGFRI complex was modelled into the dead zone.
However, structural studies of the AAV2-co-receptor complexes as
well as binding and interaction studies will be required to deter-
mine whether this domain is involved in co-receptor binding and
cell entry and the specific aas, which mediate the interactions.

Endosomal trafficking of AAV to the nuclear area is slow and a rate-
limiting process in a number of cell types (82-84). AAV capsids
could be co-localized with markers of early endosomes, late endo-
somes, recycling endosomes, and lysosomes (75, 85, 86). However,
it is difficult to determine which compartment is most relevant for
infection and which is part of a dead-end pathway. Particle-to-
infectivity ratios of 100-1,000 indicate that only a small fraction of
the applied viruses leads to successful infection or gene transduction.
AAV2 and AAVS5, the best characterized serotypes with respect to
endosomal trafficking, accumulate in perinuclear vesicles, presum-
ably recycling endosomes and AAV5 may then also enter the trans-
golgi network (76). Biochemical fractionation suggests that rAAV2
moves to the late endosomal (or even the lysosomal) compartment
(87, 88). However, other studies reported that AAV2 escapes from
carly endosomes (75, 89) suggesting that processing in later
compartments is not required for successful gene transduction.
These differences are not only cell-type dependent but also dose
dependent (85). At low multiplicity of infection (MOI), AAV2
capsids are primarily found in Rab7-positive late endosomes of HeLa
cells, whereas at high multiplicities they localize in Rabl1-positive
vesicles (85). The Rabl1 pathway seems to provide more efficient
transduction with AAV2 compared with the Rab7 pathway.

Inhibition of endosomal acidification by bafilomycin A or
NH, CI blocks infection with AAV2 (75, 83, 87, 90). This indicates
the requirement of acid-dependent host factors for endosomal
processing, although cell-type specific differences have also been
observed (90). Interactions of capsid proteins of AAV2 and AAVS
with endosomal proteases cathepsin B and L have been shown by
the yeast two hybrid system (91). The activity of these endosomal
proteases have a significant influence on the efficiency of AAV gene
transduction (91) probably by selective cleavage of capsid proteins
for further uncoating steps. The VP protein interaction domains or
the protease cleavage sites on the capsids are not known.

AAV exits from the endosomal compartment before it travels
to the nucleus (43). A phospholipase A2 (PLA2) domain located
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1.5. Gytoplasmic
Processing and
Nuclear Entry

on the VP1u of all AAV types (406) likely plays a crucial role in this
step. This has originally been shown in studies with the minute
virus of mice (MVM) and canine parvovirus (CPV) and confirmed
for AAV2 (42,92,93). PLA2-inactivating point mutations result in
low levels of gene transduction, although the mutant viruses accu-
mulate in a typical perinuclear pattern (45). The VP1lu containing
PLA2 domain is proposed to be buried inside the capsid of AAVs
and is not observed in the structures determined to date due to low
occupancy in the capsid (6). Genetic data suggest that VP1u might
be exposed through channels at the fivefold axes of symmetry (37).
Consistently, some weak electron density has been observed within
the fivefold channel of DNA containing CPV, MVM, and AAVS
into which a glycine sequence, conserved in most parvoviruses and
common to all the capsid VPs could be fitted (25, 95-97). In addi-
tion, molecular modelling has shown that an extended polypeptide
sequence can be accommodated in the channel at the fivefold axis
(33). However, the capsid structure with exposed VP1 N-termini
has not been solved experimentally, to date.

Several exchanges of channel forming aas that block exposure
of the PLA2 domain and strongly decrease infectivity suggested a
connection between exposure of the PLA domain through the
channels at the fivefold axes and infectivity (37). However, exchange
of the conserved leucine 336 at the base of the channel (inside)
may not only affect externalization of VP1,/VP2 N-termini but in
addition influence other structural features required for infection
(98). Mutation of a conserved phenylalanine 661 to glycine in the
HI loop, which forms the floor of the depression surrounding the
channel (Fig. 2c, as discussed above), prevented externalization of
VP1lu in vitro and led to a tenfold reduction in infectivity (99).
This suggests a connection between HI loop and channel opening
in VP1u exposure. It is possible that the HI loop mutation prevents
or alters its movement to open up the channel following HS binding
as proposed based on the structure of the AAV2-HS complex (32).
Importantly, exposure of VP1lu occurs also during AAV infection
invivo, most likely in the endosomal compartment (43). Bafilomycin
and chloroquine treatment inhibited VP1/VP2 externalization
indicating that endosomal acidification is involved in PLLA2 activa-
tion (75, 87). However, in vitro acidification of capsids to pH 5.5
did not lead to externalization of N-terminal capsid protein
sequences (unpublished data). Thus, it remains unclear how PLA2
externalization is triggered and by which mechanism PLA2 per-
mits escape from the endosomal vesicles.

Before AAV enters the nucleus, after endosomal /lysosomal escape,
further processing has to occur in the cytoplasm. This processing
requires modification of the capsid structure within the endosome,
because native viruses microinjected into the cytoplasm do not enter
the nucleus and do not lead to productive infection in presence
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of adenovirus coinfection (43). Ongoing structural studies under
pH conditions that mimic the environment encountered in the
endocytic pathway suggest capsid transitions that reorganize
surface aas (unpublished data); however, the exact nature of the
modification remains to be elucidated.

Treatment of cells with proteasome inhibitors significantly
increases gene transduction with AAV2, AAV5, AAV7, and AAVS8
(79, 87, 100-104). This has been interpreted to result from
reduced degradation of capsids in the cytoplasm since increased
gene transduction is associated with increased nuclear accumula-
tion of viral genomes. The effect of proteasome inhibitors shows
cell-type specificity (90, 103). Interestingly, they also had a differ-
ential effect on gene transduction of polarized human airway epi-
thelia when the vectors were applied from the apical site versus
the basolateral site. Gene transduction from the apical surface was
strongly stimulated, while the basolateral infection pathway was
not significantly affected (101). Capsids immunoprecipitated with
capsid-specific antibodies show a reaction with ubiquitin antibod-
ies in western blotting indicating ubiquitination of capsids within
infected cells (105-107). Inhibition of EGFR-PTK signaling leads
to decreased ubiquitination of AAV2 capsids suggesting that
protein phosphorylation precedes ubiquitination and proteasomal
degradation of capsids (105). Consequently, mutation of capsid
surface tyrosines, proposed to be phosphorylation sites, reduced
VP protein ubiquitination and enhanced nuclear transport of
vectors and gene transduction (106, 107). Treatment of cells with
proteasome inhibitors may not only influence processes in the
cytoplasm but also in the nucleus.

Movement of AAV in the cytoplasm to the nucleus can possibly
be directed along the cytoskeleton and facilitated by ATP-dependent
motor proteins, although Brownian diffusion has also been
observed (78). Interaction of AAV capsids with microtubule-
associated proteins has been reported (108, 109). Treatment of
cells with microtubule- or microfilament-directed drugs showed
various effects on infection or gene transduction. In some cases
they had no effect; while in others they prevented trafficking of
viral particles to the nucleus (78, 80, 110). However, there was no
discrimination as to whether the drugs affected viral transport
within vesicles or after release into the cytoplasm. Modification of
an AAV2 capsid with a dynein light chain binding peptide at posi-
tions 583 and 587 (on the threefold protrusions) increased viral
transduction suggesting that AAV is able to use dynein for efficient
cytoplasmic movement to the nucleus (111).

Little is known about the process that allows translocation of
AAV across the nuclear membranes. Proteasome inhibitors (79,
87,100, 102, 106, 107, 112) and adenovirus have been described
to increase nuclear accumulation of AAV. The VP1/VP2 N-termini
contain three basic sequence motifs (here abbreviated as (BC) for



62 M. Agbandje-McKenna and J. Kleinschmidt

1.6. Nuclear Events

1.6.1. Uncoating

basic clusters), which resemble classical nuclear localization signals
(NLS). Mutation of each of these sequences dramatically reduced
AAV infectivity (43, 67), while in another report mutation of BC1
and BC2 had only a moderate effect (113). Cytoplasmic injection
of VP1/VP2 N-terminus specific antibodies, which recognize
epitopes close to these motifs, inhibited infection showing that
these domains are accessible on the capsid surface in the cytoplasm
(43). Exchange of BC3 aas inhibited transfer of encapsulated DNA
into the nucleus and this defect could be reversed by a CPV-derived
NLS supporting the interpretation that BC3 acts as an NLS for
nuclear transport of the capsids (113). Isolated BC3 peptides,
however, did not show nuclear transport activity when coupled to
a reporter protein, in contrast to peptides of BC1 and BC2, which
showed NLS activity (43). Microinjection of virions into the
cytoplasm with or without exposed N-termini did not lead to
detectable nuclear transport of viruses, whereas standard nuclear
proteins show efficient and fast nuclear accumulation in such an
assay. This indicates that the process is at least very inefficient and
may require additional processing of capsids in the endosome (43)
as already mentioned. Furthermore, in vitro experiments suggest
that nuclear uptake of capsids may not occur by transport through
the nuclear pore-complex, but through an as yet unidentified
pathway (89, 114). For MVM, perforation of the nuclear membrane
has been observed upon microinjection of the virus into Xenopus
Oocytes (115). This has later also been confirmed by infection of
mouse fibroblasts suggesting that the nuclear import mechanism
might involve disruption of the nuclear envelope and import
through the resulting holes (116). Whether AAV follows an analo-
gous pathway for nuclear entry has not been shown.

AAV uncoating is a slow process (117-120). The detection of AAV
capsids in the nucleus (75, 80, 89) suggested that it occurs in the
nucleus. Microinjection of different antibodies, which react with
capsids and not with disassembled capsid proteins, into the nucleus
prevented infection with AAV2 providing functional evidence for
uncoating in the nucleus (43). Also antibodies directed against the
exposed VP1,/VP2 N-termini inhibited infection, whereas an anti-
body reacting with the C-terminus of the capsid proteins, which is
not accessible on intact capsids, had no effect. However, another
report suggests that uncoating may occur before or during nuclear
entry (121). AAV genomes could be detected by fluorescent in situ
hybridization in the nucleus without detectable amounts of capsids,
while the majority of genomes remained in a peri-nuclear area in
co-localization with capsids. This observation was interpreted in
favor of uncoating before or during nuclear entry (121). The
assumption for this interpretation is that genomes and capsids were
detected with the same sensitivity. In vitro capsid disassembly has
been reported with a nuclear but not with a cytoplasmic extract of



3 AAV Capsid Structure and Cell Interactions 63

liver cells (118), suggesting a need for nuclear factors. However, it
is also conceivable that genome release occurs without capsid
disassembly.

Parvoviruses are able to release their genome in vitro after
treatment with heat or urea from intact capsids (122-124). Upon
heat treatment of AAV virus particles at 65°C a species could be
detected (by sedimentation analysis), which had lost its genomes
(37). Electron microscopic analysis of such preparations showed
freshly released AAV genomes associated with intact capsids
(unpublished data). Attempts to analyze DNA release in vivo
indicated a high stability of the virions in cells and excluded an
extensive genome release during viral entry (43, 94). Only 10-20%
of viral input DNA became nuclease sensitive during infection
(43). The process/mechanism of DNA release in vivo is also not
yet known. It is possible that the exposed VP1,/VP2 N-termini
detected in the nucleus (43) play a role in the uncoating reaction.
The VP1,/VP2 N termini contain a conserved binding motif for
CDK2/CyclinA kinase (94). This is the same sequence that has
been suggested to function also as a nuclear localization signal for
AAV2 (113). It has been proposed that interaction of CDK2/
cyclinA kinase with this motif may lead to phosphorylation of the
AAV capsid during infection. Inhibition of CDK2 kinase enhanced
gene transduction of AAVS and AAV2; however, mutation of the
sequence motif significantly reduced infectivity of AAV2 (43, 67),
maybe due to overlapping functions in the infection process.
Further investigation is required to clarify the role of this sequence
element in AAV infection and gene transduction.

A crucial step following genome release is the conversion of the
ssDNA AAV genome into a double strand (ds) form, a prerequisite
for gene expression (118, 125-132). Whether ssDNA conversion
is associated with the genome release is not known. However, it
could be advantageous given the high instability of free ssDNA.
Circularisation, concatemerization (133, 134) and integration
(135) are further key steps following ssDNA conversion that
characterize gene transduction and the fate of transduced cells.

There have been several reports that processing of AAV
genomes in the nucleus takes place in specific nuclear structures
that overlap with the localization of DNA-damage-response pro-
teins (136-138). Whether capsids also localize to these areas has
not been analyzed. In a recent report capsids were observed to
become localized to the nucleoli of infected cells (139). These
virus capsids were found to retain infectivity upon isolation from
nucleoli and reinfection, suggesting that they did not release their
genomes in the nucleoli. Treatment with proteasome inhibitors
increased nucleolar accumulation whereas hydroxyurea mobilized
viruses into the nucleoplasm. However, both treatments stimulated
transduction. Also siRNA mediated knock down of nucleolin and
nucleophosmin both stimulated gene transduction, although they
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had opposite effects on nucleolar localization of the virus capsids.
These results were interpreted with the assumption of two different
intra-nuclear tratficking pathways. Nothing is known about capsid
structures involved in any of these intra-nuclear processes.

AAV DNA is replicated by an ssDNA displacement mechanism and
involves the formation of monomer and dimer duplex replication
intermediates (RFm and RFd) (140). The I'TRs act as origins of
replication and are the only cis-acting elements required for AAV
DNA replication and encapsidation (8-10). Rep proteins Rep78
and Rep68 bind to the ITRs (141-145), catalyse the resolution of
closed termini by their site-specific endonuclease and helicase
activities and reinitiate replication (146-148). The large Rep pro-
teins (Rep78 or Rep68), DNA polymerase 6, REC, PCNA, and the
minichromosome maintenance complex are the minimal protein
complexes required in zrans for AAV DNA replication in vitro
(149). DNA replication is stimulated by cellular- or helper virus-
derived ssDNA binding proteins (150-152). Capsids and capsid
proteins do not play a role in the formation of REm and RFd DNA;
however, accumulation of displaced ssDNA depends on the pres-
ence of capsids (153). This is also reflected at the cellular level by
the detection of Rep protein expression in co-localization with
AAV DNA early in infection when no VP expression is detectable
(154). At later stages in infection when DNA becomes encapsi-
dated, Rep proteins, VPs, and AAV DNA co-localize in clusters
within the nucleus (154-156). It seems that capsids sequester
ssDNA to protect it from degradation, because ssDNA could not
be detected in extracts of cells transfected with a packaging mutant
(AAV2-R432A), which is capable of capsid formation but not
ssDNA encapsidation (157). Itis not known whether or not ssDNA
encapsidation depends on DNA replication. Addition of aphidico-
lin to an in vitro encapsidation reaction prevented the formation of
packaged AAV particles suggesting that packaging of AAV DNA
was dependent on active DNA replication (158). Furthermore, in
pulse chase experiments, hydroxyl urea inhibited DNA encapsida-
tion when the drug was included in the labeling period (159)
supporting a dependence on replication. However, addition of
hydroxyurea after the labeling step did not prevent packaging. This
later result suggests that packaging can occur from a pool of repli-
cated DNA under conditions in which replication is inhibited.

Based on pulse chase experiments Myers and Carter established
the pathway of AAV assembly by showing that free VPs rapidly
assemble into empty capsids into which viral ssDNA is inserted in
a slow process, which lasts several hours (159). There is mounting
evidence that capsid assembly occurs in the nucleus. Capsids
are first detected in nucleoli of productively infected cells (154).
At later stages of infection they are detected throughout the
nucleus and co-localize with Rep proteins and DNA in subnuclear
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clusters (154—-156). Capsids assembled in the absence of Rep proteins
remain mainly associated with nucleoli, while co-expression of Rep
proteins leads to mobilization of capsids into other parts of the
nucleus (154). Two nucleolar proteins — nucleolin and nucleo-
phosmin — have been found to be associated with AAV capsids or
VPs (81, 160). Interestingly, Rep68 also interacts with nucleo-
phosmin and transiently co-localizes with nucleophosmin and
capsids at the border of nucleoli (160). Interaction sites of these
proteins with capsids are not known and a functional role in the
capsid assembly process has not been described. Newly synthesized
capsid proteins VP1 and VP2 accumulate efficiently in the nucleus,
whereas VP3 stays to some extent in the cytoplasm (154, 161).
N-terminal deletions of VP2 suggested a nuclear localization signal
between aas 166 and 171 comprising the sequence PAKKRL.
However, this sequence was not sufficient to transport a heterolo-
gous protein into the nucleus (43). Since capsid assembly depends
on the concentration of expressed VPs (154), their nuclear accu-
mulation might not only provide interaction with nuclear factors
that facilitate the assembly reaction but might also increase their
local concentration.

Biochemical fractionation experiments showed that VPs oli-
gomerize in the cytoplasm, but do not form capsids (162). Using
sedimentation experiments in sucrose density gradients, in the low
molecular weight range, a small fraction of monomers could be
separated from a 10 to 15§ fraction containing all three capsid
proteins, which is compatible with a transient pool of VP trimers or
pentamers (162). In the nucleus the vast majority of VDPs is assem-
bled into capsids sedimenting between 60S and 110S. Besides the
soluble pools of capsids and VP proteins an insoluble pool of VPs
and capsids exists in the nucleus for which nothing is known con-
cerning its contribution to the assembly reaction (162).

Controversial observations have been published regarding the
requirement of the different VPs VP1, VP2, and VP3 for capsid
formation. Initially it was reported that VP3 alone, partially located
in the cytoplasm, is not able to form capsids (161, 163). When,
however, VP3 was fused with a nuclear localization signal it accu-
mulated in the nucleus and capsid assembly could be detected
(164), suggesting that VP3 contains sufficient information for
virus-like-particle assembly. In addition, two groups reported
formation of VP3 only capsids using cap gene constructs in which
expression of VP1 and VP2 was abolished (165, 166).

This controversy has more recently been resolved by the dis-
covery of an assembly activating protein expressed from an alterna-
tive open reading frame of the cap gene, initiated upstream of the
VP3 coding sequence (167).

The first insertional mutagenesis study on the AAV2 cap gene
described seven mutants, which were negative for production of
capsids protecting the viral genome (166). These were located at
approximate amino acid (aa) positions 52, 182, 397,453,617, and
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618 (VP1 numbering) (166). However, due to the fact that capsid
formation and DNA packaging were not distinguished in this study
it is difficult to assign the phenotype of the mutations to one of the
two processes. Since this study, there have been several reports of
site-directed mutations, which have abrogated capsid assembly
(Fig. 4a, Table 3). These include charge to alanine scanning mutants
at aas stretches 228-232, 235-239, 285-289, 291-295, 307-311,
607-611,681-683, 689-693 (67); mutations at aas 309, 310, and
312 (113); and mutations at aas 322, 322 /323 /324 (37). A num-
ber of insertion mutations in the VP1/VP2 N-termini (not
observed in the AAV2 crystal structure), as well as at aas 224, 323,
339, 375, 441, 454, 472, 480, 526, 553, 562, 590, 638, 664,
682, and 735 within the ordered VP3 sequence have also been
reported to result in no capsid phenotypes (67, 190).

The aas mutations which play a role in capsid assembly and are
ordered in the available crystal structure of AAV2 span the entire
VP3 common sequence but most of them are clustered on the
assembled capsid structure, (1) at VP:VP monomer interfaces and
involved in symmetry-related interactions, (2) located close to the
fivefold channel, or (3) located in essential secondary structure ele-
ments, such as BD and PI (Fig. 4a, Table 3). The block in the
assembly pathway by these mutants have not been determined, but
clustering at symmetry-related interfaces suggests the inhibition of
the aa interactions necessary to generate the building block(s)
required for capsid assembly (e.g. monomer interface mutations)
or they may result in protein folding problems (e.g. mutations in
secondary structure elements).

Packaging of ssDNA generated by strand displacement DNA syn-
thesis into preformed empty capsids is a slow reaction (159). By
density gradient centrifugation assembly intermediates containing
partially encapsulated DNA associated with capsids can be detected
(159, 168). The only necessary cis acting element for genome
encapsidation is the ITR (7). Since this element is also required as
origin for DNA replication it has been difficult to define a separate
packaging signal. Several reports suggest that the D element
within the I'TR (or part of'it) acts as a packaging signal (169-172).
Determination of the efficiency of packaging with respect to the
genome size showed that encapsidation of AAV (vector) genomes
between 4.1 and 4.9 kb was optimal (173). Packaging efficiencies
of genomes over 5.2 kb were strongly reduced and packaging was
suboptimal below 4.1 kb. The observation that genomes of
less than half of the wild-type genome size were packaged with
two copies per virion suggested that AAV packaging follows a
“head full” mechanism. Several studies reported packaging of
oversized genomes (of 5.6-8.9 kb) into different AAV serotype
capsids (174-176). Using DNA sequences of different length
and multiple AAV serotypes, three recent reports showed that the
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Fig. 4. Capsid location of assembly and genome packaging determinants. (a) A coil representation of a 9mer of AAV2 VP3
monomers (in different colors with the reference monomer in blue, and positioned as in Figs. 2a and 3a) viewed down the ico-
sahedral twofold axis and showing the location of amino acids positions (either single site change, insertion site, or in the middle
of a stretch of amino acids mutated, see Table 3 for stretches), which led to a no-capsid phenotype as small spheres colored
the same as the contributing monomer. The residues on the reference monomer are labeled. The no-capsid mutations are
located at secondary structure elements or VP:VP interfaces (see Table 3). (b) A coil representation a 9mer of AAV2 VP3 mono-
mers (colored and viewed as in (a)) showing the location of amino acids which when mutated led to a no-packaging phenotype
(see Table 4). Other than residues 329 and 330 on the DE loop, the remaining mutant amino acids are clustered around the
threefold axes. The approximate two (2F), three (3F), and fivefold (5F) axes are indicated by arrows and labeled.
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Table 3

Location of capsid assembly mutants on the AAV2 capsid
structure

AA # VP/capsid location References
228-232 BA strand, 5F interaction (67)
235-239 Wall of 2F axis, close to aA (67)
285-289 BC strand (67)
291-295 oA (67)
307-312 Interior surface, D Strand (67,113
322-324 DE loop, 5F interaction (37, 168)
607-611 Buried, strand region, close to 3Faxis (67)
681-683 BI strand, interior capsid surface, (67)
689-693 Buried, 2F interface (67)

physical packaging size of AAV genomes is limited to approximately
5 kb (177-179). The apparent packaging of oversized genomes
was shown to be due to partial packaging of fragments of the larger
DNA which at high multiplicities of infection could reassemble in
the host cells and lead to a low level expression of the full length
transgene.

Co-localization of AAV DNA, capsids, and Rep proteins in
nuclear foci at some stage of virus reproduction suggests that
genome replication and encapsidation are coordinated (154-156).
Provision of the cap gene in trans — as required for packaging of
recombinant genomes — does not efficiently support encapsidation,
suggesting a link between cap expression in cis and encapsidation
(180). This is also reflected in a lower genome-to-particle ratio of
recombinant vectors compared to wt viruses generated by transient
transfection (181-184). The molecular basis for this observation
has not been elucidated. Immunoprecipitation experiments dem-
onstrated interactions of Rep proteins with capsids during genome
packaging (162, 168). Part of the capsid-associated Rep protein is
covalently linked to the 5" end of replicated DNA and can be
released by DNAse treatment (185). But also a DNA-independent
interaction of Rep proteins with empty capsids as well as specific
Rep—Rep interactions were demonstrated (186). Since the large
Rep proteins bind specifically to the I'TRs, it was proposed that Rep
proteins mediate the attachment of the ssDNA AAV genome to
the capsid in order to initiate the packaging reaction (186). This
hypothesis is supported by the observation that the small Rep pro-
teins, Rep52 and Rep40, are required for DNA encapsidation
(187), and that the helicase function of these proteins is needed to
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completely insert capsid-associated DNA genomes into capsids
(188). Mutation of the DNA-binding aas of Rep40 results in a
significant packaging defect (189). Genome encapsidation is sug-
gested to proceed in a preferred 3’ to 5' direction and the helicase
activity of the small (and possibly the large) Rep proteins, present
in encapsidation complexes, are proposed to drive translocation
of full length ssDNA into procapsids (188).

The Rep protein domains involved in Rep—Cap interactions
were mapped to aas 322482 comprising the Rep ATPase /helicase
domain (186). A panel of mutants with aa exchanges at the fivefold
channel of the AAV2 capsid showed reduced genome packaging
and reduced Rep—capsid binding (157). Mutations of two threonines
at the rim of the channel (T329A/T330A) at the fivefold axes
(Fig. 4b, Table 4) strongly reduced Rep—capsid interactions. This
suggests that highly conserved AAV VP aas at this capsid region are
(directly or indirectly) involved in rep—capsid interaction (157).
However, the portal through which AAV ssDNA genomes are
inserted into capsids has not been determined at the structural
level. Another packaging mutant (R432A) (67) located closer to
the threefold axis, distant from the channel and not surface exposed
in the assembled wild type capsid structure (Fig. 4b) showed
increased Rep binding to the capsid (157). In the wild type AAV2
crystal structure, the side-chain of R432 is involved in interactions
with the main chain ofa surface loop, VR I (Fig. 1b), from a threefold
symmetry-related monomer. The change to alanine would disrupt
this interaction and is likely to result in a structural change on the
capsid surface. Thus the observed increase in Rep interaction
suggests that the anticipated structural change on the capsid in the
mutant alters capsid—Rep interactions. Further studies are required
to characterize the increased Rep binding properties of this mutant.
A further hot spot of packaging deficient mutants was observed at
positions 520, 540, and 549 (190). These amino acids line the
wall/base of the threefold protrusions (Fig. 4b, Table 4). Also
close to the base of the threefold protrusions, conversion of the
NGR motif (aa 511-513) (Fig. 4b, Table 4) to RGD produces
empty capsids (73). This motif] discussed earlier in association with
co-receptor binding, is located close to aa 432 discussed above
(Fig. 4b). Another cluster of packaging deficient insertion muta-
tions was observed at aas 584, 595, and 597 (190). However, the
packaging defect observed at position 584 depended on the
sequence of the inserted peptide indicating a rather indirect effect
on the packaging process. Mapping of the residues onto the crystal
structure of AAV2 shows them mostly located at or close to the
threefold axis with the exception of 329 and 330. Thus while all
these mutants have not been further analyzed with respect to the
molecular basis of the packaging defect, the involvement of the
threefold residues suggests a direct or indirect role for this capsid
region in capsid-Rep interactions during this process.
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1.7. AAV Capsid
Interactions with the
Host Immune System

Table 4
Location of genome packaging mutants on the AAV2
capsid structure

AA # VP/capsid location References
329, 330 DE loop, top of 5F pore (157)
432 Buried, base of 3F protrusion, GH loop (67)
511-513 Surface, close to 3F axis (73)
520 Buried, base of 3F protrusion (168)
540 Buried, base of 3F protrusion (168)
549 Surface, base of 3F protrusion, close to (168)
5F symmetry-related HI loop

584 Surface, 3F axis side of 3F protrusion (168)
595 3F interface (168)
597 Surface, at 3F axis inside depression (168)

The AAV capsid is susceptible to both T-cell and B-cell mediated
host antibody responses as discussed in Chapter 11. Several studies
have shown that pre-existing immunity to AAV can limit effective
gene transfer most likely due to antibody mediated neutralization
of incoming vectors (e.g. (191, 192)). These pre-existing host
immune responses, in addition to those that could arise following
vector administration thus represent a major obstacle to the use of
the AAVs as effective gene delivery systems. Thus, in efforts to
understand the antigenic structure of the AAV capsid, attention
has been directed at characterizing AAV interactions with antibodies.
AAV2 is the best antigenically characterized serotype using anti-
bodies generated in mouse (154, 193), although some mouse
antibodies have also been generated against other serotypes,
including AAV1, AAV4-AAV6 (194), and AAV8 and AAV9
(unpublished data). In AAV2, three linear epitopes (Al, A69, and
B1) and four conformational epitopes (A20, C24-B, C37-B, and D3)
have been reported by Wobus et al. (193) based on peptide mapping,
although the residues for the C24-B site have not been identified.
In addition, Moskalenko et al. (192) were able to identify VP peptides
capable of blocking capsid binding by human serum samples.

The linear AAV2 Al antibody recognizes VP1 only (aa 123-
131), while A69 recognizes a peptide in the VP1/VP2 common
region (aa 169-184), and B1 recognizes all three capsid proteins
via an epitope at their C-termini (aa 726-733) (193). The B1 anti-
body is non-neutralizing. The Al and A69 antibodies cannot
neutralize infection when applied extracellularly because their
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Fig. 5. Antigenic structure of the AAV2 capsid. A stick representation of the AAV2 capsid
(assembled from 60 VP3 monomers) in gray viewed down the icosahedral twofold axis
with the amino acids for different antigenic epitopes depicted as colored spheres: A20 is
in green and cyan, C37-B is in magenta, D3 is in orange, and B1 is in blue. The approximate
two, three, and fivefold axes are indicated as in Fig. 4.

N-terminal epitopes are inside the capsid, but are neutralizing
when injected into the cytoplasm or the nucleus, consistent with
the externalization of these regions during AAV trafficking (43).
The Al and A69 epitopes are not ordered in the available crystal
structure of AAV2 and the B1 epitope is located close to the icosa-
hedral twofold axis of the capsid but is partially buried (Fig. 5, blue
spheres), consistent with its recognition of only denatured VDs.
The Al antibody was reported to cross-react with serotypes AAVI1-
AAV6, the A69 antibody cross-reacts weakly with AAV1, AAV3,
and AAV6, and Bl cross-reacts with most of the AAV serotypes
except AAV4 and newly isolated AAV4-like viruses. These reactivi-
ties are consistent with sequence homology between these viruses
in the epitopes, with the similarity between AAV4 and AAV5 with
each other and the other representative members of the AAV anti-
genic clades (1).

The Wobus et al. AAV2 antibodies, which recognize confor-
mational epitopes, have been reported to utilize different mecha-
nisms for virus neutralization (193). The C24-B and C37-B
antibodies elicit neutralization by inhibiting virus attachment to
its HS receptor, A20 antibody functions at a post attachment step,
and D3 is non-neutralizing. The conformation antibodies recog-
nize regions on the capsid surface loops clustered at the icosahe-
dral threefold axes, the protrusions that surround them or close to
the protrusions (Fig. 5), consistent with the important roles of
these regions in the infection pathway as already described. The
A20 antibody, which is widely used for verifying the presence of
assembled AAV2 capsids and only cross-reacts with AAV3,
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was originally reported to recognize aas 272-281, 369-378, and
566-575 (Fig. 5, green spheres) (193). Further mutagenesis of
individual AAV2 surface aas in a study aimed at characterizing its
antigenic structure identified additional aas 263, 264, 384, 385,
548, and 708, as forming part of the A20 footprint (Fig. 5, cyan
spheres) (65). The A20 epitope thus contains amino acids from
four difterent regions of the VP3 sequence that are clustered
together on the capsid surface ridge between the two-, three-, and
fivefold axes in the AAV2 capsid structure, at or close the VR I,
III, VII, and IX. The peptide mapped footprint also extends under
the HI loop, which lines the floor of the depression surrounding
the fivefold axis (Fig. 5, green spheres). The Lochrie et al. study
also identified residues in VR I and IV to IX as playing a role in
AAV2 binding and recognition by pooled human sera and intra-
venous immunoglobulin G (65). This footprint as well as that
recognized by A20 overlaps with the transduction dead zone pro-
posed to be involved co-receptor recognition by Lochrie et al.
(65). Thus the A20 antibody, pooled sera, and immunoglobulin G
may potentially be blocking co-receptor or some other interaction
and inhibiting subsequent steps required for trafficking and capsid
uncoating. This possibility requires further investigation. The
C37-B antibody specifically recognizes only AAV2 (193). Its
epitope contains aas 493-502 and 602-610, which are located in
VR V and close to VR VIII containing the critical AAV2 HS bind-
ing residues R585 and R588 (Fig. 5, magenta spheres). Thus, the
HS binding inhibition neutralizing mechanism for this antibody is
consistent with the structural location of its epitope. The D3 anti-
body cross-reacts with AAV1, AAV3, and AAV5, but not AAV4,
consistent with the conservation of its epitope residues, aas 474—
483, in the former AAV serotypes. These residues are located at
the threefold axis (Fig. 5, orange spheres) close to VR V and other
structural differences between AAV2 and AAV4, which surround
the threefold protrusions, consistent with its lack of AAV4 recog-
nition. The D3 epitope is mostly buried below surface loops
(Fig. 5), which may explain the non-neutralizing phenotype of
the antibody.

The AAV2 peptides reported to inhibit binding by neutralizing
bodies by Moskalenko et al. (192) include six stretches of amino
acids located in the common VP3 sequence and do not overlap
with the amino acids regions mapped for the Wobus et al. antibod-
ies. These peptides contain aas 241-260, 305-356, 401420,
443-460, 473484, and 697-716, which are structurally located
in strand BB, strands BD-BE, strands BF-BG, VR 1V, strand region
of GH loop, and VR IX, respectively, of the VP3 crystal structure.
The b-strand amino acids are not surface accessible on the assem-
bled capsid suggesting that antibodies recognized by peptides from
this region were generated against degraded capsid VPs. The 443—
460 and 697-716, located in VR IV and IX, respectively, may be
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capable of interacting with antibodies generated against capsid
given their surface exposure.

The next phase of the characterization of the antigenic structures
of the AAVs, with respect to antibody recognition, is utilizing
structural biology combined with mutagenesis and biochemical
approaches. These studies are confirming the epitopes identified by
peptide mapping and site-directed mutagenesis, identifying sites
for newly generated antibodies, such as the ADK series (194) and
providing information on dominant antigenic regions of the capsid
(unpublished results). The anticipation is that such studies will
provide a better understanding of capsid regions, which are targets
for pre-existing host immune responses to be engineered to circum-
vent these interactions and improve vector efficacy.

2. Materials

2.1. Structure
Determination AAV
Virus-Like Particles by
X-Ray Crystallography
and GCryo-Electron
Microscopy

1. Bac-to-Bac expression system (Invitrogen, Calsbad, CA).
2. pFastBac™ donor plasmid (Invitrogen, Calsbad, CA).

. Control plasmid (pFastBac™-Gus or pFastBac™ HT-CAT)
(Invitrogen, Calsbad, CA).

4. MAX Efficiency® DH10Bac™ competent cells CellFECTIN®
reagent (Invitrogen, Calsbad, CA).

. JM109 cells (Promega, Madison, WI).

. CellFECTIN® reagent (Invitrogen, Calsbad, CA).

. Restriction enzymes (New England Biolabs, Ipswich, MA).
. T4 DNA ligase (New England Biolabs, Ipswich, MA).

. Calf Intestinal Alkaline Phosphotase (New England Biolabs,
Ipswich, MA).

10. Fetal Bovine Serum (FBS) (Gibco/Invitrogen, Calsbad, CA).

11. E. coli competent cells (Invitrogen, Calsbad, CA).

w
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12. Antibiotics (Ampicillin, Gentamicin, Kanamycin, Antimycotic,
tetracycline).

13. Antibiotic and Antimycotic (Sigma, St. Louis, MO).
14. Bluo-gal (Invitrogen, Calsbad, CA).

15. IPTG (Sigma, St. Louis, MO).

16. RNAse A.

17. LB Medium (Sigma, St. Louis, MO).

18. §.0.C Medium (Invitrogen, Calsbad, CA).

19. §£-900 11 Medium and S$f-900 II Medium 1.3x (Gibco/
Invitrogen, Calsbad, CA).

20. Grace’s Medium (Sigma, St. Louis, MO).
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2.2. Subcellular
Localization of AAV
Virus/Vector Particles
During Infection

21.
22.
23.
24.

25.

26.
27.
28.

29.
30.

Six-well tissue culture plates.
Sea plaque agarose (Lonza, Rockland, ME).
Neutral Red (Sigma, St. Louis, MO).

Chemicals — Tris buffer, EDTA, NaCl, MgCl,, sucrose, glyc-
erol, agarose, Triton X-100, potassium acetate, NaN,, HEPES
buffer, NaOH, sodium dodecyl sulfate (SDS), isopropanol,
ethanol, polyethylene glycol (PEG).

PBS (2.71 mM Na,HPO,, 1.54 mM KH,PO, and 155.17 mM
NaCl).

Benzonase (Merck KGaA, Darmstadt, Germany).
Amicon Ultra filters (Millipore Corporation, Billerica, MA).

VDX 24-well Limbro plates, siliconized cover slips, imersion oil,
cryo-loops, cryo vials (Hampton Research, Aliso Viejo, CA).

Liquid Nitrogen (local suppliers).

Continuous carbon or Quantifoil Holey carbon grids (Electron
Microscopy Sciences, Hatfield, PA).

. Hela cells (ATCC, CCL,), cultured at 37°C and 5% CO, in

Dulbeccos modified Eagle’s medium (DMEM) implemented
with 10% heat-inactivated calf serum, 100 U/ml penicillin,
10 pg/ml streptomycin, and 2 mM L-glutamin.

. Poly-lysin for coating of cover slips (Sigma-Aldrich,

Deissenhofen, Germany).

. Glass cover slips (Langenbrink, Emmendingen, Germany) or

from any other supplier.

4. lodixanol = OptiPrep (Axis-Shield PoC, Oslo, Norway).

1

RIS TN

10.
11.

12.

. PBS (184 mM Na,HPO,, 10.9 mM KH,PO,, 125 mM

NaCl).

. Para-formaldehyde (Merk, Darmstadt, Germany).

Ammoniumchloride (NH,Cl) (Merk, Darmstadt, Germany).

. Triton X-100 (Serva, Heidelberg, Germany).
. Lamin-B antibody (Santa Cruz Biotechnology, Santa Cruz,

California, USA).

Bovine serum albumin (Sigma-Aldrich, Deissenhofen, Germany).
Fluorescence labeled antibodies (Molecular Probes, Invitrogen,
Eugene, Oregon, USA).

PermaFluor (Labvision, Fremont, California, USA); alterna-
tively Prolong antifade Gold with DAPI (4', 6'-diamidino-
2phenylindole) (Molecular Probes, Invitrogen, Eugene,
Oregon, USA).
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3. Methods

3.1. Structure
Determination of AAV
Virus-Like Particles by
X-Ray Crystallography
and Cryo-Electron
Microscopy

Cloning of recombinant donor plasmid (pFastBac) with AAV cap
gene

1.

Digest 1 pg of pFastBac with two restriction enzymes from the
multiple cloning site in a 50-pL total volume, one enzyme
should generate a sticky end and the other enzyme should cre-
ate a blunt end. (If one enzyme is used, dephosphorylate after
digestion using Calf Intestinal Alkaline Phosphotase).

. Digest 1 pg of the plasmid containing the AAV cap gene with

two compatible (or the same as above) restriction enzymes in a
50-pul total volume.

. Ligate the pFastBac and the cap gene fragments with 1 ul DNA

ligase and 1 pl DNA ligase buffer and supplement with water
to a final volume of 10 pl.

. Transform 50 pL competent JM109 cells with 1 pl of ligation

mixture to create the recombinant bacmid.

. Screen the recombinant donor bacmid on gentamicin agar

plate and their proper orientation determined by restriction
enzyme analysis or by sequencing.

Transposition of DH10 Bac E. cols cells

1

. Add 5 ng of recombinant donor bacmid to 100 pl of DH10Bac

cells in a pre-chilled 15-ml round-bottom polypropylene
tube.

. Gently mix cells and DNA mixture, then incubate on ice for

30 min.

. Heat shock cell and DNA mixture at 42°C for 45 s then imme-

diately transfer to ice and chill for 2 min.

. Add 900 pL of §S.0.C medium to the newly transformed cells

and shake for 4 h at 225 rpm.

. Serially dilute the transformation mix using S.0.C. (101,102,

etc) and plate 100 pL of each dilution plated on Luria broth
(LB) agar plates containing 50 pg/ml kanamycin, 7 ug/ml
gentamicin, 100 pg/ml bluo-gal, and 40 ug,/ml IPTG (bluo-
gal plates).

. Incubate the plates for 48 h at 37°C and pick white colonies

and re-streak on fresh bluo-gal plates and incubate overnight
at 37°C.

. Use clones picked to inoculate 1 ml LB medium containing

50 pg/ml kanamycin, 7 pg/ml gentamicin with a shaking
speed of 250 rpm for 24 h at 37°C. Confirm the clone by
restriction digests.
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8.

9.

10.

11.

12.

13.

Harvest cells in a 1.5 ml microcentrifuge tube by centrifugation
for 1 min at 14,000 x g.

Aspirate supernatant and resuspend cells in 0.3 ml of resuspen-
sion buffer (15 mM Tris-HCl pH 8.0; 10 mM EDTA, 100 png/
ml RNase A), mix gently with 0.3 ml of lysis buffer (0.2 M
NaOH, 1% SDS), and incubate for 5 min RT.

Slowly add 0.3 ml of neutralizing reagent (3 M Potassium
acetate pH 5.5) to the contents of the tube and incubate
for 10 min. A white fluffy precipitate will form, centrifuge for
10 min at 14,000 x 4.

Collect supernatant and mix with equal volume of isopropa-
nol. Incubate on ice for 10 min. Centrifuge at 14,000 x 4 for
15 min RT.

Aspirate supernatant and wash pellet with 0.5 ml of 75%
ethanol and centrifuge at 14,000 x g for 5 min RT.

Air dry pellet and resuspend in 40 pl of Tris-EDTA, pH 8.0,
and analyze by agarose gel electrophoresis.

Transfection of sf9 cells

1.

3.

4.

Add 1 pg of purified recombinant bacmid DNA to 100 pl
unsupplemented Grace’s medium and then add to a mixture of
cellfectin (6 pl) and unsupplemented Grace’s media (100 pl).

. Incubate the mixture for 45 min RT, and add to six-well tissue

culture plates containing 0.5x10° Sf9 cells and 0.8 ml of
unsupplemented Grace’s medium.

Allow the cells to incubate for 5 h at RT and then remove the
DNA:Cellfectin mix.

Add 2 ml of St9 medium to the cells and allow to incubate for
72 h. When harvested, this 2 ml of media contains the recom-
binant bacmids and the sample represents the P1 viral stock.

Baculovirus P1-P3 amplification

1.

Infect 10 ml of Sf9 cell suspension at 2 x 10° cells/ml with the
P1 stock, at an MOI of 0.1.

2. Incubate the inoculated cells at 27°C for 72 h.

W

. Harvest the cells to generate the P2 stock (supernatant).

. Repeat this procedure to generate infection is repeated to

generate 50 ml of a P3 stock, which is used for expression of
the VP.

Baculovirus titration: plaque assay

1.

2.

Plate a six-well tissue culture dish with 2 x 10 cells in each well
and incubate for 1 h.

Prepare dilutions of your virus in Sf9 media (107!, 1072, 1073,
104,105,104, 107, 10-8).
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. At the end of the incubation aspirate the media leaving the

cells attached to the plate and add 200 pl of each dilution
(107,102,103, 104, 105, 10-%, 107, 10-®) of virus.

. Swirl and flip each plate five times to ensure that cells do not

dry out.

. Incubate plates for 1 h, swirl and flip every 10 min.

. Aspirate virus from the plates and add 6 ml agar solution

(20.5 ml S$£-900 II 1.3x media, 1.65 ml FBS, 0.165 ml
Antibiotic and Antimycotic, and 10 ml 4% agar).

. Allow agar solution to harden (15 min) then add 2 ml of 1x

Sf9 media and incubate 72 h at 27°C.

. Aspirate the medium, add 2 ml of 1:14 neutral red in 1x PBS

for 2 h, and leave in the dark O /N RT.

. Count plaques and calculate titer in the form of pfu/ml, for

subsequent infection of St9 cells for producing AAV VLPs.

Production and purification of AAV VLPs

1.

10.

Infect Sf9 cells grown in Erlenmeyer flasks at 27°C using
$£-900 II medium with a titered recombinant baculovirus stock
at a MOI of 5.0 plaque-forming units (PFU) per cell.

. Harvest the cells at ~72 h post-infection (pi) and spin down at

1,090 x 4.

. Resuspend cell pellet in lysis buffer (50 mM Tris—-HCI, pH 8.0,

100 mM NaCl, 10 mM MgCl,, 0.2% Triton X-100) at a final
concentration of ~1 x 107 cells/ml.

. Release the VLDs from the cells by three cycles of rapid freeze—

thaw in lysis buffer, with the addition of Benzonase (Merck
KGaA, Germany) after the second cycle.

. Clarify the sample by centrifugation at 12,100 x4 for 15 min at

4°C, discard any resulting pellet.

. Create a 20% (w/v) sucrose cushion (in 25 mM Tris—-HCI pH

8.0, 0.3% Triton X-100, 100 mM NaCl; buftfer A) by layering
the sucrose solution at the bottom of a sucrose gradient tube
containing the clarified cell lysate.

. Pellet the cell lysate through the 20% sucrose cushion by ultra-

centrifugation at 149,000 x 4 for 3 h at 4°C.

. Quickly discard the supernatant after the spin and resuspend

the pellet O /N in ~1 ml of buffer A (with 1 mM EDTA added)
at 4°C.

. Subject the resuspended sample to multiple low-speed spins at

3,000 x g to remove insoluble material, as required.

Load the clarified supernatant onto a sucrose-step gradient
[5—40% (w/v)], prepared by layering ~1.5 ml of sucrose (at 5%
percentage steps) into a Beckman ultraclear tube, beginning
with the 40% and ending with the 5% fraction at the top.
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11.

12.

13.

14.

Spin the gradient at 154,693 x g for 3 h at 4°C. Extract a visible
blue VLP band (illuminated by a light source, and generally located
in the 20% sucrose layer) with a needle attached to a syringe.

Dialyze the extracted band into 50 mM Tris-HCI pH 8.0,
15 mM NaCl at 4°C to remove sucrose.

Check the purity and integrity of the VLPs using SDS-PAGE
and negative-stain electron microscopy (EM), respectively. The
EM visualization requires specialist microscopy instrumenta-
tion. If the sample is not ~95% pure, it has to be re-banded on
a second sucrose gradient.

Buffer exchange the purified sample into the desired bufter
(for example, for AAV1 the buffer is 100 mM HEPES-NaOH
pH 7.3, 50 mM MgCl,, 0.03% NaN; and 25% glycerol) at
5,000 x g4 using 10-kDa molecular-weight cutoff Amicon Ultra
filters and concentrated to a final concentration of ~10 mg/ml
for X-ray crystallographic studies or into the same bufter with-
out the glycerol for cryo-EM studies.

Crystallization and structure determination by X-ray crystallography

1.

Screen for crystallization conditions using the hanging drop
vapor diffusion method with VDX 24-well Limbro plates and
siliconized cover slips: Grease the top of the each well of the
Limbro plate with immersion oil and put 1.0 ml of reservoir
(precipitant) solution (e.g. 100 mM HEPES-NAOH pH 7.3,
50 mM MgCL2, 0.03% NaN3, and 25% glycerol, 1.0 M NaCl,
5% PEG 6K for AAV1) into each well. Apply 2-5 ul of the virus
sample to the cover slip, mix with 2-5 ul of the reservoir solu-
tion, and suspend over the 1.0 ml of the reservoir solution in
the well of the Limbro plate. Store at RT. Can screen a range
of NaCl and PEG conditions.

. Manually select crystals obtained at RT with a cryo-loop and

flash-cool to —-173°C in a liquid-nitrogen stream prior to data
collection. Note: Additional cryo-protectant solution is not
necessary if the crystals are grown in the presence of 25%
glycerol (as was done for example of AAV1 given above). If
crystals were grown without cryo-protectant, this has to be
added before freezing. If data collection is not done immedi-
ately or if the crystals are to be transported, the frozen crystal
is stored in a cryo-vial filled with liquid nitrogen and stored in
a liquid nitrogen dewar.

. X-ray diffraction data collection: This requires specialist instru-

mentation, which is not available in most laboratories. For the
AAV VLPs, X-ray diffraction images are collected at synchro-
tron sources, such as the Advanced Photon Source (APS),
Argonne National Laboratory on beamline 22-1D with a
wavelength of 1.0 A using a MAR300 CCD detector. A crystal-
to-detector distance of 400 mm is used to record 0.3° oscillation
images with an exposure time of 5 s per image.
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4. Observed diffraction intensities (a diffraction pattern collected
in the images) are indexed, integrated, scaled, and merged
using the HKL-2000 suite of programs. This program provides
information on the space group in which the VLPs are crystal-
lized. A file containing indexed reflections, their intensities
(amplitudes), and the error associated with each measured
reflection is the output from HKL2000 and is used for subse-
quent steps in the structure determination procedure.

5. The structure is determined by a procedure referred to as
molecular replacement, which uses phase information from a
known structure, and involves the determination of the orien-
tation and position of the viral capsid in the crystal unit cell.
These experimental methods require specialist training in X-ray
crystallography.

6. Based on the space group of AAV1 (as an example), R32, a
model consisting of ten AAV4 VP3 alanine chains is used as
a search model for molecular replacement phasing in the CCP4
program AMoRe. This program calculates a cross-rotation
function between the search model (in this case AAV4) and the
unknown data (AAV1) and a translation function, which pro-
vides angular information for rotating the search model (e.g.
AAV4) into the orientation of the unknown AAV data and
positioning it in the crystal unit cell, respectively.

7. The molecular replacement procedure is followed by refine-
ment of the model, with respect to the observed data (struc-
ture factors) using the program CNS, and then alternating
cycles of map calculation for manual rebuilding of the model
for a better fit into the density, using the program Coot, and
further refinement (in CNS), constraint by non-crystallo-
graphic symmetry (NCS, icosahedral symmetry) operators.

8. The X-ray crystallographic structure determination is complete
when there is no further improvement in the refinement statis-
tics, which compares the model to the observed structure fac-
tor data.

Vitrification and structure determination by cryo-electron micros-
copy and image reconstruction

1. Vitrify 3.5-5 pl of sample with an automated or manual plunge
freezing device either on grids with Quantifoil Holey carbon
films or on grids with continuous carbon films.

2. Examine the sample at -193°C on cryo-electron microscope,
such as an FEI Tecnai G? Polara electron microscope, at an
accelerating voltage of 200 keV and a nominal magnification
of 59,000x. This instrumentation is only available in specialist
labs, and the AAV VLP studies have been done in collabora-
tion with Dr. Timothy Baker, UCSD.
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3.

4.

10.

11.

3.2. Subcellular 1.

Localization of AAV

Virus/Vector Particles 2.

During Infection

Record images with a Gatan Ultrascan 4000 CCD camera at a
step size of 1.883 A /pixel.

Record the images with an objective lens under focus value of
1.25-3.0 um. The total electron dose on each image is gener-
ally in the range of ~24-28 ¢~ /A2.

. Save the CCD images in a Gatan DM3 format and later con-

vert to the tiff format for analysis.

. Extract each particle image from the micrograph using the

RobEM software package (http://cryoEM.ucsd.edu/
programs.shtm). This package is also used to normalize the
micrographs as well as estimate their defocus levels.

. Generate a starting model at ~30 A resolution from ~150 par-

ticle images for the structure determination using a random-
model computation procedure.

. Use this starting model to initiate full orientation and origin

determinations and refinement of the entire set of particle
images using the current version of AUTO3DEM. Corrections
to compensate for the effects of phase reversals in the contrast-
transfer functions of the images are performed followed by a
reconstruction of a 3D map from the selected particle images.

. Make an estimate of the resolution of the reconstruction (reso-

lution ranges of 10-15A have been obtained for the AAVs)
using a 0.5 threshold of the Fourier Shell Correlation (FESCO0.5)
criterion.

Determine the handedness of the map by comparison of the
surface features with those of other AAV structures determined
by X-ray crystallography.

Build a pseudo-atomic model into the cryo-EM reconstructed
density map, based on sequence comparison of the serotype
under study with available AAV structures, and dock the model
into the density map for interpretation of the internal and
surface features of the capsid.

Seed HeLa cells (6x10*/well) in 24-well plates containing
(optionally poly-L-lysin coated) 10-mm glass cover slips.

After 24 h, incubate the cells for 45 min at 4°C with 5 x 10° viral
(or vector) particles (iodixanol step gradient purified)/cell
(equivalent to approximately 5x 10* genome containing par-
ticles/cell) in serum-free medium. Thereafter wash the cells
three times in cold medium and continue incubation in com-
plete medium at 37°C. Alternatively, infect cells at 37°C with-
out the cell binding step at 4°C.
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Table 5

Available monoclonal anti-AAV capsid® antibodies suitable
for immunofluorescence analysis

Antibody AAV serotype References
ADKla, ADKIb AAV1 (194)

A20, C24, C37 AAV2 (154, 193)

A20, C24 AAV3 (154, 193)

ADK4 AAV4 (194)

ADK5a, ADK5b, C24 AAV5 (193, 194)
ADKla, ADK1b, ADK6 AAV6 (194, unpublished)
ADKS8, ADKS8 /9 AAVS unpublished
ADK9, (ADKS8/9) AAVS unpublished

*Although these antibodies detect AAV capsids (e.g. during capsid formation),
only A20 has so far been used for localization of AAV particles during infection

. At desired time points post infection, wash the cells three times
with PBS and fix them with 2% para-formaldehyde (PFA) for
15 min at room temperature.

. Quench non-reacted PFA by two incubations with 50 mM

NH,Cl for 5 min, then permeabilize cell membranes with 0.2%
Triton X-100 in PBS for 10 min.

. Following three washes with PBS, incubate the cells with
primary antibodies directed against AAV capsids (Table 5)
and optionally with an antibody that visualizes cellular
structures, for example the nucleus (e.g. Lamin B) over-
night at 4°C at appropriate dilutions in PBS containing 1%
bovine serum albumin.

. The following day, wash cells three times with PBS and incu-
bate for 1 h with secondary antibodies (e.g. chicken anti-mouse
Alexa 594 to react with AAV capsid antibodies and chicken
anti-goat Alexa 488 to react with antibodies directed against
cellular  structures) at dilutions recommended by the
manufacturer.

. After further six washes in PBS, mount cover slips cell side
down on glass slides with Permafluor or Prolong antifade Gold
with DAPI.

. Take confocal images of 0.3 um optical sections with a laser
scanning microscope (e.g. Zeiss LSM 510 META). Images can
further be processed using a deconvolution module (e.g. of the
Zeiss software) and Adobe Photoshop.
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4, Notes

The AAV capsid is built on a simple design, a T=1 icosahedral
capsid, assembled from essentially 60 copies of a single VP sequence,
with a fraction of these containing conserved unique regions func-
tionalized for specific activities, such as the ~5 copies of the VP1u
with its PLA2 domain. While many aspects of the AAV—cellular
host interactions require further study, there is a wealth of informa-
tion that show that the AAV VDs assemble a multifunctional capsid
that is capable of engaging in the myriad of cellular interactions
required for successful host infection. The requirement for high
fidelity of capsid assembly is evident in the conserved structural
core of the AAV serotype capsid and the detrimental effect of muta-
tions at monomer—monomer interfaces and secondary structure
elements (Figs. 1 and 4a). The requirement for genome packag-
ing efficiency has also been encoded on surface amino acids, which
likely contact the Rep-packing machinery (Fig. 4b). The need to
occupy a specific host cellular niche is satisfied by the evolution of
variable loops conferring the individual capsid surface topologies,
which together with sequence differences, have been reported to
play essential roles in cellular receptor recognition and determina-
tion of transduction efficiency in ditferent host cells (Table 1).
These variable loops are also targets of the host immune antibody
response (Table 1) and as such have the potential to be artificially
evolved to escape recognition in vector development.

This chapter has mostly focused on sequence and structural
annotation of AAV2 VP /capsid function because this serotype is
the best characterized in terms of basic biology. Significantly, the
availability of a structural library for most of the other representa-
tive members of AAV antigenic clades now provides a platform for
similar annotations of the other serotypes as basic biology informa-
tion related to their cellular infection pathway becomes available.

The final section provides a rudimentary description of the
approaches used for structural analysis and a protocol for subcellular
localization of AAV particles during infection. The reader is directed
to the references in the preceding sections for more detail.
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Chapter 4

Exploiting Natural Diversity of AAV for the Design
of Vectors with Novel Properties

Guangping Gao, Li Zhong, and Olivier Danos

Abstract

Twelve AAV serotypes have been described so far in human and nonhuman primate (NHP) populations
while surprisingly high diversity of AAV sequences is detected in tissue biopsies. The analysis of these novel
AAV sequences has indicated a rapid evolution of the viral genome both by accumulation of mutations and
recombination. This chapter describes how this rich resource of naturally evolved sequences is used to
derive gene transfer vectors with a wide array of activities depending on the nature of the cap gene used in
the packaging system. AAV2-based recombinant genomes have been packaged in dozens of different
capsid types, resulting in a wide array of “pseudotyped vectors” that constitute a rich resource for the
development of gene therapy clinical trials. We describe a polymerase chain reaction-based molecular rescue
method for novel AAV isolation that uses primers designed to recognize the highly conserved regions
in known AAV isolates and generate amplicons across the hypervariable regions of novel AAV genomes
present in the analyzed sample.

Key words: AAV, AAV2, Molecular rescue, Pseudotyped vector, AAV isolation, Amplicon

1. Introduction

1.1. Natural Diversity AAV was originally isolated as a contaminant of adenovirus preparations
of AAVs: Molecular before it was characterized in humans (1). Data on the natural history
Basis of AAV Diversity =~ of AAV infection in human populations have only been obtained
recently, and many aspects of the virus—host interactions remain
obscure (2—4). Twelve AAV serotypes have been characterized in
human and nonhuman primate (NHP) populations. In addition,
AAV sequences can be isolated from tissue biopsies by polymerase
chain reaction (PCR), as further detailed in this chapter (5-8) or
Rolling Circle Amplification (3). These approaches have revealed a
surprisingly high diversity of AAV species in infected individuals

Richard O. Snyder and Philippe Moullier (eds.), Adeno-Associated Virus: Methods and Protocols,
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1.2. Serological
Properties of AAV
Variants

and have led to the definition of over a hundred new “serotypes”
whose cross-neutralizing properties were only retrospectively
analyzed.

Experimental infection of NHPs result in rapid genome variations
and recombination and in the generation of diversity comparable
to that observed with RNA viruses (5). High mutation rates have
indeed been documented with single-stranded DNA viruses including
parvoviruses (9). In addition, recombination hot spots have been
identified on the AAV genome, suggesting that this is also an
important drive of diversity (2, 5, 6, 10, 11). Most variations in
AAV populations accumulate in the cap gene which encodes the
three virion structural proteins, VP1, VP2, and VP3. Amino acid
variation observed in AAV populations or between serotypes occurs
in VP3, the basic capsomer domain shared by the three proteins
that assemble into a 60-subunit icosahedron. Changes accumulate
in 12 hypervariable regions encoding solvent-exposed loops that
form protuberances on the capsid surface and interact with receptor
molecules at the cell surface. On some of the AAV serotypes (AAV2,
AAV3), a complex motif on VP3 creates a pocket for interaction
with heparan sulfate proteoglycan (12, 13) that allows docking of
the virion at the cell surface before interaction with a secondary
receptor and internalization. Many amino acid positions on VP3 are
highly constrained by the capsid structure and therefore invariant (14).

VP1 and VP2 have additional N-terminal domains with essential
functions for virion entry and intracellular trafficking. The VP1 unique
region contains a conserved phospholipase A2 catalytic site whose
activity is required for releasing the particle from the endosome.
Basic amino acid sequences common to VP1 and VP2 are needed
for efficient nuclear targeting (15).

The VP1/VP2 unique region displays less variability because a
different evolutionary pressure is applied on this part of the molecule.
Interestingly, most of the recombination events in the cap gene
result in reassortments of VP1 /VP2 with VP3 (11). Such reassortments
are also observed when novel AAV cap genes are selected from
complex libraries resulting from in vitro evolution experiments
(16, 17). Thus, the natural diversity of the multifunctional cap gene
is driven by a high mutation rate that allows for efficient receptor
switch or escape from the host immune response. Recombination
provides a means to retain the VP1/VP2 domains that cannot
afford high levels of changes.

By definition, a new AAV serotype is a novel isolate that does not
efficiently cross-react with neutralizing sera against other existing
AAVs. The activity of neutralizing antibodies (NAbs) against AAV
is measured in assays where serum dilutions are tested for their
capacity to inhibit virus or vector activity on cultured cells. The
NAD titer is given by the dilution where 50% of cell transduction
or infection is inhibited (5, 18, 19). Preexisting NAbs to AAVs are
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highly prevalent in human and NHP populations (5, 19-23).
Seropositivity to AAV2 is the highest among humans in all regions
in the world followed by AAV1, ranging from 30 to 80% (19, 21).
In contrast, the antibodies to NHP-derived AAV7 and AAVS
are found in only 1-11% of subjects, while NAbs against Rhesus
macaque-derived AAVrh32.33 are remarkably absent (19). As a
consequence, these NHDP-derived AAVs have an important
potential for developing vectors that would overcome a preexisting
immunity to the highly prevalent serotypes in patients treated with
gene therapy.

In contrast to human populations, seropositivity to AAV2 is
rarely detected in mice and NHPs. NAbs to AAV2 persist for over
1 year after vector administration in these species and then decline,
without compromising the efficacy of vector readministration (22).
On the other hand, NHP-derived AAVs including AAV1, 4, 7, 8,
9,10, 11, and 12 are widespread in the NHP population and this
high prevalence of preexisting NAbs could affect the performances
of vectors made from these serotypes in a way that would not predict
the human situation (5, 18,23). These issues must be taken into account
when designing preclinical or toxicology studies in NHPs.

Serological cross-reactivities exist between AAV serotypes, but
they cannot be predicted from the degree of phylogenetic rela-
tionship. AAV6 is almost identical to AAV1 in terms of phylogeny,
and as expected, this results in a high serological cross-reactivity
(6). In contrast, although the structure of AAV5 is different from
AAV1, there is an unanticipated serological reactivity between the
two (6). AAV12 is highly resistant to neutralization by circulating
antibodies from human serum and is serologically distinct from
both AAV4 and AAV2, despite its high sequence homology with
AAV4 (24).

Several in vivo gene transfer studies have indicated that preexisting
NAbs to a given AAV serotype do not affect transduction efficiency
by another serotype (25-27). Yet cross-reactivity was observed in
studies where AAV1-mediated transduction of murine liver was
decreased by about 20-fold after treatment with a first AAV2 vectors
(10). In a recent clinical trial using an AAV1-a-1 antitrypsin vector,
NADs to AAV1 were detected although transgene expression was
sustained for at least 1 year. Interestingly, some subjects in this trial
unexpectedly developed high titer NADbs to distinct AAV serotypes
such as AAV7, 8, and 32.33 (28). This challenges the notion that
using a different serotype in a second injection would always overcome
the humoral response to the first vector.

The natural or artificially evolved diversity of AAV cap genes has
considerably expanded the versatility and utility of AAV vectors.
Importantly, the ITR and rep genes from AAV2 can be kept constant
while cap genes from different serotypes or isolates are used to
derive “pseudotyped” vectors that only differ by the nature of their
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1.4. Properties

and Performances
of Pseudotyped AAV
Vectors for Gene
Transfer In Vivo:
Differential
Transduction
Efficiencies and
Biodistribution

capsid (29-31). A pseudotype with an AAV2-based vector genome
packaged in a capsid from serotype X is designated as AAV2/X.
Pseudotyped vectors can be produced according to all established
methods including plasmid DNA transfection (32), stable producer
cell lines, infection with recombinant herpes simplex (33), or baculo-
virus (34). Chimerical virions with a capsid composed of a mixture
of capsomers of different origin can also be obtained, and they
display unique properties (35, 36). In most cases, swapping cap
genes does not affect packaging and virion production efficiency,
with the possible exception of AAV2 /5 pseudotypes for which a
higher packaging capacity of up to 9 kb has been reported (37).
However, this observation has been challenged by the fact that
mostly deleted genomes with only one ITR are detected in the
virions, suggesting that recombination between deleted genomes
rather than packaging of larger genomes takes place (38, 39).
Pseudotyping is also compatible with enhancing modifications of
AAV vectors such as “self-complementary genomes” (40) or mutations
of surface exposed tyrosines whose phosphorylation triggers prote-
osomal degradation (41). Vectors with ITRs from AAV5 have been
constructed in order to reduce the risk of mobilization of an AAV2
ITR-based recombinant genome following an AAV2 infection.
Given the prevalence of AAV2 in human populations, such vectors
may represent safer alternatives for clinical applications (42).

For a given application and target cell, many possible pseudotyped
vectors are available. Most clinical trials to date have been conducted
with the AAV2 serotype, but others, including AAV1, AAV5, AAVS,
and AAVrhl0 are now in use. Because of their different surface
properties, these new vectors inevitably present novel biodistribu-
tion and toxicology profiles (43, 44).

Studies have reported that AAV1 and AAV6 could efficiently
transduce muscle (27, 45), AAV5 resulted in higher transduction
efficiencies and broader distributions in the brain (46, 47), AAVS
is very efficient in liver (7), muscle, and heart (48), and AAV9 can
outperform other AAV serotypes in muscle and heart (49). In addition,
tissue tropism and transduction efficiency of AAV vectors in vivo
are also significantly influenced by the routes of administration.

The intravenous (IV) delivery of AAV vectors led to systemic
transgene expression in vivo. AAV1-9 mediated transgene expres-
sion, tropism, and biodistribution in mice after tail vein injection
have been thoroughly evaluated (43, 44, 50). The onset of expres-
sion of AAV1, 6, 7, 8, and 9 is carliest, followed by AAV4 and 5
then AAV2 and 3. This could reflect the fact that different pseudo-
type vectors enter the cell and deliver their payload in the nucleus
using various intracellular routes. In terms of efficiency of transgene
expression, AAV2, 3, 4, and 5 are in the low-expression group,
AAV1, 6, and 8 are in the medium-expression group, and AAV7
and 9 are in the high-expression group (44). Overall, transduction
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efficiency can be ranked as: AAV9 > AAVE = AAVrh.10> AAV7 > AA
V6>AAV1>AAV5>AAV2 > AAV3. Different AAV serotypes show
different targeting patterns and tissue tropisms after IV administra-
tion. The most commonly transduced organ after IV injection is
the liver (44, 51-54). AAV2 mainly transduces the liver and the
transgene level is 26-30 times greater than the levels in skeletal
muscle and the heart (44). High vector genome copy numbers
have been observed in the liver following tail vein injection of
AAVS and 9 into mice (55). Injections via the portal vein are more
efficient for AAV delivery to the liver (56, 57). However, some
studies have documented that AAV8-mediated liver transgene
expression is independent of the route of IV administration (58, 59).
Gender significantly influences AAV-mediated liver transgene
expression after IV vector delivery, with higher levels of expression
observed in male compared with female mice (43, 50, 60). The
skeletal muscles and the heart are also efficiently targeted by AAV
vectors after peripheral vein injection (44, 48, 56, 61). Not only
can AAV9 efficiently transduce skeletal muscles in mice (62), it can
also lead to robust and sustained whole-body skeletal muscle trans-
duction in neonatal dogs in the absence of pharmacological inter-
vention or immune suppression after IV delivery (61). The heart is
also efficiently transduced by AAV serotypes 4, 6, 7, 8, and 9 after
tail vein injection in mice, in which AAV9 leads to the highest
transgene expression and the most vector genomes in the heart
(44, 63-606).

Intraperitoneal (IP) delivery of AAV vectors also leads to
systemic gene transfer (48, 67, 68). AAV1, 2,5, 6,7, and 8-mediated
short- and long-term transgene expression were compared after
intraperitoneal injection of vectors in neonatal mice. Overall,
AAVS is the most efficient vector to cross the blood vessel barrier,
leading to systemic gene transfer in skeletal and cardiac muscles.
Transgene expression is detected as early as 3 days post-1P injec-
tion and sustained to adulthood throughout the vast majority of
the muscle. In contrast, IP injections did not result in detectable
transgene expression in brain, spleen, gonads, intestine, and blood
vessels smooth muscle (48). In adult mice, IP delivery of AAV
vectors can result in efficient transduction of islets and exocrine
acinar cells of the pancreatic, with AAVS8 being again the most
efficient (69).

AAV vectors have spurred new interest in gene transfer to the
respiratory epithelium, a long sought after the goal of gene therapy.
While early studies in rabbits had shown a good level of transduc-
tion using AAV2 (70), AAV5, 8, and 9 are now considered better
options. A recent comparative study indicates that AAVS leads to
the highest transduction levels followed by AAV9 and AAV5 in the
murine lung using either intratracheal or noninvasive intranasal
delivery methods (71).
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1.5. Translational
Studies: From Mouse
to Human Clinical
Trials

As outlined above, the transduction efficiency and tissue tropism of
AAV serotypes vary significantly in vivo, depending on species
and route of administration. Yet, to develop safe and efficient
AAV vectors for human gene therapy, it is a regulatory require-
ment to evaluate their performances and toxicity in both small and
large animal models. Table 1 summarizes translational studies per-
formed with AAV vectors in small and large preclinical animal
models for the development of human clinical trials. Sustained
transgene expression has been observed in brain, heart, kidney,
liver, retina, lung, and spleen following systemic vascular delivery
by AAV vectors in mice (44, 51, 63, 72-75). In dogs, AAV1- and
AAV2-mediated factor IX gene transfer in the liver or muscle
resulted in long-term correction of the hemophilia B phenotype
(76-78). AAV6, 8, and 9 have been used for long-term factor VIII
gene expression in the liver of hemophilia A dogs without antibody
formation or other toxicities and cured the disease (79, 80).
Although AAV2 vectors led to stable liver transgene expression in
cynomolgus macaques, efficiency of gene transfer with AAV7 and
8 vectors was higher (40, 81). AAVS stands out as the vector of
choice for muscle transduction in large animals, outperforming
serotypes 1 and 2 (82-84). Percutaneous transendocardial delivery
of AAV6 vectors achieves global cardiac gene transfer in dogs,
which is superior to serotypes AAV8 and 9 (85). Successful
transduction of NHP neurons by AAV vectors is established, with
AAV1 and AAV5 performing much better than AAV2 (86-90).
Successful transduction of NHP retina by AAV2 and AAV5 vectors
have provided strong support for the treatment of retinal degen-
erative retinopathies diseases, such as Leber congenital amaurosis
(91-94).

Overall, AAV vectors have been used successtully in a variety of
in vivo gene transfer studies in preclinical animal models and
achieved long-term therapeutic effect without notable toxicity,
which may predict a positive outcome for future clinical trials.
However, in a recent gene therapy trial using AAV2 vector, two
patients with severe hemophilia B developed a vector dose-
dependent transaminitis that limited the duration of hepatocyte-
derived hF.IX expression to less than 8 weeks. This was due to a
CD8* T-cell response to the injected capsid that eliminated AAV2-
transduced hepatocytes, a phenomenon that was not predicted
from preclinical studies in murine and canine models (95-97). This
case raises the question of whether animal models are reliable
predictors in the context of human gene therapy clinical trials using
AAV vectors. On the other hand, recent AAV2 vector-mediated
clinical gene transfer in Leber’s congenital amaurosis have shown
remarkable efficacy (98-100), consistent with the preclinical studies
in animal models.
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1.6. Isolation, In early 2000, several molecular methods were developed on the
Characterization, basis of the latency of AAV infection in attempts to isolate AAV pro-
and Vector viral sequences from animal tissues where AAV proviral genomes
Development of persisted latently. To date, three molecular methods have been
New AAV Serotypes employed for recovery of proviral AAV sequences from tissue DNAs,
and Natural Variants namely, PCR, rolling circle linear amplification (RCLA), and trans-

by PCR-Based Method ~ fection and rescue of infectious AAVs in 293 cells from the noncutter
endonuclease-treated total tissue DNAs. It was the application of
those molecular rescue methods that remarkably accelerated the
discovery of a rapidly expanding diverse family of natural AAV sero-
types and variants (101, 102). In this section, we primarily focus on
the PCR-based molecular rescue which was the most widely used,
sensitive and effective method for AAV isolation (102). Briefly, this
method uses the PCR primers that anneal to the highly conserved
regions in previously characterized early AAV isolates to amplify
across the hypervariable regions of unknown AAV genomes for
isolation and characterization of novel sequences (101).

2. Materials

2.1. PCR-Based 1. QIAamp Tissue DNA mini Kit (Qiagen, Valencia, CA).
Me"’”f’ for Novel 2. Disposable Scalpels (Fisher, Pittsburg, PA).
AAV Discovery 3. TissueLyser (Qiagen, Valencia, CA).
2.1.1. Preparation 4. Stainless steel beads, 5 mm (Qiagen, Valencia, CA).
of Tissue DNA 5. Proteinase K 20 mg/ml stock (Qiagen, Valencia, CA).
6. RNaseA (Qiagen, Valencia, CA).
2.1.2. PCR Reagents 1. Platinum PCR SuperMix High Fidelity (InVitrogen,

Carlsbad, CA).
2. Nuclease-free water (Qiagen, Valencia, CA).

3. Primers of choices in 10 uM concentration.
2.1.3. Agarose Gel 1. 1-1.2% of agarose gel (Fisher, Pittsburg, PA).
Electrophoresis 2. 1x TAE buffer (Fisher, Pittsburg, PA).
and Topo-Cloning . . . .
3. Top TA cloning kit for sequencing (InVitrogen, Carlsbad, CA).
4. QIAprep Spin Miniprep kit (Qiagen, Valencia, CA).
2.2. Vectorology of 1. Appropriate restriction endonucleases and corresponding
Novel AAV Serotypes buffers.
2.2.1. Molecular Cloning 2. Alkaline phosphatase, Calf intestinal (CIP) (New England

BioLab, Ipswich, MA).
3. T4 DNA Ligase (New England BioLab, Ipswich, MA).
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2.2.2. Test for rAAV
Production

4. QIAquick gel extraction kit (Qiagen, Valencia, CA).

5. MAX Efficiency DH5a Competent cell (InVitrogen,
Carlsbad, CA).

1. HEK293 cells (ATCC, Manassas, VA).
2. Lipofectamin transfection reagent (InVitrogen, Carlsbad, CA).
3. El-deleted helper adenovirus.

3. Methods

3.1. PCR-Based
Method for Novel
AAV Discovery

The isolation of novel AAVs can be accomplished by simple PCR
technology provided the appropriate primers are available. cap
sequences of different AAVs are naturally segregated into 12 hyper-
variable regions which are distinct from each other but interspersed
with conserved regions (5). This kind of molecular structure allows
us to design PCR primers that are annealed to the conserved
regions and can amplify across the hypervariable regions for molecular
retrieval of novel cap sequences.

As an initial attempt for detecting and isolating AAV sequences,
one can start with the “signature PCR” method (7). This was
developed by aligning the genomic cap sequences of AAV serotypes
1-6 and some avian AAVs for analysis and PCR primer selection.
A set of primers that target the conserved regions of AAV genomes
and flank a region of divergence were used to generate a 255 bp
amplicon by PCR amplification of primate tissue DNAs. This
highly sensitive method of retrieving a short fragment of AAV
cap sequences is called “signature PCR” because the 250 bp PCR
fragment spans a hypervariable region. Signature PCR is very
useful and reliable for high-throughput screening and identifica-
tion of endogenous AAVs that are present in primate tissues.
Sequencing or restriction analysis of this PCR product with a panel
of selected restriction enzymes allows to easily determine whether
the retrieved AAV sequence is novel and worth to isolate the
extended proviral sequences (7).

To isolate full-length cap sequences, two different strategies
can be exploited. With the first one, one can generate two overlap-
ping PCR amplicons using primers in the conserved regions and
then fuse them into a full-length cap gene sequence (7). The second
strategy is to directly amplity a 3.1 kb region spanning 3’ of rep
(about 800 bp) and the entire cap gene sequence. The primers
used for the full-length cap gene amplification are located in a
highly conserved sequence of 7¢p and an untranslated region in the
3’ end of AAV genomes (5, 6).

A potential limitation of the PCR-based method for rescue
of proviral sequences is possible sequence artifacts of the PCR
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Primers

3.1.2. Extraction of Total
Cellular DNA from Tissue
Samples
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(see Notes 1-4). To rule out PCR artifacts such as PCR-mediated
gene splicing by overlap extension between different partial DNA
templates with homologous sequences or by possible recombina-
tion events in bacteria, extensive analyses have been performed.
Results of those experiments confirmed that sequence variation
captured by the molecular rescue method indeed reflected the
natural diversity of primate AAVs (5).

Perform sequence alignment of the cap genes from different AAV
serotypes and variants using ClustalX and identify the conserved
regions for primer design. For selection of conserved oligo-
nucleotide sequences of your choice, make sure that the first
3-5 nucleotides at the 3’ end of each primers are perfectly matched
with those in most of AAV cap sequences. Alternatively, the fol-
lowing pairs of conserved primers have proven to work eftectively
for isolating over 120 novel AAV sequences and should be con-
sidered for your applications. (1) For signature PCR with an
amplicon size of approximately 250 bp, use AV19s 5'AGGT
AATGCCTCAGGAAATTGGCATT3' as the 5’ primer and AV18as
5'GAATCCCCAGTTGTTGTTGATGAGTC3' as the 3' primer;
(2) To amplity the entire cap sequence and a part of rep sequence
by two separate but overlapping amplicons (an 1.7 kb upstream
fragment spanning 800 bp of 7ep and 700 bp of cap gene and
an 1.5 kb downstream fragment of cap gene), use AVlns
5'GCTGCGTCAACTGGACCAATGAGAACS3' as the 5’ primer,
AV18as 5'GAATCCCCAGTTGTTGTTGATGAGTC3' as the 3
primer for the 1.7 kb fragment, and AV19s 5’AGGTAATGCCTC
AGGAAATTGGCATT3' asthe 5’ primer, AV2cas 5’ CGCAGAGAC
CAAAGTTCAACTGAAACGAS3' as the 3’ primer for the 1.5 kb
fragment; (3) To amplify the entire cap gene and a portion of rep
geneasone 3.1 kb fragment, use AV1ns 5’ GCTGCGTCAACTGGA
CCAATGAGAAC3' as 5' primer and AV2cas 5 CGCAGAGACC
AAAGTTCAACTGAAACGAZ' as the 3’ primer.

1. For NHP tissues, apply for local IACUC approval for tissue
collection from NHP animals.

2. For collection of human tissues from either surgical procedures
or postmortem examination or organ donors, seek the approval
of IRB protocols by local Institutional Review Board.

3. Ideally, each tissue sample should be dissected with a single
disposable scalpel and snap-frozen in individual sterilized
container.

4. For tissue DNA extraction, prepare work space in a Biosafety
Level IT Tissue Culture Hood first by UV irradiating all surfaces
for 15 min, wiping all surfaces with Lysol first and then with
70% ethanol (see Notes 2 and 3).
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3.1.3. Performance of PCR

10.
11.

12.

13.

14.

1.

. Take the frozen tissues out of freezer and keep the tissues on

dry ice.

. Place one 5 mm steel bead in each of the labeled sterile 2 ml

microfuge tubes.

. Thaw no more than three tissues at a time in the hood at room

temperature.

. Quickly cut about 25 mg each of the partially thawed tissues

and place in the correspondingly labeled tubes.

. Immediately return the remaining tissues to dry ice and then

freezer.
Repeat for remaining tissue samples.

Pulse spin (30 s, max speed) down all samples in a microcentri-
fuge such that tissues are at the bottom of the tubes.

To each sample, add 180 pl Buffer ATL from the QIAamp
Tissue DNA mini Kit and homogenize tissues in Qiagen Tissue
Lyser (20 s at frequency 30) and pulse spin (30 s, max speed)
all samples again.

Perform tissue DNA extraction, following the user manual of
the QIAamp Tissue DNA mini Kit.

Finally, dilute each DNA samples to a concentration of
50 ng/ul in nuclease-free water and store at 4°C.

Prepare work space in a BSL II hood as described above (see
Notes 2 and 3).

2. Thaw 1x High Fidelity Platinum PCR SuperMix on ice.

5.

. For each 20 pl PCR, use 18 pl of 1x SuperMix, 0.6 =pl each of

primers (10 pM) and 1 pl of DNA template.

. To prepare PCR master mix containing both 1x SuperMix and

primers, count the total numbers (#) of tissue DNA samples
and prepare the PCR master mix in a 1.5 ml sterile Eppendorf
tube according to the following formula:

1x SperMix 18 plxn+4
10 pM forward PCR primer 0.6 ulxn+4
10 uM reverse PCR primer 0.6 pulxn+4
Total 192 plxn+4

Mix the PCR master mix by repeated pipetting up and down.

6. Label 0.2 ml micro-PCR tubes and add 19.2 pl PCR master

mix to each tube.

. Add 1 pl of nuclease-free water to the first PCR tube as the no

template control and close the tube.
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8. Subsequently, add 1 pl of one tissue DNA (50 ng/ul) into a
PCR tube, mix by pipetting, and close the tube immediately
after mixing.

9. Repeat for other tissue samples.

10. Finally, add 10 ng of pAAVrep2/cap2 plasmid (10 ng/ul) to
the positive control PCR tube on the regular laboratory bench
and load the PCR tubes onto a PCR device.

11. Generally speaking, PCR runs with the following conditions
should result in satistactory outcomes (see Note 5).

(a) For signature PCR, 1 min at 97°C, followed by 3542
cycles (optimization may be required) of 15 s at 97°C,
10 s at 60°C, 45 s at 68-72°C (optimization may be
required) and ended with a 10 min extension at 68-72°C
(optimization may be required).

(b) To retrieve large cap fragments, 1 min at 97°C, followed
by 35—45 cycles (optimization may be required) of 15 s at
97°C, 10 s at 55-60°C (optimization may be required),
2—4 min at 68-72°C (optimization may be required), and
ended with a 10 min extension at 68-72°C (optimization
may be required). However, depending on the quality/
integrity of template DNA, conservativeness of the novel
AAV sequences in the primer regions and abundance of
AAV proviral DNA in the tissue, more extensive optimiza-
tion for PCR conditions may be required in some cases.

3.1.4. Examination of PCR At the end of PCR, take 5 pl each reaction from PCR tubes and

Product load onto a 1 (large cap PCR fragment)-1.2% (signature PCR
fragment) of agarose gel to perform gel electrophoresis in 1x TAE
buffer and examine the results of PCR rescue of AAV sequences
from tissue samples.

3.1.5. Cloning of PCR Pertorm Topo-cloning following manufacturer’s instruction.
Fragment and Sequence Identify the PCR-insert containing clones by EcoRI digestions by
Characterization agarose gel electrophoresis as described in Subheading 3.1.4. For

each PCR fragment, analyze at least six clones by sequencing. For
sequence characterization, align the newly isolated VP1 sequences
with those of known AAV serotypes/variants available from
GeneBank using ClustalX and further analyze with the Vector NTI
software package (Informax, Inc, Bethesda, MD, USA).

3.2. Vectorology of AAV2 is the first AAV serotype that was engineered as a gene transfer
Novel AAV Serotypes vehicle, but further clinical development of AAV2 vector has been
limited by its poor transduction efficiency, restricted tissue tropism,
and highly prevalent serology in humans. An effective strategy
that has emerged in recent years for expanding the utility of AAV
vector is to transcapsidate recombinant AAV2 genomes with the
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3.2.1. Creation
of Chimerical Packaging
Plasmid

capsids from different AAV species (7, 10, 31). Briefly, the cap
gene fragment in the AAV2 vector packaging plasmid that consists
of AAV2 rep and AAV2 cap genes is replaced with the cap frag-
ments from PCR clones of novel AAVs to form chimerical pack-
aging plasmids. AAV2 Rep protein expressed from these chimerical
constructs enables efficient rescue and replication rAAV genomes
flanked with AAV2 ITRs, whereas packaging of rAAV genomes
with other AAV capsids confers the viral vectors with novel bio-
logical properties. Nevertheless, one of the challenges in creating
such chimerical packaging plasmids is to identify convenient and
generic restriction sites for molecular fusion between AAV2 rep
and novel AAV cap genes.

To date, depending on the sequence homology in the begin-
ning of VP1 between AAV2 and the AAV of interest, several clon-
ing strategies have been exploited to create chimerical plasmids. In
AAV2 and some other AAV serotypes, a Swal site conveniently
exists in the intronic region of the cap gene, approximately 10 bp
upstream of VP1 start codon, and can be used for creating the
chimerical clones. In addition, extensive analyses of 3.1 kb novel
AAV PCR clones reveal that there are two or three Xhol restriction
sites conveniently located in the beginning of the VPI gene.
Particularly, the first X/ol site is at 25 bp after the ATG start codon
of VP1, which seems to be highly conserved within many VP1
sequences. The other one or two Xhol sites are located approxi-
mately 200 bp downstream of the first Xhol site. Thus, if the first
9 or 10 amino acids between AAV2 VP1 and that of incoming
AAV serotypes are identical, novel AAV cap gene sequence can be
fused with the first 28 bp of AAV2 cap through an Xhol partial
digestion to generate chimeric packaging plasmids.

The next step in the novel AAV vector development is to test
the functionality of chimerical packaging plasmids for the produc-
tion of rAAVs. The chimerical packaging plasmids can be co-transfected
into 293 cells with a vector plasmid carrying recombinant AAV2
genome with a reporter gene, and adenovirus helper plasmid to
produce transcapsidated AAV vectors. Infectious viral vector generated
from the co-transfection can be examined by infecting 293 cells
with crude viral lysate in the presence of adenovirus helper.

1. Analyze both pAAVrep2/cap2 recipient plasmid and novel
AAV PCR-Topo clones to identify appropriate cloning sites
(see Note 6).

2. For the novel AAV clones with Swal site, perform the standard
molecular cloning procedures to generate chimeric packaging
plasmids.

3. For the novel AAV clones with multiple Xhol sites, carry out
Xhol partial digestion at 37°C for 55 min by using 1 pl of 1:32
diluted Xhol per two micrograms of plasmid DNA.



3.2.2. Evaluation of Novel
Packaging Plasmid

for rAAV Production

(see Note 7)
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4. Stop the digestion by heat-inactivation at 80°C for 20 min.

. Proceed with other standard molecular cloning steps to generate

chimeric packaging plasmids.

. One day prior to transfection, seed 293 cells in a 24-well plate

with 1 ml of 2 x 10° cells/ml per well.

. At the time of transfection, use 0.2 ng each of pAAV2CM-

VEGEFP, pAd helper plasmid, and test chimeric packaging
plasmid to co-transfect each well of 293 cells by Lipofectamin
as instructed by manufacturer.

. Depending on phylogenetic classification of each novel capsid

to be tested, use corresponding serotypes of packaging
plasmids (e.g., pAAVrep2/cap2, pAAVrep2/cap8, etc.) for
co-transfection as the positive control.

. Change the medium for each well of the transfected cells with

1 ml fresh growth medium (DMEM supplemented with 10%
FBS and 1% Pen/Strip) next day.

. Seventy-two hours after transfection, scrap cells oft and harvest

the entire cell suspension from each well individually in sterile
Eppendorf tubes for three rounds of freeze—thaw in dry ice—
ethanol and 37°C water baths, respectively.

. Spin down the tubes at 14,000 rpm for 10 min to collect the

entire 1 ml of supernatant from each sample as crude lysate.

. Seed 293 cells in another set of 24-well plates as described in

step 1.

. Next day, infect each well of cells with 200 viral particles of

helper adenovirus first, followed by infecting two well each of
293 cells with 30 and 300 pl of supernatant from each test
production.

. Thirty-six to forty-eight hours postinfection, examine EGEFP

transduction of each well under a UV-light microscope to
compare rAAV productivity of each test packaging plasmid
with that of the corresponding control packaging plasmid.

4. Notes

. Environmental contamination and false-positive PCR.

Recovery of endogenous AAVs from primate tissues requires
highly sensitive PCR method. Thus, even minor contamination
in the processes of tissue DNA preparation and PCR set up
with AAV viruses that are aerosol and prevalent in natural envi-
ronment and/or AAV plasmids in laboratory settings will
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spawn false-positive results and skew novel AAV discovery.
The following extraordinary precautions should be taken to
minimize environmental and operator contaminations.

. Space separation. If possible, designate a room and set up the

work space away from the main laboratory area where AAV
production and AAV cloning work are performed. Carry out
all work in a BSL II hood.

. Decontamination. Before and after each use of the work space,

UV irradiates the hood, tube racks, and pipettors for 15 min
first, followed by surface cleaning with Lysol and then 70%
ethanol.

. Physical prevention. Always keep all reagent vials and sample

tubes closed until they need to be opened. Always use barrier
pipette tips for reagent and sample transfer. Always wear pre-
ventive clothing (if possible disposable laboratory coat, gloves,
mask, cap, sleeve covers, etc.) in the designate work area.

. PCR conditions. It is very difficult to come up a universal PCR

condition for isolating different novel AAVs from different
tissue DNA samples. The following factors should be consid-
ered in optimization of PCR conditions: (1) quality and con-
centration of tissue DNAs, (2) primer design and selection for
some distantly related viruses, (3) annealing and extension
temperatures and extension time. In general, start with more
stringent temperature and 1 min extension time per kilobase of
the amplicon.

. Creation of chimerical packaging plasmids. Most of times,

restriction patterns of the cap fragment in the recipient plasmid
and newly creative chimerical packaging plasmids are quite
similar. Extreme precaution should be taken to identify new
packaging plasmid by careful restriction mapping. Sequencing
analysis may be required for confirmation.

. Evaluation of chimerical packaging plasmids for rAAV produc-

tion. The sharp contrast in in vitro and in vivo transduction
between AAV2 and other novel AAV serotypes-based vector is
well known. AAV2 vector is the best transducer in vitro but
works poorly in vivo. Although vectors based on novel serotypes
such as AAVs7, 8, and 9 demonstrate strong tissue tropisms
and high efficiency of transduction in vivo, they work poorly in
in vitro transduction. When evaluating the novel packaging
plasmids in vitro, one probably should disregard those pack-
aging plasmids that produce no rAAVs at all, but should con-
sider those poor producers for at least one test for large-scale
production.
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Gene Therapy in Skeletal Muscle Mediated
by Adeno-Associated Virus Vectors
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Abstract

Adeno-associated virus (AAV) is the most promising gene delivery vehicle for muscle-directed gene therapy.
AAV’s natural tropism to muscle cells, long-term persistent transgene expression, multiple serotypes, as
well as its minimal immune response have made AAV vectors well suited for muscle-directed gene therapy.
AAV vector-mediated gene delivery to augment muscle structural proteins, such as dystrophin and sarco-
glycans, offers great hope for muscular dystrophy patients. In addition, muscle can be used as a therapeutic
platform for AAV vectors to express nonmuscle secretory/regulatory pathway proteins for diabetes, ath-
erosclerosis, hemophilia, cancer, etc. AAV vector can be delivered into both skeletal muscle and cardiac
muscle by means of local, regional, and systemic administrations. Successful animal studies have led to
several noteworthy clinical trials involving muscle-directed gene therapy. In this chapter, we describe the
basic methodology that is currently utilized in the area of AAV-mediated muscle-directed gene therapy.
These methods include vector delivery route, vector dosage, detection of transgene expression by immu-
nostaining and western blot, determination of vector copy numbers and quantification of mRNA expres-
sion, as well as potential immune responses involved in AAV delivery. Technical details and tips leading to
successful experimentation are also discussed.

Key words: Muscle-directed gene therapy, Adeno-associated virus, Vector-mediated gene delivery,
Dystrophin, Sarcoglycans, Muscular dystrophy, Transgene expression, Vector dosage

1. Introduction

Adeno-associated virus (AAV)-mediated genetic compensation via
delivery of genes into the muscle for various diseases is one of the
most promising gene transfer strategies. It has potential for long-
term gene transduction in both dividing (myoblasts) and nondi-
viding (myotubes and cardiomyocytes) muscle cells and stabilizing
or halting disease progression by the delivery of therapeutic genes.

Richard O. Snyder and Philippe Moullier (eds.), Adeno-Associated Virus: Methods and Protocols,
Methods in Molecular Biology, vol. 807, DOI 10.1007/978-1-61779-370-7_5, © Springer Science+Business Media, LLC 2011
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AAV vectors can efficiently transduce muscle cells not only by local
muscle injection (1), but also, notably, by intravenous systemic
delivery of a few robust AAV serotypes such as AAVS (2, 3) and
AAV9 (4). The tropism of various AAV vector serotypes for dif-
ferentiated postmitotic muscle tissues can be very high, reaching
>90%. Certain serotypes of AAV vectors, such as AAV1 (5-7),
AAV6 (8), AAV7 (9), AAVS (3), and AAV9 (10, 11) achieve
efficient transduction of the skeletal muscle that is significantly
higher than AAV2 vectors.

Muscular dystrophies are hereditary, degenerative disorders of
skeletal or voluntary muscle that result from defects in genes that
encode a diverse group of proteins (12). Currently, there is no
efficacious treatment for any form of muscular dystrophy. Thus,
there is an urgent need to search for novel therapeutics. Duchenne
muscular dystrophy (DMD) is a severe X-linked recessive disorder
caused by recessive mutations in the dystrophin gene. A major lim-
itation on AAV-mediated DMD gene therapy is the limited pack-
aging size of 4.5 kb, which precludes large genes such as the 14 kb
dystrophin ¢cDNA (13). There are two existing strategies to solve
this problem. One is to split the large gene and package it into two
AAV vectors (dual vectors). After delivering those two vectors
in vivo, the gene will be restored either by homologous recombi-
nation through the AAV terminal repeats followed by mRNA (14-16)
or protein trans-splicing (17). The other strategy is to create
miniature versions of dystrophin genes ideal for AAV packaging
while maintaining functional domains (18-21). The latter strategy
has been utilized in a clinical trial. In addition to DMD, several
groups have initiated AAV-mediated gene therapy for Limb Girdle
Muscular Dystrophies (LGMD) (22-27) and congenital muscular
dystrophy (28) with impressive success in small-animal models.

In addition to being a direct therapeutic target, muscle — the
largest organ in the body — has long been sought as a therapeutic
platform to express nonmuscle secretory /regulatory pathway proteins.
For example, delivery of AAV vectors encoding apolipoprotein E
or erythropoietin to muscle can be utilized for atherosclerosis
(29, 30). Similarly, delivery of AAV vectors encoding coagulation
factors to muscle can be utilized for hemophilia (31).

The successful animal studies of AAV-mediated gene therapy
in muscle have led to several noteworthy clinical trials. A phase I
clinical safety trial involving local intramuscular injection of AAV2
vectors to transfer a coagulation Factor (FIX) in human patients
with hemophilia B has been completed (31). Phase I trials for ol-
antitrypsin (AAT) gene therapy and AAT deficiency-related lung
disease have been performed using rAAV2 and rAAV1 vectors,
respectively (32, 33). Functional microdystrophin gene transfer in
DMD patients via intramuscular injection is currently in progress.
AAV1-mediated alpha-sarcoglycan gene therapy via intramuscular
injection for LGMD is also in progress.
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A major impediment to the use of AAV-mediated gene delivery
to muscle in clinical applications is the immune response against
the vector and transgene product. It has been recently reported
that AAV1 capsid-specific CD4+ and CD8+ T-cell immune response
was observed, subsequent to intramuscular injection of AAV1 for
lipoprotein lipase (LPL)-deficiency in a clinical trial (34). This
immune response has never been encountered in small-animal
models, but has been observed in random-bred wild-type and
muscular dystrophy dogs (35, 36). These new challenges call for
improvement of targeted gene delivery, tissue-specific therapeutic
gene expression, immune modulation, new vector development,
and large-scale production technologies. In this chapter, we focus
mainly on the basic methods that are utilized in AAV-mediated
gene therapy to muscle.

2. Materials

2.1. Intramuscular
Delivery of AAV
in Mice

2.2. Intravenous
Systemic Delivery
of AAV in Neonatal
and Adult Mice

2.3. Hydrodynamic
Limb Vein Injection
of AAV in Dogs

2.4. Immuno-
fluorescent and
Immunohisto-
chemical Staining

1. Anesthetic solution: Hypnorm and Hypnovel mixture in sterile
distilled water in 1:1:2 proportions (Roche, Welwyn Garden
City, UK).

2. 28- and 30-Gauge needles and syringe (BD, San Jose, CA).

3. AAV vectors (50 pl of solution in physiological saline ranging
from 5 x 108 vector genomes (vg) total to 5x 10 vg).

4. Sterile saline solution (0.9% NaCl) or PBS.
5. CO, and CO, chamber for sacrificing mice.

1. Lamp fixture and infrared heat lamp (Zoo Med Laboratories,
Inc. San Luis Obispo, CA).
2. Mouse restrainer.

3. 30 Gx Y% in. PrecisionGlide Needle (BD, San Jose, CA).

1. Syringe pump (Model PHD 2000; Harvard Instruments,
Holliston, MA).

2. Rubber tourniquet, catheter, and a syringe pump are needed
for dog limb perfusion.

1. OCT embedding medium (Raymond A Lamb-laboratories,
Waltham, MA).

2. DakoCytomation  pen
Denmark).

3. Mouse on Mouse (M.O.M) kit (Vector Labs, Burlingame,
CA).

(DakoCytomation,  Glostrup,
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2.5. Hematoxylin
and Eosin Staining

2.6. Muscle Western
Blotting

2B e NJ |

. Blocking solution for Immunofluorescent (IF) staining: 10%

horse serum in PBS.

. Antibody dilution buffer: 2% horse serum in PBS.

. Avidin/Biotin blocking kit (Vector Labs, Burlingame, CA).

. DAB substrate kit (Vector Labs, Burlingame, CA).

. DPX mountant (BDH, VWR International Ltd,

Leicestershire, UK).

. Mounting medium with DAPI (Vector Labs, Burlingame, CA).
10.
11.

PBS-T: 1xPBS with 0.05% (v/v) Tween.

Positively charged or APES (aminopropyltriethoxysilane)
coated glass slides (VWR International Ltd, Leicestershire,
UK).

. Eosin Y (BD, San Jose, CA).

2. Hematoxylin (Sigma, St. Louis, MO).

OS2~V S I 8]

10.

11.

12.

13.

14.

. Homogenization buffer: 75 mM Tris—-HCI, pH 6.8, 4% SDS,

0.1% bromophenol blue, 20% glycerol, and 1% B-mercapto-
ethanol or DTT to a final concentration of 100 mM.

. BCA protein assay kit (Bio-Rad laboratories, Hercules, CA).

. TissueLyser system (Qiagen, Valencia, CA).

. 4x NUPAGE sample buffer (Invitrogen, Carlsbad, CA).

. NuPAGE 4-12% Bis-Tris (Invitrogen, Carlsbad, CA 92008)

and 3-8% Tris—Acetate (Invitrogen, Carlsbad, CA 92008)
polyacrylamide gels.

. NuPAGE antioxidant (Invitrogen, Carlsbad, CA).
. NuPAGE MES SDS 20x (Invitrogen, Carlsbad, CA) and Tris—

Acetate SDS 20x (Invitrogen, Carlsbad, CA) running buffers.

. NuPAGE Transfer Buffer (Invitrogen, Carlsbad, CA).
. ECL Western blotting detection reagents (Amersham

Biosciences, Pittsburgh, PA).

Hybond-ECL  Nitrocellulose ~ Membranes  (Amersham
Biosciences, Pittsburgh, PA).

Hyperfilm ECL, high-performance chemiluminescence film
(Amersham Biosciences, Pittsburgh, PA).

TBS-T: 1xTBS (10 mM Tris-HCI, pH 8.0, 150 mM NaCl)
with 0.1% (v/v) Tween.

Coomassie staining solution: 0.25% (w/v) Coomassie blue
R250, 45% methanol, 10% (v/v) glacial acetic acid in water.
Destaining solution: 45% (v/v) methanol, 10% (v/v) glacial
acetic acid.
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15. Stripping buffer: 75 mM Tris—-HCI at pH 6.8, 100 mM DTT,
2% SDS (w/Vv).
16. Blocking buffer: 5% milk powder, 0.1% Tween-20.

2.7. Titration of AAV 1. Real-time PCR machine.

Vectors with 2. Real-time PCR reagent (see Note 1).

Quantitative PCR 3. Primer express software (Applied Biosystems, Foster city, CA).
4. Primers and probe.
5. Optical quality sealing film (Applied Biosystems, Foster city, CA).

2.8. q-PCR for 1. Total DNA extraction kits (QIAGEN, UK).

Examination 2. DNeasy Blood and Tissue kit (QIAGEN, Valencia, CA).

of Vector Distribution

in Muscle Tissues

2.9. q-PCR for 1. Trizol reagent for RNA extraction (Invitrogen, Carlsbad, CA).
Measurement of 2. Gusb (glucuronidase, beta) (Applied Biosystems, Foster City,
mRNA Expression CA).

3. High-Capacity cDNA Reverse Transcription Kit with RNase
inhibitor (Applied Biosystems, Foster City, CA).

2.10. Immunology 1. Anti-mouse CD4 and CD8 (BD Biosciences, San Jose, CA).
2. Rat anticanine CD4 and CD8 IgGs (Serotec, Oxford, UK).

3. Cy™3 conjugated goat anti-mouse IgG and goat anti-rat IgG
(Jackson ImmunoResearch, West Grove, PA, USA).

4. Alexa Fluor 488 Goat anti-mouse IgG (Molecular probes,
Eugene, OR).

5. Mounting medium with DAPI (Vector Laboratories,
Burlingame, CA).

6. Blocking solution for IF staining: 10% horse serum in PBS.

7. Antibody dilution buffer: 2% horse serum in PBS.

3. Methods

3.1. Intramuscular 1. Prepare an anesthetic solution freshly.

Peliv_ery of AAV 2. Weigh and sedate a mouse (C57BL/10 strain). A dosage of
in Mice 3-5 ul anesthetic per gram body weight is calculated (e.g.,

~100 pl of anesthetic /5-6 week old mouse (~20 g) is sufficient
to anesthetize for more than 1 h).

3. Perform intraperitoneal injections using a gauge 27 needle,
and further procedures are delayed until animals have fully lost
their foot pinch reflexes.
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3.2. Intravenous
Systemic Delivery
of AAV in Neonatal
and Adult Mice

. Shave a small area on the mouse muscle, such as tibialis anterior

(TA) muscle.

. Extend the limb with the TA muscle facing forward.

6. Insert a 30-gauge needle perpendicularly in the middle of the

10.
11.

TA muscle and the AAV solution is injected in 2—3 s. A success-
ful injection is indicated by muscle contraction resulting in
raising reflex of the foot.

. Place animals on heating pad during recovery and monitored

hourly for 4 h and then daily for the remainder of the
experiment.

. Sacrifice animals 3—4 weeks postinjection (or longer) using

CO, chamber and remove muscles from each treated mouse.
Arrange muscles on individual cork-board blocks and embed-
ded in OCT embedding medium.

. Snap-freeze muscles in isopentane chilled with liquid nitrogen

for 5-10 s to avoid ice crystal mediated damage, and very
quickly transfer to liquid nitrogen.

Store the blocked muscles at —~80°C for subsequent analysis.

For RNA and protein purification, slice the muscles longitudi-
nally with a scalpel. Wrap each part in foil and snap freeze it in
liquid nitrogen. Subsequent storage is at —80°C.

. Warm the wild-type adult mice under an infrared heat lamp

(100-160 W) for 5-10 min to dilate the tail vein (see Note 2).

. Prepare the desired dilution of the AAV in sterile saline solu-

tion or PBS. Hold mouse in a restrainer throughout without
anesthesia, and administer the appropriate dose (ranging from
1x102 up to 1 x 10" vg/kg) via the tail vein using a 29-gauge
needle.

. Sacrifice the mice according to the specific experimental design

after systemic delivery (see Note 3). The AAV9 or AAVS vector
usually will display good gene expression in cardiac muscle and
skeletal muscle in 3—4 weeks.

. Collect the lower limb muscles of TA, extensor digitorum

longus (EDL), and soleus, and block them for cryosectioning.
In addition, block the heart and diaphragm for cryosec-
tioning. Muscles can be divided into several pieces and blocked.

. Neonatal delivery (see Note 4): There are two commonly used

methods to achieve systemic delivery of AAV vector to neona-
tal mice: facial (superficial temporal) vein delivery (37), which
is technically challenging, and intraperitoneal injection (3, 28).
In facial vein injection, cool the mouse on ice so that it will
not move vigorously during injection. One person holds the
neonatal mouse and exposes the temporal vein, while a second
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Limb Vein Injection
of AAV in Dogs

3.4. Immuno-
fluorescent and
Immunohisto-
chemical Staining
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person performs the injection with a 1 ml or 0.5 ml insulin
syringe and 30 Gx Y in. needles and an injection volume up
to 50 pl. For intraperitoneal injection, deliver AAV vector
(50-100 pl volume containing 1 x 10 up to 1 x 10" vg) into
the intraperitoneal cavity (see Note 5).

. Sedate adult dogs by intramuscular (IM) administration of

atropine sulfate (0.04 mg/kg) and butorphanol tartrate
(0.4 mg/kg), then maintained with 1-2% Sevoflurane.

. Monitor all vital closely throughout the procedure. Shave the

limbs to be injected scrub them with betadine and 70%
isopropyl alcohol.

. Insert a catheter into the saphenous vein and secure it with

tape.

. For pelvic limb injection, wrap a rubber tourniquet tightly

around the proximal limb at the level of the inguinal area. For
thoracic injection, place the catheter in the cephalic vein and
the wrap tourniquet tightly around the proximal limb in the
axillary space.

. Dilute appropriate amount of AAV vector (ranging from

1x10'2 vg/kg body weight to 1 x10'* vg/kg) in PBS buffer
or saline. Calculate the volume of PBS butffer or saline accord-
ing to body weight (10-20 ml/kg). The injection speed is
1 ml/s for both limbs and is controlled by a syringe pump.
The total occlusion time is 10 min from the beginning of
injection (38).

. Cut up sections of 8—10 um thickness to several levels through

the length of the muscles from blocks (e.g., each level 200 um
apart) using a Cryostat and place sections on positively charged
or APES (aminopropyltriethoxysilane) coated glass slides.

. Air dry the slides for 20 min after which they are stained

according to the steps below, or transferred to -80°C cham-
bers for future use.

. If they are frozen, remove the muscle cryosection slides from

storage at —-80°C and leave at room temperature (RT) for
30 min to air dry.

. Smudge the periphery of each slide with a hydrophobic pen

(DakoCytomation) to keep the solutions on sections when
applying the reagents.

. Fixation (see Note 6): Fix the sections in cold acetone at -20°C

and allow them to air dry at RT for 30 min.

. Wash the sections three times for 3 min with PBS-T.

. For immunohistochemical (IHC) staining: Block the endoge-

nous biotin present in the Avidin/Biotin blocking kit. Incubate
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10.
11.

12.
13.

sections with each solution for 15 min each and wash three
times for 3 min with PBS-T.

. Blocking: For monoclonal antibody utilized in mouse muscles,

the Mouse on Mouse (M.O.M) kit must be used. This kit is
specifically designed to reduce the background staining often
encountered when using mouse monoclonal antibodies on
mouse tissue sections. The high sensitivity reported for this
technique is due to the very strong blocking at the beginning
of the staining and the biotin-avidin system. Incubate muscle
sections with diluted blocking serum for 1 h to reduce nonspe-
cific binding (two drops of blocking serum in 2.5 ml of PBS
for mouse antibody). For polyclonal antibody utilized in mouse
muscle, incubate muscle sections with blocking buffer.

. First antibody incubation: Dilute the monoclonal antibody in

M.O.M diluent solution (600 pl of protein concentrate in
7.5 ml of PBS), and dilute the polyclonal antibody in antibody
dilution buffer. Incubate the first antibody at RT for 1 h or
overnight at 4°C.

Wash the slides three times for 3 min with PBS-T.

Secondary antibody incubation: For IF staining, dilute the
fluorescence-labeled secondary antibody in antibody dilution
buffer at certain ratio suggested by the manufacture’s protocol.
For THC staining, dilute the secondary antimonoclonal anti-
body conjugated with biotinylated peroxidase in M.O.M diluent
solution and incubated at RT for 10 min. Dilute secondary
antipolyclonal antibody conjugated with biotinylated peroxi-
dase in antibody dilution buffer and incubate at RT for 1 h.

The sections are washed three times for 3 min with PBS-T.
Detection for IHC staining:

(a) Add the avidin-enzyme complex (ABC) and incubate for
5 min. It binds to the biotinylated secondary antibody.

(b) Wash the sections three times for 3 min with PBS-T.

(c) Signals are visualized using the hydrogen peroxide acti-
vated DAB substrate kit for peroxidise.

(d) Watch the slides under the microscope until the staining is
developed. Overexposure of samples to reagents at this
stage can result in a heavy background.

(e) Wash the sections in running tap water for 5 min to stop
the reaction of DAB substrate.

(f) Incubate the sections in 100% ethanol three times for
1 min.

(g) Incubate the sections in Xylene for 10 min and mount in
DPX mountant. Keep the slides at RT. The signal is visual-
ized under the standard light microscope (Fig. 1).



5 Gene Therapy in Skeletal Muscle Mediated by Adeno-Associated... 127

Fig. 1. Immunohistochemical (IHC) staining of dystrophin positive fibers using AAV-mediated gene augmentation in mdx
mice. (a) TA muscles of max mice were injected with AAV2/9-microdystrophin and tissues were harvested after 2 months
of injection. The cryosectioned slides were subjected to IHC staining with antidystrophin antibody Manex 1011C antibody
(1:100). Biotin-labeled anti-mouse IgG antibody was used as a secondary antibody. The signal was visualized with a DAB
substrate and mounted using DPX mountant. (b) C57BL/10 and (¢) mdx mice were used as a positive and negative control,
respectively. The signals were observed using a Leica light microscope.

Fig. 2. Immunofluorescent (IF) labeling of dystrophin using AAV-mediated gene augmentation in skeletal muscle of Canine
X-linked muscular dystrophic dog (CXMD). (a) TA muscles of CXMD dogs were injected with AAV2/8-microdystrophin and
after 2 months tissues were harvested, cryosectioned, and evaluated for microdystrophin expression by IF using NCL-dys1
antibody (1:100). The signal was visualized using an Alexa 568-conjugated anti-mouse IgG (1:1000) and mounted using a
mount medium. (b) Wild-type and (¢) CXMD muscle were used as a positive and negative control, respectively. Fluorescent
signals were observed using a Leica fluorescent microscope.

14. Detection for IF staining:

(a) Counterstain the sections with DAPI (4', 6-diamidino-2'-
phenylindole, dihydrochloride) to display nuclei. Mount
the sections with mounting medium. Keep the slides at
4°C without light exposure.

(b) Review the results under fluorescent microscope as shown

in Fig. 2.
3.5. Hematoxylin 1. Remove muscle cryosections from storage at -80°C and leave
and Eosin Staining them at RT for 30 min to air dry.
(Fig. 3) 2. Fix the tissue in 95% ethanol with 3% acetic acid for 30 s.

3. Wash the slide in running tap water to remove OCT.

4. Immerse sections in hematoxylin solution for 5-15 min.
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(l-"

Fig. 3. Example of muscle histology by H&E staining. (a) Normal dog muscle shows even size/diameter distribution of
muscle fibers with peripheral nuclei. (b) Muscular dystrophic muscle was characterized by uneven muscle fiber sizes,
central nucleation, and mononuclear cell infiltration. Nuclei shows blue-purple color using hematoxylin and cytoplasm for
bright pink color using eosin.

5. Check signal of the nuclei microscopically.
6. Rinse the slide under running tap water for 5 min.

7. Immerse in 1% (w/v) aqueous solution of eosin for 30 s to
2 min for counter staining, and rinsed gently.

8. Perform dehydration in progressively higher concentration
solutions of ethanol (starting from 75%, then 95%, up to
100%), followed by a dip in Xylene for 10 min.

9. Mount hematoxylin and eosin (H&E) stained sections in DPX

mountant.
3.6. Muscle Western 1. Preparation of protein samples: Dissect muscle tissue samples
Blotting from animals and flash frozen in liquid nitrogen. When per-

forming experiments, remove muscles from storage at -80°C
and store on dry ice to prevent thawing.

(a) Add 300 pl of homogenization buffer to each muscle in a
1.5 ml Eppendorf tube with a Tungsten Carbide Bead
(3 mm) and homogenization is carried out using the
TissueLyser system by agitating at 20 Hz until a uniform
homogenate is obtained.

(b) Transfer the homogenate to a new 1.5 ml tube and pass
three times through a 25 G needle to shear the DNA.
Centrifuge the homogenate for 5 min at 4000x4 at 4°C
to remove any large debris. Keep the samples at —-80°C.

2. Assay of protein concentration where appropriate: Calculate
the protein concentration from a standard curve, using a series
of BSA standards of known concentration. Dilute Samples to an
appropriate concentration to include 5% B-mercapto-ethanol
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and 1073% bromophenol blue. Boil 1-10 pg amounts of protein
in sample buffer for 5 min before being separated. A cocktail of
protease inhibitors is often added to the sample butfer.

3. Running of SDS-PAGE gel:
(a) Denature samples by heating at 100°C for 5 min.

(b) Load 20-60 pg of denatured sample protein into each
lane of the gel and run electrophoreses through a 3-8%
polyacrylamide Tris—Acetate gel or 4-8% Bis-Tris gels.

(¢) Run Gels at 150 V for approximately 1 h using X-Cell
SureLock Mini-Cell equipment with NOVEX® Tris—
Acetate SDS Running buffer with 500 pl NuPage
Antioxidant.

4. Coomassie blue staining of protein gels to visualize the total
protein loaded (optional): If this step is desired, two identical
gels have to be run. One gel is for staining, and the other one
is for blotting. After electrophoresis, the gel is transferred to a
clean container.

(a) Soak SDS-polyacrylamide gels, containing separated pro-
teins, in approximately 100 ml of Coomassie staining solu-
tion for 1 h, resulting in visualization of the band (s) of
interest.

(b) Destaining of the gel is performed by successive incuba-
tions in a destaining solution until the bands become
visible.

5. Protein transfer: Blot proteins onto Hybond™ ECL™ nitro-
cellulose membranes using the NOVEX® X-Cell II blotting
apparatus with the transfer buffer with 10% (v/v) methanol
and 1 ml NuPage Antioxidant for 1.5 h at 24 V. Wash the
membrane once with TBS-T.

6. Blocking: Block nonspecific binding in blocking buffer for 1 h
at RT or overnight in cold room (4°C) with gentle agitation.

7. Primary antibody incubation: Hybridize the nitrocellulose
blots with a primary antibody and incubate for 1 h at RT.
Dilute all antibody solutions in blocking bufter.

8. Wash the membranes three times in TBS-T for 10 min while
being shaken.

9. Perform secondary antibody incubation with an HRP-
conjugated secondary antibody for 1 h, followed by a washing
step as described in step 7.

10. Addition of substrate: Expose the membrane to the western
blotting ECL chemiluminescent detection system for 1 min
and develop the film in dark room in order to visualize the
antibody reactions.



130 C. Qiao et al.

3.7. Titration of AAV
Vectors with
Quantitative PCR

11. Stripping Nitrocellulose Membranes (optional): To re-probe
with alternative antibodies or to reduce background signal, the
nitrocellulose membrane can be stripped after ECL
development.

(a) Wash the membrane in TBS-T to remove any traces of
ECL reagents then place it in stripping buffer at RT with
gentle agitation for 1 h.

(b) Wash the blot briefly in TBS-T to remove any traces of
stripping buffer. The blot is then ready for blocking step
preparation for the alternative antibody incubation.

There are three basic methods for AAV titration. One is quantifica-
tion of physical AAV particles via ELISA (enzyme-linked immuno-
sorbent assay) based on an antibody that selectively recognizes
assembled AAV capsids (39). The big disadvantage of the ELISA
method is that the empty AAV particles are also detected. It is also
costly compared with other methods. The most reliable and tradi-
tional method for AAV titration is dot (or slot) blotting. However,
this method is quite time-consuming as it usually takes 2 days to
finish a single assay. The third method for AAV titration is quanti-
tative PCR (q-PCR), which is discussed in depth in the following
protocols. q-PCR is easy to perform and it takes much less time to
obtain the virus titer than with dot blot. Reproducibility and con-
tamination are major concerns for q-PCR, so precautions need to
be taken by setting up a negative control well and duplicate or
triplicate samples to obtain consistent results.

q-PCRis used to measure the quantity of a PCR product. It is
the method of choice to quantitatively measure starting amounts
of DNA, cDNA, or RNA. In the gene therapy field, this method is
usually used for titration of AAV viral vector, vector distribution
study, and measurement of mRINA expression.

1. Preparation of viral DNA template:

(a) Mix 5 pl virus sample, 193 ul DMEM (or virus suspension
buffer), and 2 ul DNase I (5 U /ul). It is best to use a virus
of a known titer as a reference.

(b) Incubate samples at 37°C for 1 h to digest the DNA impu-
rities outside the viral shell.

(c) Inactivate the DNase I by boiling 10-15 min. This also
pops open the viral particles and releases the viral DNA.

(d) Dilute the virus digestion mixture times (10+990 ul
H,0).
(e) Take 5 pl of diluted sample for g-PCR.
2. Preparation of plasmid standard and standard calculation:

(a) Calculate the mass of a single plasmid molecule.
m=(n)x(1.096x 102! g/bp), m=mass, n=plasmid size.
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For example, the plasmid size of pdx11-LacZ is 7863 bp,
and its mass of a single plasmid molecule would be m=7,
863x1.096x10%'=8.42x10"% g.

(b) Calculate the mass of plasmid containing the copy numbers
ofinterest. For example, the mass of 1 x 10" copies of pdx11-
LacZ=8.42x10"8x10"1=8.42x107 g=8.42x10" ug=0.
842 ug.

(c) Calculate the concentration of plasmid DNA needed to
achieve the copy number of interest. We usually dilute our
plasmid stock to 0.1 pg/ul. For pdx11-LacZ, take 8.42 ul
of 0.1 pg/ul plasmid (1x10" copies) and put it in
991.58 ul of DNase- and RNase-free TE, the concentra-
tion would be 1 x 10% copies/l.

(d) Perform a serial dilution of the plasmid. We usually do
tenfold dilution with TE buffer (pH 8.0) starting from
10® copies/pul. We will have 107 copies,/ul, 10° copies,/l,
10° copies/ul, and 10* copies/ul. Then the standards will
be ready for q-PCR.

3. Preparation of primers and probe: Design primers and minor
groove binder (MGB) probe with Primer Express Software
provided by Applied Biosystems. If SYBR green detection is
used, there is no need to design a probe (see Note 7). Make
10x stock of primers and probes. For probe-based detection
system, the 10x stock primer concentration is 9 UM, and the
working primer concentration is 900 nM. The 10x stock probe
concentration is 2.5 WM, and the working primer concentra-
tion is 250 nM.

4. Making the reaction mixture (see Note 8): If using the
AmpliTaq gold polymerase instead of the master mix (from
ABI), the reactions are the following:

10x PCR butffer: 5ul
25 mM MgCl: 4 ul
25 mM dNTPDs: 0.5 ul
Primer 1 (10x): 5ul
Primer 2 (10x): 5ul
CMV probes (10x): 5ul
ROX: 0.8 ul
Taq polymerase: 0.3 ul
H,O: 19.4 ul

45 ul
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3.8. q-PCR for
Examination of Vector
Distribution in Muscle
Tissues

If master mix (2x) is utilized, only additional primers and
probes are needed to add into reaction mixture together with
the master mix (containing enzymes, bufters, dNTPs, and Rox).

. PCR sample addition: Transfer 45 ul aliquots of the reaction

mixture into a 96-well thin-wall PCR plate. Add 5 pl of the
DNA template (standards or the unknown sample) into a reac-
tion mixture. Cover the plate with a piece of optical quality
sealing film and briefly spun to remove bubbles.

. Setting PCR conditions: The PCR conditions (2 cycle PCR)

will be: 95°C for 10 min to denature the DNA and activate
hot-start enzyme followed by 40 cycles of 95°C for 15 s and
60°C for 1 min. If you did your viral DNA sample dilution
according to the protocol suggested (40 times dilution first,
then 100 times dilution, total 4,000-fold), multiple the num-
ber by 4,000. This will be your final titer per 5 pul of virus.

. DNA extraction: AAV vector can remain in episomal form or

integrate into chromosome after delivering AAV vector into
muscle tissue. Therefore, we should extract total DNA from
the muscle tissue (see Note 9). Complete tissue digestion and
addition of RNase A to degrade RNA are critical to achieving
high quality of DNA. It is not necessary to run the extracted
DNA in agarose gel, but it will help in determining the quality
of DNA. For example, any RNA contamination or DNA deg-
radation during the purification process will be evident.
Absolute quantification of real-time PCR will be utilized to
determine vector distribution. In addition to designing prim-
ers and probe based on the delivered vector, the primers and
probe against endogenous control also need to be considered.
In our laboratory, we have developed primers and probe based
on the mouse glucagon gene as our endogenous control. The
sequences are listed in the following as references: Tagman
mouse glucagon probe: FAM-—cag caa agg aat tca-MGB;
Glucagon-Real-F (mouse): AAG GGA CCT TTA CCA GTG
ATG TG; Glucagon-real-R(mouse): ACT TAC TCT CGC
CTT CCT CGG.

. Setting up q-PCR and data analysis: Similar to the virus titra-

tion method, we need to have plasmid standards for both
vector and endogenous controls. Therefore, we need to set up
two rows of standards in one plate: one row for the vector
standards and one row for the endogenous control plasmid
standards (Fig. 4). For each unknown sample, we will have two
reactions: one for the vector and one for endogenous control.
For the data analysis, the copy numbers for vector and copy
numbers for the corresponding endogenous control will be
calculated separately. The copy number of delivered vector in a
specific tissue per diploid cell = (vector copy number/endoge-
nous control)x 2.
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Fig. 4. Example of a DNA quantity standard curve. To note, R? equal to or greater than 0.98 represents a good PCR and
reliable standard. Here R? equals 0.996923.

3.9. q-PCR for Relative quantification will be utilized for the detection of mRNA
Measurement of expression which differs from virus titration and vector copy num-
mRNA Expression ber studies. For relative quantification, there is no standards

involved. However, the endogenous mRNA control for normaliza-
tion should be considered.

1. Extraction of total RNA from different tissues: Trizol reagent
is utilized to extract total RNA. The manufacturer’s protocol
must be strictly followed. DNA contamination in the RNA
prep is a big concern when the Trizol is utilized.

2. cDNA synthesis: Similar to regular reverse transcription PCR,
cDNA will be synthesized utilizing cDNA synthesis kit. In our
laboratory, we wuse the High-Capacity ¢cDNA Reverse
Transcription Kit with RNase inhibitor. The ¢cDNA should be
frozen in —20°C for short-term and long-term storage.

3. Design of primers and probe: The primers and probe against
the mRNA and endogenous control of interest will be designed.
The ideal primers and probe should detect the template from
only cDNA, but not the contaminated DNA. If there is an
intron (to be spliced out in mRNA) in the studied AAV vector,
the probe should be designed flanking intron/exon junctions.
By using this strategy, the q-PCR machine can only detect
signal from spliced mRNA after reverse transcription, but not
the vector genomic DNA with intron. If there is no intron
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3.10. Immunology

splicing sites or exon junction sequences are not suitable for
probe, there are some other strategies can be used to avoid
DNA contamination in the RNA prep. RNase-free DNase
can be used to digest the extracted RNA. For cDNA synthe-
sis, a contamination control tube is set up by withholding
reverse transcriptase. The purpose of this step is to avoid
cDNA synthesis. In addition, for q-PCR, set up a control well
with the sample derived from no reverse transcriptase tube,
and set up the other control well with water as a sample. By
taking these steps, we should be able to distinguish how much
contamination we got from the system, and how much vector
DNA contamination we obtained from the RNA prep. If
there is still a significant amount of DNA contamination in
the RNA prep after DNase treatment, a different RNA prepa-
ration method should be used to remove DNA contamina-
tion. For endogenous mRNA control, we utilized beta
glucuronidase (Gusb).

4. Setting up relative qPCRs and data analysis: For each sample,
two reactions will be set up: one is for the gene of interest and
the other one is for the endogenous control. Similar to the
absolute quantification, it is better to duplicate or triplicate
each sample. Since relative quantification is a relative compari-
son of the PCR signal between several groups (40), there is no
need to set up standards. After running, the data will be loaded
into the relative quantification analysis software, and results
will be displayed automatically. During analysis, one sample
(not a negative control) will be set as a calibrator, and the
results will show relative fold difference of each sample com-
pared with the calibrator (Fig. 5).

The immune response against AAV vector and transgene product
is the main hurdle in large animal study and clinical trials involving
AAV-mediated muscle-directed gene therapy. Many factors affect
immune reactions of AAV vectors in vivo. These factors include
species, AAV serotypes, delivery route, vector dosage, promoters,
and specific transgene. In general, AAV is considered less immuno-
genic in small rodents, and the immune reaction against transgene
(41) and capsid (35) became apparent in large animals and in
human patients. The immunity profiles of different AAV serotypes
are different. Systemic delivery of AAV vector can induce immuno-
tolerance (42, 43). Therefore, it is less likely to trigger strong
immunity against transgene than intramuscular delivery. Utilization
of small vector doses, tissue-specific promoter, and endogenous
transgene are less likely to induce immune reaction in mice (44, 45).
In this section, we describe only the simple immunofluorescent
staining protocol for CD4 and CDS8 to examine mature T-cell infil-
tration in AAV-transduced muscle.
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Fig. 5. An example of relative quantification analysis. The target mRNA was myostatin propeptide, and the endogenous
control we utilized was mouse GusB (glucuronidase, beta). Results shown are from three groups of mice. Group 1 (G1)
has high expression of myostatin propeptide; group 2 has low expression of myostatin propeptide; group 3 is mock control.
B is blank well with no sample addition.

. Tissue fixation: Cryosection the snap-frozen muscles tissues at

8 um thickness and fix the tissue with ice-cold acetone for
10 min.

. Blocking: Wash the fixed slide in PBS three times, then block

it with blocking buffer (see Note 10).

. First antibody incubation: For mouse tissue, use the monoclonal

antibody anti-mouse CD4 and CD8. For dog tissue, use the rat
anticanine CD4 and CD8 IgGs. Dilute all antibodies with anti-
body dilution buffer at 1:100 of ratio for use. Incubate the first
antibody for 1 h at RT followed by three washes of 1x PBS.

. Second antibody incubation: Two different fluorophore-

labeled secondary antibodies used in the laboratory are: Red
fluorescence (Cy™3 conjugated goat anti-mouse IgG and goat
anti-rat IgG) and green fluorescence (Alexa Fluor 488 Goat
anti-mouse 1gQ). Dilute all secondary antibodies in antibody



136 C. Qiao et al.

Anti-dog-CD8 (20X) Anti-dog-CD4 (20X)

c

Fig. 6. Immunofluorescent staining of
muscle. Panels (a) and (b) are from n
(c) is from normal dog control muscle

Anti-dog-CD4 (10X)

CD4 (red) and CD8 (red) positive T-cells and GFP-positive (green) myofibers in dog
ormal dog muscles injected with AAV2-CMV-GFP vector intramuscularly and panel
. The slides were counter-stained with DAPI to show the cell nuclei (blue).

dilution bufter. Incubate the secondary antibodies for 1 h
followed by three washes with 1x PBS.

. Counterstaining with DAPI to display nuclei: Counterstain the

sections with DAPI followed by one time of wash with PBS.
Mount the sections with mounting medium.

. Reviewing results under the fluorescent microscope: Examples

are shown in Fig. 6. Red indicates CD4 or CD8 positive, blue
indicates nuclei, and green indicates transgene expression.
CD4 or CD8 positive cells are blue nucleus surrounded by a
circle of red fluorescence (arrow head).

4, Notes

1.

Varies depending on the detection system of real-time PCR
machine used. For example, we use 7,300 real-time PCR sys-
tem (Applied Biosystems) in our laboratory. For CYBR green
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detection system, the SYBR Green PCR master Mix (Applied
Systems) is required. For probe-based detection system,
AmpliTaq Gold master mix (Applied Biosystems) is required.
Even without master mix, the regular Taq polymerase can also
be used for real-time PCR.

2. From personal experience, we find mdx mice are sensitive to
heat generated from heat lamp. Unlike wild-type mice, the
mdx mice are more prone to death under the heat of infrared
lamp even without any experimental procedure. We prefer to
use warm water to dilate the tail vein for vector delivery. For
muscular dystrophic mice such as mdx mice, dipping the mouse
tail into warm water is sufficient to dilate the vein. Mdx mice
are very sensitive to whole-body heating, which can be fatal.

3. The delivered gene usually starts to express from 3 to 7 days
postvector delivery, and it will reach a peak expression in about
3—4 weeks. The gene expression will be persistent in muscle
and heart in normal mouse, but diminish in tissues undergoing
rapid cell division, such as neonatal liver. It is noteworthy that
the muscular dystrophic muscle will undergo degeneration and
regeneration. Hence the gene expression in those muscles will
not be persistent if the fundamental defect is not corrected.

4. The easiest approach to achieve systemic delivery of AAV vector
to the whole-body muscle is through neonatal delivery. There
are several advantages to this method. First, because the size of
a neonatal mouse is small, a relatively small amount of vector
dose is required if we calculate the utilized dosage according to
mouse weight. Second, higher transgene expression will be
achieved in muscle and heart via neonatal delivery than the
adult gene transfer. This is partly due to the increased vascular
permeability of neonatal mice. Third, selective retention of
vector DNA in muscle and heart cells will be achieved after
systemic gene delivery in neonatal mice. Despite the fact that
AAV (such as AAVS8) is highly effective in transducing liver
cells, the vector DNA is rapidly degraded during liver growth
and cell division. In fact, vector DNA persists in tissues that
undergo minimal cell division, such as heart and muscle (3).

5. A trick of the intraperitoneal injection procedure is to enter the
needle into intraperitoneal cavity through quadriceps muscle.
This prevents the vector from leaking out through the needle
entrance.

6. To detect structure proteins, such as dystrophin, with immu-
nofluorescent staining in muscle tissue, we usually do not fix
the tissue. Blocking solution will be directly added to the slide
after air dry. Polyclonal antibodies are raised in rabbits and
nonmouse species are highly preferred over mouse monoclonal
antibodies, which require M.O.M. blocking.



For q-PCR, probe-based detection is usually more specific and
easier to perform, but cyber green-based detection is less
expensive. It requires primers that do not generate nonspecific
PCR products, which would give rise to false readings. For
cyber green detection, the primer quality and concentration is
very critical. 200 nM working primer concentrations are gen-

Primers and probes are usually designed against either the
polyA or promoter region of the AAV vector plasmid. The
advantage of this design is that one set of primers and probe

. The components of q-PCR are slightly different if using differ-

ent real-time PCR machines. For example, if the Applied
Biosystems Real-time PCR machine is used, the Rox (internal
reference dye) should be added to the reaction mixture. The
analysis software will automatically search for Rox as internal
control. If the Bio-Rad real-time PCR machine is used, there is

. To prepare DNA for q-PCR, avoiding contamination is a key.

Making aliquots of reagents and using filter tips will be helpful.
The appropriate sample size should be used. Too much sample

For mouse CD4 and CD8 staining, incubation of the slides in
1% Triton X-100 (in PBS) for 10 min before blocking will
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7.
erally used.
can be utilized for multiple vectors.
8
no need to add Rox dye.
9
will actually decrease DNA yield.
10.
improve the specificity.
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Chapter 6

AAV-Mediated Liver-Directed Gene Therapy
Mark S. Sands

Abstract

The liver is directly or indirectly involved in many essential processes and is affected by numerous inherited
diseases. Therefore, many inherited diseases could be effectively treated by targeting the liver using gene
transfer approaches. The challenges associated with liver-directed gene therapy are efficient targeting of
hepatocytes, stability of the vector genome, and persistent high level expression. Many of these obstacles
can be overcome with adeno-associated viral (AAV) gene transfer vectors. The first AAV gene transfer
vector developed for in vivo use was based on the AAV2 serotype. AAV2 has a broad tropism and trans-
duces many cell types, including hepatocytes, relatively efficiently in vivo. The capsid protein confers the
serological profile and at least 12 primate AAV serotypes have already been characterized. Importantly,
pseudotyping a recombinant AAV vector with different capsid proteins can dramatically alter the tropism.
Both AAVS8 and AAV9 have higher affinities for hepatocytes when compared to AAV2. In particular, AAVS
can transduce three- to fourfold more hepatocytes and deliver three- to fourfold more genomes per trans-
duced cell when compared to AAV2. Depending on the dose, AAVS can transduce up to 90-95% of hepa-
tocytes in the mouse liver following intraportal vein injection. Interestingly, comparable levels of
transduction can be achieved following intravenous injection. Direct intraparenchymal injection of an AAV
vector also mediates relatively high level long term expression. Additional specificity can be conferred by
using liver-specific promoters in conjunction with AAVS capsid proteins. In addition to treating primary
hepatocyte defects, immune reactions to transgene products can be minimized by circumventing the fixed
tissue macrophages of the liver, Kupffer cells, and limiting expression to hepatocytes. The ability to target
hepatocytes by virtue of the AAV serotype and the use of liver-specific promoters allows investigators to
test novel therapeutic approaches and answer basic clinical and biological questions.

Key words: Adeno-associated virus, Gene therapy, Liver, Hepatocytes, Inherited metabolic disease

1. Introduction

The liver performs a myriad of tasks that are essential to the
maintenance and proper function of nearly every organ system (1).
An enormous number of proteins are synthesized and metabolized
in the liver. These include both intracellular and secreted proteins.
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Intracellular and integral membrane proteins are responsible for
carbohydrate utilization and storage. The liver is also a major site
of lipid metabolism. Many secreted proteins are synthesized in the
liver. The major serum protein component, albumin, is synthesized
in the liver. In addition, most of the circulating clotting factors,
a,-antitrypsin, ceruloplasmin, and a host of other secreted proteins
are produced in the liver. The liver plays an important role in
detoxifying naturally occurring metabolites such as ammonia and
bilirubin. Drugs and environmental agents are also detoxified,
conjugated, and excreted by the liver.

The enormous number of complex tasks performed by the
liver are controlled by proteins (enzymes, integral membrane pro-
teins, signaling molecules, secreted proteins, etc.); all of which are
susceptible to mutations in their respective genes. Mutations in any
of the genes encoding the proteins involved in these processes typi-
cally lead directly to disease or a predisposition to disease. The
diseases can range from defects in carbohydrate metabolism, lipid
metabolism, bleeding disorders, increased vulnerability to drugs
and environmental toxins, and cognitive deficits, just to name a
few. Given the vast number of functions the liver carries out and its
importance for general health, it is clear that it is an important
therapeutic target. The ability to stably and efficiently introduce
functional expression cassettes into hepatocytes that can compen-
sate for primary liver defects would be a powerful therapeutic tool.
The well developed secretory machinery of the liver could also be
exploited in order to express and secrete proteins that are not nor-
mally produced in the liver. For example, clotting tactor VIII or
Von Willebrand factor, which are normally produced and secreted
from endothelial cells could potentially be expressed and secreted
from the liver. Finally, many of the complex interactions and path-
ways in the liver are not fully understood. Expressing specific trans-
genes in the livers of intact animals could be an effective method to
test various hypotheses and better understand basic mechanisms.

The ability to stably introduce functional genes that mediate
persistent high level expression into the liver had been a major
challenge. The development of gene transfer vectors based on adeno-
associated virus (AAV) overcame many of these obstacles. The first
AAV-based gene transfer vector was described by Hermonat and
Muzyczka (1984) and utilized the AAV2 serotype (2). However,
the first generation vectors were difficult to make and purify in
quantities sufficient for in vivo use, even in murine models. Once
the technical challenges associated with larger scale production
were overcome (3, 4), it quickly became clear that AAV2-based
vectors had a relatively broad tropism and mediated persistent high
level expression in vivo. Early studies showed that AAV2 appeared
to have the greatest tropism for liver and skeletal muscle (5-7).
Intravenous injection of an AAV2-based gene transfer vector
in mice resulted in transduction of most tissues with the
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Fig. 1. Transduced viral cDNA persists in most tissues for at least 1 year. Tissues from
1-year-old mice were analyzed for the presence of viral cDNA using primers, which
amplify a 240-bp band from human cDNA and a 454-bp band from the endogenous
murine GUSB gene. A murine fibroblast line (A7) that has been transduced with a single
retroviral copy of the human GUSB cDNA is shown as a positive control. Persistence of
AAV-transduced human GUSB cDNA is seen in most tissues at 1 year. The spleen, how-
ever, shows no indication of persistent viral transduction at this late time-point. The
Southern blot shows the PCR products from a single mouse and is representative of the
pattern observed in three separate mice 1 year after injection. Reproduced from Gene
Therapy, 2001, with permission from Nature Publishing Group.

exception of those rich in hematopoietic-derived cells (6-8).
Importantly, the AAV genome persisted in most tissues, including
the liver, for at least 1 year (Fig. 1) and continued to mediate high
level expression (8).

These studies were encouraging and represented a major tech-
nical advance towards effective in vivo gene therapy. As the field
progressed it became clear that the AAV2-based genome was quite
versatile and could be efficiently packaged with other AAV capsid
proteins. Changing the serotype dramatically aftected the tropism.
For example, serotypes 1, 5, and 4 were more efficient than AAV2
at transducing cells in the murine central nervous system (9, 10).
Likewise, the liver is also more susceptible to transduction by vec-
tors pseudotyped with specific AAV capsid proteins. Although
AAV2-based vectors transduced the liver more efficiently than
other tissues, serotypes 8 and 9 had an even greater affinity for the
liver (11-13). Portal vein injection of a vector pseudotyped with
the AAVS capsid protein resulted in dramatically increased liver
transduction compared to vectors pseudotyped with AAV1, AAV2,
AAVS5, or AAV7 capsid proteins (Table 1) (11). Interestingly, com-
parable levels of liver transduction were observed with an AAVS
vector regardless of whether it was delivered by intraportal vein
injection or by intravenous (tail vein) injection (Fig. 2) (12). It was
also demonstrated in the same study that, depending on the dose,
greater than 95% of hepatocytes could be transduced with a single
injection of an AAV8-pseudotyped vector. The discovery of ditfer-
ent AAV capsid proteins and the demonstration that pseudotyped
vectors have dramatically different tropisms represent an elegant
and effective approach to tissue-specific gene therapy.



144

M.S. Sands

Table 1

Real-time PCR analysis for abundance of AAV vectors in nu/nu
mouse liver after injection of 1 x 10" genome copies of vector.
A set of probe and primers targeting the SV40 poly(A) region
of the vector genome was used for TagMan PCR. Values shown
are means of three individual animals with standard deviations.
The animals were sacrificed at day 56 to harvest liver tissues
for DNA extraction. Reproduced from the Proceedings of the
National Academy of Sciences of the United States of
America, 2002, with permission from the National Academy
of Sciences of the United States of America

AAV vectors/dose Genome copies per cell
AAV2 /1AIbAIAT 0.6 = 0.36
AAV2AIbAIAT 0.003 = 0.001
AAV2 /5AIbAIAT 0.83 + 0.64
AAV2 /7AIbAIAT 2217
AAV2 /8AIbAIAT 18 + 11
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Fig. 2. Comparison of efficiency of rAAV8-mediated liver transduction between tail vein
and portal vein injections. (a) Plasma human coagulation factor IX (hF.IX) levels after tail
vein (TV) or portal vein (PV) injection of AAV8-hF.IX16 into male C57BL/6 mice. Robust
human coagulation factor IX expression with no lag phase was observed with both routes.
Expression peaked 4 weeks after injection, followed by a substantial (~75%) decline.
Vertical bars indicate standard deviations. (b) Vector genome copy numbers (ds-vg/dge) in
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Although the tropism of AAV-based gene transfer vectors can
be shifted towards a specific cell type or tissue by using different
capsid proteins, the specificity is not absolute. More restricted
expression can be achieved by combining a particular AAV capsid
protein with a tissue- or cell-specific promoter. This has particular
significance for liver-directed gene therapy. Fixed tissue macrophages
in the liver known as Kupffer cells, can act as antigen presenting
cells. Expression of foreign proteins in Kupffer cells can elicit an
immune response and effectively eliminate any therapeutic effect by
developing antibodies to the protein or eliminating the transduced
cells through a cytotoxic T cell-mediated mechanism. It has been
shown that limiting expression of a foreign transgene to hepato-
cytes using an AAV8-pseudotyped vector in combination with a
hepatocyte-specific promoter dramatically decreases the immune
response (14, 15). In fact, recent reports show that liver-specific
gene transfer can effectively “tolerize” a mouse model of human
disease (16, 17). In one case, the “tolerized” animals can subse-
quently be treated with intravenous recombinant protein without
developing antibodies or lethal hypersensitivity reactions (18).

The thoughtful use of specific AAV capsid proteins is an effec-
tive method to enhance liver-specific expression. However, there is
an equally effective, if less elegant, means of accomplishing the
same goal. It has been shown that direct injection of an AAV2 vec-
tor into the liver parenchyma results in relatively widespread trans-
duction throughout the liver (19). This approach mediates
persistent expression that is sufficient to reduce the disease burden
in several tissues in a murine model of lysosomal storage disease.
Although this approach allows some infectious particles to be dis-
seminated through the vasculature and transduce other tissues, the
liver remains the predominant target.

An important advantage of AAV gene transfer vectors for
human gene therapy applications is that they are believed to persist
primarily as extrachromosomal episomes (20, 21). This would
effectively eliminate insertional mutagenesis which, in certain cir-
cumstances, can lead to serious adverse events when using stably
integrating vectors (22, 23). However, several independent studies
have shown that rearranged portions of recombinant AAV vectors
can stably integrate into the host genome (24, 25). Although there

<
<

Fig. 2. (continued) livers transduced with AAV8-EF1a.-nislacZ via tail vein or portal vein injec-
tion at 3.0x 10" or 7.2 x 102 vg/mouse. Total liver DNA was extracted 6 weeks post injec-
tion, and 10 pg of DNA was analyzed by Southern blot with Bgll digestion and a 2.1-kb lacZ
probe (Bgll-Bgll fragment). The left and right blots were analyzed separately with a different
series of vector copy number standards. The double-stranded vector copy number standards
(0 to 100 and 0 to 1,000 ds-vg/dge) were prepared by adding the corresponding amount of
plasmid, pAAV-EF1 a-nislacZ, to 10 ug of liver DNA extracted from a naive mouse. Each lane
represents an individual mouse. Routes of administration and vector doses are indicated
above the lanes. Reprinted with permission of the American Society of Microbiology (12).
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have been no reports of toxicity in most in vivo pre-clinical experiments
or in clinical trials, there has been one report of AAV integration
being associated with hepatocellular carcinoma (HCC) (26). Toxicity
was first observed in a pre-clinical experiment where eftective long-
term (=1 year) disease correction was achieved in mice with a lyso-
somal storage disorder following systemic delivery of an AAV vector
during the neonatal period (8, 27). At 18 months of age the AAV-
treated animals still appeared healthy; however, three out of five of
the remaining animals had HCC (27). It seemed unlikely that over-
expression of the transgene product (B-glucuronidase, GUSB) was
the cause of the toxicity since several transgenic lines expressing as
much as 1,000-fold higher than normal levels of GUSB showed no
evidence of toxicity (28). The initial observation of toxicity following
systemic neonatal AAV-mediated gene therapy was reproduced in a
larger study where 30-50% of both affected and normal animals
developed HCC (26). A thorough molecular analysis of four inde-
pendent tumors from different animals revealed that a portion of the
AAV vector had integrated within a 6-kilobase region near the distal
end of mouse chromosome 12. This integration event disrupted the
expression of an adjacent micro-RNA-rich region. Interestingly,
there have been two additional reports in different disease models
using different transgenes of hepatic tumor formation following
AAV-mediated gene therapy (29, 30). However, detailed analysis of
the proviral structures was not performed in those studies. It remains
unclear whether these observations are species- or tissue-specific.
Alternatively, these observations could be dependent on the devel-
opmental stage at which the vector is delivered (neonatal) or the
underlying disease state of the liver. Clearly, the frequency and mech-
anisms of these observations need to be more precisely elucidated in
order for informed risk-vs-benefit determinations to be made.

Progress towards effective liver-directed gene therapy as well as
a better understanding of the underlying pathogenesis of primary
liver defects will be greatly accelerated by the ability to efficiently
and stably transfer functional genes to the livers of intact animal
models of disease. The advent of recombinant AAV vectors, the
ability to enhance delivery to the liver through pseudotyping with
different AAV capsid proteins, and the effective use of liver-specific
promoters provides an opportunity to accomplish these goals.
Several methods for delivering gene transfer vectors to the livers of
murine models of disease are outlined below.

2. Materials

2.1. Liver-Directed
Gene Delivery

1. 1-cc Tuberculin syringes.
2. 30-G needles.
3. 3x illuminated desktop magnifying glass.



2.2. Biochemical,
Histological,

and Molecular
Analyses

6 AAV-Mediated Liver-Directed Gene Therapy 147

4. Anesthetic cocktail: 20 mg/ml Ketamine (Fort Dodge Animal
Health, Fort Dodge, IA), .375 mg/ml Xylazine (AGRI
Laboratories, St. Joseph, MO), (100 pl Anesthetic cocktail /25 g

mouse).
5. Sterile surgical supplies (scalpel, scissors, forceps, sponges, etc.).
6. Absorbable gelatin sponge (Ethicon, Somerville, NJ).
7. 40 polyester suture (Ethicon, Somerville, NJ).
8. Topical disinfectant: 70% ethanol.
9. Povidone: topical iodine prep pad (Triad Disposables,

Brookfield, WI).

10. Mouse restrainer.

1. Microhematocrit capillary tubes.

2. Tissue fixative: 10% neutral-buffered formalin (Sigma, St.
Louis, MO).

3. Standard molecular biology equipment (microcentrifuge,
microcentrifuge tubes, micropipettors, agarose gel electropho-
resis, transfer membranes, etc.).

4. DNA isolation kit.
5. Standard PCR Thermocycler or Real-Time PCR Thermocycler.

3. Methods

As mentioned above, liver-directed gene delivery with an AAV
vector can be accomplished by several methods. Conceptually, the
easiest methods involve the injection of vector into the liver either
through the portal vein or directly into the liver parenchyma.
Unfortunately, both methods are relatively invasive and require
some surgical skill (see below). A more elegant approach involves
pseudotyping the viral vector with an AAV capsid that enhances
liver tropism, and incorporating a liver-specific promoter into the
expression cassette. Liver-directed gene transfer using a liver-
specific vector/promoter combination can be accomplished with a
simple intravenous injection. This eliminates the need to become
proficient in surgical techniques. There are numerous liver-specific
expression cassettes, and infectious AAV vector stocks pseudotyped
with a variety of capsid proteins can be obtained on a fee-for-
service basis from several core laboratories. These techniques are
beyond the scope of this chapter and will be discussed elsewhere.
The techniques outlined below are intended for use in rodent (rat
and mouse) models. The reader should seek assistance from an
experienced veterinarian if similar experiments are to be carried out
in larger (canine, primate, etc.) animal models.
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3.1. Liver-Directed
Gene Delivery

3.1.1. Intraportal Vein
Injection (see Ref. 31)

3.1.2. Intraparenchymal
Liver Injection (see Ref. 19)

Intraportal vein injection, direct intraparenchymal liver injection
and intravenous injection techniques have been described in detail
elsewhere. Therefore, the methods outlined below represent basic
guides for these approaches. The reader is encouraged to seck
experienced collaborators to assist with the techniques, in particu-
lar the survival surgery techniques.

1.

Place adult mice under surgical anesthesia by intraperitoneal
injection of anesthetic cocktail. Surgical anesthesia is confirmed
when the animal is unresponsive when the toe is pinched and
the blinking reflex is no longer present.

. Prepare the abdomen prior to surgery by washing with topical

disinfectant followed by Povidone. Establish a sterile field over
the abdomen.

. Make a 2-3-cm long midline incision in the abdomen starting

2-3 mm below the xyphiod process.

. Eviscerate the intestines and reflect them to the left to expose

the portal vein (see Note 1).

. Introduce a 30-G needle directly into the portal vein.

6. Inject 0.2 ml of viral suspension uniformly and slowly over a

10.

period of 1 min.

. Keep the needle in place for approximately 10-20 s after the

injection.

. Remove the needle and gently press a small piece of absorbable

sponge over the insertion point to prevent bleeding.

. Close the abdomen with two layers (muscle and skin) of run-

ning 4-0 polyester suture.

Place the animal under a heating lamp until it has recovered
and then house singly until the wound is completely healed.

. Up to 200 pl of total injectate can be delivered to the adult mouse

liver in four to five separate injection sites (40-50 pl/site).

. Place adult mice under surgical anesthesia by intraperitoneal

injection of anesthetic cocktail. Surgical anesthesia is confirmed
when the animal is unresponsive when the toe is pinched and
the blinking reflex is no longer present.

. Prepare the abdomen for surgery by washing with topical dis-

infectant followed by Povidone. Establish a sterile field over
the abdomen.

. Make a 2-3-cm long midline incision in the abdomen starting

2-3 mm below the xyphiod process in order to expose the
liver.

. Inject viral suspension directly into the liver parenchyma

through a 30-G needle affixed to a tuberculin syringe.



3.1.3. Adult I.V. Injection

3.1.4. Neonatal I.V.
Injection (see Ref. 32)

10.

1.
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. Inject the suspension slowly with intermittent pressure (see

Note 2).

. Remove the needle and stop the bleeding by gentle pressure

with a sterile cotton sponge.

. Choose a new site and repeat the procedure.

. Close the abdomen with two layers (muscle and skin) of run-

ning 4-0 polyester suture.

Place the animal under a heating lamp until it has recovered
and then house singly until the wound is completely healed.

Up to 300400 pl of injectate can be delivered intravenously
to an adult mouse by this route.

. Place a mouse in a standard mouse restrainer such that the

injector has free access to the entire length of tail.

. The most accessible veins in the mouse tail are on the lateral

sides of the tail. The vein on the dorsal aspect of the mouse tail
is difficult to routinely inject. The vessel on the ventral aspect
of the tail is an artery and should never be injected.

. Insert a 30-G needle affixed to a 1-cc tuberculin syringe into

one of the lateral veins at a site as distal as possible on the tail.
Choose a distal site so that if the first attempt is unsuccessful,
the injector can simply choose another more proximal injec-
tion site (see Note 3).

. Slowly inject the viral suspension once the needle is in place

(see Note 4).

. Remove the needle once the injection is complete and apply

pressure to the site until bleeding stops.

. Return the mouse to its cage immediately after the injection.

. Up to 100 pl of viral suspension can be delivered to a neonatal

mouse by this technique.

. This procedure is most easily accomplished with two people;

one restraining the animal and the other injecting.

. Neonatal mice can be injected by this route between 1 and

4 days of life. It becomes increasingly difficult to visualize the
vein beyond the first 4 days of life.

. Place neonatal mice on a dry towel at 4°C for several minutes

prior to injection to minimize their movement and reduce
trauma.

. One person gently immobilizes the forelimbs and holds the

head such that the lateral aspect is facing up. This exposes the
superficial temporal vein that extends from behind the eye into
the neck.

. Position the mouse under the 3x illuminated magnifying glass.
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3.2. Liver-Specific
Analyses

3.2.1. Southern Blot
(see Ref. 33)

7. The other person inserts the 30-G needle affixed to a 1-cc
tuberculin syringe under the skin next to the vein. The approach
should be from the head towards the neck.

8. Move the needle over the vein and advance slowly into the vein
until the bevel is obscured by blood. This indicates that the
needle is in the vessel (see Note 5).

9. Do not advance further.
10. Inject the viral suspension slowly (see Note 6).

11. Once the injection is complete, remove the needle and apply
gentle pressure to the vein. Bleeding typically stops within
2-3 min.

12. Place the mouse under a heating lamp before returning to the
female.

13. If the injection is unsuccessful, allow the mouse to recover for
5-10 min and then attempt a second injection on the other
side.

Two important and disease-independent considerations when
evaluating liver-directed gene transfer are the presence of the
transgene and toxicity. Determining the presence of a specific
transgene in liver tissue can be accomplished by several standard
molecular biology methods. However, the exact methods and
conditions will vary depending on the transgene used. Therefore,
the methods will be discussed in general terms. Although the tech-
niques for toxicity determinations are standard, it is inefficient for
most small independent research laboratories to incorporate those
technologies into their laboratory. Therefore, the assays necessary
for an initial determination of toxicity will be outlined and exam-
ples (not an exhaustive list) of representative service providers will
be listed. If toxicity is suspected after an initial screen, the investi-
gator is encouraged to seck expert (Pathologist, etc.) advice to
determine the appropriate course of action to better understand
the findings.

1. Isolate high molecular weight genomic DNA or lower molecular
weight “Hirt” DNA from liver tissue by standard techniques.

2. Digest the DNA to completion with appropriate restriction
endonucleases (see Note 7).

3. Separate the restriction fragments by agarose gel electrophoresis
(see Note 8).

4. Transfer the DNA fragments by passive diffusion or by electro-
transfer to a charged synthetic membrane.

5. Prepare a suitable radiolabeled or fluorescently labeled DNA
fragment, being mindful of where the restriction sites are
located.



3.2.2. Standard PCR
(see Ref. 33)

6.

7.

6 AAV-Mediated Liver-Directed Gene Therapy 151

Equilibrate the membrane containing the bound DNA
fragments in buffer, probe with the labeled DNA fragment,
then wash extensively to remove any unbound DNA probe.

Visualize the labeled membrane (blot) by exposure to film or
by an alternate imaging system.

. Incorporate known molecular weight markers or an internal

standard in order to: (1) identify the position of the transgene,
(2) estimate the copy number of the transgene, and (3) estimate
the number of unique integration sites of the transgene.

Real-Time (RTPCR) or Quantitative (QPCR) PCR is perhaps the
easiest and most reliable method to quantify the amount of trans-
genes in the liver of animals following viral-mediated gene transfer.
However, this requires specialized equipment that may be beyond
the capabilities of small independent laboratories. Alternate, less
expensive PCR-based methods have been established that allow
investigators to detect the presence and estimate the level of gene
transfer. These methods are briefly outlined below:

1.

2.

Isolate total DNA from liver tissue samples by standard
techniques.

Design single-stranded DNA primers that are complementary
to either the transgene or the expression cassette within the
gene transfer vector.

. PCR primers can be developed for several purposes. A single

pair of primers can be devised that will detect the presence of
the transgene or expression cassette. This is useful when using
a transgene that does not naturally exist in the host genome
[bacterial B-galactosidase, green fluorescent protein (GED),
etc.]. When amplifying a therapeutic transgene that has a cor-
responding full length endogenous gene, an internal control
can be incorporated into this type of analysis. A single set of
primers that amplifies both the transgene (usually a cDNA) and
the corresponding full length gene within the host genome can
be devised (see Fig. 1). Regions of the cDNA that have exact,
or nearly exact sequence homology to the host gene but are
separated by one or more introns are required for this analysis.
Typically, the PCR products from the transgene and the full
length gene should differ by 50 to several hundred base pairs in
length in order to easily separate the two fragments by gel elec-
trophoresis. Alternatively, a second set of PCR primers can be
developed that amplifies a PCR product of distinct size from a
different host gene. This type of analysis can be used to simul-
taneously detect any transgene and an independent host gene.

. Perform PCR on the total DNA isolated from liver (the exact

PCR protocol will vary depending on the transgene and primer
configurations).
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3.2.3. Real-Time
or Quantitative PCR
(see Ref. 33)

3.2.4. Liver Toxicity

. Separate the PCR products by gel electrophoresis. Visualize

the PCR products by ethidium-bromide fluorescence or by
Southern blot analysis (see above).

. The ability to simultancously amplify a distinct sized PCR

product using either a single set of primers or two sets of prim-
ers allows the investigator to estimate the amount of the trans-
gene relative to a known host gene (see Note 9).

. Isolate total DNA from liver tissue samples by standard

techniques.

. Synthesize PCR primers specific for the transgene. PCR prim-

ers used for QPCR typically amplify a fragment less than 100 bp
in length.

. Determine the PCR protocol (annealing time, extension time,

etc.) empirically in test runs using standard techniques. Perform
the amplification using either a fluorescently labeled probe or
fluorescently labeled nucleotides.

. PCR products are detected and quantified by two methods:

(1) Synthesize a fluorescently labeled primer that binds a region
of DNA between the two original primers. As the internal
primer is incorporated into the PCR products, the fluorescent
label is liberated and detected by the Real-Time PCR instru-
ment. This is a method that indirectly measures the amplifica-
tion of the product. However, this method provides additional
specificity since all three primers must bind their respective
sites in order for the fluorescent probe to be liberated. (2) Use
fluorescently labeled nucleotides that will be incorporated into
the amplified product. This method provides a direct measure
of the amount of amplified product and is typically more versa-
tile since a gene-specific fluorescently labeled primer is not
required. However, this method may not be as specific since it
only requires two primers to faithfully bind their respective
complementary sequences. Any off-target amplification cannot
be distinguished from the desired PCR product.

. Perform the quantitative PCR reaction and compare to a known

internal standard. In the case of transgene copy number the
standard is typically a single copy gene [e.g. glyceraldehydes-3-
phosphate dehydrogenase (GAPDH)]. When quantifying
mRNA levels by QPCR, the internal standard is typically an
mRNA from a house-keeping gene such as B-actin or GAPDH.
However, care must be taken when quantifying mRNA since
the levels of certain housekeeping genes can change depending
on the disease state or the transgene that is expressed.

An important consideration for the development of liver-directed
gene therapy is safety. Toxic effects of gene transfer to the liver
can be determined in animal models of disease either indirectly



3.2.5. Serum Chemistries

3.2.6. Histology
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(serum chemistry) or directly (histology). The advantage of deter-
mining changes in liver enzymes by serum chemistry is that this
can be performed repeatedly in the same animal using survival
techniques. In contrast, performing histology to directly determine
liver toxicity typically involves sacrificing the animal, this is espe-
cially true for small (rodent) animal models of disecase. In most
cases, a thorough evaluation of toxicity involves both serial serum
chemistry analyses and histology at a terminal time point.

1.

Anesthetize animals (see above) prior to blood collection to
minimize unnecessary stress.

. Collect blood from the lateral saphenous vein, which proceeds

dorsally then laterally over the tarsal joint.

. Shave the lateral aspect of the hind leg to expose the skin.

Cleanse the area with a topical disinfectant.

4. Knick the vein with a sterile scalpel.

. Collect up to 150 pl of blood into either a heparinized or non-

heparinized microhematocrit capillary tube, depending on
whether plasma or serum is needed, respectively. Apply gentle
pressure until bleeding is stopped (see Note 10).

. Alternatively, blood can be obtained from the tail.
. Cleanse the tail thoroughly with topical disinfectant and cut

2-3 mm of the tail tip off with sharp sterile scissors.

. Collect up to 150 pl of blood from the tail tip. Apply gentle

pressure to stop the bleeding (see Note 11).

. The most common serum enzymes that serve as indicators of

liver damage are: Serum Glutamic-Oxaloacetic Transaminase
(SGOT or AST), Serum Glutamic-Pyruvic Transaminase
(SGPT or ALT), Alkaline Phosphatase (ALP), Gamma-
Glutamyl Transpeptidase (GGT), Lactic Acid Dehydrogenase
(LDH), and Bilirubin (see Note 12).

. An initial histological screen for liver toxicity can be performed

by staining fixed tissue with Hematoxylin and Eosin (H&E).

2. Sacrifice animals by anesthetic overdose or by CO, asphyxiation.

. Make a midline abdominal incision to expose the liver.

. Remove a piece of liver ranging from several mm?® to 1 c¢m?

from one of the liver lobes and place in 1-5 ml of tissue fixative
for at least 48 h.

. Dehydrate the piece of liver and embed in paraffin for section-

ing. The sections are then stained with H&E and evaluated by
a pathologist with experience examining rodent tissue (see
Note 13).

. Specialized histological analyses (e.g. electron microscopy,

immunohistochemistry, etc.) may be warranted if abnormalities
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are detected on the H& E-stained sections. The most appropriate
analysis can be determined after discussions with an experi-
enced pathologist and is beyond the scope of this review.

4. Notes

. The portal vein is a relatively large vein that originates in the

intestines and drains directly into the liver. The anterior lobes
of the liver may have to be lifted in order to see the vein. The
intestines are kept moist during the procedure by covering
them with sterile gauze soaked in sterile saline.

. The injection site is monitored during the injection through a

surgical stereoscope to ensure that there is no hemorrhage or
extravasation. If either of these situations occurs, the needle is
removed, the bleeding stopped with gentle pressure, and a new
site is injected.

. If the injector experiences difficulty with this approach, keep in

mind the lateral veins are extremely superficial. Some degree of
vasodilation can be achieved if the tail is gently heated with
warm water.

. If the injector has difficulty depressing the plunger due to

increased pressure, it is likely that the needle is not in the vein.
In that case remove the needle and choose a new site.

. The skin is translucent at this age and the bevel of the needle

can easily be seen through the skin.

. Typically the vein distal to the injection site will blanch if the

injection is successful. If the needle is not in the vein, an easily
visible bulge will immediately form with as little as 10 pl
injected subcutaneously.

. Restriction sites within the transgene or expression cassette will

liberate the entire transgene or internal fragments of the trans-
gene. A single restriction site within the transgene or expres-
sion cassette will liberate transgene /genomic junction fragments
from integrated proviral forms.

. The appropriate agarose concentration will depend on the

expected size of the fragments. In general, low concentration
gels will be used to identify large junction fragments and higher
agarose concentrations will be used to identify internal frag-
ments of known size.

. Numerous controls must be run with this type of analysis to

determine the appropriate PCR protocol, the relative rates of
amplification from the primers, and the relative affinity of the
probes for the PCR products if Southern blot analysis is to be
performed.
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10. This procedure can be performed once every 2 weeks without
altering normal hematologic parameters.

11. Unlike blood collection from the saphenous vein, blood col-
lection from the tail tip can only be performed one or two
times. One advantage of collecting blood from the tail tip is
that DNA can be isolated from the piece of tissue for
genotyping.

12. Elevations or reductions in these circulating enzymes are non-
specific indicators of liver disease or damage. If the levels of
these enzymes deviate from normal, a liver specialist should be
consulted so more specific liver tests can be performed. It is
not cost-effective for most independent research laboratories
to establish these techniques in their laboratories. There are
numerous contract laboratories that will perform these assays
on a fee-for-service basis [National Toxicology Program,
Department of Health and Human Services (http://ntp.nichs.
nih.gov/index.cfm?objectid=070C9D76-D1D1-84FD-
998ECE4408785E21), Quest Diagnostics, Madison, NJ
(http: //www.questdiagnostics.com)]. Finally, it is critical for
the investigator to provide serum from normal control animals
since the standards and normal values used by contract labora-
tories are typically human specific.

13. Normal control animals will aid in this evaluation. As with
serum chemistry analyses, it is inefficient for most independent
laboratories to bring this expertise into the laboratory. There
are numerous laboratories that will perform histology on a fee-
for-service basis [e.g. HistoTox Labs, Boulder, CO, (http://
www.histotoxlabs.com), Wax-it, Vancouver, CA, (http: //www.
waxitinc.com)].
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Chapter 7

Recombinant AAV Delivery to the Central Nervous System

Olivier Bockstael, Kevin D. Foust, Brian Kaspar, and Liliane Tenenbaum

Abstract

Recombinant AAV-mediated gene delivery to the CNS can be performed either by direct delivery at the
target site or from the periphery, using intramuscular injections and retrograde transport along motor
neuron projections or intravenous injections and blood-brain barrier crossing.

In this chapter, we describe:

1. Methods for recombinant virus administration, including stereotactic surgery, intramuscular, and
intravenous administration.

2. Methods to evaluate the number and biodistribution of brain and spinal cord cells expressing the
transgene by immunohistochemisty as well as the amount of transgene product by ELISA in the target

region.
3. Methods to characterize the cellular specificity of transgene expression by double
immunofluorescence.

4.  Methods to quantify the amounts of viral DNA as well as of transgene mRNA by quantitative PCR
and RT-PCR, respectively.

Key words: Stereotaxy, Intravenous injection, Retrograde transport, Immunohistochemistry,
Confocal microscopy, GFP, GDNF, Quantitative PCR, mRNA, Hirt DNA

1. Introduction

Applications for AAV vector gene delivery to the central nervous
system (CNS) include a wide range of neurological disorders and
CNS trauma as well as local transgenesis for disease modeling.
Gene therapy strategies are being tested for correction of enzy-
matic deficiencies in lysosomal storage diseases (1-5), providing
neurotrophic support in neurodegenerative diseases (6-9), modu-
lating neurotransmission (10, 11), compensatory replacement of
lost neurotransmitters (12, 13), delivering siRNA for the correc-
tion of autosomal dominant mutations (14, 15), and delivering of
anti-inflammatory cytokines (16).
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The temporal, regional pattern as well as the cellular specificity
of AAV-mediated transgene expression in the brain is usually not
homogenous and largely dependent on the capsid serotype, tran-
scriptional elements, and site of delivery.

The properties of the viral preparation (purity, titer) as well as
the technique of delivery, e.g., convection-enhanced delivery (17),
delivery of co-factors such as heparin (18) or mannitol (19), might
have a high impact on the transduction pattern.

The CNS is made up of many different cell types, including
neuron and glial cells. There are many types of neurons varying in
morphology, size and function. Glial cells include astrocytes, oligo-
dendrocytes, and microglia. The method to evaluate transgene
expression as well as the nature of the transgene product (intracel-
lular, secreted, transported) might also influence the results.
Histological stainings such as immunohistochemistry or simple or
double immunofluorescence constitute the method of choice to
characterize the biodistribution of transgene expression but are of
limited usefulness for quantification of transduction efficiency. The
amount of transgene expression is rather evaluated by bulk mea-
sures on brain extracts such as ELISA or RT-qPCR. Finally, the
vector can be delivered either directly in the brain or in the periph-
ery, i.e., intramuscularly or intravenously, resulting in different
transduction patterns. This chapter focuses on methods to achieve
CNS delivery by AAV vectors using conventional approaches rou-
tinely used in neuroscience research. Thanks to stereotaxy, regions
of the brain can be reached by needles directed from outside using
a stereotaxic instrument. Various atlases prepared from brains of
adult male or female rats and mice are available (20, 21). The coor-
dinates are taken from a reference point on the skull, the most
commonly used being the bregma which is the point of intersec-
tion between mid-saggital coronal sutures. Minimally invasive
techniques should be used to avoid immune and inflammatory
reactions which can provoke the rejection of transduced cells
(22, 23) (see Note 1).

Recently we, and others, (24-26) demonstrated that a new
AAV serotype, type 9, crosses the blood—brain barrier (BBB) when
intravenously injected in mice, cats, and nonhuman primates. Data
in rats have yet to be published. The efficiency of crossing is dose
dependent, and the types of cells targeted are dependent on the
animal age. Administration in neonate animals results in primarily
neuronal transduction, whereas injection into adults infects mostly
glial cells. The utilization of self-complementary AAV (scAAV9)
genomes greatly enhances the number of cells transduced. We will
describe the procedure for neonate mouse temporal vein and adult
tail vein injections.

We and others (27-30) have identified that AAV vectors can be
retrogradely transported from the muscle to spinal cord motor
neuron. In brief, axonal projections from motor neurons take up



7 Recombinant AAV Delivery to the Central Nervous System 161

virus and transport the virus back to the cell body in a retrograde
fashion where the motor neuron then produces the therapeutic
transgene product. It is important to note that efficiencies vary for
each serotype tested, with reports of AAV1 as more efficient at
retrograde transport properties to motor neurons.

2. Materials

2.1. Direct
Intracerebral rAAV
Delivery by Stereotaxy

QN Ul B W

N

11.

12.
13.

14.

15.

16.
17.

. Class 2 laboratory equipped with a class 2 biosafety cabinet

(vertical laminar flow with HEPA filters) or dual access animal
containment workstation (equipped with a vertical laminar
vertical flow and ULPA filters; for example: ESCO VIVA
VDA-4Al, Analis, Namur, Belgium) (see Note 2).

. Masks and gloves.

. Biohazardous containers (to be incinerated).

. 0.1 M NaOH.

. Individual ventilation cages (Allentown, France).

. Stereotaxic apparatus (Kopf Model 900 Small Animal

Stereotaxic Instrument, Tujunga, California or Stoelting
51600 Lab Standard stereotaxic instrument, Dublin, Ireland).

. Mouse adaptor (Stoelting).

. Drill (Fine Science Tools, Heidelberg, Germany).
. Microdrill Trephines (Fine Science Tools).

10.

Programmable injector (microprocessor-controlled infusion
pump equipped with a ultra Micropump III, World Precision
Instruments, Sarasota, FL., USA).

Ten-microliter Hamilton syringe connected to a blunt-end
40 mm-long 30G needle (Hamilton, 701SN Pst3).

Light source such as a fiber optic lamp with movable arms.

Viral suspension diluted in DPBS (with Ca?* and Mg*,
BioWittaker, Lonza) at the desired titer (usually between 10!
and 10" viral genomes per milliliter, titers are matched if
several viruses are used in the same experiment) and kept on
ice during the whole stereotaxic procedure.

Anesthetics: ketamine (Ketalar 50 mg/ml, Pfizer), xylasine
(Rompun 2%, Bayer).

Carbomerum (2 mg/ml; Vidisic, Tramedico, Sint-Niklaas,
Belgium).

Surgery instruments: knife, forceps, etc.

Cotton buds.
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2.2. Intravenous
Injection of AAV9

2.2.1. Neonate Temporal
Vein Injection

2.2.2. Adult Tail Vein
Injection

2.3. Retrograde
Transport from
the Periphery to Target
Motor Neurons

2.4. Dissection
and Processing
of Rat Brains

2.4.1. Freshly Frozen Brains
2.4.2. Perfused

Paraformaldehyde-Fixed
Brains

RO S I S ]

. Mice 1-2 days old.
. Bed of wet ice.
. Dissecting microscope.

. Light source at an oblique angle such as a fiber optic lamp with

movable arms.

. 3/10 cc insulin syringe with half in 30 G needle, one per

animal.

. scAAVY solution at 21 x 10! viral particles per animal.

. Mice 3 weeks or older.

. Rodent restrainer such as model MTI from Braintree

Scientific.

. 3/10 cc Insulin syringe with half in 30 G needle, one per

animal.

4. Alcohol wipes.

. scAAV9 viral solution 25 x 10" viral particles per animal.

. Ten-microliter Hamilton syringe connected to a beveled

40-mm-long 30 G needle (Hamiton, ref 701SN Pst3).

. Viralsuspension diluted in DPBS (with Caand Mg, BioWittaker)

at the desired titer (usually>10'? viral genomes per milliliter;
titers are matched if several viruses are used in the same experi-
ment) and kept on ice during the whole procedure.

. Anesthetics: ketamine (Ketalar 50 mg/ml, Pfizer); xylaxine

(Rompun 2%, Bayer).

. Laminar flow (biosafety cabinet), individual ventilation cages,

masks, gloves, 1 M NaOH.

. Dry ice.
. Thermometer (down to — 40°C).
. Methylbutane 99% (Aldrich).

. Paraformaldehyde (Sigma).
. Physiological saline (NaCl 0.9%).
. Peristaltic pump; 20 G L.V. catheter (Versatus, Terumo,

Somerset, NJ, USA).

. Scissors; Vibratome (e.g., VIS1000, Leica).



2.5. Histological
Analysis
of Transduction

2.5.1. Evaluation

of the Number

and Regional Distribution
of GFP-Positive Cells

2.5.2. Characterization
of GFP-Positive Cells

by Co-labeling with Cell
Type-Specific Antibodies

2.6. Quantitative
Analysis
of Transduction

2.6.1. Preparation
of Samples for DNA, RNA,
and Protein Extractions
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1.

Primary antibody: anti-GFP polyclonal rabbit serum (Molecular
Probes).

. Secondary antibody: donkey anti-rabbit IgG conjugated with

biotin (Amersham).

. Staining reagents: Streptavidin conjugated to cyanine 2

(Jackson ImmunoResearch, West Grove), ABC Elite vectastain
kit and diaminobenzidine (Vector, NTL Laboratories, Brussels,
Belgium), xylene (Merck).

4. Horse serum (HS) (Gibco, Invitrogen).

. THST 50 mM Tris, 0.5 M NaCl, 0.5% Triton X-100 (Merck),

pH 7.6.

. TBS :Tris 10 mM, NaCl 0.9%, pH 7.6.
. Mounting fluids: FluorSave (Calbiochem); DPX (Sigma).

. Disposables:polystyrene multipurpose containers (15 ml) with

lids (Greiner #203170); gelatin-coated slides (see Note 3),
coverslips.

. Microscopy: optical fractionator of the Stereoinvestigator soft-

ware (MBF Bioscience, USA); CCD video camera connected
to the microscope (Leica, Germany).

. Primary antibodies: anti-tyrosine hydroxylase mouse monoclo-

nal antibody (Millipore, Chemicon), anti-neuronal nuclei
(NeuN) mouse monoclonal antibody (Millipore, Chemicon),
anti-glial fibrillary acidic protein (GFAP) mouse monoclonal
antibody (Millipore, Chemicon), anti-parvalbumin mouse
monoclonal antibody (Sigma), and anti-glutamic acid decar-
boxylase (GAD) mouse monoclonal antibody (Millipore,
Chemicon).

. Secondary antibodies: rabbit biotinylated anti-goat IgG

(Vector), donkey anti-mouse IgG coupled to cyanine 3 (Jackson
ImmunoResearch).

. Confocal microscope with automatic image analysis system

(Lasersharp version 3.2, Biorad).

4. Axiovert 100 microscope (Carl Zeiss, Germany).

[©) NS U NIV I 8}

. Steel

. Image J software (NIH, USA).

brain matrix
Gaithesburg, MD).

(for coronal sections, Alto Rofoz,

. One-edge razor blades.

. Plastic Petri dishes.

. 1.5 ml RNAse-free microfuge tubes (Ambion).
. Forceps.

. Precision balance.
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2.6.2. Viral DNA

2.6.3. mRNA Extraction
and Reverse Transcription

2.6.4. Real-Time
Quantitative PCR of GFP
Transgene and cDNA

2.6.5. Protein Extraction

7. Tissue punch set (Stoelting).

NoRENC'-IEAN [N NS 2 BNV SRRV I NS S

. Nucleotide and RNAse cleaning solution (RNAse AWAY,

Invitrogen).

. Lysis bufter: Tris 10 mM, pH 8.0, EDTA 10 mM, SDS 1%.
. DNase-free RNase 10 mg/ml (Roche Applied Bioscience).
. Pronase (Roche Applied Bioscience).

. Proteinase K (Roche Applied Bioscience).

. Tabletop microcentrifuge.

. Phenol /chloroform /isoamyl alcohol (25,/24 /1) (Sigma).

. Chloroform /isoamyl alcohol (24 /1) (Sigma).

. 100% Ethanol (Sigma).

. TE bulfter.

. MagNA Pure LC Instrument (Roche Applied Bioscience).
. MagNA Pure LC mRNA Isolation Kit II (Roche Applied

Bioscience).

. Transcriptor First Strand cDNA Synthesis Kit (Roche Applied

Bioscience).

. Anchored-oligo (dT),, primers.

. LightCycler FastStart DNA master SYBR Green 1 kit.
. Real-time SYBRgreen qPCR analysis kit (Roche Applied

Bioscience).

. LightCycler 1.5 apparatus (Roche Applied Bioscience).
. Reaction capillaries (Roche Applied Science).

. Lysis buffer: PBS 1% NP40, 10% glycerol, protease inhibitors

cocktail (Roche; 1 pellet for 50 ml).

2. Sonificator (e.g., Branson sonifier 250).

3. 1 N HCL
3. Methods
3.1. Direct 1. Install the stereotaxic frame and instruments in a biosafety class
Intracerebral rAAV 2 cabinet (see Note 2) in a biosafety class 2 laboratory. Use
Delivery by Stereotaxy masks and gloves.

. Fix the Hamilton syringe in the injector, fill it by immersion of

the needle tip in the viral suspension and aspirate using the
“Fast reverse” function.
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3.

10.

11.

12.

Check the absence of bubble by using the “fast forward”
function until a drop appears at the needle tip. Remove the
drop using a cotton wipe (disposed in 0.1 M NaOH).

. Anesthetize rats of approximately 250 g by intraperitoneal

injection of xylazine (10 mg/kg) and ketamine (100 mg/kg)
using a 1 ml syringe with a 25 G needle.

. Settle the anesthetized rats on the stereotaxic frame by first

placing incisor teeth on the tooth bar. Then, place the ear bars
in the external auditory meatuses and firmly fix the head. Check
that the skull is flat and the two eyes at the same horizontal
level. Put a drop of carbomerum in each eye in order to avoid
drying during the anesthesia. Position the light source so that
it illuminates the head of the animal. Shave the head and clean
it with alcohol.

. Make a antero-posterior cut in the scalp using a blade and

maintain it open using forceps. Use cotton buds to remove the
blood. Remove the periosteum (membrane that lines the outer
surface of the cranial bone) to visualize the bregma.

. Adjust the vertical position of the tooth bar so that the height

of the skull surface at bregma and lambda (point of intersec-
tion of the sagittal and lamboid sutures) are the same. If the
sutures are difficult to visualize, allow the skull to dry for
5-10 min.

. The stereotaxic instrument (see Fig. 1) has an antero-poste-

rior (AP), a dorso-vertical (DV), and a medio-lateral (ML)
scale to determine the position inside the brain. It is equipped
with manipulators with 0.1 mm vernier scales for coordinates
adjustment. Antero-posterior, lateral, and vertical movements
are made possible due to screw movements of knobs. Measure
the AP and ML coordinates of the bregma by placing the tip
of the needle vertical to the bregma. Calculate the AP and
ML positions of the targeted site according to the Atlas and
move the syringe on the AP and ML axis using the screws.
Make a mark on the cranial bone at the desired AP and ML
coordinates.

. Make a hole in the bone using a drill. Pay attention not to

damage the dura (outer layer of the meninges).

Place the needle at the surface of the dura and measure the DV
coordinate of the bregma. Calculate the DV coordinate of the
target site.

Slowly move the needle manually vertically by using the screw
to reach the site of injection and leave it in place for 5 min.

Infuse 2 pl of the viral suspension at a speed of 0.2 ul/min
using the programmable injector. (It is useful to check the
meniscus of the viral suspension before and after infusion to
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Fig. 1. Stereotaxic frame. The Hamilton syringe is fixed in the injector and filled with the viral suspension. Anesthetized rats
of approximately 250 g are settled on the frame by placing incisor teeth on the tooth bar and the ear bars in the external
auditory meatuses. An antero-posterior cut is made in the scalp and the periosteum removed in order to visualize the
bregma. The needle tip is placed on the bregma, and AP and ML coordinates of the bregma are measured. The AP and ML
position of the target site are calculated according to the atlas and the syringe is moved on the AP and ML axis using the
corresponding screws. A mark is made on the cranial bone at the desired AP and ML coordinates, and a hole is made in
the bone using a drill. The needle is placed at the surface of the dura and the DV coordinate is measured. The DV coordinate
of the target site is calculated. The needle is then slowly moved down manually by using the vertical screw to reach the
site of injection and left in place for 5 min. Two microliters of the viral suspension are infused at a speed of 0.2 pl/min using
the programmable injector. At the end of the infusion, the needle is left in place for 5 min before slowly removing it manu-
ally. (1) Ear bars; (2) tooth bar; (3) syringe holder of the programmable injector; (4) screw for setting vertical coordinate;
(5) screw for setting lateral coordinate; (6) screw for antero-posterior coordinate; (7) vertical vernier scale; (8) lateral
vernier scale; (9) antero-posterior vernier scale.



3.2. Intravenous
Injection of AAV9

3.2.1. Neonate Temporal
Vein Injection

3.2.2. Adult Tail
Vein Injection
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13.

14.

15.

confirm the volume of virus injected). At the end of the
infusion, leave the needle in place for 5 min before slowly
removing it manually.

Sew the scalp, attach a numbered ear tag to the earlobe and
place the rat in a clean cage separate from the other rats until
waking up (see Note 4).

Keep animals in individual ventilation cages (e.g., Allentown)
during the first days postsurgery (see Note 2).

Dispose needles and surgical materials properly in biohazard-
ous containers. Clean instruments with 0.1 M NaOH or 10%
chlorine bleach and thoroughly rinse with distilled water, then
with alcohol.

. Position the light source so that it illuminates your microscope

field. A moderate light intensity is best to visualize the vein.

. Place one mouse pup directly on the ice to anesthetize the

animal for 1-3 min.

. While the animal is on ice, fill your syringe with virus. The vol-

ume should not exceed 100 pl. Volumes between 30 and 100 pl
do not influence transduction pattern in our experience.

. Position the animal in view of the microscope. With your non-

injecting hand, place your index finger on the side of the mouse
muzzle and your middle finger just caudal to the ear bud. This
hand position is important to stretch the skin and visualize the
temporal vein.

. Identify the temporal vein. It should be visible through the

skin just anterior to the ear bud and inferior to small peripheral
vasculature. The temporal vein appears shadowy, runs dorsal to
ventral, and feeds into the jugular.

. Enter the vein with the bevel up. You should see the needle

bevel fill with blood through the skin. Depress the plunger and
note the blanching of the vein down the side of the face.

. Secure the animal into the restrainer.

2. Clean the tail with the alcohol wipe.

. Warm the tail with warm water or the trough in the mouse tail

illuminator.

4. Load the syringe with the viral solution.

. Target the vein starting closer to the tip of the tail. Enter the

vein. If you miss the vein, move closer to the base of the tail
and try again.

. Inject viral solution in a bolus. Injection volumes range from

100 to 250 pl.

. Return the animal to its housing.
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3.3. Retrograde
Transport from
the Periphery to Target
Motor Neurons

3.4. Processing
of Rat Brains

3.4.1. Freshly
Frozen Brains

3.4.2. Perfused
Paraformaldehyde-Fixed
Brains

. Anesthetize rats of approximately 250 g by intraperitoneal

injection of xylazine (10 mg/kg) and ketamine (100 mg/kg)
using a 1 ml syringe with a 25 G needle.

. Settle anesthetized rats on a sterile drape. Put a drop of

carbomerum in each eye in order to avoid drying during the
anesthesia.

. Shave the muscle region and clean it with alcohol. Make a cut

in the skin using a blade and maintain it open using forceps to
visualize the muscle.

. Fill the Hamilton syringe with virus solution obviating air and

bubbles.

. Squeeze the muscle to clearly establish the thickness of the

muscle and place the needle in the belly of the muscle.

. Move the needle slowly manually and leave the needle in place

for 1 min before infusing 10-20 pl of the viral suspension at a
speed of 10 ul/min.

. At the end of the infusion, leave the needle in place for 2 min

before slowly removing it manually. Multiple injections can be
performed.

. Suture the skin, attach a numbered ear tag to the earlobe, and

place the rat in a clean cage separate from the other rats until
waking up.

. Dispose needles and surgical materials properly in sharps and

biohazardous containers.

. Put the brain in a becher containing methylbutane (enough to

cover the brain) using a spoon.

. Add dry ice until the temperature drops to —10°C. Wait for

10 s. Add dry ice until the temperature drops to -20°C. Wait
for 20 s.

. Remove the brain, wrap it in aluminum foil, and keep at -80°C

at least one night.

. Deeply anesthetize the rats with a twofold excess of ketamine

and xylasine.

. Open the thorax and infuse 0.9% physiological saline at room

temperature through the ascending aorta and drain it through
the right atrium using a catheter inserted at the basis of
the left ventricle with the tip placed into the ascending aorta
(see Note 5).

. Perfuse 200-300 ml at a flow rate of 20 ml/min.
4. Perfuse -300 ml of ice-cold 4% paraformaldehyde (kept on ice

during the whole procedure; see Note 6).

. The body becomes rigid and the paws usually show typical

movements in response to PF4.
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6. Remove brains and postfix overnight in ice-cold PF4.

7. Rinse brains are rinsed in PBS before sectioning using a
Vibratome at 50 um.

8. Store sections in PBS at 4°C. For long-term storage, add 0.1 M
sodium azide (see Note 7).

3.5. Histological GFP-positive cells can be evidenced microscopically either using
Analysis of the protein native fluorescence (see Note 8) or using antibodies.
Transduction For immunohistochemical detection (see Note 9),

3.5.1. Evaluation 1. Perform the following incubations under agitation in 5 ml of
of the Number reagents or 1 ml of antibody-containing solutions. Wash three
and Regional Distribution times in TBS for 10 min between each step.

of GFP-Positive Cells (a) 3% H,0, in TBS for 30 min at room temperature (RT).

This step aims at irreversibly inactivating endogenous
peroxidase using a saturating concentration of its natural
substrate, H,O,.

(b) THST containing 10% HS for 1 h at RT.

(c) Polyclonal rabbit anti-GFP (1:3,000) in THST containing
5% HS overnight at 4°C.
(d) Donkey anti-rabbit IgG conjugated with biotin (1:600) in
THST 5% HS, 2 h at RT.
2. Reveal peroxidase staining using the ABC Elite Vectastain
kit and diaminobenzidine according to the manufacturer’s
protocol.

3. Mount sections on gelatin-coated slides, place the slides verti-
cally in racks, dehydrate by sequential 2 min incubations in
70% ethanol, 96% ethanol, 100% ethanol (twice), xylene
(twice), and coverslip using DPX.

4. Evaluate the number of GFP-positive cells and the volume of
the labeled brain area by stereological procedures based on the
Cavalieri principle (31) as follows. For each animal, analyze
serial sections with an interval of 500 pm by means of the opti-
cal fractionator of the Stereoinvestigator software connected
with a CCD video camera to the microscope.

3.5.2. Characterization Examples of co-labelings of GFP-positive cells with neuronal and
of GFP-Positive Cells glial markers are given below (see also Fig. 2).
by Co-labeling with Cell

Type-Specific Antibodies 1. Incubate vibratome sections (50 pm) obtained from fixed

brains sequentially in the following reagents. Three washes in
TBS are performed between each step.

(a) THST containing 10% HS for 2 h.

(b) Polyclonal rabbit anti-GFP (1:3,000) combined with
mouse monoclonal anti-NeuN (1:200), anti-GAD (1:200),
anti-parvalbumin (1:2,000), anti-TH (1:500), or anti-
GFAP (1:200) in THST 5% HS for 16 h at 4°C.
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Fig. 2. Dentification of transgene-expressing cells by double immunofluorescence and confocal microscopy. Upper panels:
5 weeks after injection of a tetracycline-inducible vector trans-encapsidated into serotype 1 capsids (rAAV2/1-tetON-M2-
eGFP) above the substantia nigra of adult rats (coordinates: AP=5.3 mm posterior, L=2.2 mm lateral to bregma, and
V=-6.6 mm below the dural surface), 50 um vibrating blade microtome sections of the midbrain were co-labeled with
anti-GFP (green fluorescence) and anti-TH (red fluorescence) antibodies. Confocal pictures show GFP and TH double-
labeled cells ( yellow) in the substantia nigra pars compacta. Arrows indicate examples of double-labeled cells. Scale bar:
50 pum. Lower panels: 2 days after injection of rAAV2/1-CMV-eGFP into the medial striatum of adult rats (coordinates:
AP =0 mm, L=-2.2 mm relative to bregma, and V/=—4.2 mm below the dural surface), 50 um vibrating blade microtome
sections of the forebrain were co-labeled with anti-GFP (green fluorescence) and anti-GFAP (red fluorescence) antibodies.
Confocal pictures showing the absence of co-labeled cells in the subventricular zone. Scale bar: 50 um.

(c) Donkey anti-rabbit IgG conjugated with biotin (1:600) in
THST 5% HS 2 h at RT.

(d) Cy2-conjugated streptavidin (1:300) combined with cy3-
conjugated donkey anti-mouse IgG (1:200) in THST 5%
HS, 2 h at RT under aluminum foil.

2. Mount sections using FluorSave and keep in the dark at room
temperature at least 1 h before microscopic examination. For
storage, keep sections in the dark at 4°C.

3. For optimal results, use a confocal microscope to identify
co-labeled cells (see Note 10). Perform co-labeling analysis on
pictures taken on at least three different sections within the
transduction zone using an automatic image analysis system
(Lasersharp version 3.2, Biorad) coupled to Axiovert 100
microscope (Carl Zeiss, Germany). Pictures (e.g., see Fig. 2)
are then processed and analyzed with the Image ] software
(NIH, USA).
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In case of RNA extraction, all the sectioning and punching opera-
tions are made in a clean RNAse free -20°C environment in
RNAse-free conditions. The section chamber of a cryostat can be
used if it has a sufficient horizontal surface.

1.
2.

6.

Weight carefully each RNAse-free microfuge tubes.

Clean all slicing material with RNAse inhibitor solution (e.g.,
Invitrogen’s RNAse Away).

. Equilibrate frozen brains, slicing material, and collection tubes

1 h at -20°C before being used.

. Make 1 mm thick sections using a steel brain matrix and one-

edge razor blades. Fix the brain first in the matrix by two blades
flanking the region of interest. From one edge, introduce two
blades in each section groove to make the two first slices.
Remove the outer blade in order to expose the first section.
Transfer it into a plastic Petri dish. Continue inserting blades
and extraction of slices until the end of the desired structure.

. Collect punches of tissue corresponding to the desired struc-

ture from three slices around the injection site for each animal
(see Note 11). In order to make reproductive samples, use a
tissue punch kit. Take the same number of punches from the
same region for each sample. Transfer punches to the pre-
weighted tubes (see Note 12). Weight the samples to ensure a
good reproducibility of sample size and the adequation between
sample weight and extraction protocol.

Store samples at -80°C before extraction.

Extract low-molecular-weight DNA according to the Hirt DNA
extraction method (32).

1.

Homogenize tissue samples (approximately 10 mg) by repeated
pipettings in 300 pl of lysis butfer complemented with 1 pl of
DNase-free RNase for 30 min at 37°C.

. Add pronase and proteinase K to final concentrations of 0.5

and 1 mg/ml, respectively (1.5 pl of 10 mg/ml and 20 mg/
ml stock solution, respectively). Incubate at 37°C for 2 h.

. Add NaCl to a final concentration of 1.1 M (67.3 pl of a stock

solution at 5 M) and keep overnight at 4°C.

. Following overnight precipitation of high molecular weight

DNA, samples are spun at 18,600 x4 for 1 h and supernatant
transferred in a clean tube (see Note 13).

. Low-molecular-weight DNA is purified from the supernatant

by phenol/chloroform/isoamyl alcohol extractions (twice)
followed by chloroform/isoamyl alcohol extractions (twice).

. Add 300 pl of absolute ethanol and precipitate overnight

at -20°C.

. Centrifuge samples at 14,000 rpm for 1 h, discard supernatant.
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3.6.3. mRNA Extraction
and Reverse Transcription

3.6.4. Real-Time
Quantitative PCR of gfp
Transgene and cDNA

10.

. Resuspend the final DNA pellet in 50 pl of TE bufter.
. Further digest with RNase (at a final concentration of 0.2 ng/ul)

for 30 min at room temperature.

Quantify viral sequences quantitative PCR.

. Extract RNA with MagNA Pure LC Instrument using the

MagNA Pure LC mRNA Isolation Kit II according to the
manufacturer’s recommendations. Alternatively, Trizol extrac-
tion can also be performed.

. Convert mRNA samples to cDNA using the Transcriptor First

Strand ¢cDNA Synthesis Kit according to the manufacturer’s
recommendations using 3 pl of the RNA sample and anchored-
oligo (dT),, primers.

. Use quantitative PCR to quantify transgene cDNA.

Quantify gfp sequences using real-time SYBRgreen qPCR
analysis and a LightCycler apparatus using the following prim-
ers: forward: GCA-GAA-GAA-CGG-CAT-CAA-GGT; reverse:
ACG-AAC-TCC-AGC-AGG-ACC-ATG.

For normalization of amounts of gfp mRNA, perform qPCRs
for house-keeping genes (tyrosine 3-monooxygenase/trypto-
phan 5-monooxygenase activation protein, zeta polypeptide
(YWHAZ), and actin y2) transcript levels using the following
primers: for actin y2: forward: TAC-CCT-ATT-GAG-CAC-
GGC-AT; reverse: CGC-AGC-TCG-TTG-TAG-AAG-GT; and
tor YWHAZ: forward: CAA-GCA-TAC-CAA-GAA-GCA-
TTT-GA; reverse: GGG-CCA-GAC-CCA-GTC-TGA.

For normalization of gfp copy numbers in Hirt DNA samples,
establish a standard curve based on serial dilutions of plasmids
harboring the recombinant AAV genome containing the GFP
sequence in each run.

Run the cycles with the LightCycler 1.5 apparatus using the
LightCycler FastStart DNA master SYBR Green 1 kit following
manufacturer’s recommendations. In practice:

- Standard curve (for quantification of Hirt DNA only)
Dilute the vector plasmid harboring the rAAV genome in
TE buffer to a concentration of 10! plasmid copies
per microliter using the following formula: 6.02x 10?3 x
((plasmid concentration (ng/ul)/1,000)/(plasmid size
(bp)x646),/1,000,000) =number of plasmid copies per
microliter.

Starting from the concentration of 10'° plasmid copies
per microliter, the plasmid is further submitted to serial
1:10 dilutions in TE down to concentration of 10* plasmid
copies per microliter.
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- Primers
Dilute the primers in PCR water (provided with qPCR
kits) to a concentration of 100 uM for the stock solution
and 5 uM final.

—  Preparations of samples

1. Prepare all reagents necessary for the PCR except the
template DNA in a mix in room apart from the PCR
room. Perform all steps in a cooler box at 4°C. Keep all
reagents and samples at -20°C.

2. For each reaction, the mix is composed of 8.2 ul of
PCR H,0, 0.8 pl of 25 mM MgCl,, 2 ul of each primer
diluted at 10 um, and 2 pl of the LightCycler FastStart
DNA Master SYBR Green 1 (10x concentrated).
Distribute the mix (15 pl in each capillary) in the reac-
tion capillaries.

3. Bring the capillaries to the PCR room and add DNA
standard curve, Hirt DNA, and ¢cDNA dilutions into
the capillaries (5 pl for each sample),

4. Close the capillaries, insert them into the reaction
carrousel, and centrifuge to bottom the reaction mix.

5. Load the carrousel into the LightCyler 1.5 apparatus
for analysis.

—  Reaction
PCR conditions are: 95°C 10 min, 45 cycles of 95°C 10 s,
60°C 305, 72°C 20 s.

— Amplification is followed by a melting curve step to assess
the specificity of the amplification. Each run comprises
samples containing PCR grade water and no DNA as neg-
ative control.

—  Analysis of data
Data analysis and normalizations are performed using
qBase software (Ghent University, Belgium).

For cDNA sample, normalize expression levels of GFP
transcripts relative to actin y2 and YWHAZ transcript
levels.

For Hirt DNA samples, normalize GFP copy numbers
relative to plasmid concentrations in the standard curve.

3.6.5. Protein Extraction 1. Weight the samples. Add lysis buffer up to 1 ml per 50 mg.

2. For some proteins, acidification allows a higher recovery (see
Note 14). Acidify to pH<4.0 with HCI 1 N. Keep tubes on ice.

3. Sonicate (output 2, 30% duty cycle) three times for 10 s.
Keeping the tubes on ice to avoid warming due to sonification.
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4. Centrifuge (10,000 x4 for 10 min).

. Take supernatant. If acidification was performed, neutralize

with NaOH 1 N. Keep at -80°C.

4, Notes

. In order to reduce surgery-related damage and inflammation

that could elicit immune rejection of transduced cells, mini-
mally invasive methods should be used: use blunt-end thin
(30 G) needles instead of sharp needles, move needle up and
down very slowly, infuse virus slowly with a programmable
injector (0.2 pl/min), wait 5 min before and after each injec-
tion to allow viral suspension to diffuse and tissue to retract.

. Legal recommendations might differ from one country to the

other and should be checked with national regulatory authori-
ties. Ideally, surgery should be performed in a biosafety Class 2
cabinet. However, the manipulation of the stereotaxic frame as
well as coordinates reading requires an open access to the head
of the animal and is thus difficult in a cabinet with a small
opening. We perform stereotaxy in a dual access animal con-
tainment workstation (e.g., ESCO VIVA VDA-4Al, Analis,
Belgium) which is equipped with a laminar vertical flow and
ULPA filters, bearing mask and gloves. Animals are kept in
individual ventilation cages until viral particles are considered
to be absent in the body fluids, generally after few days. Litter
and bottles are treated as required by the P2 containment rules.
However, it should be taken into account that AAV viral par-
ticles are resistant to acidic conditions, to heat, and to most
commercial virucidal detergents.

. To prepare gelatin-coated slides:

(a) Prepare racks of slides with rack holders. Wash with deter-
gent and rinse several times with distilled water; fill racks
with slides.

(b) Immerse slides in 1 M HCl for 15 min. Rinse with distilled
water (3x 5 min). Let them dry in a dust-free environment
(e.g., a laminar flow hood).

(c) Prepare sibbing solution: heat 1 L of MilliQ water at 50°C
in a becher with a magnet; slowly add 5 g of gelatin (Sigma
G-2500) (avoid clamping); allow gelatine to completely
dissolve (at least 1 h); add chromic potassium sulfate (solu-
tion turns light green). Use this solution freshly because it
becomes rapidly contaminated.

(d) Take a dried slide rack with a rack holder and submerge
in the sibbing solution, then slowly remove the rack.
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4.

10.

11.

12.

13.

Allow the slides to drain in the same position, then incline
the rack laterally for more draining.

(e) Place the racks on a clean diaper. Cover with saran wrap to
avoid dust. Allow to dry for 1-3 days.

Since some of the rats remove their ear tags, they might be
impossible to identify at the end of the experiment. It is there-
fore important to have separate cages for rats belonging to dif-
ferent groups.

. The tip of the canula can be stained in dark color in order to be

visible through the aorta wall.

. To prepare 1 L of 4% paraformaldehyde (PF4), dissolve 40 g of

PF in 500 ml of MilliQ water, add 40 drops of 1 M NaOH,
and heat up to 50°C while stirring. Dissolving takes about
20 min (if required, add more NaOH). Filtrate the fixative and
add 250 ml of 0.4 M phosphate buffer (for 1 L: 810 ml of
0.4 M Na,HPO, and 190 ml of 0.4 M NaH,PO,.).Adjust the
pH to 7.4. Add MilliQ water up to 1 L and store at 4°C. PF4
is made up fresh, usually the day before or at least a few days
before perfusion. Solutions are discarded if older than 1 week.

. Sodium azide is a mutagen. Manipulate with gloves. Sodium

azide also inhibits peroxidase. Sections kept in sodium azide
have to be extensively washed (24 h in several washes of PBS)
before peroxidase labelings.

. The detection of native GFP can be performed using a fluores-

cence microscope and FITC-filter on vibratome sections
(50 um) from perfused animals. However, the procedure is
difficult due to a rapid fading of the green signal. Therefore,
immunohistochemistry is usually preferred.

. While cutting, distribute 50 pum vibratome sections in five

sequential Greiner vials (maximum 20 sections per vial) so that
five different staining can be performed on each brain.

If confocal microscopy is not available, sections can also be
examined using a fluorescence microscope (e.g., a Zeiss Axiophot
2 microscope equipped with FITC and TRITC filters as well as
a Zeiss AxioCam digital camera). Images can be acquired as jpeg
files using, for example, the AxioVision software (Zeiss).

If the vector carries a GFP transgene, the injection point can
easily be determined by native fluorescence under a fluorescent
binocular lens using FITC filters.

The same number of punches has to be taken from the same
region for each sample. Samples are weighted to ensure a good
reproducibility of sample size and the adequation between
sample weight and extraction protocol.

Genomic DNA tends to detach from the wall of the microfuge
tubes. Do not manipulate too many samples at the same time.
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Keep the remaining sample turning into the tabletop centrifuge
during the transfer.

14. Acidification of samples allows a more efficient release of some
factors which bind to receptors (e.g., glial cell line-derived
neurotrophic factor) (33). Neutralization is usually required
for compatibility with subsequent assays.
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Chapter 8

Adeno-Associated Virus Mediated Gene Therapy
for Retinal Degenerative Diseases

Knut Stieger, Therese Cronin, Jean Bennett, and Fabienne Rolling

Abstract

Retinal gene therapy holds great promise for the treatment of inherited and noninherited blinding diseases
such as retinitis pigmentosa and age-related macular degeneration. The most widely used vectors for ocular
gene delivery are based on adeno-associated virus (AAV) because it mediates long-term transgene expres-
sion in a variety of retinal cell types and elicits minimal immune responses. Inherited retinal diseases are
nonlethal and have a wide level of genetic heterogeneity. Many of the genes have now been identified and
their function elucidated, providing a major step towards the development of gene-based treatments.
Extensive preclinical evaluation of gene transfer strategies in small and large animal models is key to the
development of successful gene-based therapies for the retina. These preclinical studies have already
allowed the field to reach the point where gene therapy to treat inherited blindness has been brought to
clinical trial.

In this chapter, we focus on AAV-mediated specific gene therapy for inherited retinal degenerative
diseases, describing the disease targets, the preclinical studies in animal models and the recent success of
the LCA-RPEG5 clinical trials.

Key words: Inherited retinal diseases, Retina, Gene therapy, AAV, AAV serotypes, Animal models,
RPEG5 clinical trial

1. Introduction

Several human clinical trials are ongoing or in preparation using
recombinant Adeno-Associated Virus (rAAV), derived from a non-
pathogenic virus, as a vehicle to treat or cure disease. rAAV has
proven to be effective for treatments of a variety of eye disorders in
preclinical studies (reviewed by refs. 1-3) partly because its ability
to transduce nondividing cells has made it especially suitable for
the retina. Indeed retinal tissue has distinct advantages for rAAV-
mediated therapy: the tissue can be easily imaged and researchers
have a contralateral eye as the ideal internal control for an in vivo

Richard O. Snyder and Philippe Moullier (eds.), Adeno-Associated Virus: Methods and Protocols,
Methods in Molecular Biology, vol. 807, DOI 10.1007/978-1-61779-370-7_8, © Springer Science+Business Media, LLC 2011
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Fig. 1. Schematic and histological overview on the most prominent retinal layers. The different neuronal cell types are con-
nected by different forms of synapses, thus allowing the converted electrical impulses from the photoreceptors to reach
the axons of the ganglion cells, which will transport the information into the brain.

experiment. The diverse populations of retinal cells are arranged in
discrete layers and their connections are so well mapped that inves-
tigators can determine the specific tropism of the injected virus
(see Fig. 1 for retinal anatomy). Apart from these practical advan-
tages, a less well understood but potentially critical benefit to reti-
nal gene delivery is the relative naivety of the tissue to the innate
and adaptive immune system. Corneal transplantation already takes
advantageoftheeye’s “immune privileged” status. Re-administration
studies in mice, dogs, and in nonhuman primates have verified the
lack of inflammatory response after delivery and repeated delivery
of AAV to the retina (4-6). Thus there are many contributing
factors that have motivated investigators to make the retina an early
candidate tissue for human gene therapy. Recent successes in this
field have shown it to be a judicious choice. In fact AAV’s promise
in the retina may give renewed validity to gene therapy in general,
as it has allowed lessons learned from early clinical trials to ulti-
mately be put into practice.

Retinal diseases are non-lethal and do not in general have a
significant adverse effect on fertility or reproduction within a
population. This accounts for the wide level of genetic heterogeneity,
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which presents the pathologies with an equally broad range of
clinical guises; in brief; retinal degeneration (RD) as a disease group
is a challenge to categorize. Nonetheless, this mutational complex-
ity has attracted the attention of molecular and clinical geneticists
worldwide. Oftentimes their research efforts are supported by
highly motivated patient groups. In addition to tireless fund rais-
ing, these groups provide information on family genealogy,
enabling projects that map linked genes and reveal the identity of
many causal mutations. Emerging alongside this gene discovery
effort has been the advances in transgenic animal modelling,
primarily using mice, frogs and zebrafish. This has helped investi-
gators to clucidate the molecular pathology that leads from a
mutant gene to such conditions as choroidemia (7), Stargardt’s
disease (8), retinitis pigmentosa (9, 10) and X-linked juvenile
retinoschisis (11). The molecular genetics behind these diseases
will be discussed in greater depth in Subheading 2. In many cases
it is the naturally occurring animal models that have been more
relevant in discerning the physiopathological bases of the degen-
eration. While the Royal College of Surgeons (RCS) rat is the first
known animal model of inherited RD, the 741 mouse is the best
characterised, having been studied for well over 80 years (12).
Screens for spontaneous mutations in zebrafish have helped in the
understanding of retinal development (13) and have been used to
test therapeutic agents (14). However, timing therapeutic rescue
in the animal models can be complicated, with the pathology being
either too severe where it arises early in development, or too mild
where it arises late in the lifespan of the animal.

The move to large animal testing marked a critical turning
point in the research and accelerated the pace of discovery to clini-
cal application. This was largely due to the many differences in reti-
nal anatomy across species and the reality that direct comparisons
cannot be made between a mouse and a man. While dogs do not
have the highly pigmented macular region near the center of the
retina found in primates, they do have a cone-enriched portion of
the area (area centralis). Because of the size, surgical approaches
similar to those that would be used in a human can be used (15).
Further, canine models of inherited RDs have been very informa-
tive with respect to AAV therapies. The rescue of the disease in one
such model, the Briard dog, established the therapeutic window
available for the successtul treatment of a form of retinal degenera-
tion, Leber’s congenital amaurosis (LCA), by gene augmentation
therapy (16-21). This therapeutic approach has taken advantage of
the long-term stability of transgene expression mediated by AAV.
Where the dog model has been important in treatment design, the
nonhuman primate has been important for preclinical testing of
toxicity and immune response to both AAV and the therapeutic
transgene it delivers (6, 22).
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Furthermore, the work in large animal models has allowed
investigators to optimise technical aspects of the injection proce-
dure, retinal function testing, and imaging used to evaluate effi-
cacy. All this has brought the field to the point where gene therapy
to treat inherited blindness has been brought to clinical trial
(23-25); a point that would not yet have been reached but for the
animals with naturally occurring and engineered retinal pheno-
types. Although challenges lie ahead, it is only a matter of time
before proof-of-concept of gene augmentation therapy for other
forms of retinal degeneration brings other blinding diseases to
clinical trial.

2. Disease Targets

The retinal diseases can be divided into two groups, the hereditary
degenerative disorders, and the neovascular disorders. While the
first group of diseases is solely due to mutations in certain genes,
the second group has its origins in a more complex mix of genetic
and environmental causes.

In the following chapter, the authors will present the heredi-
tary retinal disorders, which have been targeted for gene therapy
using AAV vectors (Table 1).

The hereditary degenerative disorders of the retina are pri-
marily divided into three groups, depending on which type of
photoreceptor manifests the initial insult, rods, or cones. These
three groups include rod-cone dystrophies (Retinitis pigmentosa,
RD), cone-rod dystrophies and cone dystrophies (maculopathies). In
addition, the wide range of clinical symptoms in these diseases
has resulted in the definition of two subgroups, in which the
most severe forms of the degenerative disorders are included,
LCA and early onset severe retinal dystrophy (EOSRD). However,
more hereditary retinal diseases exist that have been subjected to
the development of retinal gene therapy strategies. They include
the stationary cone dysfunction disorder achromatopsia, retino-
schisis, which is due to the separation of retinal layers and subse-
quent loss of retinal circuits, and albinism.

The visual symptoms in retinal degenerative disorders indicate
the gradual loss of the two photoreceptor types: rods, which are
present in the periphery and mediate achromatic vision under poor
lightning conditions; and cones, which are concentrated in the
central area (macula) and are important for color vision and fine
visual acuity in daylight.

The different forms of hereditary retinal disorders will be
shortly presented with prevalence, clinical symptoms and genetic
situation with the aim to provide the reader with some background
for the better understanding of the therapeutic applications.
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Table 1
Retinal degenerative diseases that have been targeted by AAV-mediated
gene therapy
Inheritance Target genes Location
Disease Prevalence pattern for gene therapy of mutated gene
Rod-cone dystrophy  1:4,000 ar, ad, X Rho, PDEGfS, ABCA4, RPE, PR
RPEG65, LRAT,
RDS /Peripherin,
MERTK, IMPDH1
Cone-rod dystrophy  1:40,000 ar, ad, X GUCY2D, RDS/ RPE, PR
Peripherin, AIPL1,
ABCA4, RPGRIP1
LCA/EOSRD 1:80,000 ar, (ad) IMPDHI1, AIPLI, RPE, PR
GUCY2D, LRAT,
MERTK, RPGRIP1,
RPEG65
Juvenile maculopathy 1:10,000 ar ABCA4 PR
(M. Stargardt)
Stationary cone 1:30,000 ar GNAT2, CNGB3 PR
dystrophy
(achromatopsia)
Juvenile retinoschisis ~ 1:15,000-30,000 X Rsl PR
Ocular albinism 1:60,000 X OAl RPE
Oculocutaneous Not known ar (OCAl) tyrosinase RPE
albinism

ar autosomal recessive, ad autosomal dominant, X X-linked, RPE retinal pigmented epithelium, PR pho-
toreceptor, LCA Leber congenital amaurosis, EOSRD early onset severe retinal dystrophy

2.1. Retintis
Pigmentosa
(Rod-Gone
Dystrophies)

Retintis pigmentosa (RP) has a worldwide prevalence of 1 in 4,000
people, leading to more than one million total affected individuals
worldwide (26).

RP is a heterogenous disorder. The onset of the disease can vary
significantly: some patients may lose vision very early in life while
others remain asymptomatic until midadulthood. Patients develop
difficulties with dark adaptation and night blindness in adolescence
and loss of mid-peripheral visual field in early adulthood. In a more
advanced stage of the disease, patients have only a very limited visual
field and will eventually also lose the central vision.

Most cases of RP are monogenic, but the disease itself is very
heterogenous. To date, about 200 loci have been associated with
retinal dystrophies, and about 45 genes have been identified and
characterized causing RP (http://www.sph.uth.tmc.edu/retnet/
sum-dis.htm). Interestingly, these 45 genes collectively account for
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2.2. Cone-Rod
Dystrophies

2.3. LCA-EOSRD

only a little over half of all patients. The mode of inheritance can
be divided into three groups, autosomal recessive (50-60%), auto-
somal dominant (30-40%), and X-linked (5-15%). Other forms of
inheritance exist for RP such as uniparental isodisomy or non-
Mendelian inheritance (mitochondrial or digenic), but these occur
only very rarely. Most genes cause only a small proportion of cases,
but some exceptions are known; the RHO gene causes about 25%
of autosomal dominant RP cases, the USH2A gene causes 20% of
autosomal recessive cases, and RPGR causes 70% of X-linked cases.
Mutations in these three genes account for about 30% of all RP
cases (20).

The prevalence of this type of photoreceptor degeneration is 1 in
40,000 people worldwide (27).

Because of the initial insult in cones, patients with cone-rod
dystrophy rapidly lose central vision and develop abnormalities of
color vision associated with a variable degree of nystagmus and
photophobia. The clinical course of the disease is often more severe
when compared to patients with rod-cone dystrophy, as the central
visual field loss severely hampers the vision early in these patients.
Over time, the loss of cones and associated rod system abnormali-
ties will lead to impaired peripheral vision as well (28). As with the
rod-cone dystrophies, inheritance pattern of autosomal recessive,
autosomal dominant and X-linked have been reported. The major
genes responsible for autosomal recessive cone-rod dystrophies are
ABCA4 (29) (see below), which is also called Stargardt disease, the
ion channel subunit CNGA3 (30) that can also be responsible for
complete achromatopsia, and the ciliary transport protein
RPGRIP-1 (31). The most important genes responsible for the
onset of autosomal dominant cone-rod dystrophy are CRX (32)
that is involved in the embryogenesis of photoreceptors, GUCY2D
(33) that is involved in the Calcium homeostasis of the photore-
ceptors, peripherin/RDS (28) being an important structural
protein in the outer segments and AIPL1 (34), which assists in the
assembly of PDE in the photoreceptor membrane. Finally, muta-
tions in the gene RPGR have been reported to be responsible in
some rare cases of X-linked cone-rod dystrophy (35).

LCA is the most severe form of all hereditary retinal dystrophies
and is responsible for congenital blindness. Its prevalence is esti-
mated at about 1:80,000 (36). If the symptoms start in early child-
hood and legal blindness is diagnosed before the age of 20, the
disease should be called as EOSRD (37, 38).

Clinical signs include severe impairments of visual function
from birth or with onset in the first months of life (for LCA), or
during the first years of life (for EOSRD). In infants, these signs
include the inability to visually fix on objects, nystagmus, a dimin-
ished photomotor reflex, and the presence of the oculo-digital
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Franceschetti sign. The funduscopic image of such patients is normal
and the electroretinogram (ERG) nonrecordable (36).

In most cases the inheritance pattern is autosomal recessive,
although some autosomal dominant mutations are known. To
date, 15 genes have been identified as being involved in the onset
ofthe disease: IMPDH1,AIPL1,CRB1, CEP290,CRX, GUCY2D,
LRAT, RD3, RDHI12, MERTK, RPGRIP1, TULP1, SPATAS,
RPE65 and LCA5 (http://www.sph.uth.tmc.edu/retnet/sum-
dis.htm) (39). Only about 50% of all cases are associated with
mutations in these genes, indicating that many genes responsible
for the onset remain undiscovered.

The most common form of juvenile maculopathy is called Stargardt
disease and has a prevalence of 1 in 10,000 people in the world.

Onset of symptoms in patients with Stargardt disease starts in
the second decade and will deteriorate progressively (40). Typical
clinical signs are central scotoma, the bulls eye formed macula in
the fundus autofluorescence image and yellow dots dispersed over
the entire retina in the fundus examination (fundus flavimaculatus)
(41). The gene responsible for Stargardt disease is the ABCA4
gene, the gene product of which is involved in the clearance of all
trans-retinol from the photoreceptor cells. It ABCA4 function is
impaired, the chromophore is accumulating in the RPE as lipofus-
cin and hampering the functional correlation of RPE cells and
photoreceptors.

Some mutations are also associated with milder forms of the
disease and later onset of symptoms, and are therefore often classi-
fied as AMD. The inheritance pattern of Stargardt disease is auto-
somal recessive (42).

For gene therapy studies, the most relevant stationary cone dystro-
phy is complete achromatopsia, in which function of cones is com-
pletely lost. The prevalence of the disease is unknown but is
estimated at about 1:30,000 (43).

Patients suffer from reduced visual acuity, photophobia and
dayblindness. Residual ERG recordings are measurable in very few
patients. Mutations in three different genes are known to cause
achromatopsia, CNGB3 (cyclic nucleotide gated channel B-3),
CNGA3 (cyclic nucleotide gated channel a-3) and GNAT2 (gua-
nine nucleotide o transducin) (44—46). All three gene products are
involved in the phototransduction cascade, with CNGA3 and
CNGB3 being subunits of the cone-specific cGMP-gated cation
channel, and GNAT2 being the subunit of the cone-specific
G-protein transducin.

The inheritance pattern for all three genes is autosomal
recessive.
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2.6. Juvenile
Retinoschisis

2.7. Albinism

Juvenile retinoschisis is the leading cause of juvenile macular
degeneration in males and leads to a schisis (splitting) of retinal
layers (47). The prevalence is estimated to be between 1:15,000
and 1:30,000.

Clinical symptoms differ greatly among patients and no cor-
relation with underlying mutations has been made. Visual acuity
varies between 20,20 and 20,/600. The cartwheel like structure of
folds radiating out from the fovea is the characteristic sign of juve-
nile retinoschisis (47). This phenomenon can become less distinct
with age. Generally, large bullous lesions that can be observed by
OCT imaging in infancy disappear and become invisible in older
patients. Visual function can remain stable until midadulthood but
can also deteriorate rapidly when complications such as hemor-
rhage or retinal detachments occur. Affected individuals have a
relatively normal a-wave in the ERG, while the b-wave is com-
pletely abolished (negative ERG), indicating deficient responses
from the inner retina (48). Female carriers of the mutation remain
normally asymptomatic.

The underlying cause of the disease is a mutation in the retino-
schisis gene RS1, which encodes the retinoshisin gene (49). The
inheritance pattern is X-linked.

The onset of albinism with ocular involvement has to be divided
into two groups, (1) the pure ocular albinism (OA) and (2) the
oculo-cutaneous albinism (OCA). All forms share the typical lack
of abnormal production of the pigment melanin, which causes an
increased light sensibility in organs that are exposed to light, such
as the skin and the eye. There are at least ten forms of OA and four
torms of OCA known due to different genes that can be mutated.
Patients with OA develop pathologies primarily in the eye, while
patients with OCA have also skin and hair abnormalities to a
varying degree.

X-linked ocular albinism type 1 (OAl) is the most common
form of ocular albinism and is caused by mutations in the o2l gene.
The prevalence of this disease is reported to be 1 in 60,000 (50).
Patients have reduced and abnormal ERG recordings, severely
reduced visual acuity and photophobia. The iris is in part translu-
cent, the ocular fundus is hypopigmented and the macula shows
foveal hypoplasia. The crossing of optic nerve fibers in the optic
chiasm is reduced, which leads to the typical results of ipsilateral
visually evoked potentials after unilateral light stimuli in these
patients (albino-VEP). The protein encoded by OAl is responsible
for the correct organization of RPE melanosoms, and mutations
lead to the occurrence of large pigment granules, the macromel-
anosoms. Rare forms of ocular albinism that are not X-linked have
been reported.

OCA can be caused by mutations in different genes, the most
severe form is OCAL due to mutations in the tyrosinase gene (51).
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The protein tyrosinase is involved in early steps of the generation
of melanin granula in epithelial cells such as the RPE in the eye.
The clinical symptoms are similar to OAl but the inheritance
pattern of the disease is autosomal recessive (52). Clinically, the
disease can be divided into OCA1-A with absence of any tyrosinase
activity and OCA1-B with reduced tyrosinase activity.

3. Delivery
Methods

3.1. Injection Method

3.1.1. Intravitreal

Because of the blood /retina barrier, it is not possible to inject AAV
intravenously and then obtain transduction of the retina. Instead,
the rAAV must be delivered to an area in contact with the target
cells (the intravitreal space or the subretinal space) so that those
cells can be transduced (see Fig. 2). The serotypes of AAV most
widely evaluated do not diffuse across the layers of the retina.

Intravitreal injection exposes cells lining both the inner surface of
the retina and the anterior segment. Thus, depending on the rAAV
capsid serotype and the presence of appropriate receptors (see
below), retinal ganglion cells and Muller cells can be transduced
and in the anterior segment, trabecular meshwork, Schlemm’s
canal, corneal endothelial cells, lens, iris and ciliary body epithelial
cells can be transduced (53-55). Although transduction of anterior
segment structures is not desirable in retinal gene augmentation or
gene knockdown strategies, it may be useful in the future for delivery

Sclera Choroid

Retina
Cornea

Fovea

Ciliary body Optic nerve

Intravitreal Vitreous

Fig. 2. Anatomical features of the eye and the positions, where intravitreal and subretinal
deliveries are performed. For intravitreal injection, the needle is introduced into the vitre-
ous. For subretinal injection, the needle is advanced through the vitreous and positioned
in the retina between the photoreceptors and the RPE.
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3.1.2. Subretinal

3.2. Tropism of rAAV
Vectors

3.2.1. Cellular Tropism
Following Intravitreal
Injection

of neurotrophic factors (not discussed further in this review).
Retinal ganglion cell transduction, which can be achieved through
intravitreal delivery can deliver transgene product to those areas of
the brain where ganglion cells synapse (lateral geniculate nucleus,
superior colliculus, etc.) (54-56).

Subretinal injection exposes cells lining both the outer surface of
the retina and the retinal pigment epithelium (RPE). Thus, retinal
photoreceptors, Muller cells and RPE cells can be transduced after
subretinal injection (53, 57-59). Because of the different anatomi-
cal features of the mouse eye versus the large animal eye, different
subretinal injection techniques must be used in the different species.
The lens of the mouse eye occupies nearly the entire vitreous cavity.
Thus it is difficult to deliver the AAV from an anterior approach in
mice due to risk of damage to the lens with a resultant cataract. In
contrast, subretinal injections in dogs, monkeys, and men can be
carried out under direct visualization through an operating micro-
scope (6, 15,19, 22-25).

Different AAV serotypes display tissue preference and specific
cellular tropism in a variety of organs. The retina contains within
its layers many different cell types, some of them unique to the eye.
Therefore, cellular tropism of each serotype needs to be tested in
the retina of every animal model before starting any gene therapy
protocol (Table 2). Over the last decade, serotypes AAV2 /1,2 /2,
2/3,2/4,2/5,2/6,2/8,and 2/9 and 2 /rhul0 have been tested
for cellular tropism and long-term expression in the retina of
rodents, dogs and nonhuman primates. In addition, AAV serotypes
isolated from porcine tissue as well as newly engineered AAV capsid
variants have been tested for optimized cellular transduction
efficacy.

Generally, the transduction efficiency of AAV vectors of any sero-
type following intravitreal delivery is much lower when compared
to subretinal injections. However, the best studied AAV serotype,
serotype 2, transduces retinal cells after intravitreal injection, mainly
retinal Ganglion cells. Efficacy of transduction and level of trans-
gene expression remain low in all species (54, 56, 60-62).
Nonetheless, clinical trials based on the intravitreal injection of
AAV2 vectors to express anti-VEGF molecules are currently in
progress (63, 64). The intravitreal injection of AAV2/2 vectors
expressing the transgene under GFAP promoter resulted in detect-
able transgene expression in Muller cells (60). Due to minor capsid
changes, the AAV variant SSH10, closely related to AAV serotype
6, is capable of transducing Muller cells in the retina following
intravitreal injection in mice (65).

One of the reasons for the limited capacity of AAV vectors to
transduce retinal cells after intravitreal injection is the presence of
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Table 2

Cellular tropism of rAAV serotypes following subretinal injection

rAAV serotype Mouse Rat Dog Primate
rAAV2 /1 RPE - - -

rAAV2 /2 RPE, PR RPE, PR RPE, PR RPE, PR
rAAV2 /3 - - n.d. n.d.
rAAV2 /4 - RPE RPE RPE
rAAV2 /5 RPE, PR RPE, PR RPE, PR RPE, PR
rAAV5 /5 RPE, PR n.d. n.d. RPE, PR
rAAV2 /6 RPE n.d. n.d. n.d.
rAAV2 /7 RPE, PR n.d. n.d. n.d.
rAAV2/8 RPE, PR RPE, PR, INL, GC  RPE,PR,INL,GC  nd.
rAAV2 /9 RPE, PR, MC, INL  nd. n.d. n.d.
rAAV2 /pol PR, RPE n.d. n.d. n.d.
rAAV2/SSH13 MC n.d. n.d. n.d.

RPE retinal pigmented epithelium, PR photoreceptors, MC Muller cells, INL inner nuclear layer, GC
ganglion cells, 7.4. not determined

3.2.2. Cellular Tropism
Following Subretinal
Injection

the inner limiting membrane (ILM) at the junction of neuroretina
and vitreous. Following the digestion of the ILM using a nonspe-
cific protease, AAV serotypes 2/1,2/2,2/5,2/8, and 2 /9 trans-
duced retinal cells to a variable degree, with the AAV5 serotype
being the most efficient (66).

Interestingly, even though it has been shown several times that
the AAVS serotype is not able to efficiently transduce retinal cells
following intravitreal injection, one study by Park and colleagues
reported on the successful expression of the retinoschisin (rsl)
gene in photoreceptor and other retinal cells of rs1 knockout mice
after intravitreal delivery of the vector (67). However, one poten-
tial explanation for this discrepancy would be the altered retinal
morphology in rs1~/~ mice, in which the normal cellular junctions
and barriers of the ILM may be less restrictive to the viral passage
into the neuroretina.

Following subretinal injection in the mouse retina, AAV2 /2 vector
transduces RPE and photoreceptors (53, 57, 68). Similar cellular
specificity but more efficient transduction is obtained using the
AAV2 /5 serotype (69). AAV2 /1 serotype transduces only the RPE
in the mouse, with rapid onset of transgene expression (3—4 days)
(53). AAV2 /3 serotype does not transduce retinal cells; rAAV2 /6
seems to weakly transduce RPE cells (70). The more recently
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3.3. Specific Versus
Nonspecific Promoter

developed AAV serotypes AAV7, 8, and 9 were all shown to very
efficiently transduce photoreceptors and RPE in mice (55, 58, 71).
In addition, AAV serotype 9 also transduces Mueller cells (58) and
cells that have synaptic connections in the outer plexiform layer
(72). The AAV variant SSH13, developed through minor capsid
changes from AAV serotype 6, transduces Mueller cells in the ret-
ina following subretinal injection (73). The porcine AAV serotype
AAV2 /pol was as efficient in transducing mouse photoreceptors
and RPE cells as AAV2 /5 following subretinal injection (74).

Subretinal injection of serotypes AAV2/1,2/2,2 /3,2 /4, and
2 /5 in rats resulted in a hierarchy in the level of transgene expres-
sion, with AAV2/4 and AAV2/5 being the most efficient (75).
The more recently utilized serotype AAVS transduces very effi-
ciently cells in all retinal layers, including RPE, photoreceptors,
cells of the inner nuclear layer (INL) and ganglion cells (76).
Interestingly, this serotype transduces cells that are located inside
and outside of the injected area, a characteristic that is unique to
AAVS, as it has not yet been reported for other serotypes (76). A
way to enhance RPE transduction with AAV serotype 2 after sub-
retinal injection is the co-delivery of ultrasound targeted microbub-
bles, which would temporarily destroy small areas of the cellular
membrane to increase the uptake of the vector (77).

Brainbridge and colleagues observed transgene expression in
RPE and photoreceptor cells following subretinal injection of
AAV2 /2 vector in dogs (78). Comparative studies using AAV2 /2
and AAV2 /5 serotypes showed that transduction efficacy of pho-
toreceptors by AAV2/5 was superior to that of AAV2 /2 in rats,
dogs and nonhuman primates (59). The same study showed, that
AAV2 /4 serotype allowed exclusive and stable transduction of
RPE cells in all three animal models tested. Subretinal injection of
a complete AAV5/5 showed higher transduction efficacy than
AAV2/2 in RPE and photoreceptors of mice and nonhuman pri-
mates (79). An interesting observation was that self complemen-
tary (sc)AAV vectors of the serotype 5 were capable of transducing
RPE and photoreceptor cells at a faster rate with higher level of
transgene expression when compared to single-stranded (ss)AAV
vectors (55, 80).

Similar to the results in rats following subretinal injection, the
serotype AAVS transduces all cells of the retina inside and outside
of the injected area in dogs (76). This finding may have important
consequences for gene therapy trials, where widespread expression
of the transgene in the retina is the objective.

Combining a cell-type specific promoter and a cell-type specific
vector would ensure the most specific and efficient transgene regu-
lation in one cell type and at the same time limit widespread distri-
bution of vector and/or transgene products within the host
organism.
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In vivo gene transfer studies used mostly strong and ubiquitous
viral promoters for driving reporter or therapeutic transgene
expression, such as the immediate early cytomegalovirus (CMV)
promoter (20, 53, 57) or a chimeric chicken beta-actin (CBA)/
CMYV enhancer promoter (16). Gene regulation studies revealed a
number of ocular specific promoters capable of driving transgene
expression in one cell type: the human RPEG65 specific promoter
(81) and the VMD2 specific promoter (82) in the RPE, the mouse
GFAP specific promoter in Muller cells (83), the human rhodopsin
kinase specific promoter in both types of photoreceptors, rods and
cones (84), and different opsin promoters specific for rod or cone
photoreceptor subtypes: mouse (85), bovine (86) and human rod
opsin specific promoter (87), human blue opsin specific promoter
(88) and the human red and green opsin specific promoter

(89-91)

Evaluation of safety of gene transfer in the eye of large animal
models is highly relevant for the development of clinical trials. As
direct visualization of GFP expression in the retina can easily be
carried out by fluorescence fundus photography, vectors encoding
this reporter gene have been used to study the capacity of AAV for
long term expression in the retina of rodents and large animal
models such as dogs and primates. Subretinal injection of AAV2 /2.
CMV.gfp in dogs resulted in efficient and stable transgene expres-
sion for at least 18 months (78). Using the same vector in the
primate retina led to efficient transduction of RPE cells and rod
photoreceptors for more than 12 months (6). Another study, using
the complete AAV5/5 vector, showed similar cellular tropism in
the primate retina and persistent transgene expression for
10 months, the duration of the study (79).

To evaluate the short-term morbidity of subretinal injections
and the safety of long-term rAAV-mediated transgene expression,
Le Meur and colleagues injected the clinically interesting serotypes
AAV2 /2 AAV2/4 and AAV2 /5 unilaterally in 14 beagle dogs and
9 nonhuman primates. They found that subretinal injection of
rAAV vectors in dogs and primates is a safe procedure with no peri-
operative complications and a high rate of successful retinal gene
transfer (95%). As assessed by angiography and electroretinogra-
phy, retinal anatomy and function remained unchanged, with
persistent transgene expression up to now 6 years (92) (Rolling,
unpublished data).

A primary requirement for safe and successful ocular gene
therapy using rAAV is an accurate evaluation of vector distribution
after subretinal or intravitreal delivery. Not only are multiple cell
types in the retina exposed to the vector, and some scattering of
virus to the systemic circulation is possible, but also the eye is
closely connected to the brain via the optic nerve and the presence
of vector DNA in the brain needs to be examined. Weber and
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colleagues documented vector shedding after subretinal delivery of
rAAVs in dogs and nonhuman primates (59). Vector DNA could
be detected in the serum of injected animals as early as 15 min after
AAV administration and for up to 25 days in some individuals.
Viral genome was detected in nasal and lacrimal fluid after 15 min
and for up to 4 days. The extent of vector shedding is likely affected
by the dose delivered.

Regarding the distribution of vector DNA in the optic nerve
and brain, investigators have to distinguish between the presence
of transgene product and the actual expression of the transgene in
the brain. Early studies showed that after intravitreal injection of
AAV2/2.CMV.gfp in mice and dogs, levels of GFP protein persists
for 6 months in the brain and optic nerve. However, no vector
DNA could be detected outside of the retina (54). Other studies
showed the presence of lacZ and GUSB as transgene products in
the optic nerve or the brain of mice and guinea pigs, respectively
(56, 93). Again, vector DNA could not be detected in the optic
nerve or brain in both studies. Griffey and colleagues showed
improved enzyme activity along the visual pathway in the brain
after intravitreal delivery of an AAV2 /2 vector encoding for the
missing enzyme in a mouse model of infantile neuronal ceroid
lipofuscinosis (94). These data suggest that AAV2/2 mediated
intravitreal gene transfer results in the transduction of retinal gan-
glion cells and transgene products are anterogradely transported
along the visual pathway into the brain. However, these data do
not show any anterograde transport of vector DNA into the brain
via the optic nerve.

In contrast, Provost and colleagues studied the vector DNA
distribution in rats, dogs and nonhuman primates after subretinal or
intravitreal injection of AAV2 /2, 2 /4 and 2 /5 vectors (95). They
detected vector DNA occasionally in peripheral blood mononuclear
cells at early time points after injection in all animals. Specifically,
vector DNA sequences were present in the optic nerve of dogs and
primates that received subretinal injections of AAV2 /4 or AAV2 /5;
intravitreal injection of rAAV2 /2 in dogs resulted in the detection
of vector DNA along the visual pathway in the brain - the optic
nerve, optic chiasm, optic tract, lateral geniculate nucleus and visual
cortex. These results suggested for the first time the anterograde
transport of rAAV2 /2 from the retina to central visual structures.

Jacobson and colleagues studied vector DNA distribution in
dogs and primates after subretinal or intravitreal injection of
AAV2 /2 vector at different time points post injection (22, 96).
Vector DNA could not be detected in a dose escalation study of
subretinally injected AAV2/2 in dogs (96). In contrast, vector
DNA could be temporarily detected in the optic nerve and brain of
primates injected subretinally with the AAV2 /2 vector at 1 week
post injection (22). At 3 months post injection, only one primate
had a detectable number of copies in the left geniculate nucleus.
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In all cases, even though vector DNA was detected in the brain,
no transgene expression was observed in brain structures after
subretinal injection. This observation may be due to spreading of
nonfunctional vector that does not allow transgene expression, or
lack of expression due to particular issues related to the transgene
cassette, or because transgene expression was below the detection
level. However, a recent study by Stieger et al. reported the pres-
ence of vector DNA, GFP mRNA and GEFP protein in neurons in
the left lateral geniculate nucleus (contralateral to the injected eye)
after subretinal delivery in dogs (76). In addition, vector DNA was
found in many parts of the brain, but chiefly on the contralateral
side. These results demonstrated for the first time that subretinal
injection of AAV2 /8 vector leads to gene transfer into distal parts
of the brain. Because axons of the retinal ganglion cells project to
the contralateral geniculate nucleus, the data also suggest trans-
synaptic transport as the mode of delivery to these neurons; how-
ever, due to limitations in the experimental design, this could not
be proved.

An unexpected observation was made by the group of Rolling
and colleagues when they studied the ultrastructure of the retina in
dogs and primates several years after subretinal injections of AAV
vectors. They observed persisting particles of the AAV serotypes 2,
4, and 5 in the outer plexiform layer (OPL) and in other retinal
layers of dogs and primates up to 6 years following successful gene
transfer into the retina (97). This observation opens the concept of
in vivo intracellular clearance of vector particles as a potentially
critical factor for the design of gene therapy clinical trials, especially
in terms of immunological safety.

3.5. Preclinical Studies ~ This chapter focuses on specific gene therapy, which includes gene

for Inherited addition or gene silencing to treat autosomal recessive and auto-

Degenerative Diseases ~ somal dominant inherited degenerative diseases, respectively
(Table 3). Nonspecific gene therapy strategy, which involves expres-
sion of neurotrophic factors to promote cell survival in retinal
degenerations is not discussed.

3.5.1. Treatment The strategy to treat autosomal recessive diseases, in which the
of Autosomal Recessive mutated gene product is not existent or does not cause toxic effects,
Diseases is to provide the cell with a correct allele of the mutated gene by

gene addition technology. As it has been mentioned above, choice
of vector and promoter for the expression cassette will depend on
the targeted cell that is in most of the cases either the RPE or the
photoreceptors. Therefore, a general differentiation of the gene
therapy approaches has been established into those targeting
diseases originating in the RPE and those targeting diseases origi-
nating in photoreceptors.

In general, it turned out that diseases originating in the RPE
seem to be more amenable to gene therapy treatment than diseases
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from the second group. This is in part due to the single layer
characteristic of the RPE, which can be more efficiently targeted by
AAV vectors. Another reason is the impact of corrected and func-
tional RPE cells on the adjacent photoreceptors, because up to 40
of these specialized and very sensitive neurons depend on nutri-
tional as well as metabolic support from one RPE cell. On the
other hand, diseases originating in the photoreceptor cells often
result in rapid induction of apoptosis limiting the extent of thera-
peutic intervention. The complex expression pattern of some of
the genes in photoreceptors (i.e. RPGR, RPGRIP) and the involve-
ment in complex enzymatic cascades (i.e. phototransduction
cascade) is likely to require further technologic improvements,
such as the ability to confer physiologic transgene expression and
the production of cell specific isoforms.

Concerning the RPE cell layer, gene augmentation protocols
targeting five different genes have been reported: the all-trans reti-
nylester isomerohydrolase RPEG5, the lecithin retinal acyltrans-
ferase (LRAT), the mer tyrosine kinase (Mertk) and the genes OA 1
and tyrosinase (7y7). While the last two genes are involved in the
onset of albinism, mutations in LRAT, MERTK and RPEG65 cause
LCA or EOSRD.

Two of the genes targeted in photoreceptors are involved in
the visual cycle, the LCA genes RPE65 and the LRAT.

The RPE65 gene encodes for an RPE specific 65-kDa protein
that has been identified as the isomerohydrolase in the visual cycles,
which restores the rhodopsin ligand 11-cis retinal (98, 99).
Mutations in this gene are responsible for about 6% of LCA cases.
In addition to a genetically engineered 7p65 knockout mouse
model (100), two naturally occurring models of LCA caused by
mutations in 7pe65 exist: the homozygous Swedish Briard dog
(101, 102) and the 7412 mouse (103). Similar to humans, these
animals do not develop sufficient amounts of the photopigment
rhodopsin, they have poor vision and diminished light and dark
adapted ERG responses. Especially the Briard dog model repre-
sents a valuable model for the development of a gene replacement
therapy for RPEG5 deficient patients, as the phenotype of the
retinal degeneration is very similar to the one in humans. In these
animals, a 4-bp deletion leads to a premature stop codon and the
absence of functional protein in the retina (101, 102).

In mice, Lai and colleagues reported successful restoration of
vision in 7pe65 knockout animals following rAAV2 /2 vector admin-
istration that carried the mouse 7pe65 gene under the control of
the CMV promoter (104). Pang and colleagues reported the suc-
cessful restoration of vision in 7412 mice using a rAAV2 /5 vector
carrying the human RPE65 gene driven by the CBA promoter
(105). To verify functional vision in these animals, the morris water
maze test was modified to test rod function under dim light, and
indeed, treated animals behaved like wildtype mice, while untreated
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control mice failed this test. Dejneka et al. showed that delivery of
human RPE65 through rAAV2 /1 resulted in rescue in adult 7pe65
knockout mice (106). The authors of the last mentioned study
showed in addition that in utero administration of rAAV2 /1 vector
carrying the human RPE65 gene driven by a CMV promoter could
restore visual function in the KO mouse (106). However, there are
limitations to this approach that make in utero gene therapy in
humans rather unlikely.

In dogs, two groups demonstrated that a single subretinal
injection of a rAAV2 /2 vector carrying the canine 7pe65 gene under
the control of a strong CBA promoter was sufficient to restore visual
function in affected dogs, as assessed by ERG, immunochemistry
and behavioral testing (16, 20). In an attempt to improve the
expression cassette and the vector, the first group injected several
different constructs using AAV2/1, 2/2 or 2/5 capsids, the non-
specific CBA promoter or the tissue-specific RPE65 promoter to
drive either the canine or the human 7pe65 gene and reported long-
term restoration of visual function for up to 3 years (17). Finally,
improvements to the promoter were done in order to increase
specificity of the method (18). The second group studied the long-
term outcome of their AAV2 /2.CMV.crpe65 injected animals and
reported a gradual loss of visual function as measured by ERG
responses over 3 years, the reason for which is not clear (107). In
addition, Le Meur and colleagues have demonstrated the capacity of
arAAV2 /4 vector carrying the human 7pe65 gene under control of
the human RPEG65 promoter to restore vision in the Briard dog
model (19). As mentioned above, rAAV2/4 vectors transduce
exclusively the RPE and therefore, the use of this serotype increases
the specificity and safety of the therapy. In addition, the tissue-specific
RPEG5 promoter also increases specificity by allowing transgene
expression only in RPE cells. In two safety studies on AAV2/2
mediated retinal gene transfer, Jacobson and colleagues and
Bennicelli and colleagues reported preclinical safety data on a total
of 21 rpe65/-dogs and 17 normal nonhuman primates subretinally
injected with a rAAV2/2 vector carrying the human 7pe65 gene
driven by the CMV /B-actin hybrid promoter (18, 22, 96).

LRAT is an enzyme located in the RPE, which converts all-
trans-retinol into all-trans-retinyl ester, a key step in the restora-
tion of 11-cis retinal during the retinoid cycle. In /rat/~ mice, no
11-cis retinal is produced and visual function is severely impaired
at 2 months of age, as measured by scotopic and photopic ERG
(108). Subretinal injection of a rAAV2/1 vector carrying the
mouse /rat gene under the control of the human VMD2 pro-
moter restored ERG waves to 50% of wildtype mice (109).
Interestingly, oral administration of 9-cis-retinyl succinate and
9-cis-retinyl acetate, which bypass the LRAT function in the retin-
oid cycle, similarly restored ERG responses to 50% of wildtype
mice (109).
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Two genes targeted in the RPE are involved in melanin
synthesis and mutations in these genes are responsible for OAl or
OCAL.

A mouse model of ocular albinism type 1 has been generated,
which mimics the human phenotype (110). Subretinal injection of
arAAV2 /1 vector carrying the murine oal gene driven by a CMV
promoter in 8 months old mice resulted in an increased number
and normal density of melanosomes in the RPE (111). More
importantly, ERG recordings in dark adapted osl~~ mice were
improved, regardless of the age at which the mice were treated (1
or 8 month of age).

A spontaneous null mouse of OCAL (Tyr ¢-2j) that has several
retinal function anomalies due to photoreceptor loss beginning at
7 month of'age was used to study the effect of AAV-mediated gene
therapy in this disease (112). An AAV2 /1 vector driving the human
tyrosinase gene under the control of the CMV promoter was
injected subretinally into 1-month old mice. Animals had detect-
able levels of melanin at 2 months post injection, indicating that
the pathway for the production of the pigment is functional.
Similarly, electrophysiological examination revealed increased light
sensitivity and improved photoreceptor function.

In the RCS rat, phagocytosis of photoreceptor outer segments
by RPE cells is impaired due to a mutation in the receptor tyrosine
kinase gene, mertk. This leads to the accumulation of outer seg-
ment debris in the subretinal space and subsequently to progressive
loss of photoreceptors by apoptosis. Subretinal injection of
rAAV2 /2 vector carrying the mouse mertk gene driven by either a
strong CMV promoter or the cell-specific RPE65 promoter led to
prolonged photoreceptor survival for as long as 9 weeks compared
to untreated control eyes (113).

Concerning photoreceptor cells, nine different genes have
been targeted by AAV-mediated gene therapy, encoding the phos-
phodiesterase 6 beta subunit (PDE6B), alpha transducin subunit
(GNAT2), the cyclic nucleotide gated channel subunit beta
(CNGB3), the retinal guanylate cyclase 1 (RetGC1, GUCY2D),
the aryl hydrocarbon receptor-interacting protein like 1 (AIPL1),
the ATP binding cassette transporter (ABCA4), the Retinitis pig-
mentosa GTPase regulator interacting protein 1 (RPGRIP1),
peripherin and retinoschisin (Rshl).

The 741 mouse contains a mutation in the {# subunit of the
phosphodiesterase (pde6b) gene, which results in a rapid onset of
photoreceptor degeneration. At postnatal day 21, only one row of
photoreceptors remains in the retina. This mouse model was the
first to be used in a gene replacement protocol using AAV vectors.
In 1997, Jomary and colleagues injected intravitreally a rAAV
vector containing the PDE6B gene under the control of a trun-
cated opsin promoter into 8 days old mice (114). At 21 days,
treated eyes showed increased numbers of photoreceptor rows
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when compared to noninjected control eyes. Unfortunately, func-
tional recovery was not evaluated in vivo, but only in vitro. Treated
retinas showed a twofold increase in sensitivity to light. This study
provided for the first time evidence that AAV-mediated gene aug-
mentation therapy may rescue photoreceptors morphologically
and functionally.

A second mouse (rd10) strain that has a mutation in exon 13
of the pde6b gene shows a slightly less rapid degeneration. Loss of
photoreceptors starts at 2 weeks of age and highest rates of apop-
tosis are observed at 5 weeks (115). Subretinal injection of an
AAV2 /5 vector carrying the mouse pde6b gene under the control
of the ubiquitous CBA into 2-week-old mice resulted in prolonged
survival of photoreceptors until p35 (3 weeks post injection) and
substantial scotopic ERG recordings (116). However, long-term
examination was not reported.

Gnat2? homozygous mice have a mutation in the murine
gnat2 gene homolog cpfl3 (cone photoreceptor function loss 3),
and exhibit cone dysfunctioning and progressive loss of cone
o-transducin immunolabeling (117). This mouse model of achro-
matopsia was recently used to study an AAV-mediated gene therapy
protocol targeting cones (89). Subretinal injection of a rAAV2 /5
vector containing the murine gnat2 gene under the control of a
red /green opsin promoter in 3—4 weeks old gnat2?% mice resulted
in rescue of cone function and visual acuity for at least 5 months.

Achromatopsia has been associated in dogs with a substitution
in exon 6 (D262N) of the CNGB3 gene in German shorthaired
pointer dogs and with a nonsense mutation in Alaskan malamute
dogs (118). In both canine models of achromatopsia, cone response
was abolished at the age of 8 weeks. Affected dogs were injected
unilaterally into the subretinal space with an AAV5 vector contain-
ing the canine CNGB3 gene under the control of four different
promoters (PRO.5, 3LCR-PRO.5, PR2.1, and the human cone
arrestin promoter). Four weeks after treatment, successful restora-
tion of cone function was achieved in ten dogs with either CNGB3
null or missense mutation. The best outcome was observed when
animals were treated at a young age. While positive results were
seen with all four promoters, the most robust restoration of cone
function was obtained with the PR2.1 promoter. Two dogs treated
with AAV5.PR2.1.CNGB3 were monitored for over 14 months
and no deterioration of the rescue effect was observed (91, 119).

In 7etgel knockout mice, the light-driven translocation of cone
arrestin is compromized, which leads to loss of function and photo-
receptor cell death within the first 6 month of life. Subretinal injec-
tion of arAAV2 /5 vector containing the 7etgcl gene driven by either
the cell specific mouse opsin promoter or the strong CBA promoter
lead to restoration of light-driven translocation of cone arrestin, but
not rescue of function of cones as assessed by ERG (120). Failure to
restore function of cones was potentially due to toxic side effects
caused by 7ezgcl overexpression in these cells.
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The AIPL1 is involved in the biosynthesis and correct localisa-
tion of PDE in photoreceptors and mutations in this gene lead to
the rapid onset of LCA (34). Three different mouse models with
four different rates of photoreceptor degeneration have been used
to study the effect of gene therapy: the Aipl1~~ knockout mouse
with a very rapid loss of photoreceptors (all gone by 3 weeks of
age); the hypomorphic Aipl1™" mouse under low levels of illumi-
nation showing a slow degeneration (degeneration starts at
12 weeks and half of all photoreceptors are gone by 6 months of
age) and the same hypomorphic Aipl1™" mouse under increased
light condition showing an accelerated retinal degeneration by
two- to threefold when compared to the low illuminance condition
(121). Finally, a crossbred mouse line called Aipllhypo that was
produced by mating the Aipll~~ and Alpl1*" mice and has a
slightly faster onset of disease as the original Aipl"" mouse under
low lightning conditions (122). Subretinal injection of an AAV2 /2
vector carrying the murine Aipll transgene under the control of
the CMV promoter was sufficient to preserve morphology and
function in the Aipl1™" mouse under low lightning conditions,
and a similarly constructed AAV2/8 vector was even capable to
preserve morphology and function in the light accelerated Aipl1h*
mouse and in the Aipll~~ knockout mouse (121). In a related
approach, AAV2 /5 and AAV2 /8 vectors driving the human Aipll
gene under the control of the rhodopsin kinase (Rk) promoter
were injected subretinally into the Aipllhpo mouse model at
5 months of age and photoreceptors were still detectable after
23 months (122). In addition, the AAV2 /8 vector was also able to
preserve morphology and function in the Aipl1~~ when injected at
p9 to pl13 (122).

An ABCA4~~ knockout mouse model based on pigmented
(123) or albino (124) mice, which resembles the phenotype of
Stargardt disease has been used for the study of AAV-mediated
gene therapy. Subretinal injection of an AAV2 /5 vector driving the
ABCA4 gene under the control of the CMV promoter into this
mouse model resulted in properly localized ABCA4 protein in the
photoreceptor layer, normal RPE cell appearance and decreased
RPE thickness (125). Functionally, the recovery time from light
desensitization was significantly improved.

Retinitis pigmentosa GTPase regulator (RPGR) is a protein
connected to the photoreceptor cilium by RPGR interacting
protein 1 (RPGRIP1). If RPGRIP1 is nonfunctional due to muta-
tion in its encoding gene, RPGR is delocalized, causing deregula-
tion of protein trafficking across the connecting cilium and
subsequently photoreceptor loss. In RPGRIP-1 knockout mice,
the degeneration of photoreceptors and subsequently all retinal
layers is rapid (126). The subretinal injection of a rAAV2 /2 vector
containing the 7pgripl gene driven by a mouse opsin promoter
resulted in the transient morphological and functional protection
of photoreceptors as assessed by histology and ERG (126).
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Prph®2/842 mijce, formerly known as 7ds (retinal degeneration
slow) mice carry a homozygous null mutation in the Prph2 gene,
encoding the structural protein peripherin2, which is essential for
outer-segment formation. Due to the failure to develop photore-
ceptor discs and outer segments, photoreceptor cells undergo pro-
gressive apoptosis. ERGs are diminished early after birth and
decline to undetectable levels within 2 month. Gene replacement
has been tested using an AAV2/2 vector carrying the wildtype
Prph2 gene under the control of a rhodopsin promoter. Subretinal
injection of this vector led to improvement of photoreceptor struc-
ture and function as shown by electron microscopy and ERG (127,
128). Sarra et al. demonstrated that the potential of morphological
improvement depends upon the age at which animals are treated
and overexpression of the peripherin 2 protein might be harmful
to photoreceptor cells (129). Another study by Schlichtenbrede
et al. showed the improvement of higher visual functions after gene
replacement therapy in Prph®?R42 mice based on recordings from
visually responsive neurons in the superior colliculus (130).

The mouse ortholog of the retinoschisin gene is known as 7515
(131). Two knockout mouse models of RS have been generated,
both of which exhibit to a certain degree a similar phenotype when
compared to the human disease (11, 132). Each mouse model was
then used to study the efficacy of gene therapy protocols. The first
group of studies used an AAV2 /2 vector containing the murine
7slh gene under the control of a CMV promoter. In 13 weeks old
rs1lh7/¥ mice (132), subretinal injection of this vector leads to the
detection of retinoschisin in all retinal cell layers and the restora-
tion of the normal b-wave amplitude (132). However, normal
retinal structure could not be restored. Following the initial
results, the authors presented the long-term results of the retinal
changes following AAV-mediated gene transfer in this mouse
model (133). A correlation between functional and morphologi-
cal changes for up to 14 months post injection was demonstrated.
Furthermore, in a different study, the authors demonstrated mis-
localization and reduced levels of pre- and postsynaptic markers in
photoreceptors in mice (PSD95, mGluR6, synaptophysin) at
4 weeks, which explains the reduced b-wave in ERG recordings
and therefore the block in transmitting information from the pho-
toreceptors to ganglion cells and subsequently to higher visual
regions in the brain (134). Apparently, the Retinoschisin expres-
sion helps at least in part in the preservation of normal synaptic
structures and gene addition therapy using the AAV2 /2.CMV.rsl
vector partially restored synaptic integrity in these animals. Very
recently, the intravitreal injection of an AAV2 /8 vector containing
the rsl gene (including a truncated first intron) under the control
of a retinoschisin promoter resulted in detectable retinoschisin
expression in rs1 knockout mice (67). This successtul gene transfer
resulted in improved ERG recordings up to 15 weeks post injection.
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The second group of studies employed an AAV2 /5 vector carrying
the human 7s-1 gene driven by a mouse opsin promoter, which
was subretinally injected into 2 weeks old 751k~ mice (135).
Using this approach, retinochisin was detected in all cell layers
identical to that seen in wild type animals, and normal visual func-
tion was restored as observed by the increased b-wave and lasted
for at least 1 year. In addition, structural integrity of the retina was
improved and photoreceptors were preserved for the duration of
the study. The authors explored in a second study the feasibility of
subretinal injections of the vector at later time points during the
disease (136). They demonstrated that a treatment with the
AAV2/5.mopsin.Rs1 vector at later time points (up until 7 months
of age) can result in detectable retinoschisin expression, even
though morphological or functional rescue remains marginal if
treatment is performed later than 2 months of age.

Autosomal dominant diseases are caused by mutations, which
result in a toxic “gain of function” effect of the encoded protein.
Mutations of the rhodopsin gene account for the largest propor-
tion of autosomal dominant retinitis pigmentosa (adRP) and
affect the folding, stability and intracellular processing of the
protein. The presence of only one allele is sufficient for the onset
of retinal degeneration. One particular rhodopsin mutation,
P23H, is responsible for 12% of all adRP cases in the US (137)
and transgenic mice and rats containing this mutation have been
developed to study the disease and evaluate potential treatment
strategies. Mutations in another gene, the inosine 5 -monophos-
phate dehydrogenase 1 (IMPDH]1) cause the adRP form that is
called RP10 (138).

To treat these kinds of disorders, gene augmentation therapy is
not suitable, as the mutant allele, mRNA or protein product must
be silenced beforehand. To down-regulate the production of toxic
proteins in a cell, two strategies have been developed involving
either ribozymes or siRNA.

Ribozymes are RNA enzymes capable of cleaving a complemen-
tary mRNA sequence and according to their form in the cytoplasm
they are called either hammerhead or hairpin ribozymes (139).
Naturally occurring ribozymes have been screened to identify mol-
ecules, that are capable of cleaving specifically the mutant rhodopsin
mRNA and allow the expression of the normal allele. Subretinal
injection of a rAAV2/2 containing the allele specific ribozyme
(hammerhead or hairpin) driven by an opsin promoter in P23H rats
at postnatal day P15 led to preservation of photoreceptors for at
least 3 months (140). The ribozymes were able to decrease the
mRNA level of the mutant allele by 10-15%. LaVail and colleagues
demonstrated that the same treatment strategy slowed photorecep-
tor degeneration for up to 8§ months when animals were treated at
either P15 or later (P30 or P45) (141). In addition, compared with
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control eyes, the treatment resulted in higher ERG amplitudes up
to 6 months after injection.

As more than 200 mutations in the rhodopsin gene have been
found to cause adRPD, allele specific ribozymes would have to be
found for each mutation. An alternative approach is to develop
allele independent ribozymes, that digest all endogenous rhodop-
sin mRNA, mutant or wild type. At the same time, a ribozyme-
resistant rhodopsin gene would be introduced into photoreceptors
by gene transfer.

One such ribozyme, Rz397, was introduced into an rAAV2 /2
vector driven by a mouse opsin promoter, and subretinally injected
into rhodopsin knockout hemizygous (740*/~) mice at P6 and P60
(142). The ribozyme was capable of decreasing the amount of
rhoposin by 80% in these animals. In a second experiment, the
same group developed a ribozyme, Rz525, which is capable of
cleaving all dog, mouse, and human, but not rat rhodopsin (143).
Subretinal injection of a rAAV2 /5 vector containing this ribozyme
driven by a mouse opsin promoter into P23H hemizygous rats
carrying one rat and one mouse rhodopsin allele resulted in 46%
reduction of mouse mRNA but no change in rat mRNA. By dimin-
ishing the amount of mouse rhodopsin in these rats, toxic effects
were less important and photoreceptor morphology could partially
be preserved.

Small interfering RNAs (siRNAs) are double stranded RNA
molecules of 20-25 bp length which are capable of cleaving com-
plementary mRNA. These molecules are processed from small
hairpin (sh) RNA driven by an RNA polymerase III promoter like
U6 or H1, or by a polymerase II promoter like CMV.

Subretinal injection of a rAAV2 /5 vector carrying an shRNA
specifically targeting the mouse P23H rhodopsin gene under the
control of a U6 promoter were injected subretinally into P23H
transgenic rats (144). The processed and allele specific siRNA
diminished the amount of mouse mutant rhodopsin in these
animals but was not sufficient to prevent or block photoreceptor
degeneration.

Another study used allele independent siRNA molecules capa-
ble of degrading mutant and wild type rhodopsin (145). Subretinal
injection of a rAAV2 /5 vector carrying a shRNA complementary
to mouse rhodopsin driven by a H1 promoter were injected sub-
retinally into heterozygous rhodopsin knockout mice at P16.
Endogenous rhodopsin protein could be decrease by 60%, mRNA
levels by 30%. Retinal function was diminished due to the reduc-
tion of rhodopsin content.

Similarly, the allele independent strategy of nonspecific sup-
pression of all Rhodopsin alleles and replacement with a codon
modified allele is the basis of the gene therapy strategy developed
by the group of Farrar and colleagues. They developed different
strategies to overcome the major hurdles of such an approach,



8 Adeno-Associated Virus Mediated Gene Therapy for Retinal... 203

which is the necessity of complete downregulation of endogenous
Rbo and at the same time a very effective replacement by gene
transfer.

To overcome the first hurdle, functional siRNAs were devel-
oped, screened for efficiency in vitro and tested in vivo using an
AAV2/5 vector (AAV2/5.shBB.EGFP) in mouse model that
expresses the human Rhodopsin gene on a mouse Rhodopsin
background (NHR*~-Rho~/~) (146). The siRNA expression down-
regulated the human Rhodopsin mRNA level for up to 90%. In
addition, the same vector was shown to be efficient in downregu-
lating the human Rhodopsin allele containing the P347S mutation
that was crossbred on a normal mouse line (RHO347+/~Rho*/*)
(147). As the siRNA is specific for the human Rhodopsin gene,
suppression of the mouse Rhodopsin in this mouse model was not
observed and retinal function and morphology remained normal
following the administration of the vector.

A more challenging point is the second hurdle, which is the
sufficient replacement of the Rhodopsin protein, as it makes up to
90% of the outer segment membrane proteins (148). Furthermore,
the replaced Rhodopsin gene has to be unspecific for the siRNA
mediated downregulation, which can be achieved by modifying
the DNA sequence at crucial points (codon modification). In order
to study the effect of'a codon modified human Rhodopsin gene, a
mouse model was generated that expresses such an allele on a
mouse rhodopsin background (Rho-M) (149). It was shown that
the codon modified gene was equivalent to the endogenous
Rhodposin gene in producing sufficient protein with the correct
function in the retina of these animals. In order to test the capacity
of an rAAV-mediated gene transfer of the codon modified
Rhodopsin gene into the retina of Rho~/~ mice, eight different con-
structs containing the transgene, different promoters and the
siRNA cassette were incorporated into the AAV2/5 serotype
(150). Subretinal injections, performed as early as p0, resulted in
transgene expression of up to 40% of normal levels and the forma-
tion of outer segments and significant rod-derived ERG recordings
in treated eyes. To summarize the treatment strategies for adRP
caused by mutations in the Rhodopsin gene, the combined strat-
egy of downregulation and replacement seems to be a practical and
reliable way to circumvent the extensive allelic heterogeneity in the
human population.

Downregulating the mutant gene by siRINA was also used as
treatment strategy for adRP due to mutations in the IMPDHI1
gene (151). AAV-mediated expression of the mutant human or
mouse IMPDHI1 gene in the retinas of wild type mice was per-
formed and retinal degeneration with complete loss of the ONL
was observed in both models 4 weeks after the injection (151).
In order to treat the pathologic condition, an AAV2/5 vector
was constructed containing the IMPDH1 specific siRNA and was
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3.6. Human
Clinical Trials

3.6.1. Design

co-injected with an AAV2/5 vector expressing the mutant
IMPDHI1 gene in to adult wild type mice. After 4 weeks, the mor-
phology of the retina was conserved in co-injected mice compared
to mice injected with the mutant IMPDH]1 gene alone, indicating
that the down regulation of all endogenous genes, including the
toxic allele would be beneficial for patients sutfering from this form
of retinal degeneration (also known as RP10).

This chapter focuses on design and strategy of the first gene therapy
human clinical trials for inherited retinal degeneration. These trials
were proposed after proof-of-concept of gene augmentation
therapy had been demonstrated in dog and mouse models of LCA
due to RPE65 mutations.

Three separate groups near simultaneously initiated open label,
dose escalation, unilateral subretinal gene transfer studies in a small
number of individuals with LCA due to RPE65 mutations (Table 4).
In all studies, baseline studies of retinal /visual function were carried
out and then, after surgery, the studies were repeated as a function
of time after injection. All three groups used rAAV2 /2 vectors; two
of them used the CBA promoter and one used a RPE-cell specific
(RPEG65) promoter. The doses were 1.5E10 (3 subjects), 4.8E10
(6 subjects) and 1.5E11 vector genomes (vg) (3 subjects),
(Children’s Hospital of Philadelphia, CHOP), up to 1E11 vg in
three subjects (dose was dependant on volume; University College
London, UCL) and 5.9E10 vg in three subjects (University of
Florida-University of Pennsylvania, UFl). The volumes of injection
ranged from 150 pl to 1.0 ml (UCL). Subjects in the UCL and
UFHI studies were young adults while those in the CHOP study
ranged in age from 8 years old to 44 years old (23-25).

Because of the many variables that differed between the three
studies (regulatory sequences, method of preparation and purifica-
tion of the vector, dose, volume, disease-causing mutations, age of
subject, location of injection, outcome measures, etc.), it is not
possible to compare the data directly from one study to another.
However, several important conclusions can be drawn: (1) The
procedure was safe. There were no harmful inflammatory responses
and immune responses were benign. The procedure was well toler-
ated by the 18 subjects (total number reported in these three stud-
ies). There were no severe adverse events and the few adverse
events were mild; (2) The majority of the subjects benefited from
the procedure. All 12 of the subjects in the CHOP study showed
both improvements in retinal and visual function as assessed by
both subjective and objective measures. The level of improvement
was most striking in the youngest subjects, as might have been
expected based on results from animal studies (152). All four of
the children (8-11 years old) and one of the adults (26 years old)
in the CHOP study gained the ability to ambulate independently
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Table 4
Published human clinical trials for patients with mutations in the RPE65 gene
No. of
Study NCT number Design Vector patients Age Dose
UCL (23) 00643747 phase I AAV2 /2 hRPE65p. 3 17-23  <1El1
hRPE65
(hRPE65
promoter)
CHOP (25, 00516477 phase I/II  AAV2-hRPEG65v2 12 844 1.5E10-
153, 156) (CBA promoter) 1.5E11
Ufl (24, 154, 00481546 phase I AAV2-CBSE- 3 21-24 5.96E10
155, 157) hRPEG65 (CBA
promoter with
shortened CMV
enhancer)

UCL University College London, CHOP Children’s Hospital of Philadelphia, UF/ University of Florida,
NCT clinicaltrials.gov registry number, CBA chicken beta actin, CMV cytomegalovirus

3.6.2. General
Considerations

using the injected eye (153). All three of the subjects in the UFL
study and one of the subjects in the UCL study showed improve-
ments in subjective measures of visual function (23, 24). The sub-
jectin the UCL study who showed improvements in microperimetry
and dark-adapted perimetry also became able to navigate indepen-
dently; and (3) The safety profile persisted and the improvements
in retinal /visual function that were reported soon after injection
were maintained in at least in two of the three trials. Cideciyan
reported that the improvements in visual sensitivity were main-
tained between 3 and 12 months (154). In addition, this group
reported that one of the three patients was able to foveate using
the injected portion of her retina (155). The excellent safety and
efficacy profile of the CHOP trial was also maintained through the
2-years timepoint (153, 156). All three of the subjects followed the
longest continued to show significant improvements in visual acuity
and pupillary light reflexes, and the ability to ambulate indepen-
dently was maintained in the one individual in whom that had been
documented at the previous timepoints (156).

The success of the LCA-RPE65 clinical trials to date provides a
great incentive to evaluate gene augmentation approaches for
other retinal degenerative diseases in future clinical trials. The data
from the LCA-RPEG5 studies will be useful in preparing for these
other targets. The safety data to date using rAAV2/2 in a dose
range of 1.5E10-1.5E11 vg will be helpful in designing these
follow-up studies. However, additional preclinical safety studies
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will need to be carried out using hybrid rAAVs with capsids of
other serotypes. Photoreceptors are the primary disease-causing
cells in the majority of hereditary retinal degenerations, and more
efficient transduction can be achieved in this cell type using other
rAAV vectors than AAV2 /2 (see above). The dosing strategy will
present more of a challenge for these situations because there will
not be efficacy if too low a dose is given but too high of a dose
could lead to toxicity.

Preclinical data have demonstrated the stability of AAV-
mediated retinal gene transfer and, so far, this has been verified at
least through a 1-2 years time period in the human clinical trials
(153, 154, 156). At present, it is not known how long rAAV-mediated
transgene expression will persist in the human retina. However,
there are two facts that lend hope to the idea that it will persist long
term: (1) Retinal cells are post-mitotic at birth and so even though
the transgene cassette is maintained episomally in retinal cells, it is
unlikely to be diluted due to cell division; and (2) Given the long
follow-up in dogs (6 and 11 years, Rolling and Bennett, personal
communication) and the stable expression of transgenes after sub-
retinal injection in these animals, rAAV-mediated transgene expres-
sion should persist in other species. Therefore, as long as the gene
transfer slows down the degenerative component of the disease,
rAAV-mediated transgene expression is expected to be stable.

A real challenge will be an economic one — to develop and test
a gene-based treatment for each one of the hundreds of different
genes involved in retinal degenerative disease. Preclinical studies
can generally be funded through traditional mechanisms, such as
government-issued grants and private foundations. Successful
proof-of-concept studies then lead to candidates for a clinical trial.
There are very few funding sources, however, that will cover the
costs of initiating and completing a clinical trial. Following dem-
onstration of proof-of-concept, additional studies aimed at opti-
mizing a vector (selecting the appropriate regulatory sequence,
carrying out dose-ranging studies, completing and submitting
regulatory documents, etc.) can cost $250,000. The cost of gen-
erating a clinical-grade vector is currently about $500,000.
Preclinical safety studies will likely require testing in nonhuman
primates, since eyes of those animals are most similar anatomically
to those of humans (Primates are the only animals with a macula).
Those safety studies can easily cost $250,000. One must be abso-
lutely sure that the rAAV vector is optimal prior to generating the
clinical vector, because if there is a change thereafter, the entire
process starts anew.

Next, clinical trials themselves are costly. The cost of a phase 1
clinical trial involving 12 subjects seen at one site was about $1 mil-
lion. If there is a second Center, bills are incurred not only for the
clinical trial itself but also to monitor regulatory compliance. Thus,
it can easily cost $2 million to carry out a phase 1 clinical trial.
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Assuming safety and efficacy are identified in the phase 1 study, the
subsequent studies (phase 2 /3 trials) are even more costly.

For all retinal degenerative diseases, the best chance of success
(recovery of vision or of prevention of further deterioration of
vision), will be to intervene early in the disease process. Once the
photoreceptor cells have died, there is nothing left to treat. In
many forms of RP, it is possible that rescue could be achieved in
teens or young adults. In choroideremia, it may be desirable to
target teens and in Stargardt disease, it may be desirable to target
pre-teens. For LCA, the optimal results may be obtained in treat-
ing infants as vision deficits are present in that disease early in life.
In LCA, not only would it be most desirable to treat the retina
before cells are lost to degenerative processes but also because
there is a loss in plasticity of the connections between the retina
and brain after about age 3. For example, in LCA-CEP290 and
LCA-AIPLI1, vision is severely abnormal even in infancy and so it
would be sensible to treat as early as possible. In contrast, individu-
als with LCA-RPE65 generally have formed (but poor) vision
before age 3 years old and thus the retinal /CNS circuitry is estab-
lished. Therefore, individuals in their teens, twenties and even as
old as 44 years old can benefit from delivery of the wildtype RPE65
cDNA (23, 24, 153).

One question that will need to be addressed, however, is,
whether it is safe to re-administer the vector to the contralateral eye
at a later timepoint. Although re-administration in animals appears
safe, the safety of re-administration in humans is unknown. In
young children, a unilateral injection could result in a favoring of
one eye versus the other and amblyopia, a condition whereby the
brain is incapable of recognizing signal from an eye. If this were to
happen because one eye was treated and was seeing better than the
other, or if one eye was patched due to a complication from surgery,
it would prevent benefit of future surgery on the amblyopic eye.

The ages of inclusion for each clinical trial will be determined
through an evaluation of risk:benefit ratios and through consider-
ation of principles of clinical research involving vulnerable (pediat-
ric) subjects. In the USA in the clinical trial run at CHOP, enrollment
of pediatric subjects was approved even though there was thought
to be slightly greater than minimal risk, classified as code 45 CFR
46.405 in the USA. This code states that research can be carried out
which involves greater than minimal risk on vulnerable subjects but
there must be a prospect of direct benefit to the individual. In the
CHOP study, this code forced the team to use a dose that had been
shown to rescue vision in >90% of dogs (instead of a lower, poten-
tially ineffective dose). Finally, the lower age limit may be selected
by determining whether a child is able to give assent. It is widely felt
that children 8 years old and above are capable of understanding
what they are agreeing to as long as the language is appropriate
(http:/ /www.webconferences.com/nihoba,/13_dec_2005.html).
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3.6.3. Outcome

3.7. Gomparison

of the Results of
rAAV-Mediated Gene
Therapy in Human
Trials and Animal
Models

One of the most important details of clinical trial design is selection
of the most appropriate outcome measures. The tests should be
sensitive, quantitative, and reproducible. Some retinal function/
visual function tests are subjective in nature (i.e., the subject tells
the examiner the response and the results can be influenced by the
subject’s levels of wakefulness, cooperation, etc.). It is thus desir-
able to include objective tests as well. That way, one can be sure
that the subject is not simply showing a placebo or learning effect
or is too tired to comply. It is important that the tests/test prepara-
tion do not overburden the subject. This is particularly a concern
in children with short attention spans. Finally, it is desirable to
carry out sufficient testing and to repeat the testing as warranted in
order to be able to obtain sufficient data for robust statistical
analyses.

Interestingly, the data obtained in animal models of LCA-RPE65
were largely predictive of the results in the human clinical trials.
First, subretinal delivery was safe in both animals and humans, the
vector remained predominantly in the eye (i.e., there was minimal
“shedding”) and the delivery resulted in stable improvements in
vision relating to the area/portion of retina treated. A single uni-
lateral subretinal injection of 1.5E10 (or higher) vg in all of the
Briard dogs younger than 2 years old resulted in increased light
sensitivity, improvements in the full field ERG and also the ability
of the animals to navigate. In dogs, the first suggestion that there
was efficacy was an improvement in pupillary light reflexes noted at
2 weeks after injection. PLRs and ERGS were also readily record-
able in Rpe65~~ mice treated subretinally up to 4 months of age
(“young adult mice”), but were severely reduced in aged mice. An
improvement in PLRs was noted soon after injection in human
subjects — the carliest timepoint being 8 days (153). A benefit with
the humans was that they could also describe their sense if increased
brightness in the injected eye at early (and late) timepoints.

A full field ERG has not been recorded to date in any of the 18
individuals age 8 years old or older enrolled to date in any of the
three trials. However, multifocal mf ERGs were recorded from two
young subjects in the CHOP study (153). Further, all of the
youngest subjects (and two older ones — see above) gained the abil-
ity to navigate independently in the clinical trials (25, 153, 156).
The ability to ambulate reflects a combination of different visual
abilities: light sensitivity, visual acuity and visual fields. Visual acuity
and visual fields could not be measured in the dogs, but improved
in the majority of the humans enrolled in the CHOP trial (153).
Like the dogs (17), both rod and cone-mediated responses were
recovered in humans tested in the UFI trial (24).

What was not predictive based on the animal experiments was
that while there were permanent pigmentary changes in the dog
retinas indicating the borders of the original retinal detachments
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(17, 18), no such changes were detectable in the injected human
retinas (25, 153, 156). It may be that injection-induced changes in
the underlying reflective tapetum in dogs contribute to the oph-
thalmoscopically detectable changes in this species. The other
finding that was not predictive based on the animal experiments
was that there was improvement in retinal/visual function in a
human as old as 44 years old. This individual did not recover nor-
mal vision, but did show improved PLRs, and improvements in
subjective measures of retinal /visual function. Bilateral PLRS were
not measured in the older dogs that were evaluated and so a direct
comparison across species cannot be made. However, there has
been no clear-cut demonstration of improvement in the older
(>2 years old) dogs that have been tested.

4, Conclusion
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Chapter 9

Adeno-Associated Virus Vector Delivery to the Heart

Lawrence T. Bish, H. Lee Sweeney, Oliver J. Miiller,
and Raffi Bekeredjian

Abstract

Cardiac gene transfer may serve as a novel therapeutic approach in the treatment of heart disease. For it to
reach its full potential, methods for highly efficient cardiac gene transfer must be available to investigators
so that informative preclinical data can be collected and evaluated. We have recently optimized AAV-
mediated cardiac gene transfer protocols in both the mouse and rat. In the mouse, we have developed a
procedure for intrapericardial delivery of vector in the neonate and successfully applied intravenous injec-
tions in adult animals. In the rat, we have developed a procedure for direct injection of vector into the
myocardium in adults and established a protocol for vector delivery into the left ventricular anterior wall
by ultrasound-targeted destruction of microbubbles loaded with AAV. Each protocol can be used to
achieve safe and efficient cardiac gene transfer in the model of choice.

Key words: Heart, Gene therapy, Adeno-associated virus, AAV, Animal model, Microbubbles,
Ultrasound

1. Introduction

The highly efficient and stable gene transfer mediated by AAV
makes it ideal for use as a cardiac gene transfer vector since most
cardiac diseases follow a chronic course. Indeed, AAV-mediated
cardiac gene transfer has been discussed in several recent reviews
which highlight its broad application in animal models of heart
failure (1-3). The most common application of AAV in heart fail-
ure involves modulation of calcium cycling. Investigators have suc-
cessfully blocked the progression ofheartfailure using AAV-mediated
cardiac gene transfer of the following calcium cycling proteins in
various animal models: dominant negative phospholamban
(dnPLB) in a delta sarcoglycan knock out hamster model of dilated
cardiomyopathy (DCM) (4), in a rat model of ischemic cardiomy-
opathy via coronary artery ligation (5), and in a sheep model of
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pacing induced cardiomyopathy (6); SERCA2a in a rat model of
pressure overload cardiomyopathy via aortic banding (7) and in a
porcine model of volume overload failure induced by mitral valve
impairment (8); and S100A1 in a rat model of ischemic cardio-
myopathy via coronary artery ligation (9). AAV-mediated cardiac
gene transfer has also been used successfully to block apoptosis by
the overexpression of genes such as TGF-B (10) and heme oxyge-
nase-1 (11, 12) in a rat model of ischemia—reperfusion injury; to
induce angiogenesis by the overexpression of VEGF (13) or the
combination of VEGF and angiopoietin-1 (14) in a mouse model
of ischemic cardiomyopathy, or by the overexpression of IGF-1 in
a rat model of ischemic cardiomyopathy (15); and to downregulate
coxsackievirus B3 RNA polymerase by RNA interference in a
mouse model of viral cardiomyopathy. Finally, AAV-mediated car-
diac gene therapy has been successfully used to correct monogenic
defects in several mouse models of inherited diseases in which car-
diomyopathy is part of the phenotype, including the mdx model of
Duchenne muscular dystrophy (16); the delta sarcoglycan knock-
out model of limb girdle muscular dystrophy (17); the alpha galac-
tosidase A knock-out model of Fabry disease (18); the acid
alpha-glucosidase knock out model of Pompe disease (19); and the
very long chain acyl Co-A dehydrogenase (VLCAD) knock-out
model of VLCAD deficiency (20).

To achieve the successful cardiac gene transfer described above,
investigators have employed a variety of delivery methods, each
with its own advantages and disadvantages. Direct intramyocardial
injection following left thoracotomy has been described in both
mouse (13, 14) and rat (21) models. This method allows the inves-
tigator to localize gene delivery to the region of the myocardium
where expression is desired with minimal systemic vector exposure.
Delivery is also independent of coronary flow; therefore, it is espe-
cially useful in models of heart failure in which blood flow to the
target area is compromised, such as in ischemic cardiomyopathy.
Disadvantages include the requirements for invasive surgery and
multiple injections. Another common delivery method, described
in both the hamster (4) and the rat (5,7, 9), is intracoronary deliv-
ery via aortic root injection. This method allows efficient, global
gene transfer, but also requires invasive surgery and the use of
potentially dangerous vasodilators. It is also dependent on coronary
flow and is associated with high systemic exposure of vector. A final
common delivery method is intravenous injection, which has been
described almost exclusively in mouse models (22-25). This mini-
mally invasive procedure can be used to achieve eflicient global car-
diac gene transfer but is dependent on coronary flow and associated
with high levels of systemic vector exposure. Methods for cardiac
AAV delivery in large animal models have been recently reviewed
(26) and described in detail elsewhere (27, 28); therefore, this
chapter focuses on AAV vector delivery in the mouse and rat heart.
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In this chapter, we describe two methods for vector delivery to
the mouse heart and two methods for vector delivery to the rat
heart. Since we and others have demonstrated that AAV9 is the most
cardiotropic serotype in the mouse and rat (21-23, 25, 29, 30), we
recommend the use of AAV9 over serotypes 1-8. This will maxi-
mize transgene expression and minimize the likelihood that the
potential efficacy of the gene being evaluated will be underesti-
mated or missed altogether.

The first method for cardiac AAV delivery in the mouse involves
intrapericardial injection of vector in neonates using a closed-chest,
subxiphoid approach (30, 31). Since mice are injected as neonates,
this procedure can be used as a simple alternative to the creation of
cardiac-specific transgenic or knock-out (using shRNA (32)) lines.
This would be especially useful in the case of a gene whose manip-
ulation during embryonic development produces a lethal pheno-
type. Alternatively, this gene transfer technique could be used to
screen potentially therapeutic transgenes in many of the widely
available mouse models of cardiac disease to identity candidates for
large animal trials. Finally, by using the high vector dose, one could
simultaneously treat both the heart and diaphragm, a technique
that may prove useful in the mdx mouse model of Duchenne mus-
cular dystrophy (33).

The second method for cardiac AAV delivery in the mouse
utilizes intravenous injection into the tail vein of adult mice (17, 34).
Due to their high efficiency for myocardial transduction in adult
mice upon systemic administration (22, 23, 25, 29), AAV9 vectors
allow the evaluation of preclinical gene therapy approaches in mice
by a simple intravenous injection. Since systemic transfer of AAV9
vectors also results in a significant transduction of other organs,
tissue-specific promoters can be used for transcriptional targeting
(9, 34).

The first method for cardiac AAV delivery in the rat involves
direct injection of vector into the left ventricular free wall of adult
animals following left thoracotomy (30). Use of rat models is
important because, as larger animals, rats offer the opportunity to
evaluate potentially therapeutic genes in a more clinically relevant
model. For example, it is technically more feasible to create models
of ischemic cardiomyopathy via coronary artery ligation or models
of pressure overload cardiomyopathy via aortic banding in the rat
than in the mouse, and these rat models are well established in the
literature (7, 9). Use of our technique facilitates highly efficient
gene transfer in these models that is independent of coronary flow.

The second method for cardiac AAV delivery in the rat utilizes
ultrasound-targeted  destruction of intravenously infused
microbubbles loaded with AAV. Ultrasound-targeted microbubble
destruction (UTMD) has evolved as an additional tool to aug-
ment site-specific gene transfer using various target organs or
vector types. The first application in the heart was performed using
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B-galactosidase encoding adenovirus (35). Further studies
demonstrated its applicability for plasmid transfection (36, 37).
More recently, we could demonstrate augmentation of cardiac
AAV-transduction using UTMD (38).

The effects of UTMD are based upon physical properties of
such microbubbles. These consist of a gas filled core and a stabiliz-
ing shell (mostly phospholipid or albumin). Microbubbles are tra-
ditionally used as ultrasound contrast agents, since they can reflect
ultrasound. In addition, microbubbles may oscillate in an ultra-
sound field when sonified with ultrasound of their resonance
frequency. These oscillations may lead to microbubble destruction.
Two different mechanisms are mainly responsible for their effec-
tiveness in gene transfer. First, the gene therapy vector loaded on
microbubbles can be released by UTMD with high local concen-
trations in the target organ. Second, the destruction of micro-
bubbles may transiently increase capillary and cell membrane
permeability (39, 40), thus augmenting transduction. Their small
size (about 2 pm) allows intravenous administration, since they will
pass the pulmonary circulation and reach the systemic circulation.
Due to the size of the ultrasound probe and the ultrasound focus,
this technique is mainly to be used for animals at least of the size of
rats. The protocol described below is designed for rat applications
(minimum 150 g). (Adapted, in part, from Bish et al. (30).)

2. Materials

2.1. Mouse Protocol
#1: Intrapericardial
Injection in Neonatal
Mice

2.2. Mouse Protocol
#2: Intravenous
Injection into Adult
Mice

1. Hamilton Gastight 250 pl. glass syringe, series 1725TLL.
(Hamilton Company, Reno, Nevada).

2. Hamilton 33-gauge needle. (Hamilton Company, Reno, Nevada).

3. Saint Gobain Tygon microbore tubing, Formula S-54-HL (inner
diameter: 0.51 mm, wall thickness: 0.51 mm, outer diameter:
1.53 mm; Saint Gobain Performance Plastics, Akron, OH).

4. Single-stranded adeno-associated virus 9 (ssAAV9) vector.
Prior to dilution, vector can be stored at -80°C for >6 months,
or at 4°C for up to 6 months.

92}

. Normal saline (sterile).

. Mouse restrainer (e.g. Indulab AG, Gams, Switzerland).

. 27-30-gauge needle.

. U-100 insulin syringe.

. Heating lamp (alternatively warm water for soaking the tail).
. Sterile gauze with 70% ethanol.

. AAV9 vector solution (in PBS or Iodixanol (<40%)).

QN UL W N~



2.3. Rat Protocol #1:
Direct Injection

into Myocardium

of Left Ventricle

2.4. Rat Protocol #2:
Ultrasound Targeted
Microbubble
Destruction

for Cardiac AAV
Delivery
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. Anesthesia and perioperative medications: Preoperative

analgesia (buprenorphine 0.05 mg/kg subcutaneous injection),
induction (ketamine 50-100 mg/kg, xylazine 5-10 mg/kg
(intraperitoneal injection)), maintenance (isoflurane 1%), post-
operative analgesia (buprenorphine 0.05 mg/kg subcutaneous
injection at 4 and 12 h following surgery), antibiotic prophy-
laxis (cetazolin 20 mg,/kg subcutaneous injection prior to skin
incision and at 4 and 12 h following surgery).

. Suture: 4-0 Maxon (Covidien Syneture, Mansfield, MA), 4-0

Vicryl, 5-0 Vicryl, 7-0 Prolene (Ethicon, Somerville, NJ).

. Otoscope for intubation.

4. Rodent Work Stand for intubation (Hallowell EMC,

10.
11.
12.

Dittsfield, MA).

. Rat intubation pack containing intubation speculum, endotra-

cheal intubation tubes, an endotracheal tube guide wire, an
incisor loop, and a brief video tutorial of how to perform the
intubations (Hallowell EMC, Pittsfield, MA).

. 18-gauge angiocath (1.88 in. length).

. Rodent Anesthesia Workstation, including rodent ventilator and

isoflurane vaporizer (available fully assembled with all necessary
accessories from Systems Specialties, Inc, Warminster, PA).

. Recovery ventilator (optional): Model 141 (NEMI Scientific,

Medfield, MA) (see Note 1).

. Standard surgical instrument pack, sterile drapes, sterile gowns,

sterile gloves.
Chlorhexidine 2% surgical scrub.
0.5 mL insulin syringe with 28-gauge needle, 0.5 in. length.

Single-stranded adeno-associated virus 9 (ssAAV9Y) vector
diluted to a final volume of 250 pL containing 5 x 10! genome
copies (gc) (concentration: 2 x 102 gc/mL), in sterile normal
saline. Prior to dilution, vector can be stored at —-80°C for >6
months, or at 4°C for up to 6 months.

. Diagnostic ultrasound machine with the ability to perform

myocardial contrast echocardiography in a triggered mode,
such as a Sonos 5500, Philips, Eindhoven, The Netherlands.

. Standard ultrasound gel.
. Self-adhesive EKG-electrodes that fit to the EKG-cables of the

ultrasound machine.

4. Support stand with a clamp to hold the ultrasound transducer.

. Intraperitoneal anesthesia for rats, e.g., 100 mg/kg body

weight ketamine, 5 mg/kg bodyweight xylazine.

. A perfluorcarbon gas, such as octafluorpropane.
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7. Amalgamator (e.g., Capmix; 3M, St. Paul, MN).

20.
21.
22.

23.
24.
25.
26.
27.
28.

. Phosphate-buffered saline (PBS).

. DL-a.-Phosphatidylcholine, Dipalmitolyl.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

DL-a- Phosphatidylethanolamine, Dipalmitolyl.

Glucose.

Sterile gauze.

Alcohol spray (for skin).

18-gauge needle.

25-gauge needle.

Luer Stub Adapter 23 gauge (alternatively 23-gauge needle).
6-0 silk suture.

4-0 silk suture with needle.

Polyethylene tubing PE50 (e.g., BD Intramedic™ Polyethylene
Tubing, Becton Dickinson, Franklin Lakes, NJ).

Depilation cream.
3 mL sterile syringe.

Precision infusion pump (e.g., Genie — Kent Scientific
Corporation, Torrington, CT, USA).

Small surgical blunt forceps (about 15 cm).
Vannas Scissors Curved 80 mm.

Needle holder.

Surgical scissors.

Curved clamp (about 15 c¢m).

AAV6 or AAV9-vector (maximum amount 200 pL vector solu-
tion per preparation).

3. Methods

3.1. Mouse Protocol
#1: Intrapericardial
Injection in Neonatal
Mice

All animal studies must follow National Institute of Health
Guidelines (Guide for the Cave and Use of Laboratory Animals,
NIH publication No. 85-23, revised 1996) and be approved by
the appropriate Institutional Animal Care and Use Committee.

1.

2.

Breed mice so that 4-5-day-old pups will be available for injec-
tion (see Note 2).

On day of injection, prepare AAV vector by diluting AAV
vector stock to a final concentration of 5 x 10'2 genome copies
per mL (gc/mL) with sterile normal saline (see Note 3 for
additional information on dosing). Prepare sufficient diluted



10.

11.

3.2. Mouse Protocol 1.
#2: Intravenous

Injection into Adult

Mice 2
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vector to allow for a 50-pL injection per pup as well as an
additional 100 pL to account for losses during preparation and
injection. Keep diluted virus on ice until injection.

. Thread Tygon tubing over the 33-gauge Hamilton needle to

be used for injection. Cut the tubing such that 3 mm of the
needle are left exposed (see Note 4).

. Immediately prior to injection, remove pups from their mother,

and place on ice for approximately 2—-3 min to induce cryoan-
esthesia. The pups will become lethargic, but their activity will
not completely cease.

. While the pups are on ice, attach the 25-gauge needle to the

Hamilton syringe, and withdraw sufficient vector for injection.
Multiple doses can be drawn up at the same time.

. Remove the 25-gauge needle, and attach the Hamilton 33

gauge needle covered with Tygon tubing (prepared in step 3)
to the Hamilton syringe. Gently advance the plunger until
vector is expelled to remove any air.

. To position the animal for injection, grasp the pup by the nape

of the neck (dorsally) by pinching that area of the neck between
the thumb and index finger of one’s nondominant hand.
Rotate one’s wrist so that the pup’s ventral surface, including
sternum, ribs, and xiphoid process, can be visualized.

. Using one’s dominant hand, insert the Hamilton 33 gauge

needle at the left costo-xiphoid angle of the pup (see Note 5),
and advance the needle superiorly until the Tygon tubing con-
tacts the skin (3 mm). As the needle is advanced, it must be
maintained parallel to the left sternal border (see Note 6).

. Once the needle had been advanced 3 mm, slowly inject 50 pLL

of vector into the pericardial space (see Notes 7 and 8).

After injection, return pup to mother, and proceed with subse-
quent injections.

Schedule euthanasia based on specific study protocol (see
Note 9).

Dilute vector solution with PBS in order to enable injection of
at least 100 pL. per animal, maximum volume should not
exceed 200-250 pL (see Note 10).

. Draw it up into the U-100 insulin syringe, add the needle and

carefully remove remaining air.

. Allow dilation of the tail veins by placing a heating lamp above

the cage or soaking the mouse tail in warm water.

. Place the mouse into a mouse restrainer in order to avoid addi-

tional anesthesia.

. Disinfect the tail with a sterile gauze soaked with 70% ethanol.
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10.

11.

3.3. Rat Protocol #1: 1.

Direct Injection

into Myocardium

of Left Ventricle
2
3
4
5
6
7

. Extend the tail carefully and locate one of the two lateral

veins.

. Insert the needle tip almost parallel to one of the lateral veins

and move forward into the tail vein (2-3 mm).

. Carefully pull the plunger: flow of venous blood into the syringe

confirms the location of the needle tip within the vein.

. Slowly push the plunger, and observe the vein: if there is no

resistance and blood is washed out temporarily, injection is
successful and should be continued until the target volume has
been injected (see Note 11).

Remove the needle, and slightly compress the injection site
with gauze.

Place the mouse back in its cage, and observe it for 5 min to
ensure adequate hemostasis (see Note 12).

On day of injection, prepare AAV vector by diluting AAV vec-
tor stock to a final concentration of 2 x 10'? gc/mL with sterile
normal saline (see Note 13 for additional information on dos-
ing). Prepare sufficient diluted vector to allow for a 250-pL
injection per pup as well as an additional 100 pL to account for
losses during preparation and injection. Keep diluted virus on
ice until injection.

. Anesthetize an approximately 300 g adult rat by injection of

the medications listed above (see Notes 14 and 15).

. After induction, secure rat to Rodent Work Stand for intuba-

tion using incisor loop and adjustable restraints.

. Intubate rat by using otoscope with speculum to visualize vocal

cords. Use forceps to extend tongue as necessary. Pass guide
wire through vocal cords, and then remove otoscope while keep-
ing guide wire in place. Pass endotracheal tube over guide wire
and into position in the trachea. Remove guide wire. Use 10 mL
syringe to inflate lungs and confirm proper placement. Secure
endotracheal tube in position with suture (see Note 16).

. Connect the rat’s endotracheal tube to the Anesthesia Work

Station with the rat in left lateral recumbency position (see
Note 17). Set O, flow to 2 L/min; ventilator rate to 70 beats
per minute, and isoflurane to 1%.

. Shave the surgical site; scrub the site three times with chlor-

hexidine solution, and drape the rat in a sterile fashion.

. Make a 2-cm skin incision over the fourth intercostal space;

divide the subcutaneous tissue and underlying muscle, and
enter the thorax through the fourth intercostal space. Visualize
the left phrenic nerve in its course through the pericardium,
and open the pericardium without disrupting the nerve to
expose the left ventricle (see Note 18).
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8. Place a 7-0 Prolene suture through the apex of the left ventricle,
and secure the end with a pair of hemostats. This suture will be
used to manipulate the heart during injection.

9. Load insulin syringe (0.5 mL with 28 gauge, 0.5 in. needle)
with 250 pL vector, and hold in dominant hand.

10. Grasp the 7-0 suture with one’s nondominant hand, and
manipulate the position of the heart to maximize exposure of
the left ventricle for injection (see Note 19).

11. Inject the myocardium of left ventricle in five equally spaced
aliquots of 50 pL. Before each injection, withdraw the plunger
once the needle is in the myocardium to ensure the needle is
not in a blood vessel or within in the left ventricular cavity.
(There should be no blood return.) Continue to manipulate
the position of the heart with the 7-0 suture as necessary (see
Note 20).

12. Once injections are complete, place an 18-gauge angiocath
through the skin into the thorax via the fifth or sixth intercostal
space, and remove the needle. This will serve as a chest tube to
restore negative intrathoracic pressure. Give a manual sigh
breath from the ventilator to re-inflate the lungs completely.

13. Reapproximate the ribs with interrupted 4-0 Maxon, muscle
with continuous 4-0 Vicryl, subcutaneous tissue with con-
tinuous 5-0 Vicryl, and skin with continuous, subcuticular 5-0
Vicryl.

14. Once the skin is closed, attach a 10-mL syringe to the angio-
cath chest tube; withdraw the plunger of the syringe until resis-
tance is encountered, and remove the angiocath and syringe
from the animal, maintaining resistance until it is completely
removed.

15. If multiple procedures are being performed the same day, the
rat can be moved to the optional recovery ventilator until
spontaneous respirations are observed (see Note 21.)

16. Give buprenorpine and cefazolin as directed above at 4 and
12 h postsurgery.

Add to 10 mL PBS
* 200 mg pr-a-Phosphatidylcholine, Dipalmitolyl (Sigma P-5911)

¢ 50 mg pr-a-Phosphatidylethanolamine, Dipalmitolyl (Sigma
P-3275)

e 1 gGlucose
To dissolve ingredients, heat in boiling water-bath (approxi-

mately 20-30 min) and pipette up and down every 5 min until no
particles are visible. This stock solution can be stored at 4°C.
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3.4.2. Preparation 1.

of Microbubbles

O NN O U B W

3.4.3. Insertion 1.

of a Catheter
into the Jugular Vein 2

10.

3.4.4. Ultrasonic 1.

Microbubble Destruction

Heat 250 pL of stock solution to room temperature ina 1.5 or
2 mL eppendorf tube.

. Add 50 pL glycerol.

. Add AAV-suspension in a total volume of less than 200 pL.

. Add PBS to make the total volume 500 pL.

. Replace air with Octafluoropropane gas.

. Shake in an Amalgamator for 20 s.

. Before infusion add 0.5 mL PBS and mix carefully.

. Depending on the availability of suitable antibodies, successful

loading of microbubbles might be visualized (see Note 22).

After anesthetizing the rat, the chest has to be depilated and
the neck has to be disinfected with the alcohol spray.

. An incision will be made (about 5 mm) with scissors antero-

lateral of the neck (preferably at the right side) where a pulsa-
tion is visible.

. With the curved clamp enlarge the incision and then use the

curved clamp to bluntly prepare the jugular vein.

. Use the clamp to pull a 60 silk suture underneath the vein. Be

careful not to twist the vein when pulling the suture through.
Adding a drop of water can help.

. Ligate the vein with a cranial suture and prepare a caudal suture

to bind over the catheter later.

. Prepare the catheter by cutting about 30 cm of the polyethyl-

ene tubing. By using an oblique position of the scissors the tip
of the catheter becomes curved. A 45° angle is favorable.

. Insert the Luer Stub Adapter 23 gauge (or alternatively 23

gauge needle) in one end and flush the catheter with saline or
PBS. Be careful not to leave any air in the catheter, since low

volumes of air are sufficient to kill the rat by embolization (see
Note 23).

. Insert the catheter into the jugular vein by holding the vein at

the cranial suture and making a careful superficial cut with the
Vannas scissors. After the incision is made, insert the catheter
into the vein.

. After insertion, proper catheter position can be verified by

aspirating the syringe (blood flows back).

Tie the caudal suture tightly around the catheter. Now, the
catheter can be connected with the infusion pump.

After the catheter is inserted, three EKG electrodes will be
attached to three paws. A drop of ultrasound gel on each elec-
trode helps to improve EKG signal.
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2. A small amount of ultrasound gel is distributed on the chest.

This helps to avoid small air bubbles trapped under some
hairs.

. After localizing the heart (feeling the pulse with the finger), a

large amount of gel is added on the chest to produce a stand
off for the probe. Be careful to avoid air bubbles.

. Then the S3 ultrasound probe will be clamped on the chest

leaving at least 1 cm of gel between the probe and the skin.
A mid short axis view is to be acquired. This is mostly possible
after the contrast agent has been injected. A good quality image
is crucial for efficient transfer of the AAV-microbubble solu-
tion. If the image is good, myocardium and cavity are clearly
distinguishable. The following ultrasound settings apply to the
Sonos 5500 (Philips):

(a) Ultraharmonic mode (transmit 1.3 MHz)

(b) Mechanical Index 1.6

(c) Triggered imaging — every fourth beat — four frames of

ultrasound
(d) Delay 80 ms

(e) All segmental gains to 0
(f) Gain 50

(g) Compress 75

(h) Postprocess B

. 1 mL of microbubbles suspension should be infused over a

15-20-min period. It is important to agitate the infusion pump
regularly in order to maintain a homogeneous bubble
suspension.

. During infusion, successful infusion and destruction of micro-

bubbles can be followed by watching the left ventricular cavity
(see Notes 23 and 24). Also watch the EKG (see Note 25).

. After finishing the experiment, the catheter is removed and the

skin is closed with a 4-0 silk suture. The animal should awake
within 30-60 min.

. Depending on the experimental question, animals can be

followed up for several weeks to months (see Note 26).

4, Notes

. If multiple surgeries are to be performed on the same day, it

will be useful to purchase 1-2 ventilators that will be used
solely for recovery. This will allow the next surgery to start
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immediately following skin closure of the previous surgery,
without the need to wait for return of spontaneous respiration.
These ventilators are less expensive than the Anesthesia
Workstation since they are not equipped with isoflurane
vaporizes.

2. It is important to use neonatal mice on days 4-5 of life. The

parietal pericardium in neonatal mice is a continuous serous
membrane that lacks pericardial pores until day 6 (41). The
lack of pericardial pores favors the containment of vector in
the pericardial space.

3. We have previously published the dose—response relationship for

AAV9-mediated expression of LacZ in the murine heart using
this method (30). At a dose of 2.5x 10" gc per pup (50 pL of
5% 10" gc/mL), high level expression of transgene was observed
almost entirely throughout the heart and diaphragm with mini-
mal expression in the liver. At a lower dose of 2.5x10' gc per
pup (50 pL of 5x 10" gc/mL), high level transgene expression
was still observed in the heart, but with only minimal expression
in the diaphragm and liver (see Fig. 1).

4. The Tygon tubing will create a hub at 3 mm, which will pre-

vent advancement of the needle into the myocardium or left
ventricular cavity and allow the investigator to maintain the
needle easily in the pericardial space for injection. It is critical
for global cardiac gene transfer that the vector be injected into
the pericardial space and not the myocardium or left ventricu-
lar cavity.

5. The point at which the most inferior rib meets the xiphoid pro-

cess of the sternum on the left side (left costoxiphoid angle) can
be easily visualized in the neonatal mouse on days 4-5 of life.

.eb

b Heart Diaphragm Liver
- 4 ¢ 3

! 2.5x10" gc

238 B
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Fig. 1. Representative photomicrographs of sections from mouse heart, diaphragm, and liver 6 weeks following intraperi-
cardial injection of 50 uL AAV9-CB-LacZ. (a) Low magnification photomicrograph of the heart depicting global transgene
expression after injection of 2.5x 10" gc. Scale bar: 1 mm. (b) Photomicrographs of heart, diaphragm, and liver after
receiving either 2.5x 10" or 2.5 x 10" gc of vector. Scale bar: 200 um. Sections have been stained with X-gal and coun-
terstained with eosin. CB: chicken beta actin promoter with cytomegalovirus enhancer. Adapted from Bish et al. (30).
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6. The murine pericardium is extensively attached to the sternum
to form a pericardial cavity rather than a true sac, thus allowing
easy access via this subxiphoid approach without a thoraco-
tomy (42). At the time of injection, the needle will be posi-
tioned beneath the sternum and anterior to the heart in the
pericardial space.

7. It is critical to inject the vector solution slowly as we have fre-
quently experienced a delayed response time when using a
Hamilton 33-gauge needle. This will help to avoid over-
injection and/or loss of vector. New investigators may con-
sider injecting saline into several control pups to become
familiar with the Hamilton needle and syringe prior to working
with vector.

8. The injection volume of 50 pL has been optimized previously.
Larger volumes have been associated with increased mortality
(31). In our experience, mortality is extremely rare with the
50 pL injection.

9. We have observed transgene expression from 1 week to 1 year
using this protocol (see Fig. 2).

10. Take care that all experimental groups are injected with the
same volume and — in case of vector solutions containing iodix-
anol — the same concentration of iodixanol (<40%).

11. Observation of a subcutaneous prominence during injection
or immediately thereafter indicates an extravasation and thus
an at least incomplete intravenous injection. Therefore, ani-
mals should not be further used within the study. This might
especially occur when using vectors in 40% iodixanol (high vis-
cosity). Dilution of the vector solution in PBS might help.

12. In case of murine heart failure models, the injected amount of
vector should be as small as possible. Furthermore, observation
of respiration or activity for an extended period is suggested.

13. We have previously identified the minimum dose required for
high level, AAV9-mediated expression of LacZ in the rat heart
using this method (30). At a dose of 5x 101! gc per rat (250 pL
of 2x10"2 gc/mL), high level expression of transgene was

1 week 2 weeks 3 weeks 6 weeks 28 weeks 52 weeks

Fig. 2. Time course of LacZ expression following intrapericardial injection of 50 pL containing 2.5 x 10" gc of AAV9-CB-
LacZ. Representative photomicrographs have been stained with X-gal and counterstained with eosin. Scale bar: 1 mm.
Adapted from Bish et al. (30).
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Fig. 3. Representative photomicrographs of sections from rat heart and liver 4 weeks following direct myocardial injection
into the left ventricular free wall of 250 uL AAV9-CB-LacZ in five equal aliquots. (a) Low magnification photomicrograph of
the heart depicting high level transgene expression throughout the left ventricular free wall after injection of 5x 10" gc.
Scale bar: 2.4 mm. (b) Photomicrographs of heart and liver after receiving either 5x 10" or 5 x 10" gc of vector. Scale bar:
200 um. Sections have been stained with X-gal and counterstained with eosin. Adapted from Bish et al. (30).

14.

15.

16.

17.

18.

19.

observed almost entirely throughout the left ventricular free wall
with minimal expression in the liver and other organs. Below
this dose, expression was dramatically reduced (see Fig. 3).

For induction of anesthesia, we create a ketamine/xylazine
cocktail by mixing 1.8 mL of ketamine (100 mg/mL), 0.75 mL
of xylazine (20 mg/mL), and 0.45 mL of normal saline. We
give an initial injection of 0.15-0.20 mL of this cocktail to a
300-g rat as an initial dose. Additional drug can be given if the
rat still responds to pain after 5 min.

If rats are to be used in an ischemic cardiomyopathy model, we
recommend the use of Lewis inbred rats. It has been previously
reported that ligation of the left anterior descending artery in
these rats results in a larger and more uniform infarct with
lower mortality when compared to Sprague—Dawley rats (43).

An instructive video is supplied with the rat intubation pack
that first-time users may find helpful. Intubation should pro-
ceed as quickly and as smoothly as possible. We have noted
that loss of spontaneous respiration can be associated with pro-
longed and /or traumatic intubations. If this occurs, emergency
tracheotomy can be performed.

This may require an adapter, which can be provided by the
manufacturer and /or supplier of the Anesthesia Work Station.

A small self-retaining retractor may be useful to maximize
exposure of the heart.

Take care not to maintain the heart in a position that will
restrict inflow or outflow for prolonged periods of time (maxi-
mum 30 s). If cardiac function becomes compromised during
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the procedure for any reason, we recommend injecting 0.1 mL
of dobutamine (12.5 mg/mL) into the left ventricular cavity.
This can be repeated as necessary.

20. Avoid damaging coronary arteries or veins during the injec-
tion. (Some investigators may choose to wear loupes during
the procedure.) A wheal should appear in the myocardium fol-
lowing each injection. In addition, the needle can be manipu-
lated during each individual injection to maximize the area of
injection. If an investigator experiences difficulty distributing
vector across the entire left ventricular free wall with five injec-
tions, the number of injections can be increased as long as the
volume of each individual injection is reduced proportionally
to keep the total volume constant at 250 pL. We have noted
that increasing the total volume of vector can lead to depressed
cardiac function and death. Mortality is extremely rare using
the protocol with a volume of 250 pL.

21. We have found that the rate of re-intubation can be greatly
reduced by extubating the rat only after spontaneous move-
ment has been observed.

22. We have previously shown successful loading of microbubbles
with AAV2 (see Fig. 4) (38). Other serotypes might be visual-
ized depending on the availability of suitable antibodies.

23. Pulmonary embolism occurs if air was injected by mistake or if
microbubbles are too large (foamy microbubbles). This event
is normally characterized by missing contrast in the left ven-
tricle and a highly opacified large right ventricle. Usually, the
rat will stop breathing within a minute and rarely survives.

24. It microbubbles do not develop a sufficient contrast effect after
injection or if contrast effect is too short, then the tube most

Microbubbles loaded with adeno associated virus

Fig. 4. Localization of intact AAV2 capsids on microbubbles. Efficient loading of AAV2 vectors on microbubbles was shown
by immunostaining of the AAV/microbubble-suspension with the A20 primary antibody specifically binding to intact AAV-2
capsids. Microbubbles loaded with AAV-2 show a patchy fluourescence signal on the microbubble surface (b). (a) Shows
the corresponding transmission photograph.
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AAV9 (-) microbubbles AAV9 (+) microbubbles

Fig. 5. Localization of gene expression in cardiac cryosections (10 um) after UTMD of microbubbles loaded with 10" gc of
AAV-9/CMV-MLCO.26-EGFP vectors. No fluorescent signals were detectable in control sections after intravenous infusion
of the same vector without microbubbles (/eft). In contrast, multiple GFP positive cardiomyocytes are present in the UTMD
group (right). Photomicrographs were obtained by merging two channels (515-555 and 605-655 nm) after Alexa Fluor
546-Phalloidin staining. Scale bar 50 um.

25.

26.

likely had lost too much air when bubbles were made (either
empty gas cylinder or leaking tubes). Always use high-quality
tubes that will close tightly, and make sure enough gas is avail-
able. Lower shaking times might cause decreased stability of
microbubbles, too.

The high-mechanical index (MI) ultrasound may cause prema-
ture ventricular beats. As long as these occur rarely they can be
tolerated. If, however, they occur with each high MI US and
come in doublets and triplets, the mechanical index should be
reduced, since the animal will be at risk for ventricular tachycar-
dia or even ventricular fibrillation. Usually, reducing the MI to
1.3 will reduce the arrhythmia and after a few minutes the MI
can be gradually increased again. If an animal develops ventric-
ular tachycardia, the probe should be immediately removed.

It should be noted that transmural gene transfer occurs predomi-
nantly in the anterior wall of the left ventricle (see Fig. 5) (38).
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Chapter 10

Evaluation of the Fate of rAAV Genomes Following
In Vivo Administration

K. Reed Clark and Magalie Penaud-Budioo

Abstract

Recombinant adeno-associated virus (rAAV) vectors are capable of mediating long-term gene expression
in a wide variety of animals, including primates. The rAAV genome is packaged into the virion as single-
stranded DNA devoid of any viral genes. A proportion of the single-stranded genomes are converted into
transcriptionally active double-stranded DNA (dsDNA) early after nuclear entry by second-strand synthesis
mediated by host repair DNA polymerases or/and by annealing of the rAAV (-) and (+) strands. Second-
generation, self-complementary vectors are packaged as single-strand hairpins and rapidly assume a dsSDNA
conformation independent of the action of polymerases. In both cases, linear dsDNA vector genomes
circularize and can undergo concatemerization into higher order forms (McCarty et al. Annu Rev Genet
38: 819-845, 2004; Schultz and Chamberlain Mol Ther 16: 1189-1199, 2008; Duan et al. J Virol 72:
8568-8577, 1998). As a result, rAAV vector genomes are maintained mainly as circular monomeric and
concatemeric episomal forms in skeletal muscle and liver (Schnepp et al. J Virol 77: 3495-3504, 2003;
Penaud-Budloo et al. ] Virol 82: 7875-7885, 2008; Nakai et al. J Virol 75: 6969-6976, 2001). Moreover,
in nonhuman primate skeletal muscle, it has been shown that rAAV episomes assimilate into chromatin
with a typical nucleosomal pattern that presumably is important for persistence and gene expression in
quiescent tissues over a period of several years (Penaud-Budloo et al. ] Virol 82: 7875-7885, 2008).

Conversely, although rAAV is not considered as an integrative vector per se, introduction of exogenous
DNA into the nuclear compartment can result in low-level vector assimilation into the host genome. One
mechanism appears to involve vector insertion at sites of double-strand DNA breaks using cellular DNA
repair enzymes. As rAAV gene transfer technology and applications mature, a better characterization of the
genetic fate of the rAAV genome is critical to accurately evaluate the risk/benefit ratio for a particular
disease indication. In this chapter, two complementary methods are detailed to enable characterization of
rAAV molecular structure in a particular target tissue and estimation of its integration frequency.

Key words: Recombinant AAV, rAAV, Adeno-associated virus, Integration, Episome, Plasmid-safe
DNase, B1-PCR

1. Introduction

To characterize the molecular structures of diverse recombinant
adeno-associated virus (rAAV) vector genomes present in trans-
duced tissues, two complementary techniques are presented. The

Richard O. Snyder and Philippe Moullier (eds.), Adeno-Associated Virus: Methods and Protocols,
Methods in Molecular Biology, vol. 807, DOI 10.1007/978-1-61779-370-7_10, © Springer Science+Business Media, LLC 2011
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first assay allows direct visualization by Southern blot of episomal
rAAV forms through the use of the novel exonuclease Plasmid-Safe
DNase. As its name suggests, PS-DNase does not degrade double-
stranded circular DNA under defined conditions while readily
digesting linear DNA (see Fig. 1) (4, 5, 7). Using this enzyme

Single-stranded DNA (ssDNA)
IE rAAV genome il

Linear double-stranded DNA (I-dsDNA)

A

Q
w g 2
=
‘Iﬁ Monomers (I-mon)
o
o ﬁ jt ﬂ
Concatemers (I-conc)
Enzyme X, Enzyme X,
Integrated rAAV (int)
Circular double-stranded DNA (c-dsDNA)
o
L
=
[0}
T]
g Concatemers (c-conc)
4
=

Monomers (c-mon)

Fig. 1. Plasmid-Safe ATP-dependant DNase cleavage specificity adapted for rAAV molecu-
lar structure analysis. Diverse rAAV genomic forms are hydrolyzed after PS-DNase treat-
ment: AAV single-stranded genomes, and linear monomers (I-mon) or concatemers
(I-conc). rAAV genomic integrants (int) are removed as a result of digestion with restriction
enzyme X; that does not cut in the rAAV vector genome but generates numerous breaks
within the host genome. Conversely, circular monomers (c-mon) and concatemers (c-conc)
are resistant to degradation and remain intact.
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followed by Southern blot, one can visualize monomeric and
concatemeric forms of rAAV in tissue DNA samples. The second
method describes the use of PCR targeting interspersed repetitive
sequences to detect and quantify rAAV integration events within
mouse tissue (B1-PCR, see Fig. 3). This assay can be adapted to
multiple species through the use of appropriate species-specific
amplification primers that target highly repetitive Alu-like elements.
Using this protocol, we previously showed that rAAV integration
frequency in rodent skeletal muscle is less than 0.5% of the total
detectable vector genomes (4). Both methods should prove useful
in preclinical and clinical studies to characterize the form and inte-
gration frequency of persisting rAAV genomes as vector serotype,
dose, and route vary from one application to another.

2. Materials

2.1. PS-DNase
Southern Blot
Detection

1. rAAV-transduced tissue (refer to Subheading 3.1.1, step 1).

2. Plasmid-Safe™ ATP-dependent DNase at 10 U/ul supplied
with the (10x) reaction buffer and 25 mM ATP (Epicentre
Biotechnologies, Madison, WI).

3. Restriction enzyme X (see Note 1) supplied with the correct
buffer (concentration 210 U /ul) and 1 mg/mL BSA (if neces-
sary) (New England Biolabs Inc., Ipswich, MA).

4. 10x PBS, pH 7.4: 80.6 mM sodium phosphate, 19.4 mM
potassium phosphate, 27 mM KCI, and 1.37 M NaCl.

5. Urea Buffer: 8 M Urea, 1% SDS, 10 mM EDTA, 300 mM
NaCl, 10 mM Tris-HCI, pH 7.5.

. Proteinase K at 10 mg/mL (Qiagen, Valencia, CA).

. Sterile, single-edge razor blade.

. Phenol /chloroform, pH 8.0.

. 3 M sodium acetate, pH 5.2.

10. Glycogen at 20 mg/mL (Roche Applied Science,
Indianapolis, IN).

11. 70 and 100% ethanol.

12. TE 10:1: 10 mM Tris-HCI, pH 8.0, and 1 mM EDTA, pH 8.0.

13. RNase A at 10 mg/mL (Sigma—Aldrich, St. Louis, MO).

14. Sterile water (dH,O).

15. Agarose Seakem LE (Lonza, Basel, Switzerland).

16. 50x TAE, pH 8.0: 2 M Tris base, pH 8.0, 50 mM EDTA, pH
8.0, and 1.56 M acetic acid.

17. Ethidium bromide at 10 mg/mL (Sigma—Aldrich, St. Louis,
MO) (£ mutagen).

NeRNe BN BN
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2.2. B1-PCR

18
19
20

0.25 N HCI.
0.4 N NaOH.

Biotrans(+) positive charged nylon membrane (MP Biomedicals,
Solon, OH).

. Bl-mouse repetitive element primer: 5’AGTTCCAGGACA

GCGAGGGCTAYACAGA3Z'.

. Total cellular DNA (gDNA) isolated from naive control and

rAAV-transduced mouse tissue.

. C2C12 mouse cells (ATCC, Manassas, VA) and gDNA

isolated from cells.

. rAAV2.CMV.GFP-Zeocin fusion vector (NCH Viral Vector

Core, Columbus, OH).

. rAAV2.CMV.GFP-Zeocin-transduced C2C12 cell pool and

gDNA isolated from pools.

. Lysis buffer: 10 mM Tris-HCI, pH 8.0, 100 mM NaCl, 25 mM

EDTA, 0.5% SDS.

7. Proteinase K at 10 mg/mL (Qiagen, Valencia, CA).

. Sterile, single-edge razor blade.

9. ABI 7000 or 7500 Tagman machine (Applied BioSystems,

10.
11.

12.
13.

14.

15.
16.

17.

18.
19.
20.

21.

22.

Carlsbad, CA).
2x TagMan Master mix (Applied BioSystems, Carlsbad, CA).

Peltier thermal cycler with the heated lid option (M] Research
PTC200 Thermo Cycler, Waltham, MA).

Blood & Cell Culture DNA Mini Kit (Qiagen, Valencia, CA).

PAAV.CMV.eGFP DNA plasmid (NCH Viral Vector Core,
Columbus, OH).

Pac I restriction enzyme (New England Biolabs Inc., Ipswich,
10 mM dNTP mix (New England Biolabs Inc., Ipswich, MA).

Herculase Hot Start DNA polymerase supplied with 10x PCR
buffer (Stratagene, La Jolla, CA).

Sterile Water, RNA /DNA-free for PCR (Invitrogen, Carlsbad,
CA).

Sterile 10 mM Tris—HCI, pH 8.0.

2x PCR Master Mix (Applied BioSystems, Carlsbad, CA).

CMV forward primer: 5"TGGAAATCCCCGTGAGTCAA3Z',
300 nM final concentration.

CMV reverse primer: 5'CATGGTGATGCGGTTTTGG3,
300 nM final concentration.

CMYV TagMan probe: 5'[6-FAM |CCGCTATCCACGCCCAT
TGATG[TAMRA]3’, 200 nM.
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23. Mouse gus forward primer: 5’ACCCTGCGGTTGTGAT
GTG3’, 50 nM final concentration.

24. Mouse gus reverse primer: 5’'AATATGCGG CGGGTTT
CAG3’, 300 nM final concentration.

25. Mouse gus probe: 5[6-FAM]TGTGGCCAATGAGCCT
TCCTCTGC[TAMRA]3', 200 nM.

26. PCR tubes: 0.2 and 1.5-mL tubes.

27. Optical caps (Applied BioSystems, Carlsbad, CA).

28. 96-well reaction plates (Applied BioSystems, Carlsbad, CA).
29. DNase and RNase-free filter tips.

30. Dulbecco’s Modified Eagle Medium (DMEM) high glucose
media (Invitrogen, Carlsbad, CA).

31. Zeocin (Invitrogen, Carlsbad, CA).
32. General tissue culture flasks (Corning or equivalent).

33. 1x Hanks Balanced Salt Solution (HBSS) (Invitrogen, Carlsbad,
CA).

34. 1x Trypsin-5 mM EDTA. Add 50 mL of 10x Trypsin
(Invitrogen, Carlsbad, CA)+5 mL of 0.5 M EDTA, pH 8.0
(Invitrogen, Carlsbad, CA) to 445 mL of 1 x HBSS (Invitrogen,
Carlsbad, CA).

35. 100x Penicillin/Streptomycin (P/S) (Invitrogen, Carlsbad, CA).
36. Fetal Bovine Serum (FBS) (Invitrogen, Carlsbad, CA).
37. Dimethyl sulfoxide (DMSO) (Sigma—Aldrich, St. Louis, MO).

3. Methods

3.1. PS-DNase
Southern Blot

This assay allows detection and characterization of the pre-
dominant AAV molecular structures in vivo (4, 5). PS-DNase
exonuclease hydrolyzes double-stranded DNA (dsDNA) at slightly
alkaline pH and with lower efficiency single-stranded DNA
(ssDNA). This reaction is ATP dependent and does not affect
supercoiled or relaxed circular dsDNA. To ensure complete diges-
tion of high-molecular-weight linear gDNA, prior to PS-DNase
exonuclease digestion, we treat the extracted total DNA with a
restriction enzyme (X)) that cuts often in the host genome (see
Note 1) but does not cut in the rAAV genome. Furthermore, two
overnight incubations with the PS-DNase are performed to com-
pletely remove gDNA (see Fig. 2a, b). Using the experimental
conditions described below, only rAAV molecules that are of a
circular double-stranded conformation remain after PS-DNase diges-
tion (see Fig. 1). rAAV integrants are digested in a similar manner
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a b c
Conditions # 1 3 4 1 3 2 4 1 3 2 4
Xbal - - -+ o+ o+ - -+ + + - - + + +
Run 1 PS-DNase -+ + -+ o+ -+ + -+ 4 -+ o+ + +
Run 2 PS-DNase - -+ - -+ - - 4 - -4 - -+ - -+
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Fig. 2. PS-DNase assay analysis of primate muscle after rAAV2/1 vector administration. A rhesus macaque received
5x 10" vg/kg of rAAV2/1-RSV-LEA29Y-wpre by three intramuscular injection into the tibialis anterior muscle. A muscle
biopsy was performed at 21 months post injection and gDNA analyzed by Southern blot hybridization. Panel (a) represents
the gDNA migration on a 0.8% agarose gel after ethidium bromide staining. The four labeled conditions are (1) uncut DNA;
(2) enzyme X, (Xba I) alone; (3) PS-DNase alone; and (4) enzyme X, (Xba I)+PS-DNase. The running profile obtained for
Condition #1 validates the fact that the total DNA is high-molecular-weight DNA. Panel (b) corresponds to the hybridization
with a probe that is specific for an endogenous gene sequence (cynomologus erythropoietin — cmEpo). This blot shows that
the assay induces a complete digestion of the host genome. Panel (¢) is obtained after hybridization with a probe that is
specific for the rAAV sequence (woodchuck hepatitis virus posttranscriptional regulatory element followed by the SV40
polyA — wpre-pA). A gDNA trapping phenomenon is observed at the top of the gel and indicated by a (*) (conditions #1 and
#2) and could be minimized by preparing a lower % agarose gel. The PS-DNase-resistant forms detected in lane #4 cor-
respond to rAAV molecules present in the primate muscle more than 1.5 years after administration and are double-
stranded, circular episomes. Thus, the rAAV genome persists as relaxed (r-mon) (3,928 bp) or supercoiled monomers
(sc-mon), and as high-molecular-weight concatemers (conc).

i1

as linear gDNA following restriction enzyme X treatment. The
protocol is optimized for 20 pg of initial gDNA.

Calculate the enzyme quantity and the buffer volumes for
differing gDNA amounts (see Note 2). Do not use mechanical
shearing and avoid vortex mixing or repeated pipetting during the
DNA isolation procedure. This can alter the viral DNA and lead to
undesired digestion of high-molecular-weight rAAV forms. Four
conditions per sample should be included in your assay: (1) uncut
DNA control; (2) enzyme X alone; (3) PS-DNase alone; and (4)
enzyme X +PS-DNase. The first 2 conditions (1 and 2) confirm
that enzyme X does not alter the rAAV genome forms (see Fig. 2¢)
and that the gDNA is cleaved efficiently to generate a broad smear
of DNA fragments (see Fig. 2a). Inclusion of PS-DNase (3 and 4)
identifies the resistant dsDNA circular forms (see Fig. 2¢).
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3.1.1. gDNA Sample 1.

Preparation

Obtain sufficient tissue to isolate ~100 pg of gDNA for the
four separate samples detailed above. Depending on the
density of nuclei per gram of tissue, start with less or more
material. For example, process ~30 mg of liver or ~200 mg of
skeletal muscle. Finely mince the tissue in cold 1x PBS, pH
7 4. Centrifuge at 800 x g for 5 min at 4°C to pellet the tissue,
and then wash with cold 1x PBS, pH 7.4.

. Digest washed tissue with 4 mL of urea buffer per gram of

tissue and add fresh proteinase K to a final concentration
of 2 mg/mL. Incubate at 56°C for 3 h with occasional mixing
by gentle inversion.

. Add an equal volume of urea buffer and proteinase K and

repeat digestion overnight.

. Extract sample two times with phenol /chloroform, pH 8.0,

and precipitate DNA with 1/10th volume of 3 M sodium
acetate (pH 5.2) and 2.5 volumes of 100% ethanol. Mix by
gentle inversion and place at -20°C for a minimum of
30 min.

. Pellet DNA by centrifuging at 212,000 x g and gently wash the

DNA pellet with 70% ethanol.

. Centrifuge again at 212,000 x g for 5 min and discard ethanol

wash.

. Air dry pellet for 15-30 min and then resuspend in 100-200 pl

of TE 10:1 with 50 ng/mL of RNase A final concentration.

. Determine DNA concentration using OD where an

260,280

OD,,, of 1 is equal to 50 ug/mL.

3.1.2. Restriction Enzyme To facilitate the PS-DNase activity, the gDNA is first digested
X, Digestion of gDNA with restriction enzyme X that does not cut in the rAAV vector
genome (see Note 1).

1.

Set up the four reactions in labeled microfuge tubes: #1 uncut
DNA control; #2 enzyme X alone; #3 PS-DNase alone; and
#4 enzyme X+ PS-DNase.

. For reaction conditions #1 and #3, add in the following order

to labeled microcentrifuge tubes: 10 pl of the appropriate
restriction 10x buffer, 10 pl of 1 mg/mL BSA (if necessary),
dH,O to a final reaction volume of 100 pl, and 20 pg of total
genomic DNA in TE 10:1.

. For reaction conditions #2 and #4, prepare duplicate reaction

component mixes as above, and then add 50 units of the
selected restriction endonuclease X (see Note 2).

. Incubate the tubes #1 to #4 for 3 h at the recommended

restriction temperature (in general, 37°C).
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3.1.3. PS-DNase Digestion

10.
11.

12.
13.

14.

15.
16.

1.

. Repeat the X digestion to ensure complete restriction by first

adding an additional 10 pl of the appropriate restriction 10x
buffer and 10 pl of 1 mg/mL BSA (if necessary).

. Add dH, O to a final reaction volume of 200 ul.

. Add another 50 U of the selected restriction endonuclease X,

to tubes #2 and #4.

. Incubate for an additional 3 h at the recommended

temperature.

. Precipitate gDNA adding 1,/10th volume of 3 M sodium ace-

tate (pH5.2), 2 pl of glycogen and 2.5 volumes of 100% etha-
nol to all samples. Mix by gentle inversion and place at —-20°C
for a minimum of 30 min.

Centrifuge at 212,000 x g for 15 min.

Discard the supernatant being careful not to dislodge the DNA
pellet on the side of the tube.

Gently wash the pellet with 100 pl of 70% ethanol.

Centrifuge again at 212,000 x g for 5 min and discard ethanol
wash.

Let the pellet dry at room temperature until all ethanol is evap-
orated (15-30 min).

Dissolve the pellet in 20 pl of dH,O.
Allow the pellet to resuspend at least for 1 h at 25°C.

For reaction conditions #3 and #4, add in the following order
to labeled microcentrifuge tubes: 20 pg of resuspended DNA
(the entire 20 pl sample from above), dH,O to a final reaction
volume of 250 pl (including PS-DNase volume), 25 pl of the
PS-DNase 10x buffer, 10 pl of 25 mM ATP, and 10 ul of
PS-DNase (Epicentre Biotechnologies) at 10 U/ul (100 U
total). For samples #1 and #2, substitute dH,O for PS-DNase.

2. Incubate for 16 h at 37°C (see Note 3).

. Repeat PS-DNase treatment with an additional 250 pl reaction

volume (500 pl total).

4. Incubate for another 16 h at 37°C (see Note 3).

. Transfer 250 pl of the reaction mixture to a second tube and

to each tube add 25 pl of 3 M sodium acetate, 2.5 pl of glyco-
gen, and 2.5 volumes of 100% ethanol. Mix carefully and place
at —20°C for a minimum of 30 min.

. Centrifuge at 212,000 x4 for 15 min.
. Carefully perform 70% ethanol wash and after air drying the

pellet (15-30 min), dissolve each pellet in 20 pl of dH,O.

. Allow the pellet to resuspend for at least 1 h at 25°C and then

pool the two tubes (40 pul final volume).
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3.1.4. Southern Blot
Conditions

3.1.5. Data Interpretation

Perform a standard Southern blot (8) with the following
modifications:

1. Prepare a 0.8% agarose gel in 1x TAE buffer without ethidium
bromide (EtBr) (see Notes 4 and 5). Varying the agarose
concentration allows one to better resolve monomeric or
concatemeric forms.

2. Electrophoresis conditions are: 16 h at 25°C at 35 V in 1x
TAE butffer.

3. After electrophoresis, stain the gel with ethidium bromide for
30 min (EtBr final concentration of 1 pg/mL) and then
destains the gel in a water bath for 10 min.

4. Quickly photograph the gel under a low-energy UV light
source (see Note 6).

5. Treat the gel with 0.25 N HCI for 30 min to depurinate the
DNA and improve transfer efficiency.

6. Blot transfer the DNA onto a positively charged membrane
under alkaline conditions using 0.4 N NaOH (see Note 7).

7. Perform DNA hybridization with a probe that is specific of the
rAAV sequence (5) (see Note 8 and Fig. 2).

8. Strip the blot, and then rehybridize with a probe that is specific
for an endogenous gene sequence (see Fig. 2).

The persisting rAAV vector forms are revealed by the condition #4
pattern after hybridization with the rAAV genome-specific probe
(see Fig. 2¢). Furthermore, experimental interpretation is facili-
tated by the inclusion of the three additional conditions (#1 to
#3). Indeed, the comparison of #1 and #2 profiles after ethidium
bromide staining (see Fig. 2a) confirms that the host gDNA is
intact after extraction and homogenously digested by the enzyme
X, contrary to the rAAV genomic DNA (see Fig. 2¢). Importantly,
the protocol described includes two steps of digestion with the
exonuclease. These two steps are necessary to completely hydro-
lyze the host genome and potential random rAAV integrants (see
Fig. 2b, #4).

PS-DNase-resistant forms are double-stranded, circular epi-
somes, but one should note that interpretation is dependent on
DNA integrity. Indeed, in our example (see Fig. 2), some high-
molecular-weight forms are sensitive to PS-DNase. This is consis-
tent with several possibilities: (1) the occurrence of integration
in the host genome, (2) the presence of linear concatemers, or
(3) damage to high-molecular-weight episomes during DNA
extraction. Based on the signal visualized on the top of the gel (see
Fig. 2c, lane #3), these molecules are sensitive to the PS-DNase
action eveniftheyare not treated with the enzyme X . Consequently,
after further investigation, the third hypothesis is the most likely.
To assess the rAAV integration frequency, refer to the protocol
detailed below.
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3.2. B1-PCR

Interspersed repetitive sequence (B1 element) PCR is a technique
designed to detect integrated rAAV vector genomes in mouse
tissues (4). This method is predicated on the random PCR ampli-
fication of mouse gDNA that is flanked by Alu-like interspersed
repetitive sequences known as B1 repeats. B1 elements are approx-
imately 135 bp long and are present at 80,000-100,000 copies per
haploid genome, spaced on average every 15 kb. Upon genome-
wide amplification with a single conserved B1-primer, rAAV vector
DNA integrated between two Blelements is concurrently ampli-
fied. Amplification of rAAV vector genomes is, therefore, diagnos-
tic for integration and is measured using qPCR targeting the vector
genome before and after B1-PCR. Importantly, episomal rAAV
DNA is not amplified, although the molecules contribute to the
initial input vector genome copy number before the B1-PCR reac-
tion (see Fig. 3 for overview schematic and Schnepp et al. (4)).

Integrated rAAV vector flanked
by B1 repeat sequences

_— e S —_—
b1 | aay_ SECTEN
— — <«——— Bi1-repeat primer
+
rAAV Episomes o
B1-PCR amplicons contain genomic
DNA and integrated rAAV while AAV
episomes do not amplify
B1 B1 B1—¢+—¢—>¢—¢——B1
B{—--—=B1 B1 B1
B{— B1
B1 B1 B =—————— B1

Net Fold Amplification = =

Taqgman qPCR to detect amplification
of rAAV target sequence (CMV)

B1 PCR/qPCR vector copies >4 Integrated
<4 Episomal

Input vector copies

Fig. 3. B1-PCR overview schematic. Flowchart schematic of the B1-PCR analysis showing in Box 1 the possible rAAV
genomic forms present in vivo, whereby in addition to episomal forms, integrated vector copies could be present. If present,
integrated rAAV sequences would be expected to be flanked by repetitive B1 elements. Upon gDNA isolation, B1-PCR is
performed (Box 2) to amplify B1 amplicons. This would be expected to amplify integrated rAAV sequences in addition to
host genomic DNA. To then quantify the level of rAAV sequence amplification, a portion of the B1-PCR reaction is analyzed
by Tagman gPCR (Box 3) to measure whether rAAV sequences were amplified above input levels. If net amplification is
above a threshold level (four- to fivefold), then the sample is scored positive for integration. If the value is below the threshold,
then vector genome copies are present almost exclusively as episomal forms.
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3.2.1. Generation of an
Integrated AAV Cell Pool
Using C2C12 Cells

To obtain meaningful data, the assay requires that (1) assay
sensitivity is established and (2) the “background” level of epi-
somal amplification is defined to enable a designation of a thresh-
old above which is defined as significant amplification. (1) Assay
sensitivity is determined by preparing a positive control “library”
for randomly integrated rAAV vector sequences in cell culture
using the C2C12 mouse myoblast cell line. The random integra-
tion library is generated by the transduction at a high multiplicity
of infection (10* to 10° vg/cell) with rAAV expressing a selectable
marker vector (rAAV2.CMV.eGFP-zeo). Using drug selection, a
pool of rAAV integrants is generated and used to define the assay’s
limit of detection (LOD) to detect random rAAV integration
events. This is accomplished by spiking differing amounts of the
integrated C2C12 pool DNA into 20 ng of gDNA isolated from
various naive mouse tissues. B1-PCR is performed on the spiked
samples and the fold amplification of integrated vector sequences is
determined for each sample. Twenty nanograms of gDNA was
chosen because this amount of DNA allows robust, genome-wide
PCR amplification that demonstrates a broad range of amplified
fragment sizes (up to 17 kb). The amplification of the endogenous
mouse gus gene is used as a DNA integrity control for the assay.
(2) A series of circular plasmid dilutions are subjected to B1-PCR
to define “background” episomal amplification. This establishes a
threshold, whereby fold amplification above this level is diagnostic
for vector genome integration. In our experience, the threshold is
approximately four- to fivefold over the input vector copy number
for a particular tissue gDNA sample.

1. Seed approximately 107 C2C12 cells into a T-175 flask with
DMEM media containing 10% FBS and 1% P/S (growth
media).

2. The next day, remove growth media and replace with 15 mL of
2% FBS media containing 10'? vector genomes (vg) of rAAV2.
CMV.eGFP-zeo (MOI=10%). Gently rock flask every 30 min
for 2 h (see Note 9).

3. The next day, remove the virus inoculum and refeed with
20 mL of growth media (DMEM +10% FBS+1% P/S).

4. Two days post transduction, remove growth media and wash
cells with 10 mL of 1x HBSS. Remove HBSS, add 2 mL of 1x
trypsin—5 mM EDTA, swirl to cover the cell surface, and then
pipette off excess solution.

5. Place the flask in a CO, incubator and leave for 10-15 min
(or until cells start separating from the flask surface). Cells
should appear rounded under the microscope when they
are disassociated.
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6.

10.

11.

12.

13.

Gently tap the flask against the palm of your hands to dislodge
the cells and add 18 mL of complete DMEM growth media to
neutralize the trypsin—EDTA. Disperse cell clumps by pipette-
ing cells vigorously against the bottom of flask to obtain a
single-cell suspension. Split cells into 6T-175 flasks in complete
growth media (3 mL trypsinized cell suspension plus 23 mL
growth media per flask).

. Concurrently, seed two 10-cm tissue culture dishes with 103

and 10* cells of the above cell suspension in growth media to
determine library complexity (see Note 10).

. After an additional 24 h, replace the media with 20 mL of fresh

growth media containing 800 pg/mL of Zeocin and replenish
with fresh selective media every 4 days.

. At 15-20 days following selection, trypsinize the cells and seed

into 6T-175 flasks at 3x10° cells per flask. Isolate genomic
DNA from the remaining cells and label this as passage zero
(p0 gDNA).

C2C12 gDNA is isolated using the Blood and Cell Culture
DNA Mini Kit (Qiagen) according to the manufacturer’s
instructions and stored at —20°C.

Following an additional 7-10 days, split the cells again at 1:10
into six new flasks and isolate gDNA from the remaining cells
and label as passage one (pl gDNA).

Following an additional 7-10 days, pool the cells from the six
flasks and generate cryopreserved cell stocks by stepwise
freezing of harvested cells. Freeze six vials of cells in 90%
FBS+10% DMSO at 5x10° cells/mL. Isolate gDNA from the
remaining cells and label as passage two (p2 gDNA) (see Note
11). Determine DNA concentration using OD,, ., where an
OD,, of 1 is equal to 50 ug/mL.

Determine the number of integrated vector copies (IVCs) per
nuclei by using 20 ng of gDNA from each C2C12 passage
(p0-2) in a qPCR TagMan reaction using a vector-specific
(CMV) primer and probe set and plasmid DNA standard
curve (see Subheading 3.2.4). To confirm that the vector cop-
ies are integrated (and not episomal), restrict 400 ng of gDNA
with a restriction enzyme (10 units) that does not cut within
the vector genome for 2 h. Split the sample into two aliquots
and then treat one (200 ng) with 10 units of PS-DNase in a
similar manner as described in Subheading 3.1.3 and leave the
second aliquot on ice. Perform CMV qPCR reactions on
the equivalent of 20 ng from each sample (+/- PS-DNase). The
absence of detectable vector signal after PS-DNase treatment
confirms that the vast majority of vector sequence is integrated
within the C2C12 genome (see Note 12).
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3.2.2. Define Assay
Sensitivity by Performing
Spike Experiments Using
the AAV-Integrated C2C12
Cell Pool gDNA

14.

Calculate IVC by obtaining the CMV copy number in the
20 ng of gDNA sample from extrapolation off the DNA
plasmid standard curve and divide this value by 3,333.3
(20,000 pg/6 pg/nuclei). This yields the IVC per nuclei value
needed for determining assay sensitivity (Subheading 3.2.2
below). Typically, 2-6 IVCs/nuclei are observed for rAAV-
transduced C2C12 gDNA.

Random rAAV integrants present in the C2Cl2 pool 2 (p2)
gDNA is used to generate a gDNA dilution series to define assay
LOD to detect random rAAV IVCs in the presence of naive
C2C12 gDNA.

1.

Prepare the following C2C12 p2 log dilutional series: 0, 1.5,
15, 50, 150, 1,500, and 15,000 IVC in 5 pl of 10 mM Tris—
HCI, pH 8.0. The actual amount of C2C12 p2 gDNA to be
added is calculated once the average IVC/nuclei is determined
for the p2 gDNA as detailed in Subheading 3.2.1 above.

. IVCs from the transduced C2C12 pool gDNA are then spiked

into 20 ng of naive mouse gDNA to maintain similar gDNA
amounts for all samples in the 50 pl B1-PCR reaction volume.

. Perform a standard B1-PCR reaction as detailed in

Subheading 3.2.5.

. Transfer 5% of the B1-PCR reaction volume (2.5 pl) and

perform Tagman qPCR to measure amplification of the CMV
target sequence (Subheading 3.2.4, steps 6-12). Perform at
least six replicates and determine assay sensitivity in the absence
of competitor episomal DNA.

. To score this assay, divide the CMV qPCR after B1-PCR ampli-

fication by the calculated input amount of IVC. Amplification
over input in the range of 100- to 500-fold is direct evidence
of IVC detection. Background “amplification” of four- to five-
fold over input is observed and is not considered positive based
on data defining a baseline amplification level generated in
Subheading 3.2.3 below. Typically, an LOD of 50-150 IVC is
observed.

. To define assay sensitivity in the presence of competing

episomal rAAV vector DNA, perform a spike mixing experi-
ment as detailed immediately below. This mimics actual
muscle samples, where episomal vector DNA is present, and
the assay must discriminate between episomal and integrated
vector forms.

. Generate another C2C12 p2 dilutional series (0, 1.5, 15, 50,

150, 1,500, and 15,000 IVC), but spike with 15,000 copies of
plasmid DNA (episomal competitor) and add both compo-
nents into 20 ng of naive mouse gDNA in a final B1-PCR reac-
tion volume of 50 pl (see Note 13).
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3.2.3. Define
“Background”
Amplification to Set
Threshold for Integrated
Vector DNA Amplification

3.2.4. DNA Tissue Sample
Preparation and
Determination of Vector
Copies per Nuclei Using
Tagman qPCR

8. Repeat the B1-PCR and CMV qPCR reactions and define
assay LOD as the lowest IVC dilution that demonstrates clear
CMYV amplification above the predefined threshold (determined
in Subheading 3.2.3 below) in the presence of 1.5 x 10* input
plasmid DNA copies. The net effect of increasing input
plasmid copies is to reduce the overall fold amplification.
However, the assay LOD sensitivity is not significantly affected
by inclusion of additional episomal copies. Therefore, the
observed assay LOD is typically 75-150 IVC (4).

A plasmid DNA dilution series is made to simulate the presence of
episomal rAAV vector DNA and this is subjected to B1-PCR to
measure the level of “background” or spurious amplification
following a plasmid DNA spike into naive C2C12 cell gDNA.

1. Prepare the following pAAV.CMV.eGFP supercoiled plasmid
(or equivalent) DNA log dilutional series: 0, 1.5, 15, 50, 150,
1,500, and 15,000 plasmid DNA copies in 5 pl of 10 mM
Tris-HCIL, pH 8.0.

2. Plasmid DNA copies are then spiked into 20 ng of naive mouse
gDNA in a final B1-PCR reaction volume of 50 pl.

3. Perform standard B1-PCR reaction as detailed in
Subheading 3.2.5.

4. Transfer 5% of the B1-PCR reaction volume (2.5 pl) and
perform qPCR to measure baseline amplification of the CMV
target sequence (Subheading 3.2.4, steps 7—13). Perform nine
replicates for each dilution and determine the threshold for
B1-PCR amplification as two standard deviations above the
mean background amplification for all dilutions combined.
This analysis typically yields a threshold of four- to fivefold over
the input plasmid (B1-PCR CMV copy mean+2SD /input
CMV copies). This threshold value, then, allows the precise
discrimination between positive amplification of IVC versus
spurious low-level background amplification (4).

The B1-PCR assay is optimized for the 20—40 ng of gDNA and a
total vector copy input of 1.5 x 10* vector copies. Therefore, one
must first determine how many vector copies per nuclei are present
in each mouse tissue sample using Tagman qPCR targeting a
unique vector-specific sequence.

1. Genomic DNA from mouse tissues (30-200 mg) is isolated by
digesting tissue in lysis buffer and proteinase K (200 pg/mL
final concentration) for 12 h at 56°C. Prior to sample diges-
tion, finely mince tissue samples with a sterile blade to pro-
mote complete tissue solubilization. Alternatively, extract
gDNA according to Subheading 3.1.1, which yields gDNA
of similar quality.
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2.

10.

Perform two sequential phenol/chloroform extractions
followed by ethanol precipitation (see Subheading 3.1.1, steps
4-7). Determine DNA concentration using OD,, ., where
an OD,, of 1 is equal to 50 pg/mL.

. To determine vector genome copies, set up a standard 25 pl

Tagman qPCR reaction using a vector-specific primer/probe
combination (CMYV in this protocol) and quantitate the vector
genome copies in a 20 ng sample of gDNA (diluted in a 2.5-pl
volume). Depending on the vector, other sequence-specific
targets can be readily identified using Tagman ABI selection

software.

. First, digest 1 pg of mouse gDNA with 10 units of Pac I restric-

tion enzyme in a 50-pl reaction volume for 1 h under standard
reaction conditions in order to reduce sample viscosity.

. Following Pac I digestion, incubate sample at 65°C for 20 min

to inactivate the Pac I enzyme.

. For each 25 pl Tagman qPCR reaction, add 12.5 pl of the 2x

Tagman Master mix, 1 ul of forward primer, 1 pl of reverse
primer, 0.75 ul of probe, and 7.25 ul of dH,O. These volumes
are scaled to generate sufficient complete master mix for all
samples and standards.

. Aliquot 22.5 pl reaction mix per reaction well using a multi-

channel pipette into a 96-well Tagman qPCR plate. Add 2.5 pl
of template (20 ng sample or plasmid DNA standard) per well.
All samples are run in duplicate. Also run a no-template con-
trol (NTC) in duplicate (add dH,O in place of sample). Save
remaining unused Pac I-vestricted yDNA for BI-PCR analysis
in Subbeading 3.2.5.

. To allow sample quantitation, a plasmid DNA standard dilu-

tion is generated and run in triplicate. The plasmid DNA stan-
dard is generated by diluting the plasmid in 1x Tagman PCR
butffer to yield a concentration of 10! copies/mL and is stored
at-20°Cin 25-pl aliquots (aliquots are stable for 6—12 months).
To generate the standards for the Tagman run, remove 5 pl of
the 10" plasmid stock and add to 45 ul of 1x PCR bufter
(10 mM Tris-HCI, 50 mM KCI, 5 mM MgCL,, pH 8.0).
Serially, dilute the plasmid from 10'° copies/mL to 10* cop-
ies/mL, then use 2.5 pl of each dilution per well, and run in
triplicate. This generates a standard curve of 2.5x10” to 25
copies.

. Using an ABI 7000 or 7500 machine, set Tagman qPCR run

conditions as follows: 50°C for 2 min, 95°C for 10 min, fol-
lowed by 40 cycles of 95°C for 15 s and 60°C for 1 min in a
25-pl final reaction volume.

After the run, the data are analyzed using the ABI SDS
Sequence Detection program. The plasmid DNA standard
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3.2.5. B1-PCR and Tagman
QPCR Reactions

11.

12.

curve coefficient of correlation (R?) should be>0.995. Make
sure that NTC controls are negative (C >38) and that C,
values for standards are in the expected range (see Note 14).

Calculate vector genome copies per nuclei by taking the actual
Tagman software-derived value and dividing by 3,333.3, which
is the number of nuclei in 20 ng of gDNA.

Since the subsequent B1-PCR assay is optimized for a total
vector copy input of 1.5x 104 (see Subheading 3.2.5), if the cal-
culated vector copy number per nuclei exceeds a value of 4.5
(4.5%3,333.3=1.5x10%), the sample has to be diluted with
naive gDNA to yield 1.5 x 10* copies in 20 ng of gDNA for the
B1-PCR assay. Conversely, if the vector copy number per nuclei
is 2.25 or below, add a maximum of 40 ng of the sample gDNA
to get as close as possible to the 1.5x10* total vector copy
input in the B1-PCR reaction.

The B1 assay is optimized for an input of 20 ng total gDNA, but a
maximum of 40 ng can be used if needed to increase the total

vector copy input. This amount of DNA gives the greatest level

and size distribution of Bl amplicon amplification. Higher DNA
amounts rapidly exhausted the primer and nucleotide pools result-
ing in PCR products with a smaller size distribution. The assay is
also optimized for a maximum input of 1.5 x 10* total vector copies,
and if the input copy number exceeds this value it should be diluted
to this input with naive mouse gDNA (see Note 15).

1.

On the basis of the results of Subheading 3.2.4, the rAAV
vector copy number per nuclei is known. Calculate the amount
of sample gDNA needed to bring the total vector input to
1.5x10* copies, but do not exceed 40 ng total gDNA. As
discussed, if the copy number exceeds 4.5 per nuclei, then add
sample gDNA to the 1.5 x 10* input and then add naive mouse
gDNA to reach a total of 20 ng.

. Obtain the remaining Pac I digested sample gDNA from

Subheading 3.2.4 (step 7) and set up samples in replicates of 4.

. The samples are then amplified in the B1-PCR reaction as

follows: Add 20 mM Tris—HCI, pH 8.75, 10 mM KCI, 10 mM
(NH,),SO,, 2 mM MgCl,, 400 uM each dNTD, 5 U Herculase
Hotstart DNA polymerase (Stratagene), and 2 pg of B1 primer
in a 50-pl reaction volume. To facilitate replicates, prepare a
B1-PCR master mix by multiplying the reagent volumes above
tfor an individual reaction by the number of total B1I-PCR
reactions, including a no-template sample. Therefore, for a
50 pl reaction, add 35 ul of dH,O, 5 pl of 10x Herculase PCR
buffer, 2 pl of 10 mM dNTP mixture, 2 pl of B1-PCR primer
(1 mg/mL),and 1 pul of Herculase Hot Start DNA Polymerase

(5 U/ul).
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4. Place 45 pl of the master mix into 0.2-mL PCR tubes and then
add 5 pl of the DNA template (2040 ng). Include an NTC
tube that contains 5 pl of water as the template.

5. In addition, a “1.5 x 10* vector copy input” sample is required
for each DNA sample dilution that is not subjected to B1-PCR
amplification. This is made by simply adding 5 pl containing
1.5x10* vector DNA copies from each sample to 45 pl of
10 mM Tris-HCI, pH 8.0. This sample serves as a template in
the subsequent qPCR reaction to verify vector copy DNA
input. Although this sample is not subjected to B1-PCR ampli-
fication, the sample should undergo the cycling conditions
given in the next step for completeness.

6. B1-PCR cycling is accomplished using a Peltier thermal cycler
with the heated lid option. The cycling conditions are as
tollows: denaturation at 95°C for 2 min followed by 10 cycles
at 95°C, 30 s; 64°C, 30 s; 72°C, 7 min and 30 s, with an addi-
tional 20 cycles of 95°C, 30 s; 64°C, 30 s; 72°C, 10 min and
30 s and then 4°C hold.

7. Following B1-PCR, 2.5 pl of the Bl reaction is used as the
template for real-time qPCR (TagMan) detection to quanti-
tate vector sequence-specific amplification in the B1-PCR reac-
tion. Depending on the rAAV vector, select a unique target
sequence for amplification that is not present in the host
genome. The CMV promoter primer/probe sequence is our
vector-specific target for Tagman qPCR and reaction condi-
tions are as stated in Subheading 3.2.4, steps 6-12 (50°C for
2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s
and 60°C for 1 min in a 25-pl reaction volume). For sample
quantification, generate plasmid DNA standard curve in tripli-
cate using 25 to 2.5x10°¢ plasmid DNA copies. Experimental
values are obtained by extrapolation of the SDS software from
the plasmid DNA standard curve (coefficient of linearity
R2>0.995).

8. In an identical manner as described immediately above in
step 7, CMV qPCR is performed on “input” samples that have
not undergone Bl-PCR-mediated amplification, and should
theoretically be close to a value of 750 input copies
(1.5x 10* vector copiesx5%) (see Note 16).

9. Calculate net-fold amplification by dividing the B1-PCR/
CMYV qPCR sample value (step 7) by the CMV qPCR vector
input value (step 8). If the average net amplification value for
the four replicates is above the threshold defined in
Subheading 3.2.3, then the sample is considered positive for
rAAV integration. If the average net amplification is below the
threshold cutoff, then the sample is said to contain fewer
IVCs than the determined experimental LOD per 1.5x10*
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3.2.6. Data Interpretation

total vector copies. We have observed less than 75 IVCs per
1.5 x10* total vector copies or stated in another way, <0.5% of
the total vector copies are integrated in mouse muscle gDNA
following intramuscular injection.

10. As a positive control for integrated sequence amplification,
input and B1-PCR-amplified reaction products are also subjected
to a second Tagman qPCR reaction targeting the single-copy
endogenous beta-glucuronidase (gus) locus using identical
conditions as described for the CMV primer/probe pair. We
typically observe 500- to 1,000-fold net B1-PCR amplification
over input using the gus primer/probe pair.

By defining assay sensitivity and background amplification parame-
ters, sample interpretation is straightforward. Samples demonstrat-
ing net amplification below the threshold as defined in
Subheading 3.2.3 are said to contain IVCs less than the assay LOD
(defined in Subheading 3.2.2). For example, if the LOD is 50 IVCs
and no vector integration is detected, then <50 IVCs per 15,000
total vector copies is present (<0.33% of total copies integrated). To
increase the sensitivity of the assay, one can perform additional
C2C12 p2 gDNA spike experiments to refine the LOD
(Subheading 3.2.2, step 7) to reach maximum assay sensitivity.
Conversely, if vector integration is detected, additional titration of
rAAV vector inputs can be performed to define the minimum rAAV
vector input that still demonstrates significant B1-PCR-mediated
gene amplification. From this information, one can estimate the
fraction of vector genomes demonstrating vector integration. For
example, if positive vector integration was detected at an input of
10,000 vector copies and the LOD is 50 IVCs, then one can state
that there are 250 IVCs in 10,000 total vector copies. Lastly, the
assay is flexible in that multiple tissues, transgenes, and species can be
analyzed in a similar manner as described herein once amplification
conditions are experimentally defined for the particular system.

4, Notes

1. Ideally, select a restriction enzyme (X)) that does not cut in the
vector but cuts often within the mouse genome so that the
average length of the generated genomic fragments is less than

10 kb.

2. Nonspecific cleavage with restriction enzymes can occur under
conditions of excess glycerol, which should not be more than
10% in the final reaction mixture. To avoid such “star activity”,
the restriction enzyme should have a concentration 210 U /ul so
that the volume added is <5 pl in 100-pl final reaction volume.
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3.

10.

11.

12.

13.

14.

Do not increase the reaction time or heat inactivate the
PS-DNase at 70°C. The subsequent ethanol precipitation step
stops the reaction and removes the enzyme.

. Ethidium bromide is an intercalating agent that alters the DNA

conformation. Thus, it can modify the viral DNA molecules’
mobility during the electrophoresis, so do not include ethidium
bromide in the gel. To obtain a maximal resolution, prepare as
thin a gel as possible that accommodates the load volume.

. For resolution of high-molecular-weight rAAV DNA concate-

mers and to avoid trapping these molecules in the well, a mul-
tipurpose 0.5% agarose gel can be prepared (Roche Applied
Bioscience) in 1x TAE.

. Capture the gel image using a “preparative” light mode with a

ruler in order to measure the distances and location of the
DNA molecular weight ladder after hybridization.

. Denaturation of the dsDNA in an alkaline environment may

improve binding of the negatively charged DNA to a positively
charged membrane, and separates it into single DNA strands
for efficient hybridization to the probe.

. #P radioactive probe labeling is suggested for maximum sensi-

tivity, particularly if samples contain fewer than ten vector
genome copies/diploid genome.

. If the rAAV selection vector is limiting, an MOI of 10* has

been successfully used to isolate rAAV-integrated pools.

Library complexity is estimated by seeding 10-cm plates with
10% and 10* cells after viral transduction and then applying
drug selection pressure. After 10 days, colonies should be vis-
ible and can be counted. In our experience, starting with 107
total cells, we estimate the pool complexity to be between
2x10° and 2x 10° drug-resistant colonies after 10-14 days of
zeocin selection.

The Qiagen Blood and Cell Culture DNA Mini Kit can accom-
modate anywhere from 5 x 10° cells to as many as 1 x 10® cells
by simply selecting the properly sized genomic DNA resin
assembly.

While the p2 cell pool is preferred for the subsequent LOD
optimization, the earlier pools are acceptable to use if they are
free of detectable episomal vector sequences.

At high IVC inputs (1.5x10* copies), one may exceed the
20 ng total gDNA limit if the IVCs/nuclei of your p2 pool is
on the low end (e.g., 2 IVCs/nuclei). This is acceptable as
long as you do not exceed a total input of 40 ng of gDNA that
can result in impaired B1-PCR amplification efficiency.

In our experience, most plasmid DNA standards with 2.5 to
5x10° copies cross the cycle threshold (C,) between 18 and
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15.

16.
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20 cycles. In addition, the slope of the standard should be
between —-3.0 and -3.8, and indicates whether the dilutions
were made correctly.

For optimal B1-PCR amplification, the amount of gDNA
should be kept between 20 and 40 ng. The assay is also opti-
mized for a total vector copy input maximum of 1.5x 10* vg.
Therefore, depending on the vector copy number per nuclei in
the tissue sample, one may need to add some naive mouse
gDNA to reach the 20 ng total gDNA (if sample copy number
per nuclei is high, >4.5). If the copy number per nuclei is low,
add 40 ng of gDNA. If 1.5 x 10* vg input is still not achieved,
this is acceptable and simply reduces the overall assay sensitivity
since the total vector genomes analyzed are reduced even
though the LOD remains the same.

Because of the extreme sensitivity of qPCR, a twofold variation
between data replicates is often observed. Therefore, some
variation is expected and this effect is minimized by the use of
multiple experimental replicates.
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Chapter 11

Measuring Imnmune Responses to Recombinant
AAV Gene Transfer

Ashley T. Martino, Roland W. Herzog, Ignacio Anegon,
and Oumeya Adjali

Abstract

Following AAV-based gene transfer, the occurrence of adaptive immune responses specific to the vector or
the transgene product is a major roadblock to successful clinical translation. These responses include anti-
bodies against the AAV capsid, which can be neutralizing and therefore prevent the ability to repeatedly
administer the vector, and CD8* cytotoxic T lymphocytes, which can eliminate transduced cells. In addi-
tion, humans may have both humoral and cellular preexisting immunity, as a result from natural infection
with parent virus or related serotypes. The need for assays to detect and measure these anti-capsid immune
responses in humans and in experimental animals is profound. Here, ELISPOT, immunocapture (ELISA),
and neutralization assays are explained and provided in detail. Furthermore, such techniques can readily be
adapted to monitor and quantify immune responses against therapeutic transgene products encoded by the
vector genome.

Key words: AAV, Viral capsid, CD8* T cells, ELISPOT, IEN-y, ELISA, Antibody, Neutralization

1. Introduction

Among vector systems that allow efficient in vivo gene transfer,
recombinant adeno-associated virus vectors (rAAV) hold great
potential. However, untoward immune responses against the viral
capsid and/or transgene products have emerged as serious obsta-
cles for successtul clinical translation, possibly resulting in preven-
tion or elimination of therapeutic gene expression.

In animal models, rAAV-based gene transfer often resulted in
deleterious humoral as well as cellular immune responses towards
heterologous and, in some instances, even autologous gene prod-
ucts (1-5). The potential of such responses depends on several
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parameters including vector construct and dose, viral serotype with
its ability to transduce antigen-presenting cells (APCs), the purity
of viral preparation, and genetic and non-genetic factors in the
recipient. Moreover, the route of vector delivery appears to be a
key factor, even able to shift the balance from an immunogenic to
a tolerogenic response towards the transgene product as shown
following intrahepatic rAAV administration (6-11). Aside anti-
transgene responses, animal studies have also shown formation of
neutralizing antibodies against vector particles following rAAV
delivery that prevents re-administration. In humans, high preva-
lence of anti-AAV preexisting immunity is an additional challenge
for rAAV gene transfer. Preformed neutralizing antibodies are pres-
ent in most individuals with the highest prevalence for AAV2 sero-
type (12, 13). Low titers of these preexisting antibodies have been
shown to neutralize and to abrogate gene transfer efficiency using
several AAV serotypes, even when high-dose vector is administered
(14-16). Moreover, antibodies against AAV in humans have been
shown to be associated to anti-capsid T cell responses including
both CD4* helper and CD8* cytotoxic T cell (CTL) responses.
Importantly, in recent clinical trials using rAAV of serotypes 1 and
2 (17-19), specific capsid CTLs have been detected, and their acti-
vation was reported to be dependent on the vector dose (17). In a
clinical trial on treatment of hemophilia, these CTLs have been
hypothesized to eliminate transduced hepatocytes in vivo.
Supportive evidence was recently obtained using an in vitro killing
assay (20). Interestingly and for still unclear reasons, this key issue
has not been identified in animal studies even when AAV-specific
CTLs have been detected.

Therefore, the evaluation of the immune status of potential
recipients of AAV vector gene therapy trials prior and after gene
transfer is critical and should include monitoring antibodies as well
as T cell responses. Specific and sensitive assays for the detection
and the quantification of such responses have been developed. This
chapter provides protocols used to detect and measure anti-capsid
antibodies in the serum of any species using both an enzyme-linked
immunosorbent assay (ELISA) technique as well as an AAV neu-
tralizing transduction assay. The ELISA technique allows rapid
detection of most anti-AAV antibodies of even low avidity. The
neutralizing assay is longer but allows a more relevant functional
analysis of the antibodies; in fact both assays are likely complemen-
tary and both may have clinical relevance. In terms of cellular
responses against capsid, the chapter also describes an enzyme-
linked immunospot (ELISPOT) assay for IFN-y producing cells
that utilizes AAV capsid-derived peptides recognized by CD8~ cells
from human or mouse origin.



11

Measuring Immune Responses to Recombinant AAV Gene Transfer 261

2. Materials

2.1. Isolating White
Blood Cells for IFN-y
Secretion (see Note 1)

2.2. ELISPOT
Detection of IFN-y
Secreting Cells

2.3. Antibody
Enzyme-Linked
Immunosorbent Assay
to rAAV2 Humoral
Response

. PBS: Sterile phosphate-buftered saline.

2. Hanks Balanced Salt Solution (Invitrogen, Carlsbad, CA).

N O\ U

o NN O Ut B~ W

10.
11.
12.
13.
14.

. Culture Media: RPMI 1640 Medium [+] L-Glutamine

(Invitrogen, Carlsbad, CA) with 25 mM HEPES (Sigma,
St. Louis, MO), 10% Heat Inactivated Fetal Bovine Serum
(Invitrogen, Carlsbad, CA), and 1% Penicillin-Strepomycin
Solution (Mediatech, Manassas, VA).

. Red Blood Cell Lysis Buffer (ebiosciences, San Diego, CA).
. 70 um nylon cell strainer (BD Biosciences, San Jose, CA).

. Ficoll Paque Plus (GE Healthcare, Piscataway, NJ).

. Trypan blue (Invitrogen, Carlsbad, CA).

. Murine or Human IFN-y Development Module Kit (R&D

Systems, Minneapolis, MN) containing IFN-y capture and
detection antibodies.

. BCIP/NBT substrate (R&D Systems, Minneapolis, MN):

5-Bromo-4-Chloro-3  Indolylphosphate p-Toluidine Salt
(BCIP) and Nitro Blue Tertazolium Chloride (NBT) in organic
solvent.

. Streptavidin-AP (R&D Systems, Minneapolis, MN).

. Specific CD8* T cell epitope (Anaspec, San Jose, CA).

. SEB: Staphylococcal enterotoxin B (Sigma, St Louis, MO).

. PBS: phosphate-buffered saline.

. Wash bufter: 0.05% Tween 20 in PBS.

. Blocking buffer: 1% Bovine Serum Albumin (BSA) and 5%

Sucrose in PBS.

. Reagent Diluent Concentration (R&D systems, Minneapolis,

MN): filter sterilized PBS with 10% BSA.

Tissue culture incubator.

dH,O: Sterile deionized water.

96-well immunospot plate (Millipore, Billerica, MA) (see Note 2).
ELISPOT Reader (see Note 3).

Optional: multi-channel pipette or automated plate washer.

. Intact (DNA containing or empty) rAAV particles of the same

serotype used for gene transfer.

. Experimental host serum (i.e. from rAAV infected mice or

humans).

. Mouse immunoglobulin standard (IgG2a, Sigma, St. Louis, MO).
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2.4. Neutralizing
Antibody Assay

O 0 NN O Ut

10.
11.
12.
13.
14.

w N

10.
11.
12.

. Anti-mouse IgG2a-HRP (horseradish peroxidase conjugate;

Southern Biotech, Birmingham, Alabama) (sece Note 4).

. Coating Buffer: 13 mM Na,CO, 88 mM NaHCO,.

. Wash Butffer: 0.05% Tween 20 in PBS.

. Dilution Buffer: 5% BSA, 0.05% Tween 20 in PBS.

. dH,O: Sterile deionized water.

. OPD (o-Phenylenediamine dihydrochloride) Tablets (Sigma,

St. Louis, MO).

Microtiter Plates (Corning, Lowell, MA); or suitable alternative.
Adhesive sealing film (EXCEL Scientific, Victorville, CA).
Microplate reader (Biorad, Hercules, CA) or suitable alternative.
Optional: Multi-channel pipette or automated plate washer.

Optional: Stop solution for HRP development; 3 M HCI or
3MH,SO,

. rAAV2-CMV-LacZ particles (see Notes 5 and 6).
. Wild type adenovirus type 5 (wt Ad5) particles.

. Experimental host serum (i.e. rAAV2 infected mice, nonhu-

man primates or humans).

. Hel.a cell line (see Note 6).
. Sterile trypsin.

DMEM: Sterile Dulbecco’s Modified Eagle Medium.

. FCS: Heat inactivated Fetal Calf Serum FCS.
. PBS: Sterile phosphate-buffer saline PBS.
. X-Gal staining buffer: 50 ng/mL 5-bromo-4-chloro-3-indolyl-

B-p-galactopyranoside (X-Gal) for colorimetric detection of
B-galactosidase enzyme activity (Promega), 0.1% MgCl,, 1%
potassium ferricyanide, 1% potassium ferrocyanide in PBS (see
Note 7).

0.5% Glutaraldehyde in PBS.
dH,O: Sterile deionized water.

Sterile 24-well cell culture plates.

3. Methods

3.1. Isolating White
Blood Cells for IFN-y
Secretion

3.1.1. Murine Splenocyte
Isolation

. Remove spleen from mouse or rat in a sterile environment and

immerse in a container with ice-cold Hanks Media and store
on ice.

. Pulverize spleen on cell strainer, collect cellular content in

Hanks Media as it flows through the screen, rinse cell strainer
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3.1.2. Human PBMC
Isolation

3.2. ELISPOT Detection
of IFN-y Secreting
Cells

3.2.1. Prepare ELISPOT
Plate to Culture IFN-y
Secreting White Blood
Cells (see Note 9)
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with Hanks Media and bring volume up to 20-40 mL in a
50-mL tube with Hanks Media.

. Centrifuge isolated splenocytes and red blood cells at 4°C

(350 xg for 10 min).

. Carefully pour oft supernatant, break up the cell pellet, resus-

pend in red blood cell lysis buffer (2-5 mL) and incubate at
room temperature for 5 min.

. Wash with 2040 mL of Hanks Media and centrifuge white

blood cell fraction of bulk splenocytes at 4°C (350xy for
10 min).

. Carefully pour oft supernatant, break up cell pellet and resus-

pend in complete RPMI 1640 media (containing 2 pug,/mL of
the peptide antigen that encodes the specific T cell epitope) at
a concentration of 1.0x 107 cells/mL.

. Determine cell count concentration using a 1:10 dilution of

trypan blue to exclude dead cells.

. Pipette 25 mL of human blood collected with anticoagulant

onto 12.5 mL of Ficoll-Paque Plus solution.

. With centrifuge set to “0” acceleration and “0” brake, centri-

fuge at 500 x4 for 30 min at room temperature.

. Isolate the white blood cell fraction (see Note 8), transfer to

50-mL tube and bring volume to 50 mL with PBS and centri-
fuge at room temperature (350 x4 for 10 min).

. Carefully pour off supernatant, break up cell pellet, resuspend

in 5-10 mL of red blood cell lysis buffer, and incubate for
5 min at room temperature.

. Add 25 mL of Hanks buffer and centrifuge PBMCs at room

temperature (350 x4 for 10 min).

. Carefully pour off supernatant and resuspend in complete

RPMI 1640 media (containing 2 pg/mL of the peptide anti-
gen that encodes the specific T cell epitope) at a concentration
of 1.0x107 cells/mL.

. Determine cell count concentration using a 1:10 dilution of

trypan blue to exclude dead cells.

. Pre-wet and coat a 96-well ELISPOT plate 24 h prior to isolat-

ing white blood cells from murine splenocytes or human
PBMC:s.

. Pre-wet plate with 15 pL/well of 35% ethanol for 15 s and

flick out ethanol (DO NOT VACUUM) by inverting plating
(see Note 10).

. To coat plate, prepare 1:60 dilution (see Note 11) of IFN-y

capture antibody in PBS, add 100 uL /well of diluted antibody
to 96-well plate and incubate overnight 4°C.
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4. Remove capture antibody and wash wells three times with
wash buffer using multi-channel pipette or automatic plate
washer and remove excess wash buffer by inverting and blot-
ting the plate on a paper towel.

5. Block membrane with 200 pL/well of blocking solution for
2 h at room temperature.

6. Repeat step 3 to remove blocking buffer and wash the plate.

7. After washing, rinse the plate with 200 pL/well of complete
RMPI 1640 media and remove the rinse media when IFN-y
secreting cells are ready to be cultured.

3.2.2. Stimulate Activated 1. Remove rinse media from ELISPOT plate by flicking the plate
CD8* rAAV Specific IFN-y while inverted and blot remaining rinse media on a paper
Secreting Cells towel

(see Note 12) 2. Add 1.0x10° cells /well, which is 100 pL of the isolated white

blood cells re-suspended at a concentration of 1.0x 107 cells/
mL in the appropriate stimulation media and incubate for

24-36 h (see Note 13) at 37°C in a 5% CO, cell culture
incubator.

3. Experimental stimulation media consists of the complete RPMI
1640 media with 2 ug/mL of appropriate CD8* epitope (see
Table 1 for examples) to determine the frequency of capsid-
specific IEN-y secreting cells (18, 20-23).

4. Negative control stimulation media consists of complete RMPI
1640 media without epitope to determine background level of
IFN-v secreting cells.

5. A non-specific, positive control stimulation media consists of
the complete RMPI 1640 culture media with 10 pg/mL of a
highly immunogenic superantigen, Staphylococcal enterotoxin
B, to ensure that IFN-y secreting cells are present and to deter-
mine the maximal frequency of IFN-y secreting T cells.

Table 1
Examples of dominant CD8* rAAV epitopes
Host AAV serotype Peptide sequence MHC I restriction
Mouse; BALB /c (H-24) AAV2 VPQYGYLTL ILé
AAVS IPQYGYLTL ILé
Mouse; C57BL,/6 (H-2P) AAV2 SNYNKSVNV K®
AAVS NSLANPGIA D
Human (HLA-A) AAV2 SADNNNSEY HLA-A*0101

Human (HLA-B) AAV2 VPQYGYLTL HLA-B*0702
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6. An internal positive control can be used by the addition of
recombinant IFN-y protein at 2 pg/mL to the culture media
alone, without cells, to verify that there are no procedural errors
and to ensure the quality of the reagents. This entire well will
appear completely bluish-purple after color development.

3.2.3. Detection of IFN-y 1. Remove stimulation media and wash three times with wash
Protein Secreted from buffer as described above.

Stimulated CD8" rAAV 2. Dilute 10x Reagent Diluent Concentrate in sterile dH,O and
Specific T Cells use to prepare a 1:60 dilution of IFN-y detection antibody, add

100 puL /well of diluted antibody to 96-well plate and incubate
overnight at 4°C.

3. Remove detection antibody and wash three times as described
above.

4. Dilute 10x Reagent Diluent Concentrate in sterile dH,O and
use to prepare a 1:60 dilution of Streptavidin-AP, add 100 pL./
well of diluted Streptavidin-AP and incubate for 2 h at room
temperature, and then rinse 1x with dH,O.

5. Remove Streptavidin-AP and wash plate three times as
described above.

6. Add 100 uL/well of BCIP/NBT substrate. Cover and develop
the plate in the dark for 10-30 min at room temperature (see
Note 14).

7. Afterdevelopmentremove BCIP /NBT, rinse THOROUGHLY
with dH,O (see Note 15) and allow plate to air dry at room
temperature.

8. The visible spots that have formed can be counted either man-
ually with a dissecting microscope or with an ELISPOT reader
(see Fig. 1). Results are typically reported as the average
number of spot forming units (SFU) per 10° cells plated.

- Control (Mock) Experimental Superantigen
Stimulation Stimulation Stimulation

Fig. 1. Examples of ELISPOT wells with SFUs (spot forming units) after color development.
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3.3. Antibody
Enzyme-Linked
Immunosorbent Assay
to rAAV2 Humoral
Response

3.3.1. Preparing Standard
Curve for Measuring
Antibody Titers

3.3.2. Measuring rAAV2
Antibody Titers

2000 1000 500 2590 125 62.5 31.25 15.625
ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL  ng/mL ng/mbL

FAARATATAAY
T~ "

| 50 pL/well X 2 |

Fig. 2. Schematic to preparing immunoglobulin standard used for ELISA by serial dilution.

1. Prepare the first point of standard curve using purified mouse
IgG2a (Sigma) at a concentration of 2,000 ng/mL in coating
bufter and then make 1:2 serial dilutions using coating bufter
as diluent to get a total of 8 points with the final point being at
a concentration of 15.63 ng/mL (see Note 4 and Fig. 2).

2. Add 50 pL /well of each standard concentration in duplicate to
microtiter plate.

1. After the standard curve wells have been added, coat the
remaining wells with 4.0 x 10° intact rAAV viral particles of the
respective serotype in 50-pL aliquots using coating buffer.
Cover the plate with adhesive sealing film and incubate micro-
titer plate overnight at 4°C.

2. Wash plate three times with 200 uL /well of wash buffer using
multi-channel pipette or automated plate washer. Blot inverted
microtiter plate on a paper towel after washing to remove
residual wash bufter.

3. Block microtiter plate using 200 uL /well of dilution buffer at
room temperature for 2 h and then wash plate as previously

described.

4. Make a 1:20 dilution (see Note 16) of experimental host serum
using dilution buffer. Add 50 pL of diluted experimental host
serum in duplicate. Incubate at 37°C for 2 h and then wash
plate as previously described. For standard curve wells just add
50 pL of dilution buffer alone. Additionally, blank wells and
positive control wells should be used. Dilution buffer alone
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should be added to blank wells, and known anti-rAAV positive
sera should be used as a positive control to ensure that there
have been no procedural errors and to verify that efficient
reagents are being used.

5. Make a 1:2,000 dilution (see Note 17) of the rabbit anti-mouse
IgG2a-HRP secondary antibody in dilution buffer. Add
100 pL/well of the diluted HRP-labeled secondary antibody
to the microtiter plate and incubate at 37°C for 2 h then wash
plate as previously described.

6. For HRP-catalyzed color reaction, dissolve OPD tablets in
20 mL of dH,O and add 200 pL/well to plate.

7. Allow plate to develop for 5-15 min (see Note 18) followed by
measurement of absorbance at 450-nm wavelength using a
microtiter plate reader. Alternatively, 100 uL/well of stop
solution can be added to the plate and the absorbance can be
measured later.

3.4. Neutralizing 1. On day 1, prepare 24-well cell culture plate(s) with 2x10°
Antibody Assay HeLa cells (see Note 19) in 500 uL. DMEM 10% FCS
per well.

2. On day 2, inactivate experimental, and possibly control, sera
(see Note 20) by heating them at 56°C for 30 min.

3. Prior to the assay, remove HelLa adherent cells from three wells
using trypsin, count and calculate the average number of cells
per well.

4. Aspirate the medium from the wells.

5. Add 500 pL. of DMEM 2% FCS containing wt Ad5 prepara-
tion at a multiplicity of infection (MOI) of 8 infectious parti-
cles/cell

6. Incubate at 37°C for 2 h.
7. During the incubation of the cells with the wt Ad5

(a) Prepare dilutions of the experimental serum (i.e. 1:5,1:10,
1:20, 1:50, 1:100, 1:200) in DMEM 2% FCS medium
(see Note 21).

(b) Add to serum dilutions rAAV2-CMV-LacZ viral particles.
The number of AAV particles should achieve in the well a
MOI of 4,000 particles. The final volume per well of each
diluted serum/rAAV should be 500 pL.

(¢) Incubate the serum with rAAV at room temperature for
30 min to allow AAV contact with neutralizing antibodies.

8. Aspirate the wells and add 500 pL of diluted serum/rAAV
per well.

9. Incubate the plate at 37°C for 24 h.
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_/

Non neutralizing serum Neutralizing sera

Fig. 3. Examples of X-Gal coloration detected by microscopy. Left panel: absence of neutralization. Blue spots correspond
to transduced cells. Left and middle panels: neutralizing sera with different amounts of neutralizing antibodies. Far right
panel, the serum abrogates completely AAV-mediated transduction.

10.

11.

12

Aspirate the wells and fix the cells by adding 500 pL of 0.5%
glutaraldehyde in PBS per well.

Incubate at room temperature for 5 min.

. Wash the wells 1x with dH,O.
13.
14.
15.

Add 500 pL of X-Gal staining bufter per well.
Incubate at 37°C for 6 h (see Note 22).

Wash the wells 1x with dH, O and read the X-Gal coloration (blue
cells) by light microscopy (see Fig. 3 and Notes 23 and 24).

4. Notes

. Described white blood cell source is from either murine spleno-

cytes or human peripheral blood mononuclear cells (PMBCs).

. There is a range of immunospot plates with different binding

membranes; consult technical support to suit individual
needs.

. In the absence of an ELISPOT reader, a dissecting microscope

can be used to count spots.

. Mice typically produce immunoglobulin of IgG2a subclass

against rAAV particles. However, other subclasses, such as
IgG3, have also been described and can be tested for and quan-
tified using analogous reagents for the alternate subclass
(murine immunoglobulin standards and detecting antibody)
(24). In humans, the dominant response is IgGl (i.e. the
human equivalent to IgG2a, reflecting a Th1-driven response),
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10.
11.

12.

13.

while IgG2, 3, and 4 may also be found (25). Respective
analogous reagents to measure such titers in humans are avail-
able. The identical assay can be used to determine antibody
titers against the transgene product by coating the microtiter

plate with the respective protein instead of with vector particles
(8,26,27).

. Other transgenes (i.e. luciferase (13), Green Fluorescent

Protein, GFP) can be used for this type of assay and specific
detection methods can also be performed (i.e. flow cytometry
for GEP+ cells).

. The assay can be adapted to other rAAV serotypes. Optimal

MOI may need to be determined for each serotype. Using
Hela or Huh7 hepatoma cell line, a recent study showed that
maximal transduction was reached at a MOI of 5,000 vector
genomes [Vg]/cell for AAV2, 5 and 6, at MOI of 10,000 Vg/
cell for AAVI and 8, and at a MOI of 100,000 Vg/cell for
AAV9 (13).

Aside MOI, optimal cell line must also be tested for spe-
cific serotypes. For instance, even if the assay can be performed
with HeLA cell line, it is not optimal for rAAVS serotype.
Boutin et al. showed that HeLA cell were best transduced with
recombinant AAV1, 2, 5, 6, and 9, whereas Huh7 cell line was
more suitable for serotype 8 (13). In another study, Huh7 cells
were used for serotypes 1,2, 7, and 8 (12).

. This solution is stable 1 month in dark at 4°C.
. White blood cell fraction is the white ring below the upper

plasma layer.

. Culture isolated white blood cells the day of isolation for

ELISPOT analysis.
Pre-wetting plate helps minimize background after detection.

A 1:60 dilution is recommended, but optimization of both
capture and detection antibodies maybe required.

CD8 T cell responses specific for the transgene product can be
assessed with the same assay using the appropriate CD8* T cell
epitope. Similarly, the assay can be used to measure CD4* T
cell responses using peptides encoding the respective epitopes.
In this case, frequencies of IEN-y secreting cells are determined
to measure Thl responses, while for Th2 responses, 1L-4 or
IL-5 producing cells are typically measured.

Begin with a 24-h incubation time but optimization maybe
necessary. Optimizing incubation time can be done by using
naive isolated white blood cells and the positive control stimu-
lation media with 5 pg,/mL Staphylococcal enterotoxin B. Too
short of a time period may result in minimal spot formation
and differences in the experimental groups may not be
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

accurately assessed while excessive incubation time may cause
saturation of spot formation.

Watch development carefully to prevent overdevelopment,
which will lead to high background and make it difficult to
accurately count the spots that have formed.

If the plate is not thoroughly rinsed, the residual BCIP/NBT
can cause overdevelopment of plate while drying. Additionally,
the thin plastic sheet on the bottom of the plate that protects
the membrane can now be removed manually with pliers so the
bottom of the membrane can be rinsed as well.

This dilution may need to be optimized depending on anti-
body titers in sera (i.e. very high levels may need to be diluted
more and very low levels may need to be diluted less).
Absorbance values should be within the linear range of the
standard curve.

This dilution may need to be optimized to suit individual
needs.

Color development should be such to achieve a linear range of
immunoglobulin concentration as a function of the absorbance
(on a semi-log plot). Therefore, the time of color development
has to be optimized. Alternatively, the plate can be measured
several times over 5-15-min range in order to identify an opti-
mal readout.

Huh7 and 2V6.11 embryonic kidney cell lines have also been
described for neutralizing assays for AAV2 serotype (12, 25).

Several controls are recommended to validate the assay: (C1)
cells alone; (C2) cells+wt Ad5; (C3) cells+rAAV2; (C4)
cells + wt Ad5 +rAAV2 (X-Gal positive control); and if possible
(C5) cells+wt Ad5+rAAV2 +control neutralizing negative
serum (also X-Gal positive control) and (C6) cells+wt
Ad5 +rAAV2 + control neutralizing positive serum (X-Gal neg-
ative coloration control). In animal experimental studies, inter-
nal neutralizing negative serum can be obtained before rAAV
immunization.

This is the recommended serum dilution but it may need to be
adapted to suit individual needs and depending on levels of
rAAV2 antibodies (i.e. very high levels may need to be diluted
more, up to 1:5,000).

Other variants of incubation with X-Gal are 2 h at 42°C or
overnight at 30°C.

The plate can be stored at 4°C for further reading.

This assay is semi-quantitative (blue cell count using miscro-
scope) and does not allow precise determination of neutraliz-
ing antibody titers. For more precise quantification, the
colorimetric detection of B-galactosidase may be assessed by
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bioluminiscence after cell lysis and measurement in a microplate
luminometer as described elsewhere (12, 25). In assays using
luciferase transgene, similar luminescent quantification is

described (13).
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Chapter 12

Modification and Labeling of AAV Vector Particles

Hildegard Biining, Chelsea M. Bolyard, Michael Hallek,
and Jeffrey S. Bartlett

Abstract

Adeno-associated virus (AAV) has become a versatile vector platform. In recent years, powerful techniques
for the generation of tropism-modified vectors (rAAV-targeting vectors) and for investigation of virus—cell
interaction were developed. The following chapter describes strategies for insertion of peptide ligands into
the viral capsid and the subsequent characterization of capsid mutants, for producing mosaic capsids and
for labeling the viral capsid chemically or genetically.

Key words: Labeling, Capsid particles, Ligands, Chemical modification, Mosaic

1. Introduction

Adeno-associated virus (AAV) has a number of attributes that make
it an attractive platform for the development of viral gene transfer
vectors Traditionally, serotype 2 vectors (rAAV-2) have been used,
which can be produced to high titer and purity. These vectors are
very stable, mediate long-term transgene expression in vivo and
elicit only mild immune responses compared to other viral vectors.
However, many clinically relevant cell types are refractory to
rAAV-2 transduction. For this reason, serotypes others than rAAV-2
have been engineered as vectors and their potential have more
recently been evaluated in both preclinical and clinical studies.
However, one shortcoming of natural occurring serotypes, including
rAAV-2 is a lack of specificity. Thus, after local application, tissues
in the vicinity of the target can be transduced inadvertently. On the
other hand, systemically applied AAV vectors accumulate in liver

Richard O. Snyder and Philippe Moullier (eds.), Adeno-Associated Virus: Methods and Protocols,
Methods in Molecular Biology, vol. 807, DOI 10.1007/978-1-61779-370-7_12, © Springer Science+Business Media, LLC 2011
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and spleen and are thus not available for transduction of other
organs. One strategy to overcome such limitations is to generate
receptor /tissue-specific vectors by genetic modification of the viral
capsid (targeting). Besides an improved selectivity of cell transduc-
tion, lower vector doses are needed, thereby contributing to vector
safety. Targeting may also be employed to generate vectors able to
transduce cell types that are refractory to infection with natural
occurring AAVs.

Most often, targeting is accomplished using site-directed
mutagenesis to introduce DNA oligonucleotides encoding small
exogenous peptides with receptor-binding specificity into the
AAV capsid (cap) open reading frame (ORF). When inserted
into appropriate sites, these epitopes are displayed on the capsid
surface and can mediate novel cellular interactions. Sites within
the capsid protein(s) that accept peptide insertions have been
defined by a number of laboratories and include the N-terminal
region of VP1 and of VP2, and the loop III and IV regions of
VP3 (see Table 1). Importantly, AAV packaging constructs have
been generated containing restriction sites in many of these
locations (1-3). This greatly simplifies the generation of modi-
fied packaging constructs, since double-stranded DNA oligo-
nucleotides can simply be inserted into these pre-engineered
sites. Alternatively, PCR primers need to be designed, and the
exogenous DNA sequences inserted by PCR-based site-directed
mutagenesis. Both methods are described here. Generally, most
sites can tolerate insertions of up to about 15 amino acids while
maintaining wild-type levels of vector assembly and DNA pack-
aging. See Note 1 for suggestions on selecting appropriate inser-
tion sites.

In most instances, small flexible linker sequences flanking the
inserted epitopes have proven essential in maintaining titer and
efficient display of the targeting epitope on the surface of AAV
particles. Although there is not one linker sequence that is best for
displaying all peptides in all sites, successful epitope display has
been demonstrated using: TG-peptide insert-GLS, TG-peptide
insert-ALS, TG-peptide insert-LLA, AS-peptide insert-A, and AAA-
peptide insert-AA (1-6) (see Note 2).

Another approach used to generate AAV vectors with novel
characteristics is to mix AAV helper plasmids encoding different
serotype capsids during vector preparation. This tactic generates
mosaic AAV particles. These mosaic particles usually have proper-
ties similar to the serotypes from which they were generated, but
in some instances these particles can display novel and unexpected
behaviors that may be beneficial for some gene transfer applica-
tions (7, 8).

The labeling of AAV capsids has been useful for investigating
the process of AAV infection. Green fluorescent protein (GFP) is



Table 1

List of sites that tolerate peptide insertion within the AAV capsid

Site (between indicated
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Serotype residues) Location Used for targeting References
AAV1 D590_P591 VP1, VP2, VP3 (1)
AAV2 P34_A35 VP1 X (25)
G115_R116 VPl (3)
T138_A139 VPI, VP2 x? (25)
T138_A139 VP2 X (26)
Al139_P140 VP1, VP2 X (3)
K161_Al62 VP1, VP2 (3)
S261_S262 VP1, VP2 (22)
N381_N382 VP1, VP2, VP3 (22)
R447_T448 VP1, VP2, VP3 (22)
T448_N449 VP1, VP2, VP3 (27)
G453_T454 VP1, VP2, VP3 X (28)
R459_1460 VP1, VP2, VP3 (3)
F534_DP535 VP1, VP2, VP3 (22)
T573_E574 VP1, VP2, VP3 (22)
Q584_R585 VP1, VP2, VP3 (3)
N587_R588 VP1, VP2, VP3 X (22)
R588_Q589 VP1, VP2, VP3 X (5)
A591_T592 VP1, VP2, VP3 (25)
A664_K665 VP1, VP2, VP3 (25)
AAV3 S586_S587 VP1, VP2, VP3 (1)
AAV4 $584_N585 VP1, VP2, VP3 (1)
AAV5 $575_8576 VP1, VP2, VP3 (1)
AAV6 D590_P591 VP1, VP2, VP3 (1)

Insertion within cap OREF, i.c., within VP1 and at the N'-terminus of VP2

an attractive label because of its high labeling specificity and ease of
use. GFP has been fused to the amino-terminus of AAV-2 VP2,
and particles incorporating this fusion have been proven extremely
useful (9, 10). However, the low valency of VP2 display signifi-
cantly lessens the signal intensity obtained with this approach.
Other protein-based tags that either react covalently or form high
affinity complexes with small-molecule probes have yet to be intro-
duced into AAV particles (11, 12). Alternative labeling approaches
rely on direct fluorophore conjugation, and although somewhat
inefficient have been widely applied and have yielded valuable
information regarding intracellular AAV particle trafficking (13-17)
and AAV distribution within tissues (18). Both approaches are
described here.



276 H. Blning et al.

2. Materials

2.1. Genetic
Modification of AAV
Capsids via Peptide
Insertion into Surface-
Exposed Loops of AAV
Capsids

. QuikChange®  Site-Directed Mutagenesis kit  (Agilent

Technologies, Stratagene Products), or comparable kit.
(a) PfuTurbo DNA Polymerase (2.5 U/ul).

(b) 10x reaction buffer: 100 mM KCI, 100 mM (NH,),SO,,
200 mM Tris-HCI (pH 8.8),20 mM MgSO,, 1% Triton®-X
100, 1 mg/ml nuclease-free bovine serum albumin
(BSA).

(c) Dpnl restriction enzyme (10 U /ul).

(d) Oligonucleotide control primers, each a 34-mer

(100 ng/ul) — see manual for sequence.

¢) pWhitescript 4.5-kb control plasmid (5 ng/ul).

f) dNTP mix.

g) XL1-Blue supercompetent cells.

(
(
(
(h) pUCI18 control plasmid (0.1 ng/ul in TE bufter).

. DNA oligonucleotides for PCR-based mutagenesis (see Note 3),

or complementary DNA oligonucleotides for epitope cloning.

. AAV helper plasmid: pACG2 (19), pAAV-RC (Stratagene,

Agilent Technologies) or similar (see Note 4).

. 14-ml BD Falcon polypropylene round-bottom tubes (BD

Biosciences).

. NZY* Broth. Prepared by combining 10 g NZ amine (Sigma

Aldrich), 5 g yeast extract, and 5 g NaCl in a total volume of
1 L deionized dH,O. Adjust the pH to 7.0 with NaOH, auto-
clave, and then add the following filter-sterilized supplements
prior to use: 12.5 ml 1 M MgCl,, 12.5 ml MgSO,, and 10 ml
2 M glucose.

. LB agar plates containing antibiotic selection (100 pug,/ml ampi-

cillin). LB plates are prepared by combining 10 g NaCl, 10 g
tryptone, 5 g yeast extract, and 20 g agar (Fisher Bioreagents)
in 1 L deionized dH,O. Adjust pH to 7.0 with 5 N NaOH,
autoclave to sterilize, cool to 55°C, add 10 ml filter-sterilized
ampicillin (10 mg/ml), and pour into Petri dishes.

. LB media containing ampicillin (100 pg/ml). LB media is

prepared by combining 10 g NaCl, 10 g tryptone, and 5 g
yeast extract in deionized dH, O to a final volume of 1 L. Adjust
pH to 7.0 with 5 N NaOH, autoclave, cool to 55°C, and add
10 ml of filter-sterilized ampicillin (10 mg/ml).

. QIAprep Spin MiniPrep kit (QIAGEN, USA), or comparable

mini-prep kit.

. Equipment and buffer solutions for DNA agarose gel

electrophoresis.
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of Mosaic AAV Vector
Particles
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. Low passage (<30) human embryonic kidney (HEK) 293 cells

(ATCC® number CRL-1573) grown in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen) supplemented with 10%
fetal bovine serum (EBS) or cosmic calf serum (Hyclone,
Thermo  Scientific), and 1%  penicillin/streptomycin
(10,000 U/ml; Hyclone, Thermo Scientific).

. Two different AAV helper plasmids encoding different AAV

serotype capsids (see Note 4).

. AAV vector plasmid DNA containing the transgene of interest

(e.g., pAAV-hrGFPD, Stratagene, Agilent Technologies).

. Adenovirus helper plasmid DNA, such as pXX6-80 (20), pDG

(21), or pHelper vector (Stratagene, Agilent Technologies).

. Calcium phosphate (CaPO,) transfection system (Invitrogen),

or
(a) tissue culture sterile water.

(b) 2x Hepes-buftered saline (HBS),pH 7.12: 50 mM HEPES,
280 mM NaCl, 1.5 mM Na,HPO, (see Note 5).

(c) 2 M CaCl,

. 100 mM sodium citrate (NaCitrate).
. Dry ice bath: dry ice and 95% ethanol.
. Benzonase (Sigma).

. Todixanol solution for gradient purification:

(a) 10x TMSC: 1 M NaCitrate, 100 mM Tris, 25 mM MgCL,
pH 8.0-8.3.

(b) 15% Iodixanol: 50 ml 60% iodixanol (OptiPrep Density
Gradient Medium, Sigma-Aldrich), 20 ml 10x TMSC,
130 ml dH, O filter sterilize; store at 4°C and protect from
light.

(c) 25% lodixanol: 41.7 ml 60% iodixanol, 10 ml 10x TMSC,
49.3 ml dH,O, neutral red (see Note 6); filter sterilize;
store at 4°C and protect from light.

(d) 40% Iodixanol: 66.7 ml 60% iodixanol, 10 ml 10x TMSC,
23.3 ml dH,O; filter sterilize; store at 4°C and protect
from light.

(e) 60% lodixanol: 200 ml 60% iodixanol, 5.822 g NaCitrate,
0.888 g Tris—-HCI, 0.570 g Tris Base, 0.102 g MgCl,, neu-
tral red; filter sterilize; store at 4°C and protect from
light.

Opti-seal™ 30 ml centrifuge tube and protective caps
(Beckman-Coulter).

Ultracentrifuge and rotor (e.g., Beckman Optima ™ LE-80K
Ultracentrifuge with Beckman Type 70.1 Ti Rotor).
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2.3. Characterization
of Modified Capsids

2.3.1. Assess Genomic
Particle Titer of Vector
Preparations by
Real-Time qPCR

2.3.2. Assess Capsid
Titer of AAV Preparations
by ELISA

2.3.3. Determine
Transduction Efficiency
of AAV Vectors by Flow
Cytometry

. DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany), or

comparable kit.

. LightCycler FastStart DNA Master Plus SYBR I kit (Roche

Diagnostics GmbH, Mannheim, Germany), or comparable

kit.

. AAV vector plasmid encoding for the vector genome that was

packaged.

. Oligonucleotide Real-Time PCR primers:

(a) Example of primer pair for the detection of eGFP:
eGFP-forward: 5'-CACAACGTCTATATCATGGC-3'
eGFP-backward: 5'-TGTGATCGCGCTTCTC-3'

(b) Example of primer pair for the detection of
B-galactosidase:

B-Galactosidase-forward: 5'-ATCCTCTGCATGGTCAG
GTC-3'

B-Galactosidase-backward:  5'-CTGGGCCTGATTCAT
TCC-3'

. PBS (Invitrogen, Karlsruhe, Germany).

. AAV capsid standard.

. Nunc-Immuno-Plate (Thermo Fisher Scientific, Rochester,

USA).

. PBS (Invitrogen, Karlsruhe, Germany).

4. Washing buffer: 0.05% Tween20 in PBS.

10.
11.

[ S ST NS R

. Blocking buffer: 3% BSA, 5% sucrose, and 0.05% Tween20 in

PBS.

. Capsid-specific antibody (see Note 7).

. Biotin-conjugated secondary antibody, for example biotin-

conjugated rabbit anti-mouse antibody (Dianova, Hamburg,
Germany).

. Horseradish peroxidase conjugated streptavidin (Dianova,

Hamburg, Germany).

. Start Solution: 1 mg tetramethylbenzidine (TMB) in 10 ml

0.1 M NaOAc (pH 6.2) and 100 pl dimethyl sulfoxide
(DMSO). Add 1 ul of 30% H,O, before use.

1 M H,SO,.
Alternatively. AAV  capsid ELISA (Progen, Heidelberg,
Germany), or comparable kit.

. Cell line or primary cells.
. Cell culture multiwell plates.
. Culture medium including supplements.

. PBS (Invitrogen, Karlsruhe, Germany).



2.4. Tropism and
Specificity of Modified
AAV Vectors

2.4.1. Monitoring Cell Entry
by Real-Time qPCR

2.4.2. Determining Cell
Transduction Efficiency
by Flow Cytometry

2.5. Chemical Labeling
of the Capsid
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. Optional: trypsin (0.05% with EDTA) to harvest adherent

cells.

. Optional: heparin (Braun Melsungen AG, Melsungen,

Germany), or comparable product to assay for pseudo-
transduction by rAAV-2 preparations.

. Cell lines/primary cells expressing targeted receptor.

. Control (nontarget) cell lines.

. Cell culture multiwell plates.

. Culture medium including supplements.

. Trypsin (0.05% with EDTA).

. PBS (Invitrogen, Karlsruhe, Germany).

. DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany), or

comparable kit.

. LightCycler FastStart DNA Master Plus SYBR I kit (Roche

Diagnostics GmbH, Mannheim, Germany), or comparable kit.

. AAV vector plasmid encoding for the vector genome that was

packaged.
Oligonucleotide Real-Time PCR primer pair (vector genome).
Oligonucleotide Real-Time PCR primer pair (reference gene).

LightCycler Relative Quantification Software (Roche
Diagnostics GmbH, Mannheim, Germany), or comparable
program.

. Cell lines/primary cells expressing targeted receptor.

. Control (nontarget) cell lines.

. Cell culture multiwell plates.

. Culture medium including supplements.

. Optional: trypsin (0.05% with EDTA) to harvest adherent

cells.

. PBS (Invitrogen, Karlsruhe, Germany).

. Competing and noncompeting peptides, proteins, or anti-

receptor antibodies to assay for ligand-receptor interaction of
modified vectors.

. Heparin (Braun Melsungen AG, Melsungen, Germany), or

comparable product to assay for HSPG /heparin binding ability
of modified rAAV-2 vectors.

. Highly purified stock of AAV or rAAV vector (see Note 8).

. The following reagents have been successfully used to fluores-

cently label AAV particles:

(a) Cy-Dye labeling reagents (GE Health Care, CyDye
FluoroLink reactive dye).
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2.6. Genetic Labeling

(b) Alexa Fluor labeling reagents (Invitrogen, Alexa Fluor
protein labeling kit).

(c) DyLight Ilabeling reagents (Pierce, Thermo Fisher
Scientific, DyLight Fluor antibody labeling kit).

(d) LI-COR labeling reagents (LI-COR, IRDye protein
labeling kit).

. Appropriate buffer specified by the labeling reagent:

(a) CyDye FluorLink; 1.0 M sodium carbonate buffer, pH 9.3.

(b) Alexa Fluor protein labeling kit; 0.5 M sodium bicarbonate
bufter, pH 8.3.

(c) DyLight Fluor antibody labeling kit; 50 mM sodium
borate, pH 8.5.

(d) IRDye protein labeling kit; 50 mM phosphate buffer, pH
8.5.

. G-50 (Sephadex) spin columns.
. TMSC Bulffer.

. Competent E. coli cells or comparable cells for plasmid

transformation.

. Plasmid encoding for cap ORF as template for VP2 modifica-

tion and isolation.

. peGFP-C3 (BD Bioscience, Heidelberg, Germany) or compa-

rable plasmid.

. Oligonucleotide PCR primer pair to amplify VP2 and simulta-

neously mutate the VP2 start codon. For example:

(a) AAV2-VP2-forward: 5'-GAA GCG CGA TCA CAT GGT
CC-3’

(b) AAV2-VP2-backward: 5'-TCA GCG TGG AGA TCG
AGT GG-3'

. AAV helper plasmid encoding the 7¢p ORF and cap ORF, e.g.,

pRC (22), pACG2 (19), pAAV-RC (Stratagene, Agilent
Technologies) or similar (see Note 4).

. Oligonucleotide PCR primer for site-directed mutagenesis of

VP2 start codon in AAV helper plasmid. For example:

(a) AAV2-VP2k.o.-forward: 5'-GTTAAGACCGCTCCG
GG-3'

(b) AAV2-VP2k.o.-back: 5'-CCCGGAGCGGTCTTAAC-3’

(c) AAV2-ligation primer-forward: 5'-AAATCAGGTATGGC
TGCCGA-3’

(d) AAV2-ligation primer-back: 5-GTTGCCTCTCTGGAG
GTT-3'.
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7. T4 polynucleotide kinase.
8. Calfintestine phosphatase.

9. Restriction endonucleases and buffer (e.g., Bg/I to linearize
peGFP-C3, and BssWI and EcoNI to isolate cap fragment).

10. T4 DNA ligase and buffer.

11. Pfu Turbo DNA polymerase for PCR amplification of VP2 and
for site directed mutagenesis.

12. QiaQuick Gel Extraction Kit (Qiagen, Hilden, Germany).

13. LB agar plates containing antibiotic selection (kanamycin at
50 pug/ml or amplicilin at 50-100 pg,/ml).

14. LB media.

15. LB media containing ampicillin at 50-100 pg,/ml or kanamycin
50 pg/ml.

16. Qiagen MiniPrep kit (Qiagen, Hilden, Germany), or compa-
rable kit.

17. HEK293 cells for AAV vector packaging.

18. CaCl, solution (2 M stock solution) and HBS bufter for plas-
mid transfection into HEK293 cells.

19. peGFP-AAV2-VP2 encodes for the eGFP-VP2 fusion protein
(Subheading 3.6.1).

20. pRC-VP2 k.o. encodes for 7¢p ORF of AAV-2, and VP1 and
VP3 of AAV-2 (Subheading 3.6.2).

21. AAV vector plasmid containing AAV ITRs and transgene of
choice.

22. Adenoviral helper plasmid, e.g., pXX6-80 (20) or similar.
23. Lysis buffer: 150 mM NaCl and 50 mM Tris/HCI (pH 8.5).
24. Benzonase (Merk, Darmstadt, Germany).

3. Methods

3.1. Genetic
Modification of AAV
Capsids via Peptide
Insertion into Surface-
Exposed Loops of AAV
Capsids

Several AAV packaging constructs have been generated containing
unique restriction sites engineered into the cap ORF (1-3). Use of
these constructs as starting reagents greatly simplifies the process
of epitope insertion, since two 5" phosphorylated complementary
DNA oligonucleotides need only be synthesized with compatible
cohesive ends and cloned into these pre-engineered sites.
Alternatively, site-directed mutagenesis is used to insert DNA oligo-
nucleotides encoding the desired epitopes into the AAV cap ORF.
Use of a kit, such as the QuikChange Site-Directed Mutagenesis
Kit (Agilent, Stratagene, La Jolla, CA) is recommended.
Mutagenesis is performed using a thermostable DNA polymerase
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3'-GGee

Restriction
Site
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Flanking Scaffolding

Sequence

: .. !
Homologous Sequence
(18-25 nt)
Restriction GGCC-5’

Epitope Insertion

Homologous Sequence (18-25 nt)
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Fig. 1. Design of oligonucleotides for PCR-based site-directed mutagenesis.

3.1.1. Mutagenic
Primer Design

(see Note 9) and a temperature cycler. The basic procedure utilizes
a supercoiled double-stranded DNA plasmid containing the AAV
cap ORF and two synthetic oligonucleotide primers containing the
desired insertion (see Fig. 1). The oligonucleotide primers, each
complementary to opposite strands of the vector, are extended
during temperature cycling by the thermostable DNA polymerase.
Incorporation of the oligonucleotide primers generates a mutated
packaging construct containing staggered nicks. Following tem-
perature cycling, the product is treated with Dpnl. The Dpnl
endonuclease (target sequence: 5'-GmOATC-3') is specific for
methylated and hemimethylated DNA and is used to digest the
parental DNA template and to select for the modified DNA. The
nicked DNA containing the desired insertion is then transformed
into E. coli (e.g., XL1-Blue supercompetent cells). The small
amount of starting DNA template required to perform this method,
the high fidelity of DNA polymerase, and the low number of ther-
mal cycles all contribute to high efficiency and decreased potential
for generating random mutations during the reaction.

For cloning into an AAV helper plasmid containing a pre-engi-
neered restriction site, two complementary DNA oligonucleotides
encoding the chosen epitope need to be designed. It may be
appropriate to flank the desired epitope with scaffolding sequences,
although these may also be encoded by the in-frame restriction
site (see Note 10). In addition, nucleotide overhangs to the restric-
tion site need to be added to the 5’ and 3’ end of the DNA oligo-
nucleotides, respectively. Primers should be 5’ phosphorylated and
purified either by fast polynucleotide liquid chromatography
(FPLC) or by polyacrylamide gel electrophoresis (PAGE). Skip to
Subheading 3.1.3 for cloning reactions.
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Mutagenesis

12 Modification and Labeling of AAV Vector Particles 283

For site-directed mutagenesis, primers must be designed according
to the desired mutation and site of insertion (see Note 3). The 5’
ends of each primer should contain complementary versions of a
unique restriction site not present in the parental plasmid. Primers
need not be 5’ phosphorylated but must be purified either by
FPLC or by PAGE. Failure to purify the primers results in a signifi-
cant decrease in mutation efficiency.

1. If using the QuikChange® Site Directed Mutagenesis kit
(Agilent Technologies, Statagene Products), set up sample and
control reactions in thin-walled PCR tubes as follows:

Control reaction

(a) 5 ul 10x reaction buffer.

(b) 2 ul (10 ng) dsDNA template (e.g., pWhitescript control
plasmid (5 ng/ul)).

(c) 1.25 ul (125 ng) of oligonucleotide primer, forward (e.g.,
oligonucleotide control primer #1).

(d) 1.25 pl (125 ng) of oligonucleotide primer, reverse (e.g.,
oligonucleotide control primer #2).

(e) 1 ul ANTP mix (see Note 11).
(f) 40.5 ul ddH,O (to a final volume of 50 ul).

(g) 1wl PfuTurbo DNA polymerase
(Total volume 51 pl)

Sample veaction
(a) 5 ul 10x reaction buffer.

(b) 2 ul (10 ng) dsDNA template, e.g., AAV packaging plasmid
(5 ng/ul) (see Note 12).

(c) 1.25 ul (125 ng) of oligonucleotide primer, forward (e.g.,
mutant forward primer).

(d) 1.25 pl (125 ng) of oligonucleotide primer, reverse (e.g.,
mutant reverse primer).

(e) 1 ul ANTP mix (see Note 11).
(f) 40.5 ul ddH,O (to a final volume of 50 ul).

(g) 1wl PfuTurbo DNA polymerase
(Total volume 51 pl)

2. Overlay each reaction with mineral oil (~30 pl) if the thermal
cycler to be used does not have a hot-top assembly.

3. Cycle each reaction using the following cycling parameters:
(a) Denature at 95°C for 30°%.

(b) Three-step amplification cycle (Run 18 cycles): Denature
at 95°C for 30 s, anneal at 55°C for 1 min, and then extend
at 68°C for 1 min/kb of plasmid length.

(c) Maintain the reaction at 4°C after cycling.
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3.1.3. Cloning of DNA
Oligonucleotides

3.1.4. Transformation
of Competent Cells

. Add 1 pl of DpnI endonuclease (10 U /ul) directly to amplifi-

cation reaction. Be sure to add enzyme below mineral oil
overlay, if used. Mix gently and thoroughly by pipetting solu-
tion up and down several times.

. Incubate at 37°C for 1 h to eliminate nonmutated parental

plasmid template (see Note 13). Skip to Subheading 3.1.4 for
transformation of XLL1-Blue supercompetent cells.

. Resuspend each oligonucleotide at ~100 ug/ml in TE buffer

containing 150 mM NaCl. Mix equimolar amounts of each
strand and heat 10 min at 65°C.

. Cool slowly to room temperature by placing the tube at room

temperature for 20 min. Check the OD,; to determine final
concentration, and check to be sure that the oligonucleotides
have completely annealed by running aliquots of each comple-
mentary strand, as well as the annealed double-stranded oligo-

nucleotide, on a 4% sieving agarose gel.

. Digest the AAV helper plasmid with the restriction enzyme

that recognizes the unique site, engineered for epitope inser-
tion, within the AAV cap ORF, dephosphorylate, gel purity,
and determine the final concentration of the linearized DNA.

. Assemble the ligation reaction, as exemplified by the following.

Mix the linearized AAV helper plasmid DNA with a 50-fold molar
excess of the hybridized oligonucleotides; use ~400 ng total DNA
in 10 pl, for a final concentration of 40 pug,/ml. Add 0.4 ul (160
cohesive-end units) T4 DNA ligase and incubate 2 h at 15°C.

. Dilute the ligation mixture fourfold to a concentration of

10 ug/ml.

. Transform 2 pl of the ligation mixture (Subheading 3.1.3), or

1 ul of the Dpn I-treated DNA from each control and sample
site-directed mutagenesis reactions (Subheading 3.1.2) into
the XL1-Blue supercompetent cells (see Note 14).

. Plate transformation reactions on LB agar plates containing

the appropriate antibiotic selection (ampicillin). For mutagen-
esis and transduction controls using the QuikChange® site
directed mutagenesis kit, plate cells on LB-ampicillin plates
containing 80 ug/ul X-gal and 20 mM IPTG.

. Incubate the plates overnight (>16 h) at 37°C (see Note 15).

4. Select three to five mutant colonies, and incubate them in 3 ml

LB broth with ampicillin overnight at 37°C with shaking.

. Extract DNA using QIAprep Spin MiniPrep kit.

6. Screen for sequence insertion by restriction endonuclease

digestion (see Note 10) and sequence mutant construct to
confirm epitope insertion and lack of second site mutations.
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3.2. Generation
of Mosaic AAV
Vector Particles

1.
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To produce AAV vectors comprised of modified capsid pro-
teins, use the modified AAV helper plasmid (generated by site-
directed mutagenesis, Subheading 3.1.2, or oligonucleotide
cloning, Subheading 3.1.3), in place of standard AAV helper
plasmid in the triple transfection protocol for AAV vector pro-
duction (described elsewhere).

. Characterize modified vectors as described below

(Subheading 3.3).

To produce mosaic AAV vectors, transfect low passage HEK293
cells following calcium phosphate transtection protocol. HEK293
cells should be approximately 80% confluent on a 15 cm tissue
culture plate.

1.

Change media on HEK293 cells 4 h prior to transfection. Add
18 ml of fresh media.

. Add the following DNAs (47 pg total) to CaCl,-buffered

dH,O (250 mM final concentration).

(a) Adenovirus helper plasmid containing VA, E2A, and E4
genes.

(b) AAV vector plasmid containing AAV ITRs and transgene
of choice.

(c) The two different AAV helper plasmids (encoding differ-
ent serotype AAV capsids) at varying ratios (for example,
1:19, 1:3, 1:1, 3:1, 19:1). Assessment of different ratios of
one capsid component to another permits appraisal of the
importance of each (see Table 2 for example).

. Prepare the DNA-CaCl, and HBS solutions according to

Table 3. Volumes can be scaled based on the number of plates
to be used in transfection.

. Using a pipette, slowly add solution from Tube A dropwise to

Tube B while bubbling air through 2x HBS solution (Tube B)
with another pipette. This is a slow process which should be
done over several minutes.

. A fine precipitate should form. Add the precipitate dropwise to

the media, 2 ml per 15 cm plate.

. Incubate overnight at 37°C in a humidified CO, incubator.
. Change the media after 24 h.

. Sixty hours after transfection, harvest cells. Using a cell scraper,

dislodge cells, and collect both the media and cells in a 250 ml
conical tube. Harvest cells by centrifugation at 500xyg for
10 min.

. Resuspend cell pellet in 2 ml of 100 mM NaCitrate per plate.

Transfer to a 50 ml Falcon tube (see Note 16).
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Table 2
Relative amounts of DNA used to produce mosaic virions
Plasmid Composition  Amount (ug)/plate
Adenovirus helper plasmid 27 ug
(e.g., pXX6-80)
Vector plasmid (e.g., AAV-hrGFP) 10 pg
Serotype A/serotype B helper 100% A 10 ug A
plasmid 5% B/95% A 0.5 ugB:9.5ugA
33% B/67% 2.5ugB:7.5 ug A
50% B/50% A 5.0 ug B:5.0 ug A
67%B/33% A 7.5ugB:2.5pugA
95% B/5% A 9.5 ugB:0.5ug A

Table 3

Components of transfection mixture

Tube A Volume/plate Tube B Volume/plate
DNA (47 ug) xul 2x HBS 1,000 pl

2.5 M CaCl, 100 pl

Sterile dH,O0 (900 - x)ul

Total 1,000 ul Total 1,000 ul

10. Release intracellular viral particles by inducing cell lysis via
three consecutive freeze-thaw cycles, consisting of shuttling
cell suspension between dry ice/ethanol bath and 37°C water
bath (tubes should be vortexed vigorously after each thawing
step).

11. Clarify the crude lysate by centrifugation at 500 x g for 10 min,
and reduce viscosity by treating with benzonase (50 U/ml of
cell lysate) for 30 min at 37°C, with occasional mixing.

12. Pellet cell debris by centrifuging at 5,000 x4 for 25 min at
18°C.

13. Purify viral particles from cell debris via iodixanol density-
gradient purification. Prepare an iodixanol step gradient in an
Opti-seal 30 ml centrifuge tube.

(a) Bring viral vector lysate to 15 ml with NaCitrate if
necessary.

(b) Add the viral vector lysate to an Opti-seal 30 ml centrifuge
tube. Underlay the crude viral vector preparation with
6 ml of a 15% iodixanol solution, then 4 ml of a 25%
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iodixanol solution, 3 ml of 40% iodixanol solution, and
2 ml of 60% iodixanol solution.

14. Balance centrifuge tubes and ensure that they are full. Bubbles
in the tube lead to tube collapse during centrifugation. Cap
and seal tubes.

15. Centrifuge in a fixed angle rotor (e.g., Beckman 70Ti) with
protective caps at 68 K for 1 h at 18°C.

16. Remove protective caps and seal. Using an 18 gauge needle,
puncture the bottom of the tube and allow the iodixanol
fractions to drain; collect the 40% fraction containing AAV.

17. Characterize iodixanol-purified vector as described below
(Subheading 3.3).

18. Further purify AAV vectors as needed and store vectors at
-20°C.

Viral /vector genomes are packaged into preformed capsids. Viral/
vector preparations therefore contain both empty and DNA-
containing capsids. While the capsid titer (amount of capsids per
ml) can be determined by ELISA using anticapsid antibodies, real-
time qPCR is commonly used to determine the genomic titer
(DNA containing particles per ml) of a preparation. Comparison
of the capsid-to-genomic particle ratio of capsid-modified and
unmodified vectors reveals whether a capsid modification interferes
with packaging.

Furthermore, by assessing the cell entry and transduction effi-
ciencies of capsid-modified vectors on target and nontarget cells
conclusions on the tropism can be drawn. Tropism can be further
analyzed by conducting cell transductions in the presence and
absence of substances interfering with target receptor binding.

1. Dissolve 10 pl of AAV vector preparation in 190 ul PBS.

2. Isolate vector DNA by DNeasy Blood & Tissue Kit according
to the protocol “Purification of total DNA from cells.”

3. Elute vector DNA in 200 pul 10 mM Tris—-HCL pH 8.0.

4. Store DNA at -20°C or proceed to real-time qPCR analysis.

5. Prepare at least four PCR standards (10° to 10° AAV vector
plasmids per ul).

6. If using the LightCycler FastStart DNA MasterPLUS SYBR 1
kit, set up sample reaction in LightCycler capillary, containing
the following reagents:

(a) 4 ul SYBR Green PCR Master Mix

(b) 1 ul oligonucleotide PCR primer #1 (20 uM)
(c) 1 ul oligonucleotide PCR primer #2 (20 uM)
(d) 12 ul ddH,0
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3.3.2. Assess Capsid Titer
of rAAV-2 Vector
Preparations by ELISA

7.

Run real-time PCR; e.g., for quantification of vector genomes
coding for eGFP on a LightCycler platform use the following
cycling parameters:

(a) Denature at 95°C for 5 min.

(b) Three-step amplification cycle (run 40 cycles): Denature
at 95°C for 15 s, anneal at 60°C for 10 s, and then extend
at 72°C for 30 s.

(¢c) The temperature transition rate should be 20°C/s.

. Confirm the specificity of target amplification by melting curve

analysis and agarose gel electrophoresis.

. Prepare a serial dilution of the vector preparation in PBS. The

assumed concentration should be between 2x10° and 2x 107
capsids per ul (see Note 17).

. Prepare a serial dilution of the capsid standard in PBS.
. Coat the Nunc-Immuno plate with 100 pl of vector dilutions

(and standard) per well.

4. Incubate overnight at 4°C.

ul

NeRNC RN BN

10.
11.

12.

13.
14.

15.

16.
17.

18.
19.
20.
21.

. Perform three washing steps with washing buffer (200 pl per

well).

. Add blocking buffer to the wells (200 ul per well).

. Incubate for 2 h at room temperature.

. Remove the blocking buffer.

. Add A20 (anti-AAV2) antibody dilution (1:4 in blocking

buftfer; 100 ul per well).
Incubate for 1 h at room temperature.

Perform three washing steps with washing buffer (200 pl per
well).

Add biotin-conjugated anti-mouse antibody dilution (1:25,000
in blocking bufter; 100 ul per well).

Incubate for 1 h at room temperature.

Perform three washing steps with washing buffer (200 pl per
well).

Add horseradish peroxidase-conjugated streptavidin (1:500 in
blocking buffer; 100 ul per well).

Incubate for 1 h at room temperature.

Perform three washing steps with washing buftfer (200 ul per
well).

Perform two washing steps with water (200 ul per well).
Add Start Solution to the well (100 pl per well).
Stop color reaction by adding 1 M H,SO, (50 ul per well).

Measure the intensity of color reaction (450 nm).
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. Suspension cells: Seed the desired number of cells in fresh

medium (containing all the required supplements) into a cell
culture multiwell plate.

Adbherent cells: Seed cells in fresh medium (containing all the
required supplements) into a cell culture multiwell plate.
Incubate the cells at 37°C in a humidified CO, (5%) incubator
for 24 h. Prior to transduction, determine the amount of cells
per well in one of the wells and change the media in the remain-
ing wells (see Note 18).

. Calculate the amount of vector solution that is needed per well

based on the number of cells per well, the genomic particle
titer of the rAAV preparation and the desired particle-to-cell
ratio.

. Thaw the vector solution on ice.

4. Add vector solution to the wells and mix. Do not forget to

prepare a negative control (no vector).

. Incubate the cells for 48 h at 37°C in a humidified CO, (5%)

incubator.

. Harvest the cell and wash the cell pellet twice with PBS.
7. Resuspend pellet in 500 pl PBS.
. Optional: Incubate cell pellet with antibodies specific for your

transgene product according to the manufacturer’s instruc-
tions (see Note 19).

. Perform flow cytometry measurements according to manufac-

turer’s instructions. Negative control should be set as 1%.
Count a minimum of 5,000 cells for each sample.

. Seed permissive cells (see Note 20) in a 12-well cell culture

plate (4 cm?) and incubate the cells for 24 h at 37°C in a
humidified CO, (5%) incubator (see Note 18).

. Prepare a serial dilution of vector preparation in medium

containing all required supplements (see Note 21).

. Remove the medium from the wells.
4. Add 1 ml medium to cells of the negative control.

. Add 500 pl medium to the remaining wells and add 500 ul of

each dilution.

. Optional: In order to assay for pseudotransduction by rAAV-2

vector preparations add 425 TU of heparin to the medium of
one well (final volume 1 ml) and add 1 pl of the vector prepa-
ration to this well.

. Incubate the cell culture plate for 48 h at 37°C in a humidified

CO, (5%) incubator.

. Determine the amount of cells per well by counting the cells of

the negative control.
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3.4. Tropism

and Specificity
of Modified rAAV
Vectors

3.4.1. Monitoring of Cell
Entry by Real-Time qPCR

9.

10.

Measure the percentage of transgene expressing cells by flow
cytometry (see above).

Calculate the transducing titer of the vector solution from the
dilution that led to ~10% transgene expressing cells as shown
in the following example:

a) Cells per well: 8 x 10*

b) Percentage of transgene expressing cells: 9.5%

d) Vector solution: 0.0003 ul

(

(

(c) Negative control: 1%

(

(e) [(8x10*x(9.5-1)]/100),/0.0003 =transducing particles/ul.

Post-entry barriers may limit successful cell transduction even
though vectors are capable of binding and entering target cells.
Hence, both cell entry and cell transduction should be determined
in order to fully assess the tropism and specificity of a modified
vector.

1. Seed target and control cells as described above (see Note 18).

11.

. Thaw the vector solutions (different serotypes or modified and

unmodified vector) on ice.

. Transduce the cells with equal genomic particle-per-cell ratios

of the vectors you would like to compare. Do not forget to
prepare a negative control (no vector).

. Incubate the cells for 4 h at 37°C in a humidified CO, (5%)

incubator.

. Harvest the cells and wash the cell pellet twice with PBS (see

Note 22).

. Resuspend cell pellet (a maximum 5x10°¢ cells) in 200 pl

PBS.

. Isolate vector DNA by DNeasy Blood & Tissue Kit according

to the protocol “Purification of total DNA from cells.”

. Elute vector DNA in 200 pl 10 mM Tris—-HCI pH 8.0.
. Store at =20°C or proceed to real-time qPCR analysis.
10.

Prepare at least four PCR standards (10° to 10° AAV vector
plasmids per pl).

If using the LightCylcer FastStart DNA MasterPLUS SYBR I
kit, set up sample reaction in LightCycler capillary, containing
the following reagents:

(a) 4 ul SYBR Green PCR Master Mix

(b) 1 ul oligonucleotide primer #1 (20 uM)
(c) 1 ul oligonucleotide primer #2 (20 uM)
(d) 18 ul ddH,0.



3.4.2. Determining Cell
Transduction Efficiency
by Flow Cytometry

3.5. Chemical Labeling
of the Capsid

12.

13.

14.

15.

—

—
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Run real-time qPCR according to requirements of PCR
reaction.

Confirm the specificity of target amplification by melting curve
analysis and agarose gel electrophoresis.

Repeat steps 11-13 with oligonucleotide PCR primer pair
amplifying a reference (housekeeping) gene.

Use the LightCycler Relative Quantification Software (Roche
Diagnostics GmbH, Mannheim, Germany), or a comparable
program to normalize the values obtained for the vector/viral
genomes.

. Seed target and control cells as described above (see Note 18).

. Thaw the vector solutions (different serotypes or modified and

unmodified vector) on ice.

. Transduce the cells with equal genomic particle-per-cell ratios

of the vectors you would like to compare. Assay at least three
different particle-to-cell ratios per cell line. Do not forget to
prepare a negative control (no vector).

. Optional: To assess the use of HSPG as cellular receptor, per-

form cell transductions in the presence of 425 U of heparin.

. To assess the use of target receptor, perform cell transductions

in the presence and absence of competing and noncompeting
peptides, proteins, or antireceptor antibodies (see Note 23).

. Add competitor (e.g., heparin or peptides) to the cells prior to

vector transduction.

. Incubate the cells for 48 h at 37°C in a humidified CO, (5%)

incubator.

. Harvest the cells and determine the percentage of transgene

expressing cells, e.g., by flow cytometry.

. Buffer exchange. Adjust AAV stock to a concentration of

1.33x 10" particles/ml (1 mg/ml) in the appropriate buffer.
Buffer exchange can be accomplished by passing the vector
through a desalting column equilibrated with reaction bufter.
Alternatively, the vector solution can be dialyzed against the
reaction buffer in a small dialysis cassette. If the vector is in a
simple PBS buffer free of ammonium ions or primary amines,
the pH of the solution can be raised by adding the concen-
trated buffer (e.g., 1 M potassium phosphate, pH 9 for IRDye
labeling). However, the time the virus /vector is maintained at
pH 9 should be kept to an absolute minimum.

. Reconstitute the labeling reagent with the diluted AAV stock

in 1-ml of reaction buffer. Make sure a// of the dye is dissolved.
Undissolved dye will retain reactivity and may co-purify with
the labeled virus and hamper further characterization.
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3.6. Genetic Labeling
of the Capsid

3.6.1. Cloning of
Fluorescent Protein-VP2
N-Terminal Fusion Protein
Using peGFP-AAV2-VP2
as Example

3. Incubate at room temperature for 60 min.

4. Purify labeled AAV from unreacted dye by either dialysis against
3 L TMSC buffer using a dialysis chamber (Slide-a-Lyser,
6,000-8,000 MW cutoft, Pierce, Thermo Fisher Scientific), or
gel filtration on a G-50 (Sephadex) column equilibrated with
TMSC buffer. The benefit of this technique is that purification
can be monitored visually.

5. Characterize labeled AAV as described above (Subheadings 3.3
and 3.4). The titer of the labeled virus should not have signifi-
cantly changed. Preparations that show a decrease in titer of
more than 50% should be used with caution. Decreases in titer
usually come from too high a labeling ratio (dye:particle) or
failure to rapidly adjust pH following coupling. To determine
the conjugation efficiency, read the absorbance spectrum of
the labeled AAV and determine the dye concentration (per
recalculated particle number) using the extinction coefficient
for the fluorophore (provided by the manufacturer). AAV
labeling ratios should be approximately 2 dye molecules per
virion/vector for the greatest sensitivity with the least effect on
AAV biology.

The N-terminus of VP2 tolerates the insertion of fluorescent
proteins. In order to generate AAV capsids that do not contain
wild-type VP2, the VP2 start codon has to be deleted in the cap
ORF of AAV helper plasmid and in the ORF encoding for the
fusion protein.

1. Perform site directed mutagenesis of the VP2 start codon by
PCR. For serotype 2, set up the following sample reaction:
(a) Plasmid coding for AAV-2 cap ORF (100 ng)
(b) Oligonucleotide PCR primer: AAV2-VP2-forward (30 pmol)
(c) Oligonucleotide PCR primer: AAV2-VP2-backward

(30 pmol)

(d) ANTP mix (see Note 11)
(e) Pfu Turbo DNA polymerase (1.25 U)
(f) ddH,O to a final volume of 50 pl
(g) PCR cycling parameters:
®  Denaturation at 95°C for 5 min.

e Three-step amplification cycle (run 30 cycles):
Denature at 95°C for 1 min, anneal at 53°C for 1 min,
and then extend at 72°C for 2 min.

e Final extension at 72°C for 10 min.

2. Purity PCR fragment by agarose gel electrophoresis and
QiaQuick Gel Extraction Kit, or a comparable kit.
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Phosphorylate the PCR fragment using T4 polynucleotide
kinase according to standard protocols.

Prepare the plasmid backbone using peGFP-C3 as example:

(a) Linearize peGFP-C3 (10 pg) with 20 U Bglll in 1x reac-
tion buffer in a final volume of 20 pl for 3 h at 37°C.

(b) Isolate the linearized backbone by agarose gel electro-
phoreses and QiaQuick Gel Extraction Kit.

(c) Modify the backbone by DNA polymerase I (Large Klenow
Fragment) using 1 U per pg template, 33 uM dNTP
(each), and 1x reaction buffer in a final volume of 50 pl.

(d) Stop the reaction after a 15-min incubation at 25°C by
addition of EDTA (final concentration of 10 mM) and a
20-min incubation at 75°C.

(e) Dephosphorylate the backbone using calf intestine phos-
phatase (CIAP) according to standard protocols.

(f) Purity the backbone by QiaQuick Gel Extraction kit.

. Ligate PCR fragment and backbone using T4 DNA ligase.
. Transform bacteria according to standard protocols.
. Incubate bacterial suspension in LB medium for 1 h at 37°C.

. Plate transformation reaction on LB agar plates containing the

appropriate antibiotic selection.

. Incubate the plates overnight (>16 h) at 37°C.
10.

Select three to five colonies and incubate them in 3 ml LB with
appropriate antibiotic overnight at 37°C with shaking.

Extract plasmid DNA using Qiagen MiniPrep kit or a compa-
rable kit.

Screen for in frame VP2 insertion by restriction endonuclease
digest and sequencing to confirm insertion and lack of second-
site mutation.

Perform site directed mutagenesis of the AAV-2 VP2 start
codon, followed by PCR-mediated ligation of the fragment.
For site-directed mutagenesis, prepare the following two PCR
reactions:

Froagment #1
(a) Cap ORF encoding plasmid (100 ng)

(b) Oligonucleotide PCR primer: AAV2-VP2k.o.-forward
(30 pmol).

(c) Oligonucleotide PCR primer: AAV2-ligation primer-
backward (30 pmol)

(d) dNTP mix (see Note 11)
(e) Pfu Turbo DNA polymerase (2.5 U)
(f) ddH,O to a final volume of 50 pl.
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(8)

(h)

PCR cycling parameters:
e Denaturation at 95°C for 5 min.

e Three-step amplification cycle (run 35 cycles):
Denature at 95°C for 30 s, anneal at 50°C for 1 min,
and then extend at 72°C for 2 min.

e  Final extension at 72°C for 10 min.

Purify PCR fragment, e.g., by agarose gel electrophoreses
and QiaQuick Gel Extraction according to manufacturer’s
instruction.

Fragment #2

(a)
(b)

(h)

Cap ORF encoding plasmid (100 ng)

Oligonucleotide PCR primer: AAV2-ligation
primer-forward (30 pmol)

Oligonucleotide PCR primer: AAV2-VP2k.o.-backward
(30 pmol)

dNTP mix (see Note 11)

Pfu Turbo DNA polymerase (2.5 U)

ddH, O to a final volume of 50 ul

PCR cycling parameters:

e Denaturation at 95°C for 5 min.

e Three-step amplification cycle (run 35 cycles):
Denature at 95°C for 30 s, anneal at 50°C for 1 min,
and then extend at 72°C for 2 min.

e  Tinal extension at 72°C for 10 min

Purify PCR fragment, e.g., by agarose gel electrophoreses
and QiaQuick Gel Extraction according to manufacturer’s
instruction.

Ligation of fragment #1 and fragment #2

Fragment #1 and fragment #2 in ratio of 4:1 (~100 ng)
Oligonucleotide PCR  primer: AAV2-VP2k.o.-forward
(30 pmol)

Oligonucleotide PCR primer: AAV2-VP2k.o.-backward
(30 pmol)

dNTP mix (see Note 11)

Pfu Turbo DNA polymerase (2.5 U)

ddH,O to a final volume of 50 ul

PCR cycling parameters:

e Denaturation at 95°C for 5 min

e Three-step amplification cycle (run 35 cycles):
Denature at 95°C for 30 s, anneal at 50°C for 1 min,
and then extend at 72°C for 3 min.

e  Final extension at 72°C for 10 min
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(h) Purify PCR fragment, e.g., by agarose gel electrophoreses
and QiaQuick Gel Extraction according to manufacturer’s
instruction.

. Linearize plasmid backbone (7¢p and cap ORF encoding AAV

helper plasmid, e.g., pRC (22)) by adding 10 U of restriction
endonuclease BssWI to 10 pug of plasmid in 1x reaction buffer
adjusted to a final volume of 30 pl.

. Following 3 h of incubation at 55°C, add restriction endonu-

clease EcoNI (15 U) and incubate for further 3 h at 37°C.

. Dephosphorylate the backbone by CIAP using standard

protocols.

. Purify backbone by agarose gel electrophoresis and QiaQuick

Gel Extraction Kit according to standard protocols.

. Modity the PCR fragment with BssWI and EcoNI as described

for plasmid backbone with exception of step 4.

. Ligation of backbone and PCR fragment by T4 DNA Ligase

. Transform bacteria, followed by incubation in LB medium for

1 hat 37°C.

. Plate bacterial suspension on LB agar plates containing ampi-

cillin (50-100 ug/ml).
Incubate the plates overnight (>16 h) at 37°C.

Select three to five colonies, incubate them in 3 ml LB with
ampicillin (final concentration: 50-100 pg/ml) overnight at
37°C with shaking.

Extract plasmid DNA using Qiagen MiniPrep kit or a compa-
rable kit.

Screen for fragment insertion by restriction endonuclease
digestion.

Sequence modified plasmid to confirm insertion, mutation of
VP2 start codon, and lack of second-site mutations.

. To produce eGFP-tagged rAAV-2 vector particles, transfect

low passage HEK293 cells following calcium phosphate trans-
fection protocol (see Note 18).

. Change media 4 h prior to transfection. Adding 18 ml of fresh

media.

. Add the following plasmids (1:1:1:1 M ratio; 47 ug total) to

CaCl,-buffered dH,O (250 mM final concentration).

(a) Adenovirus helper plasmid containing VA, E2A; and E4
genes

(b) AAV vector plasmid containing AAV ITRs and transgene
of choice



296 H. Blning et al.
(¢) The two different AAV helper plasmids (pRC-VP2-k.o.
and peGFP-AAV2-VDP2)
. Proceed with AAV vector preparation as described above
(Subheading 3.2).
4. Notes

. While there are a number of permissive insertion sites within

the AAV-2 capsid, we recommend starting with inserting novel
targeting ligands following amino acid 587 or 588. Insertions
at amino acid 587 block heparan sulfate binding. Insertions at
588 can be engineered to maintain heparan sulfate binding
when appropriate linker sequences are incorporated. This is an
important consideration when endogenous receptor binding is
desired, or for heparin-based purification.

. A major factor in maintaining infectivity following peptide

insertion is accurate capsid assembly. Including appropriate
linker /scaffolding sequences flanking the inserted epitope can
be critical for this process. It has been shown that different

linker sequences can greatly influence both assembly and
stability of modified AAV capsids.

. Ttis suggested thata primer design program (e.g., QuikChange®

Primer Design Program; available online at http://www.

stratagene.com/qcprimerdesign) be utilized to design the two

primers for PCR-based site-directed mutagenesis. The primers
should encode the desired targeting epitope flanked by 15 or

20 homologous base pairs on each side of the insertion (see

Fig. 1).

(a) The targeting epitope should be less than 16 amino acids
long, epitopes of 9-12 amino acids are typical. However,
an upper limit for epitope length has not been rigorously
defined and will depend on insertion site and primary
amino acid sequence.

(b) Only one of the mutagenic primers should contain
sequences encoding the desired insertion.

(¢) The primers should anneal to contiguous sequences flanking
the insertion site on opposite strands of the plasmid template
(AAV helper plasmid containing the AAV cap ORF).

(d) The 5’ end of each primer should contain a restriction site
not present in the plasmid template, and a GC cap of at
least 3 nt.

(e) Primers should contain about 18-25 bases complementary
to the plasmid template, with a melting temperature (7T, )
of >278°C.
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(f) Primers should have a minimum GC content of 40%, and
should terminate in one or more G or C bases.

(g) Primers must maintain appropriate reading frame of AAV
cap ORFE.

. Several different AAV helper plasmids have been described in

the literature as for example (19, 23). There is not a single
preferred construct. The serotype of encoded AAV cap ORF
should be chosen based on the application at hand. The plas-
mid should only encode the AAV 7ep and cap ORF, and should
not contain adenovirus sequences or AAV terminal repeats.

. CaPO,-DNA transfection is primarily based on pH, thus it is

very important for the HBS to be maintained at the proper
pH. This may require using several pH meters to ensure
accuracy.

. Adding neutral red to the 25% and 60% iodixanol layers allows

easier discrimination of the layers. This aids in the isolation of
the 40% iodixanol layer in which virus is distributed.

. AAV serotypes differ in the amino acid composition of their

capsid and therefore differ in epitopes recognized by the
immune system. The antibody A20, e.g., recognizes AAV-2
and AAV-3 capsids (24). A20 supernatant as well as anticapsid
antibodies for AAV-1 and AAV-5 are, e.g., available from
Progen (Heidelberg, Germany).

. The concentration and purity of the initial AAV stock are of

critical importance. If puritying via CsCl gradient, at least 3
successive CsCl gradients are required. Protease digestion
during the isolation of AAV should be kept to a minimum. The
titer of the AAV stock must be above 1.33x 10" particles/ml
for eftective labeling. The purity of the final AAV stock must be
greater than 99.9% since contaminants will be preferentially
labeled with the fluorescent labeling reagents. There should be
no cellular proteins or viral proteins other than full-size VP1,
VP2, and VP3 evident on overloaded silver-stained SDS-
polyacrylamide gels.

. Platinum Pfx DNA polymerase (Stratagene, La Jolla, CA) is

preferred due to its high fidelity, and better efficiency and
stability when replicating large templates. Several other ther-
mostable DNA polymerases are also available and are
acceptable.

The nonhomologous sequences that flank the insert serve a
dual purpose to both encode the critical scaffolding sequences,
and contain restriction sites for confirmation of epitope inser-
tion. Designing an Agel or NgoMIV restriction site can be
easily done and these are convenient sites for enzymatic diges-
tion screening, and are absent from commonly used AAV
helper plasmids.
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11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

Do not subject the dANTP mixture to repeated freeze/thaw
cycles. Thaw the ANTP mixture once, prepare single-use ali-
quots, and store the aliquots at —20°C. Nucleotide solutions
are often optimized for specific buffers and thermostable DNA
polymerases; do not substitute ANTP mixtures from different
PCR-based site-directed mutagenesis kits.

For the sample reactions, it is best to set up a series of reactions
using increasing amounts of template double-stranded DNA
(e.g., 5, 10, 15, 20, 50 ng) while maintaining excess primer
concentration.

Digestion of parental DNA template by Dpnl is dependent on
methylation. Thus, plasmid expression in dam+ E. colé strains is

critical. DNA isolated from dam(-) E. coli strains, such as
JM110 and SCS 110 is not suitable for this protocol.

If using the XL1-Blue supercompetent cells for transforma-
tion, make sure to use the specified 14-ml BD Falcon polypro-
pylene tubes. The heat pulse protocol has been optimized for
transformation in these tubes according to their thickness and
shape.

The expected number of colonies from the pWhitescript con-
trol mutagenesis reaction is between 50 and 800, 80% of which
should contain the mutation and appear as blue colonies on
the X-gal /IPTG plates. The transformation control (pUC18)
should have >250 colonies, with >98% maintaining the blue

phenotype.

Using sodium citrate for cell suspension at this step is preferred
because this buffer has been shown to reduce viral particle
aggregation.

The capsid titer is commonly tenfold higher than the genomic
titer.

Cells should be approximately 70% confluent.

For detection of nonfluorescent intracellular transgene
products, cells have to be fixed and permeabilized prior to
incubation with antibodies.

The human carcinoma cell line HeLa (ATCC® number CCL2)
is highly permissive for AAV-2 and can therefore be used for
determining the transducing titer of rAAV-2 vector prepara-
tions. It Hela cells are used, seed 7 x10* cells/well into a
12-well plate.

Example of serial dilution:

(a) Add 2 ul of vector preparation to 1 ml medium (sample A)
and mix

(b) Add 70 pl of sample A to 630 pul medium (sample C) and

mix
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Chapter 13

AAV-Mediated Gene Targeting
Daniel G. Miller

Abstract

The precise alteration of sequences by homologous recombination is an important strategy for gene therapies
as well as investigating gene function and cellular DNA repair pathways. Inefficient delivery of template
DNA to the nucleus using transfection or electroporation methods is one limitation of the frequency of
homologous recombination in primary cells. AAV vectors can be used to efficiently deliver single stranded
DNA recombination templates to the nucleus of primary cells and the AAV genome structure with single
DNA strands stabilized by inverted terminal repeat sequences is likely one reason for the increase in recom-
bination frequencies observed. Thus, an AAV-mediated gene targeting approach allows cells from normal
or disease-affected individuals to be modified for careful study. When clones of primary cells can be
expanded, autologous transplantation of phenotypically corrected cells is also feasible. Here we describe a
basic approach to gene targeting using an AAV-mediated strategy. Vector design strategies are discussed,
and protocols for altering expressed and non-expressed loci in primary somatic cells, and stem cells are
reviewed.

Key words: Homologous recombination, Gene targeting, Gene editing, Genome engineering,
Targeted repair, Targeted gene disruption, AAV-mediated

1. Introduction

AAV-mediated gene targeting strategies have both experimental
and therapeutic applications including the study of disease mecha-
nisms, or the generation of modified primary cells for transplanta-
tion and disease treatment. AAV vectors have a number of features
that likely result in increased transduction frequencies through
homologous recombination pathways. A large number of distinct
serotypes have now been identified that allow efficient transduc-
tion of most cultured cells (1, 2). The ability to transduce a wide
variety of cell types, as well as the ability to generate vector prepa-
rations with titers close to 1 x 10'* genome containing particles per
milliliter, allows the introduction of multiple vector genome copies
per cell. These genomes are efficiently uncoated and transported to

Richard O. Snyder and Philippe Moullier (eds.), Adeno-Associated Virus: Methods and Protocols,
Methods in Molecular Biology, vol. 807, DOI 10.1007/978-1-61779-370-7_13, © Springer Science+Business Media, LLC 2011
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the nucleus where single stranded forms are available for pairing
with homologous genomic sequence. The combination of high
multiplicity of infection (MOI), the single stranded DNA topol-
ogy, and efficient delivery of vector genomes to the nucleus likely
allows homologous recombination to occur at higher frequencies
than are observed with conventional approaches, or delivery of
nucleic acid sequences using other vector systems.

Homologous recombination between vector and chromo-
somal sequences is one of several AAV vector transduction path-
ways. Other pathways include pairing of plus and minus vector
strands allowing transcription from double stranded hybrid mole-
cules (3), transcription from single molecules that have undergone
second strand DNA synthesis primed by ITR sequences (4) or
included in the vector genome design (5-7). AAV vectors also
form concatemers of multiple genomes in linear and circular con-
figurations (3, 8, 9), and single genomes or concatemers of
genomes integrate during the repair of DNA breaks transiently
present in all cells (10-14). While alternate transduction pathways
cannot be eliminated, careful vector design can shift the balance of
detection towards events that occur by homologous recombina-
tion. The most important design consideration is to include homol-
ogy between vector and chromosomal target site with nucleotide
changes located in the center of the homology region so that vec-
tor genomes can pair with chromosomal sequence and form struc-
tures that are resolved by cellular homologous recombination
pathways (7, 15-17). Additional strategies include vector designs
that trap the transcriptional activity of promoters at target sites
(18, 19), or increasing the frequency of recombination-mediated
transduction by producing DNA breaks within target sites using
specifically designed endonucleases (20-24).

AAV-mediated gene targeting frequencies have been quanti-
fied at multiple chromosomal locations so that effects due to target
site location are averaged over multiple sites in the same cells. AAV
vectors can undergo recombination with chromosomal target sites
in 0.1-1.0% of total cells without selection for transduction events.
The largest determinants of recombination frequency are MOI, and
the capsid serotype (7, 15,17, 19). The frequencies of homologous
recombination occurring using conventional gene targeting
approaches varies depending on the homology length of targeting
templates (25), and the target site location (26-28). Similar varia-
tions are expected when recombination templates are delivered
using AAV vectors and additional sources of variation have been
identified including MOI (17, 29), time between infection and
assaying for transduction events (29), the type of target-site modi-
fication (30), and the percentage of cells traversing S-phase of the
cell cycle (31). Here we discuss the design and construction of
AAV gene targeting vectors, a typical gene targeting assay per-
formed in normal primary human cells, and the detection of
recombinants by Southern blotting.
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2. Materials

2.1. Design

and Construction
of Gene Targeting
Vectors

2.2. Fibroblast
Cell Gulture

and Transduction
by AAV Vectors

2.3. Screening
Transduced Cells
for Recombinants
by Southern Blot
Technique

. DNA oligonucleotides.
. Primer design (Primer 3, http://sourceforge.net/projects/

primer3).

. Taq DNA polymerase.
4. Big Dye terminator sequencing reaction mix.
. dANTP mix.

. Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen,

Carlsbad, CA), 10% fetal bovine serum (FBS), penicillin strep-
tomycin solution.

. Trypsin solution: 0.25% Trypsin, and 1 mM ethylenediamine

tetraacetic acid (Sigma-Aldrich, St. Louis, MO) in phosphate
buffered saline, pH 7.4 (PBS).

. Six well dishes, 6 cm diameter culture dishes, 10 cm diameter

culture dishes.

. Cells HT-1080, (#CCL-121, American Type Culture

Collection, Manassas, VA), normal human fibroblasts (Coriell
Cell Repository, Camden, NJ).

. Glass cloning rings for clonal isolation of cells. (Corning Life

Sciences, Lowell, MA).

. Genomic DNA purification from cultured cells (Gentra DNA

Purification Kit, Qiagen, Valencia, CA).

. Phosphate buffer (for Church buffer). Mix 342 ml of 1 M

Na,HPO, with 158 ml of 1 M NaH, PO, and 500 ml of H,O to
give 1 L of phosphate buffer (Sigma-Aldrich, St. Louis, MO).

. Church Butffer. For preparation of 1 L dissolve 10 g bovine

serum albumin ((BSA), Sigma-Aldrich, St. Louis, MO) in small
1 g increments in 50 ml of H,O (do not heat). Dissolve 70 g
sodium dodecyl sulfate (SDS) by small increments in 400 ml of
H,O (stir and gently heat; this should be done under a fume
hood). Mix 500 ml of phosphate buffer with the BSA and SDS
solutions, add 2 ml of 0.5 M EDTA, and bring to a total vol-
ume of 1 L. Filter using vacuum filtration and store in 50ml
aliquots at room temperature.

. 20x sodium chloride, sodium citrate solution (SSC): 175.3 g

sodium chloride, 88.2 g sodium citrate in 800 ml of distilled
water, adjust pH to 7.0 with HCL or NaOH, bring to 1 L total
volume and sterilize.

. Salmon sperm DNA solution (Invitrogen, Carlsbad, CA).
6. Amersham Rediprime IT DNA labeling system (GE Healthcare,

Piscataway, NJ).
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7. Hybond-N+ nylon membrane (GE Healthcare, Piscataway, NJ).

8. Blotting paper (3MM Chr, GB005, Whatman, GE Healthcare,
Piscataway, NJ).

9. Sodium hydroxide pellets.
10. Ethidium bromide.

11. Sephadex G50 spin column (Roche Applied Science,
Indianapolis, IN).

12. dCTP, [alpha®**P]-800 Ci/mmol 10 mCi/ml, 500 upCi
(PerkinElmer, Waltham, MA).

3. Methods

The utility of a gene targeting strategy depends on the ability to
target genomic sequences. AAV vectors transduce cells through a
variety of mechanisms but stable transduction of dividing cells
occurs by integration during the repair of double strand breaks
(10, 12-14), or by homologous recombination with target site
sequences (15, 17). The frequency of these events, and the impli-
cation for AAV-mediated gene targeting is discussed in Note 1.
Transcriptionally active genes can be targeted using promoter
trap strategies, greatly reducing the detection of transduction
events that occur due to vector integration at random genomic
locations. Promoterless expression cassettes are constructed so
that integration within a transcribed sequence is necessary for
their detection (Fig. 1). In the context of disease-causing muta-
tions, a promoter trap strategy can be an effective approach for
gene knockout in cases where the effect of the absence of a gene
product is being studied, or where therapeutic approaches require
the disruption of transcription from mutated alleles at autosomal
loci. Knockout of both alleles can be achieved by using different
selectable markers (Fig. 2), or by screening for crossover events
that result in loss of heterozygosity at the target locus (32, 33).
Promoterless vectors can also be used to target introns, and pro-
duce corrective changes in a small number of nucleotides, or
mutations in adjacent exon sequence (Fig. 3).

Targeted manipulation of non-transcribed sequences requires
the incorporation of a selection cassette that is expressed at most
loci, or efficient high throughput screening techniques so that
the targeted modification can be identified from pools of cells
exposed to the targeting vector. Disruption of HPRT gene expres-
sion by the mutagenic incorporation of a neomycin expression
cassette allows gene targeting rates to be measured by the fre-
quency of 6-thio-guanine (6TG) resistance without pre-selection



13 AAV-Mediated Gene Targeting 305

genomic sequence ATG

promoter

(4
TR exon 2 [ IRES ] selectable gene
’ A
; ATG
TRY] exon 2 [ RES M| selectable gene
/

ATG

N
TR exon 3 exon 4 A[ selectable gene TR
\

Fig. 1. Promoterless gene targeting vectors. Four examples of promoterless targeting vectors are shown below a
hypothetical genomic sequence. The first targeting vector is designed to insert a selectable marker gene at the genomic
ATG start codon, or just upstream of this sequence making the first ATG in the resulting transcript that of the selectable
gene. The second design example utilizes a splice acceptor (SA) and internal ribosomal entry site (IRES) to produce a
synthetic exon that is translated by ribosomes loading on to the IRES sequence. Point mutations located in adjacent exons
can be introduced or corrected using this type of vector. The third vector utilizes an internal ribosome entry site (IRES)
sequence to initiate translation of the selectable gene and can be targeted to any exon sequence that will disrupt gene
function. The Fourth vector utilizes a self cleaving peptide (2A) from Foot and Mouth Disease Virus (FMDV) for separation
of the selectable enzyme or fluorescent protein from a larger fusion protein and is useful for making point mutations in
the 3’ end of genes. The genetic elements shown are: TR, AAV terminal repeat; A, polyadenylation sequence; SA, splice
acceptor site; UTR, untranslated region; ATG, translation start; 2A, Foot and Mouth Disease Virus (FMDV) self cleaving
peptide cleavage sequence.

AAV targeting vector
ATG

’ N
Y cxon 15 UTR 2 IRES W neo/puro 2 exon 3 N
N

4 \
TR

TR

genomic sequence
ETCECE exon 1 5' UTR

l sequential rounds

targeted genomic locus (allele A) ATG
ECC T cxon 1 5' UTR 2 IRES _H puro 2 exon 3
B P2
targeted genomic locus (allele B) ATG
ETCECE cxon 1 5' UTR 2 IRES _H neo 2 exon 3
P1 P3

Fig. 2. Targeted disruption of transcription. The AAV targeting vector contains genomic sequence with a selectable gene
inserted in the open reading frame of the gene, just downstream of the ATG start codon, which in the example shown lies
in the second exon (the first exon contains an untranslated region or 5' UTR). Clones resistant to the selectable gene are
screened by PCR and confirmed using Southern analysis. A repeat of this procedure with a different selectable marker
allows for disruption of both alleles of autosomal target loci. The genetic elements shown are: TR, AAV terminal repeat;
IRES, internal ribosomal entry site; neo, neomycin phosphotransferase gene; puro, puromycin N-acetyl transferase gene;
A, polyadenylation signal. p1, p2 and p3 indicate the positions of PCR primers that can be used to identify targeted
alleles.
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nucleotide change

[AD

ATG

exon 2

ATG
JsAH__TRES M| selectable gene

1 1
loxP loxP

genomic
exon 2 exon 3 exon 4

selection of targeted clonesl

nucleotide change

D
loxP loxP

Cre nucleotide
change

genomic sequence ATG
exon 2 ) exon 3 exon 4

loxP

Fig. 3. Introduction of single base changes at transcribed loci. The promoterless AAV vector containing a point mutation
within exon 3 is designed to target an intron of a transcriptionally active gene. Areas of homology are indicated by thin
adjoining lines between the vector and chromosomal target. Selection for AAV vector transduction will generate a popula-
tion of cells mostly containing recombinants with the gene of interest because transduction will not be detected if integra-
tion occurs at transcriptionally inactive sites. The polyclonal cell population can be transiently exposed to CRE recombinase
using helper-dependent Adenovirus vectors or a non-integrating retrovirus vector and clones of cells isolated and screened
for evidence of the nucleotide change. The genetic elements shown are: TR, AAV terminal repeat; ATG, translational start
sites; IRES, internal ribosomal entry site; loxP, loxP attachment sites for CRE recombinase (indicated by small triangles);
selectable gene, the gene for a drug resistance enzyme such as neomycin phosphotransferase, or the gene for a fluores-

cent protein such as GFP.

for transduction events, and vector transduction frequencies can
be measured independently by scoring G418 resistant colony
tormation. Using this assay, the percent of transduction events
that result from gene targeting can be easily determined. The
frequency of 6TG resistance was approximately 1 in 10 G418-
resistant clones when this assay was used to quantify AAV-mediated
gene targeting frequencies in human cells, and recombination
frequencies were observed to occur more efficiently when vectors
were designed to introduce relatively large insertions of selection
cassettes (15). AAV-mediated gene targeting at a number of auto-
somal loci has now been performed and again rates range between
0.1% and 1% and include introduction of specific mutations with-
out selection (34) or gene knockout using expression cassettes
(15,18, 19, 35, 36). It is difficult to predict the number of clones
that will need to be screened to identify a sufficient number of
recombinants at a specific target locus as different loci may exhibit
large differences in recombination frequencies. However, as a
starting point, around 5% of infected cells should contain vector
integrants, and between 0.1 and 1.0% should contain recombi-
nants. Thus one will need to screen a minimum of 100 clonal
isolates but likely closer to 1,000 clones should be analyzed when
selection is not applied.

Here we describe a protocol for the construction of a gene
targeting vector designed to trap promoter activity at the target
site (Figs. 1 and 2). Most transduction by this type of vector will
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result from homologous recombination with the target site,
minimizing the number of clones needed to be screened to identify
recombinants, and in some cases allowing studies to be performed
on transduced cell populations without isolating clones.

1.

The location of the expression cassette insertion at the target
site is an important factor in the success of this approach. Care
must be taken to omit promoter sequences within the homol-
ogy arms of the targeting vector as this may allow transduction
of cells in the absence of targeting.

. When using promoter trap strategies, it is important to select

exons within the 5’ end of a gene so that recombinants result
in complete disruption of transcription from that allele.

. The reading frame of the target exon is also an important con-

sideration and an exon where putative exon-skipping events do
not maintain the reading frame should be chosen when
possible.

. Targeting vectors should include homology arms of maximal

size such that right arm, left arm, and expression cassette total
size is roughly 4.4 kb. The combination of targeting vector
sequence and the two inverted terminal repeats should result
in a final vector size of ~4.7 kb.

. The expression cassette should be placed in the center of the

homology region for optimal gene targeting frequencies.
Vector construction strategies are discussed in Note 2.

. Several examples of promoter trap vector designs are illustrated

in Figs. 1-3. In each case transcription from the target locus
results in expression of a selection cassette inserted at the tar-
get site. Since these cassettes lack promoter sequences, integra-
tion events that occur at random genomic locations will not be
detected.

. A strategy for altering a small number of nucleotides within an

exon is described in Note 3, and illustrated in Fig. 3.

. The generation of AAV vector preparations and determining

their titer is briefly described in Note 4, and described in more
detail in Chapters 2 and 16.

. Typically a small number of target cells are seeded to a 6-well

dish at 50% confluence. This number can vary depending on
cell size but for primary fibroblasts we usually seed 5x10*
cells/well. (see Note 5 for choice of cells)

. Sixteen to twenty hours later, vector preparations are added so

that the MOI varies from 500 to 50,000 genome-containing
particles per cell over five separate wells. (see Note 6 for calcu-
lating MOI). Untreated cells, or cells treated with an unrelated
vector preparation are always included as a control.
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Autofluocrescence

Control Gene Targeting Vector
A 103 1055
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GFP Fluorescence Intensity

Fig. 4. GFP fluorescence resulting from transduction by a gene targeting vector in normal Human keratinocytes. GFP
fluorescence is shown after transduction of normal human keratinocytes with an AAV vector designed to target exon 3 of
the KRT-14 gene (see the third IRES-containing vector in Fig. 1 for an illustration of this vector). The multiplicity of infection
(MOI) was 5 x 10° genome-containing particles per cell and GFP fluorescence was measured approximately 1 week after
infection using flow cytometry. The GFP(+) population (gate R1) was collected using a fluorescence activated cell sorter
and colonies were cloned as described in Subheading 3.2, steps 6 and 7. Genomic DNA from individual clones was probed
on Southern blots and all clones contained a targeted insertion of the expression cassette in exon 3 of the KRT-14 gene.

3.

4.

Cells are detached with trypsin the following day and seeded to
10-cm diameter dishes for expansion.

Five to seven days later, cells are detached with trypsin from
confluent dishes and assayed for GFP fluorescence using a flow
cytometer (Fig. 4). (see Note 7).

. Because of the promoter trap design, most transduction events

should be a consequence of recombination between vector and
chromosomal target so polyclonal populations of transduced
cells can be sorted or selected to determine if target sequences
have been modified. GFP positive cells can also be sorted and
seeded at limiting dilution for analysis of individual clones. We
usually seed 5x10% sorted cells to a 10-cm diameter dish,
anticipating that there will be cell death caused by the cell
sorter and generally obtain 20-50 colonies per 10-cm diameter
dish allowing for clear isolation of clones.

. One to two weeks later, isolated GEP positive colonies are cir-

cled with a marker, and cloned using small glass rings that have
been prepared by sterilization on a layer of vacuum grease in
glass Petri dishes. The medium is removed from culture dishes
containing colonies and washed with PBS. Cloning rings are
lifted from the grease-covered dishes with sterile forceps and
placed over the colony using the marked circle as a guide. 50 pl
of trypsin solution is added to the ring, and after 5 min, the
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cells are transferred to a well of a 6-well dish containing 2 ml
of pre-warmed DMEM-10% FBS for expansion and analysis of
genomic DNA by Southern blot techniques.

After expansion, cells are again detached with trypsin and
seeded to two 6-cm diameter dishes, one for preparation of
genomic DNA, and one to freeze cells for storage.

Although detection of vector:chromosome junctions using PCR
primers is a tempting approach, we find that Southern blots are
more informative and require about the same amount of time to
optimize.

1.

Genomic DNA purified from cell clones or polyclonal trans-
duced cell populations is digested with a restriction endonu-
clease that cuts once within the target vector and has genomic
sites that flank the targeted region but are located outside of
vector homology arms. The size of the fragment originating
from the non-targeted locus should be 10-15 kb, with a smaller
fragment generated from targeted loci such that clear separa-
tion of size can be demonstrated on a 0.8% agarose gel.

. An approximately 500-bp DNA probe adjacent to one of these

sites and again located outside of vector homology arms is
amplified from genomic DNA and a portion is sequenced to
confirm its identity (see Note 8).

. Five to ten micrograms of genomic DNA is digested with the

appropriate restriction endonuclease. While a 4 h digestion
period using 2—4 U of enzyme per microgram of DNA is usu-
ally sufficient. These incubations are sometimes allowed to
continue overnight to ensure complete digestion.

. Genomic DNA fragments are diluted to a volume of 500 pl,

and extracted twice with a 1:1 mixture of phenol and chloro-
torm, and once with a 23:1 mixture of chloroform and isoamyl
alcohol. DNA fragments are concentrated by ethanol precipi-
tation and resuspended in 10-20 pl final volume of 10 mM
Tris pH 8.0, 1 mM EDTA (pH 8.0).

. The DNA concentration is again determined on these digested

samples and an equal amount of DNA loaded to each lane of a
0.8% agarose gel to separate fragments based on size.

. Agarose gels are soaked in a 0.5 pg/ml ethidium bromide

solution to stain DNA fragments and allow visualization under
ultraviolet light to confirm complete digestion of samples. It is
also useful to photograph the gel next to a ruler so that the
position of size markers can be transferred to blotting mem-
branes and autoradiography film at a later step.

. Hydrochloric acid-mediated depurination is performed to

facilitate efficient transfer of large DNA fragments from the gel
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10.

11.

12.

13.

14.

15.

16.

matrix to the membrane. Transfer the agarose gel to a clean
plastic container and add 500 ml of 0.25 M HCI. Incubate at
room temperature on a rocking platform for 10-15 min and
then remove the HCI and add 500 ml fresh 0.25 M HCI and
incubate for an additional 15 min.

. Remove HCI and add 500 ml 0.4 M NaOH. Incubate at room

temperature for 15-20 min and replace with 500 ml of fresh
0.4 M NaOH. Allow the gel to equilibrate for another
15-20 min and proceed to alkaline transfer.

. The DNA fragments are transferred from the gel to a positively

charged nylon membrane by wicking a bufter solution (0.4 M
NaOH) from a reservoir through the gel to wicks located
above the nylon membrane. Diagrams of this setup can be
found in general laboratory manuals (37) (see Note 9).

When alkaline buffer is used to transfer DNA to a positively
charged nylon membrane as described here, no additional
crosslinking is necessary.

Add 15 ml Church buffer to the hybridization cylinder plus
Salmon Sperm (SS) DNA at a final concentration of 150 pg,/ml
(SS DNA is boiled 5-10 min then iced). Rotate the cylinder
containing the buffer and SS DNA in the 65°C oven until the
membrane is ready.

Add the membrane to the cylinder by rolling it into a tube, and
try to remove all bubbles between the membrane and the cylinder
(if you are starting with a dry membrane wet in 2x SSC). The
prehybridization period can be anywhere from 1 h to overnight
without a significant change in signal quality.

DNA probes are generally labeled with rediprime and alpha3®*P-
dCTP and unincorporated nucleotides removed by centrifuga-
tion through a sephadex G50 spin column. Labeled probes can
be added directly to the prehybridization solution and mem-
branes are incubated at 65°C overnight

The hybridization solution is discarded in the radioactive waste
container, and the membrane is rinsed with 20 ml of 2x SSC,
0.1% SDS solution which is also discarded in an appropriate
radioactive waste container. This rinse is repeated with 50 ml
of 2x SSC, 0.1% SDS and the solution is discarded. Membranes
are washed sequentially in 2x SSC, 0.1% SDS for 15 min at
65°C twice, then in 0.2x SSC, 0.1% SDS at 65°C for 30 min.

The membrane is sandwiched in plastic wrap and placed on auto-
radiography film with an intensifying screen at —-80°C for 3-5
days and developed to observe probe hybridization signals.

The same blot can be stripped of the target site probe by
three sequential washes in water heated to 100°C. We
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generally use a 500 ml volume, heat it to boiling, and add
the membrane in a plastic container allowing it to rock until
the water cools to room temperature and repeat. The blot
can then be probed with a DNA fragment from the inser-
tion cassette to determine the percentage of clones that also
contain targeting vector sequences at random genomic loca-
tions. (Begin again at step 11).

4, Notes

. The frequency of transduction through homologous recombi-

nation pathways ranges from 0.1 to 1.0% of total cells (15, 17).
AAV vector integration occurs in most cell populations at fre-
quencies of around 3-5% of infected cells. Recombination and
integration frequencies occur independently of each other so
one can expect that 3-5% of recombinants will also contain a
vector integrated at a random genomic location. Conversely, if
all integration results in transduction, the number of cells
transduced by homologous recombination will vary between 1
in 20 and 1 in 200 clones. The ratio of the number of trans-
duced cells that have undergone homologous recombination
to the total number of transduced cells can be improved by
using vectors without transcriptional promoters to target tran-
scribed gene sequences. This vector design allows selection or
detection of transduction only when the vector has trapped
an active promoter and effectively reduces the detection of
vector integration at random locations. In specialized cell
types, this strategy can effectively eliminate detection of vector
integration at random genomic locations due to a limited
number of transcribed genes.

. AAV vectors designed for gene targeting are constructed using

a panel of available expression cassettes and production of
homology arms by PCR amplification of genomic DNA from
the target cells to minimize polymorphic differences in
sequence. Left and right homology arms are amplified in inde-
pendent reactions and unique enzyme sites are incorporated
within oligonucleotides used to prime the reaction.
Alternatively, seamless cloning strategies can also be used to
facilitate construction of targeting vectors (18). Amplified
DNA fragments are assembled and sequenced in standard
cloning vector backbones, and then transferred to a vector
containing AAV ITR’s as the final step. This order of construc-
tion is preferable because AAV vector ITR’s are unstable in
most bacterial strains resulting in deletion of ITR sequences at
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fairly high frequency. Thus, in the final cloning step, several
plasmids are chosen and I'TR sequence is checked for integrity
by digestion with enzymes that cleave within the ITR’s. We
typically use Abdl, Smal, and Bgil for these diagnostic digests
on ITR sequence from AAV2 vectors.

. When the desired outcome is to produce point mutations, or

correct endogenous mutations at target loci, introns can be
targeted as well. This approach allows promoter activity to
be trapped without disrupting exon sequence. Synthetic exons
are constructed such that a splicing event results in their inclu-
sion in mRNAs produced from target loci. Small nucleotide
changes in adjacent exon sequence can be engineered by
including the changes within vector homology arms.
Recombination events that result from crossovers outside of
the engineered changes will incorporate the exon change at the
genomic site. Genomic DNA from transduced clones and
polyclonal populations can be screened for recombinants by
Southern blot, and normal splicing restored upon Cre-mediated
removal of the expression cassette from the intron (Fig. 3).
Transient expression of Cre in recombinant cells can be accom-
plished by expression of the protein from non-integrating
vectors such as adenovirus (38) or modified forms of lentivirus
vectors (39) and treated cell populations again screened by
Southern to identify clones, or cell populations showing evi-
dence of loss of expression cassette sequences (GFP negative
cells) can be collected by cell sorting.

. Vector preparations are produced by transfection of HEK-293

cells with a packaging plasmid such as pDG (40) and the
targeting vector plasmid. After a transient expression period,
cell lysates are generated by several freeze thaw cycles, and
vector particles purified by isopycnic density gradient centri-
fugation and affinity chromatography with heparin columns
when serotypes 2, 3b, or 6 are used (41). Vector containing
particles produced using packaging plasmids from other sero-
types can be bound to Q or S sepharose columns (42), or sim-
ply dialyzed after concentration and purification over CsCl,
gradients (43). The titer of AAV vector preparations is always
determined and expressed as genome containing particles per
milliliter. Genomes in vector preparations can be quantified
using real time PCR, or by analysis of the DNA from vector
preparations on alkaline Southern blots and quantification by
comparing hybridization signals of vector containing lanes to
known quantities of plasmid controls in adjacent lanes using a
phosphorimager. The latter approach is preferred because
vector preparations contain a substantial fraction of DNA frag-
ments that will likely be inactive in targeting assays and
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Southern blot analysis allows an assessment of the percentage
of full length vector genomes in the preparation.

. Normal human fibroblast cells have been used for the majority
of our studies. These cells are appropriate for gene targeting, as
they are diploid and useful for studying gene function in a
normal human cell. Cells from males are used for targeting the
HPRTlocus on the X chromosome because the 6-thioguanine
(6-TQG) resistant phenotype is recessive and requires a single
copy locus. Human keratinocytes, or diploid, human HT-1080
fibrosarcoma cells are useful when significant expansion of
targeted cells is necessary. When the target loci being studied
are introduced by retroviral vectors, aneuploid cells can also
be used.

. Depending on the cell type it is usually assumed that the seed-
ing efficiency is around 50%, and the cells divide once ina 16 h
period so MOJD’s are calculated using the original number of
cells placed in the well.

. Gene targeting vectors with promoter trap design should have
relatively low transduction frequencies when compared to
vectors containing endogenous promoters. Transduction
rates typically range from 0.1 to 1.0% of total cells and corre-
late directly with the MOI.

. The genomic location and sequence of the probe for Southern
blot analysis is critical if clear results are to be obtained. A general
rule is to keep probes small to maintain their specificity. Usually a
500-bp fragment is sufficient to generate high specific during
labeling activity and high specificity during probing. In addition,
once a probe sequence is selected, alternate homologies within
the target cell genome should be determined using the BLAT
tool on the University of California, Santa Cruz, genome browser
(http://genome.ucsc.edu/). If the sequence matches to multiple
genomic sites because it contains repetitive DNA sequence, or
because pseudogenes or similar gene families exist, alternate
probe sequences should be chosen.

. After placing the membrane on the gel, the location of the
wells and the lower right corner of the gel are marked with a
graphite pencil so that the position of size markers can be
transferred with a ruler, and the orientation of the membrane
relative to the gel can be determined. Efficient wicking of buf-
fer through the gel is critical for efficient transter of the DNA
fragments from the gel to the membrane, so care must be taken
to ensure that this process is occurring efficiently. Some proto-
cols suggest putting weight on the towels above the gel but
our experience indicates this compresses the wick and the gel
below and impedes transfer.
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Chapter 14

Preclinical Study Design for rAAV

Terence R. Flotte, Thomas J. Conlon, and Christian Mueller

Abstract

The process of moving a novel drug such as an adeno-associated viral vector from the bench top to bedside
is an arduous process requiring coordination and skill from multiple laboratories and regulatory agencies.
Proceeding to a phase I safety trial in humans after most of the proof-of-concept data have been acquired
may take several years. During this time, agencies including the FDA, NIH Office of Biotechnology
Activities (OBA), and Recombinant DNA Advisory Committee (RAC) along with the investigator’s team
will develop a series of preclinical toxicology and biodistribution studies in order to develop a safety profile
for the intended novel drug. In this chapter, key features of the pharm—tox study design and conduct will
be discussed. Highlighted features include choosing a sufficient animal number and species to use in test-
ing, dose determination, typical toxicological assays performed, the use of Standard Operating Procedures
in respect to good laboratory practices compliancy, and role of the Quality Assurance Unit.

Key words: AAV gene therapy, Preclinical testing, AAV toxicology, Vector biodistribution, Good
laboratory practices

1. Introduction

The ultimate goal of all gene therapy research is to develop novel
therapies for human disease based on the introduction of genetic
material. As with all therapies, genetic therapies must meet the
standard of being “safe and effective” in humans, in order to be
licensed for human use in the USA and other countries (1-3).
Preclinical studies are, therefore, designed to predict human safety
and efficacy. The progress of translational research has generally
developed in a manner that separates early “proof-of-concept” pre-
clinical studies from later stage more formalized pharmacology—
toxicology (pharm-tox) studies. In the proof-of-concept stage,
investigators may demonstrate the ability to express a potentially
therapeutic transgene product, evaluate the level and duration of
expression, demonstrate important functional activities of the
transgene product, or even demonstrate the reversal of a disease
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1.1. Biological
Features of rAAV
Relevant to Preclinical
Studies

phenotype in an animal model. If that animal model is a close
mimic of a human disease state, such studies often generate consid-
erable excitement in the field. At that point, one may anticipate a
rapid translation to clinical application. Unfortunately, the time,
effort, funding, and energy that stand between “curing the mouse”
and initiating the first-in-human trial for a given therapy are often
formidable, creating the so-called “Valley of Death” for promising
new therapeutics.

In the formal pharm—tox stage, one must begin to consider
issues such as dose-ranging, a more complete kinetic profile, remote
biodistribution of vector DNA, and potential toxicities that are
either relatively infrequent or related to long-term exposure to the
vector (4-10). For example, if a potentially serious side effect of
vector administration leads to death in 10% of recipients, one might
easily miss it in a proof-of-concept study performed with 5-6 exper-
imental animals and an equal number of controls, even though such
samples sizes provide the adequate statistical power to demonstrate
a phenotypic cure. Likewise, a toxicity of vector administration that
frequently occurs 6 months after vector injection could easily be
missed in a 3-month proof-of-concept experiment.

All of these factors lead to important differences in the empha-
sis between proof-of-concept and pharm—tox studies (Table 1).
Nonetheless, there are features of the study design for both proof-
of-concept preclinical work and for formal preclinical pharm—tox
studies, which can enhance the chances of success at each stage
and smooth the transitions between proof-of-concept, pharm—tox, and
clinical studies. Furthermore, in addition to the issues discussed
above, there are important features of the biology of AAV itself
and of rAAV vectors which can influence study design at each stage
which are discussed below.

The design of any preclinical gene therapy study must take into
account a number of key parameters, such as the biodistribution of
vector DNA, the timing of onset of gene expression, the duration
of expression, dose-range, the cellular tropism of the vector, and
the tendency of the vector to elicit innate and acquired immune
responses. Various aspects of rAAV biology affect these parameters
quite significantly. Several of these are listed in Table 2. One impor-
tant example is the fact that rAAV vector DNA is present in single-
stranded form within the virion, and must undergo conversion to
a double-stranded DNA template prior to transcription (11-14).
Selt-complementary vectors can facilitate this process by allowing
such a conversion to occur via a simple intramolecular refolding
and hybridization (15-19). However, this design can only be
approached in cases where the expression cassette is of a size less
than half of the packaging limit of the vector. Otherwise, with typi-
cal single-stranded rAAV vectors, the delay in time to peak trans-
gene expression may last from several days to several weeks,
depending on the tissue type, dose, and capsid serotype.



Table 1

Differences in design emphasis between proof-of-concept
and pharmacology-toxicology studies

Study element

Proof-of-concept

Pharmacology-toxicology

Vector design

Vector identity relative
to the one proposed
for human use

Methods and conditions
of vector preparation

Quality control assays
on vector preparations

Dose of vector

Animal model

Study endpoints

Study timepoints

Well-suited for robust transgene
expression

Generally similar to the proposed
product

Research grade and scale

A few directed characterizations:
lack of replication-competent
virus, accurate titer assay

May include only one or two
dosage levels, chosen to optimize
the chances of demonstrating
a transgene effect

Preference for animal model of the
disease, often a knock-out model
of a genetic deficiency

Most focused on delivery, expres-
sion, and functional effects of the
transgene; premium on reversal
of pathology in a deficient model

Chosen to maximize opportunity
to demonstrate a therapeutic-like
effect

Taking into account safety and
scalable production in addition
to robust expression

Most studies performed with vector
identical to the proposed product

Matching methods and conditions for
proposed initial human uses

More extensive quality control assays,
including some of those proposed
for clinical lot release

Must include a range of doses,
typically ranging from the no-effect
dose to the maximal tolerated dose

Generally includes two species, often
arodent and a larger animal; may
or may not include deficient
animals

Most focused on safety at site of
administration and a broad-ranging
panel of distant sites; should
include molecular biodistribution
and immune response profiles

Must include a broad range of time
points; include some very long-
term time points that might detect
long-term risks, such as the
risk of carcinogenesis

Table 2

Unique aspects of rAAV biology and the implications
for preclinical study design

Biological property of rAAV

Implication for preclinical study design

Single-stranded AAV genome is not transcrip-
tionally active until converted to ds-DNA

Vector DNA is primarily episomal

Packaging capacity is limited to 4.5 kb

in most cases

design

Must either allow sufficient time for leading strand
synthesis or employ self-complementary vector

Use of rAAV is optimal in terminally differentiated

(G, phase) cells

May need to use minigenes (as with dystrophin or

CFTR) or dual vector approaches
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Table 3

AAV receptors by serotype

AAV serotype Known receptors

AAV1 02-3 and 0:2-6-N-linked sialic acid

AAV2 Heparan sulfate proteoglycan, o f integrin, FGF-R
AAV4 02-3-O-linked sialic acid

AAV5 02-3-N-linked sialic acid

AAV6 Heparan sulfate proteoglycan and sialic acid

AAV is a nonenveloped icosahedral parvovirus, which typically
begins its interaction with a permissive cell by binding to a cell
surface receptor (20). The initial binding receptor varies by sero-
type. Several such receptors have been identified as listed in Table 3
(21-25). There is an additional internalization step, which is also
receptor-dependent in many cases, and involves an endosomal
pathway (26). Subsequent steps include endosomal escape, nuclear
trafficking, and nuclear entry (27). Between endosomal escape and
nuclear entry, certain AAV capsids are known to undergone ubiquit-
ination and may be susceptible to proteasomal degradation (28, 29).
In most cases, uncoating of vector DNA occurs either concomitantly
with or after nuclear entry. Within the nucleus, there appear to be
microenvironments within which both wild-type or recombinant
AAV DNA reside (30). These environments may be conducive to
conversion to double-stranded DNA. In a typical single-stranded
rAAV genome, hairpin self-priming can provide a template for
leading strand synthesis, most likely through a DNA repair mecha-
nism. There is strong evidence to indicate a role for the phospho-
rylation state of a ss-DNA binding protein in the FKBP family for
regulating this conversion (31, 32). In other circumstances, it has
been argued that separate positive and negative polarity strands
from two different rAAV virions anneal after nuclear entry. The fact
that both AAV and rAAV packaging result in packaging of both
positive and negative strands makes either explanation feasible.

Once a double-stranded template is in place, transcription can
commence. However, the duration of gene expression may then
depend upon further processing of the genomes. Under most cir-
cumstances, the predominant fate of the rAAV genomes appears to
undergo some form of intermolecular recombination, perhaps
through nonhomologous end-joining, to form a higher molecular
weight concatemer that remains extrachromosomal (33—41). These
larger episomes appear to be quite stable in nondividing cells, but
are rapidly lost in dividing cells. In tissues which are nondividing
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but can regenerate after injury (such as liver or muscle), the duration
of gene expression is typically quite long unless the organ is
severely injured, as can be induced in the liver by a partial hepate-
ctomy (37, 39).

Finally, once gene expression has been established, the dura-
tion of gene expression may also be influenced by the development
of host responses to the manipulation. Over time, it has become
clear that rAAV-mediated transduction will reproducibly induce
the production of serotype-specific antibody responses. In most
cases, these responses will limit the ability to successfully repeat
dosing of the same serotype (42—44). There is also some evidence
of cross-serotype antibody formation as well, but this is not nearly
as common and may be peculiar to certain situations (45). In gen-
eral, however, rAAV-mediated transduction of nondividing cells is
life-long and so may not require repeated dosing.

Injection of a rAAV vector in most organs will also elicit an
effector T-cell response to the capsid antigen, which can include
both CD4+ and CD8+ as well as possible cytotoxic T-cell responses
(46). Interestingly, such responses may be weak in wt-AAV infec-
tions unless a helper virus is present to allow for productive replica-
tion(47).Nonetheless,effectorT-cellresponsesafterrAAV-mediated
transduction have been hypothesized to present a limitation to
both preclinical and clinical studies. The hypothesis more fully
stated is that cross-presentation of AAV capsid epitopes is present
on transduced cells after vector administration and that these
epitopes continue to be displayed for weeks after the initial injec-
tion of vector, so that effector T cells may identify the transduced
cells and eliminate them. This mechanism was invoked in the inter-
pretation of one liver-directed trial of rAAV2-factor IX in hemo-
philia B patients (46, 48). One must keep in mind that such
cross-presentation would involve residual capsid protein from the
initial injection, since the capsid genes are not present within the
therapeutic vector, unless they are there as contaminants.

Data from other recent clinical trials with a different route of
delivery have yielded different results (45). In a study of intramus-
cular injection of rAAVl1-alphal antitrypsin vector, the subjects
were given doses as high as 6 x 103 vector genomes of rAAV. At
that dose, each subject developed effector T-cell responses, including
gamma interferon-expressing and perforin expressing cells, thereby
indicating a cytotoxic T-cell response. There was no indication that
there was any loss of transduced cells in these individuals, however.
Transgene expression persisted at a consistent plateau level (albeit
subtherapeutic) for a full year, even in the face of the T-cell
responses. It is important to note that these findings occurred in
the absence of any immune suppression, which has been adopted
by some clinical investigators as a study design feature after the
hemophilia B experience. It is also worthy of note that one of the
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three rAAV2-rpe65 trials that reported clinical efficacy in Leber
congenital amaurosis (LCA) after intraretinal injection has also
demonstrated continued transgene expression at 1 year after injec-
tion, without immune suppression (49, 50).

2. Proof-of-
Concept Study
Design

Clearly, understanding these elements of the biology will dictate
when and how rAAV may be useful in proof-of-concept type stud-
ies and which serotype or variant may be best suited for a particular
indication. If the cell target for gene expression is rapidly prolifer-
ating, it may be difficult to achieve high level or sustained expres-
sion with rAAV, and a retrovirus or lentivirus vector may be more
appropriate.

If a particular experiment calls for a vector that will express very
rapidly after injection, it may be difficult to get optimal results with
a standard ssAAV vector, so a self-complementary AAV (scAAV)
may be preferred. Alternatively, one may choose to use a ssAAV
vector because of the size of the expression cassette or for other
reasons, and consequently have to time the vector injection to allow
sufficient time for transgene expression to be activated prior to
measuring the key endpoint in question in the experiment.

Providing a comprehensive list of optimal choices of rAAV
serotype for any given cell type of choice is a somewhat challenging
and risky proposition, since the number of available serotypes is
rapidly expanding, as is the published experience with several of
these serotypes. Nonetheless, such a listing is provided in Table 4.

Table 4
Optimal rAAV capsid serotype choices for various mouse
tissues

Tissue Optimal serotype Other choices

Brain rAAV2 rAAV9, rAAV5

Retina rAAV2 rAAV5

Airway epithelium rAAV1 rAAV5, rAAV6, rAAV-rh10
Liver rAAVS rAAV9, rAAV1

Skeletal muscle rAAV1 rAAV9

Spinal cord rAAV9

Pancreas rAAVS
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There are a number of important considerations beyond the
cell type question, the chief of which is a consideration of the
species of interest. There are a growing number of examples in
which the optimal serotype of choice for mouse studies is not the
same as that serotype for use in larger animals or humans. One
such example is illustrated in the recent publication by Flotte et al.,
which sought to address the following discrepancy. rAAV5 vectors
have consistently performed very well in mouse bronchial epithe-
lial cells in vivo. However, in comparative studies in a well-differ-
entiated airway cell culture model, rAAV1 vectors were superior
in human cells. Importantly, the rAAV5 vector was also superior
when either mouse or lower primate bronchial epithelial cells were
put into the culture system. In the study, a chimpanzee model was
used inanattempt to closely mimic human cellsin vivo. Chimpanzees
are much more closely related to humans than are lower primates,
and are much better predictors of human virus tropism (such as
with respiratory syncytial virus or hepatitis C virus). In the paper in
question, a dual luciferase reporter system was used to compare the
in vivo efficiency of gene transfer between rAAV1 and rAAVS5 vec-
tors. The results clearly indicated a closer correlation between
chimpanzee in vivo and human culture results, with a 20-fold
advantage for rAAV1 in the chimpanzees, which was sustained for
3 months in vivo (51).

Such studies clearly point to the fact that the matching of vec-
tor and cell type for preclinical studies must also take into account
the matching of species to the purpose at hand. There may be a
number of instances in which studies in a well-defined mouse
model may be extremely valuable. For example, with the airway
epithelium case, one might readily prefer to use the rAAV5 system
for such studies. However, if the question to be addressed in the
preclinical study relates more to anatomy and vector tropism, a
better choice may be to use rAAV1 and a higher primate.

The choice of species may also have an important effect on the
predictive value of immune response experiments. For instance,
the use of rAAVS vectors in the liver of mice has been shown to
induce immune tolerance, even postnatally, in some situations. In
contrast, rAAV vector delivery to the liver in humans has been
shown to be quite immunogenic, as described earlier. Furthermore,
no manipulation has yet shown to the induction of true postnatal
tolerance in humans, so the likelihood of that being observed with
rAAV transduction seems very remote.

There are a number of features of the study design and procedural
framework that one must consider when moving toward submis-
sion of an Investigative New Drug (IND) application to the FDA.
At this stage, one must prove the vector in question to be a
well-defined biological therapeutic agent, prepared and characterized
in a consistent manner that is suitable for human use. One must
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also consider a set of preclinical data that can define the behavior
of the vector over a fairly wide range of dosages and time points.
This should be based upon animal model and cell culture data
appropriate for the safety and efficacy considerations that will be
important for the intended clinical use, and particularly for the
intended first human trial.

These considerations would hold true for all new drugs. There
are additional specific considerations for gene therapy agents,
which relate to the potential for inadvertent germ line transmission
of genetic material. This is generally considered to be ethically
undesirable and has the potential for insertional mutagenesis lead-
ing to cancer, which could be a long-delayed toxicity only apparent
years after vector administration. On the basis of these consider-
ations, the design of pharm-tox studies will include molecular
biodistribution type studies (i.e., DNA detection in a wide-ranging
panel of distant organs), and long-term time points.

Viral gene transfer vectors also share certain properties with
live virus vaccines. As such, one must consider an appropriate set of
immune response assays in the context of the pharm-tox studies.
Interestingly, this may mandate the use of a vector for some of the
studies that is not identical to the clinical product, but rather
encodes an isogenic (same species) version of the transgene. For
instance, the use of a human factor IX vector in a mouse may lead
to a greater risk of antitransgene antibody production within the
mice than would actually exist in the patients, simply because of
the cross-species nature of the transgene. In such circumstances,
a portion of the preclinical work may be performed with a murine
transgene.

There are also special considerations for the preparation of the
material for the formal pharm-tox studies and for the conduct of
the studies themselves. First, the production method must be the
same as that to be used for the clinical grade material. This may be an
issue if the production method used for the earlier proof-of-concept
work is not well-suited for clinical grade production. One may have
to embark on a rather prolonged phase of process development.

The range of considerations in developing a clinical grade pro-
cess is quite broad and a few instances are provided in Table 5. For
instance, if the production of a recombinant virus (such as rAAV or
a lentivirus vector) requires transfection of a plasmid, it has become
an accepted standard that such plasmids should not contain an
Ampicillin-resistance cassette, but rather should use kanamycin
resistance or some other antibiotic resistance for which there is no
history of human exposure and possible prior sensitization. Another
example is the desire for the use of containers and processes that
are completely closed to the external environment. While the use
of open flasks or dishes within a biosafety cabinet may be very
acceptable in the context of research grade material, such condi-
tions are not generally appropriate for clinical use.
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Considerations for clinical grade production processes

Production process

feature Research grade

Clinical grade

Proviral plasmid transfection,
cell lines, infectious helpers

Upstream produc-
tion options

Properties of proviral
plasmids (if used)

May use standard plasmid
preparations if purity allows
for efficient transfection;

Prefer to avoid transfection in favor of
scalable cell lines and /or infectious
helpers; avoid serum-containing medium
if possible (due to Transmissible
Spongiform Encephalopathies)

Plasmid production under controlled
conditions with minimal endotoxin level;
avoid Amp* gene containing plasmids

Priority on purity; higher concentration
of final product preferred; orthagonal
purification methods; closed system for
routing of material between purifications
(often in automated column chromatog-

raphy format)

In a broader context, there is generally a greater desire for a
scalable process in the context of clinical grade product, since most
animal experiments call for lower absolute doses of vector than one
would use in a human. The scalability of a process usually entails
moving to some form of bioreactor, typically meaning that one
moves to a well-characterized producer cell line and away from
transfection-based methods. There are exceptions to this, but there
are clearly advantages to moving in this direction when one

If such a movement is contemplated, then one must consider
having at least some of the formal pharm—tox work performed with
material that is prepared with the process to be used for the clinical
trial. This may cause added expense and delay. Some elements of
the preclinical pharm—tox package could be done with material
made under conditions similar to the research grade material if the
property being assessed is not likely to be affected by the produc-
tion method. For instance, the immune response profiles might be
done with material in which the upstream production process is
not the final process, so long as the downstream purification is
quite similar and the ultimate product is characterized to be the
same, with defined strength and impurity limits.

may use Amp® plasmids
Downstream Moderate purity and concen-

production tration of final product is
features adequate; emphasis on

reliability of method at

small scale

approaches clinical trials.

2.2. Key Variables

in Pharm-Tox Study
Design

The key variables to be explored in the design of pharm—tox studies
include the dose of vector to be administered and the duration of
exposure of the recipient to the vector. In all of these studies, the
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dosing and timing relate to the ultimate desired clinical use of the
vector, which should be reflected in the design of the first phase 1
clinical trial. In projecting the doses required for the pharm-tox
study, one may consider a dosage per body weight anticipated as
the highest dose in the clinical trial. One can then project that back
to the weight of the experimental animal (or the approximate
weight of that species). Finally, one should consider a satety margin
of 10- to 100-fold on a per body weight basis, meaning that the
dose per kilogram in the animal would exceed the highest antici-
pated human dose by 10- to 100-fold. In addition, it may be more
desirable to express the dose in an organ or compartment-specific
manner, such as in the retina or isolated muscle mass during a per-
fusion administration. Most dosing is based on vector genome titer
since the infectious titer is cell-type dependent and in most instances
will not reflect the in vivo target. Internal standards that are cali-
brated to a recognized reference standard, such as the AAV2 refer-
ence standard, are important so that comparisons between studies
can be made.

For persistent viral vectors (rAAV, lentivirus, and retrovirus),
the duration of exposure is equivalent to the time elapsed after vec-
tor delivery. The timing of assessments is generally designed to
include time points that will detect early (within the first hours or
days after vector administration), mid-range, and long-term toxici-
ties. There are some limitations to the practicality of performing
truly long-term toxicology studies prior to the first human use. For
integrating or persistent vectors, such studies would span the life
time of the animal, which would be at least 18-30 months for mice
and many years for larger animals. The impracticality of such long
intervals must be balanced against the imperative to move forward
with developing better therapies for patients. Further consider-
ation must be given to the fact that the version of a vector entering
the first phase 1 trials may not correspond to the ultimate version
that will be licensed for general use. Thus, many potential vectors
are moved forward into the clinic with pharm—tox data in the 3- to
6-month range. At some point later in the clinical development of
a vector, additional longer-term studies may be needed.

One must also consider the number of animals required. If one
considers idiosyncratic toxicities that occur in a limited percentage
of animals, one must include sufficient numbers to detect relatively
low-frequency events. For instance, one could not reliably antici-
pate detecting an adverse reaction with an actual prevalence of 5%
if one only administers the vector to three animals in each group.
The sample size is also critical with regard to statistical confidence
regarding outcomes that are measureable on a continuous scale,
such as the dose-related level of transgene expression or reproduc-
ible dose-related toxicities. In both cases, one must consider the
desired statistical power of the study, defined as 1.0 minus the
probability of a type 2 error (missing the occurrence of a real
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difference as compared to control conditions). For most purposes,
a statistical power of 0.80 is acceptable.

When considering statistical power for a continuous outcome,
the three variables contributing to statistical power are the magni-
tude of the difference between the two groups, the variation in the
measurements, and the sample size. The magnitude of the difter-
ence between the two groups is generally related to the real bio-
logical effect, the variability of the measurements includes both
biological components and technical variability of the test, and the
sample size is the one element that the designer controls deliber-
ately to reach the desired power.

When considering sample size relative to idiosyncratic toxici-
ties, there is general agreement that it is acceptable to perform
studies with approximately 20 rodents per dose level, with num-
bers split evenly between males and females. This would allow for
the detection of sex-independent toxicities occurring in about 5%
of'animals and sex-specific toxicities occurring in about 10% of ani-
mals. As this discussion implies, a study design must take into
account the species of animal to be used and the potential effects
of the sex and age of the experimental animals. It is often desirable
to include within the entire preclinical package studies in both
rodents and larger animals. Rodents are generally a practical model
for allowing larger samples sizes and higher doses per body weight
and their short life spans provide an opportunity for a better repre-
sentation of near life-long exposure. Finally, there may be cases
where a portion of the pharm—tox work might be performed within
a knock-out mouse model, such as when an immune response to
the transgene product might be a contributing factor to the bio-
logical characterization of the vector.

There are a number of factors involved in the potential choice
of a larger animal model. In some cases, the larger animal models
will allow for a better approximation of the technical or surgical
procedure for injection of the vector that will be used in humans.
Examples of this would be the use of a particular vascular interven-
tion for isolated limb perfusion or a specific neurosurgical tech-
nique for injecting a vector within a desired region of the brain.
The rodent model may make such an approximation impractical
either because of a lack of anatomical similarity or because of the
limitations imposed by their small size. In some cases, biological
differences are important in choosing larger animals as well. For
instance, the human-like profile of certain receptors for viral vec-
tors may only be reproduced in nonhuman primates. In other
cases, there may be a useful large animal model for the disease pro-
cess, as with canine models of LCA or hemophilia.

As mentioned above, outcome assessments for pharm—tox studies
in gene therapy will include both those outcomes that one would
monitor with any novel therapeutic as well as certain outcomes
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that are specific to gene therapy. In the former category, one would
include serum chemistries, blood counts, and histopathologic anal-
ysis of multiple organs. A basic serum chemistry panel for animals
in such a study would include electrolytes (sodium, potassium,
chloride, and bicarbonate) and measures of renal toxicity (blood
urea nitrogen and creatinine) and hepatic toxicity (transaminases
and alkaline phosphatase). Blood counts would include a measure-
ment of hematocrit and /or hemoglobin concentration, total white
blood counts, and platelet counts. The histopathologic analysis will
include detailed sampling of the organ exposed to the greatest dose
of vector (e.g., the site of direct injection and the draining lymph
nodes) and a general examination of other critical organs that
might be exposed to vector that is disseminated systemically, such
as lungs, heart, liver, kidneys, brain, pancreas, small bowel, and
potentially other sites. The primary abnormalities screened for at
these sites include acute and chronic inflammation, tumor forma-
tion, necrotic changes, and apoptosis.

In considering gene therapy specific outcomes, the primary
concerns will be biodistribution analysis and longer-term examina-
tions for evidence of tumor formation. The latter will easily be
detected on histopathologic analysis, but the former generally
require specific DNA detection assays of both blood and peripheral
organs, with special attention to gonads, as the spread of vector
DNA to gonads could indicate a risk for inadvertent germline
transmission. A number of assays could be used for the detection
of' vector DNA sequences, but the general consideration is that the
limit of detection should be at least 100 vector genome copies per
microgram of cellular DNA. For a mouse, 1 pg of cellular DNA
would represent approximately 3x10° diploid genomes, so the
presence of 100 copies would be the equivalent of 1 positive host
cell out of 3,000. It is important to note that the sensitivity of the
assay must be demonstrated to be operative in the presence of the
cellular DNA extract to be used in the assay. The customary method
of doing this is to have a known quantity of vector genomes “spiked
in” to one of the replicates of the specific sample. In some instances,
one organ extract might contain substances that inhibit the detec-
tion assay (such as quantitative PCR) while others do not, matrix
effects should also be taken into consideration. For example, there
is a major interest in detecting the presence of vector genomes in
the blood, since this presence if often time- and dose-dependent
and may correspond with the risk for hematogenous dissemination
to other organs. However, some versions of Taq polymerase may
be partially inhibited by the presence of heme in blood extracts,
requiring optimization of the assay conditions. Finally, it is essen-
tial that the primers and probe designed are specific to the vector
sequence target and will not anneal nonspecifically to endogenous
species sequences. General guidelines for performing real-time
PCR for vector genomes are found in Appendix 1.
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Finally, one must consider that at least a portion of the pharm—-tox
package must be performed in compliance with FDA-prescribed
good laboratory practices (GLP). While one may have personnel
formally trained in GLP within the academic setting, such studies
are often performed at contract research organizations (CROs). In
addition to GLP compliance, there is generally a desire for animal
handling and housing to be maintained under conditions that
eliminate variability to as great an extent as possible. Specific-
pathogen free (SPF) conditions are usually warranted, as the time
and expense of repeating a study or investigating spurious findings
caused by a coincident pathogenic infection are highly undesirable.
Other factors, such as the ambient temperature, humidity, and
light cycling of the animals in the study could also affect outcome
variables. Thus, these factors must be kept as consistent as possible.
Finally, the conditions for necropsy should be designed to avoid
contamination of organ samples with vector DNA as outlined in
Appendix 2. Thus, one would ideally harvest organs from control
animals prior to lower dosage animals, and then perform necrop-
sies on the highest dosage animals last. Within a given necropsy,
one might consider harvesting the gonads prior to other organs,
and then harvesting the injection site last. Additional benefit may
be gained from changing instruments between the harvest of each
of the organs or body cavities, and certainly between individual
animals, so that vector genomes present in one animal will not be
inadvertently carried over into samples from the next.

3. Summary

In summary, preclinical gene therapy studies must be based upon
well-defined scientific questions in order to be effective. In general,
the differences between proof-of-concept studies and pharmacol-
ogy—toxicology studies reflect the differences in these questions,
which emphasize potential for efficacy in the former and safety in
the latter. Proof-of-concept studies are best performed in animal
models of a disease and the conditions are optimized for the vector
to exert the desired transgene effect. Pharmacology—toxicology
studies may be performed in a number of different species (usually
one rodent species and one larger animal species). Pharm—tox stud-
ies for gene therapy may include additional studies to address the
potential for inadvertent germline transmission and the potential
for long-term carcinogenesis from integrating vector DNA.
Pharm—tox studies may also have an emphasis on immune responses
to the transgene product and to other vector components. Proof-
of-concept studies are often performed with vector constructs that
are similar in all biologically relevant aspects to the eventual vector
intended for human use but may not be identical to that clinical
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vector. By contrast, the pharm—-tox studies must include at least
some work with the vector identical to that to be used in the first
clinical trials. Both types of studies are indispensible in the attempt
to predict whether or not a proposed gene therapy agent will be
safe and effective in humans. Properly performed, the entire pre-
clinical data package will allow for a better estimation of the start-
ing dose for a clinical trial, a more focused set of safety studies, a
better understanding of the anticipated kinetics of any functional
responses, and a generally more successful clinical study campaign.
As such, a well-done set of preclinical studies may be incredibly
valuable during the long and arduous course of gene therapy
product development.

Appendix 1.
General Guidelines
for Real-Time PCR
Standard
Operating
Procedure

Procedure Setup

1. Document on Form Real-Time PCR Procedure Record all
information requested.

2. Wipe down entire work surface, 1.5 mL tube racks, and pipettes
with 10% bleach.

3. Wipe down work surface area, 1.5 mL tube racks, and pipettes
with DNA away.

4. Follow with an ethanol wipe down of work area, 1.5 mL tube
racks, and pipettes

Note: A separate set of pipettes are used for PCR preparation.
The pipettes used for gDNA extractions must not be used.

5. Place a clean absorbent pad down on work area and lay all
cleaned racks and pipettes on the pad.

Note: Place and label all tubes in the rack to be used. Make sure
to place the tubes used for preparing the standard curves in a
separate rack.

6. Document the lot number and expiration date of the universal
master mix.

Preliminary Run Set Up
1. Wipe down pipettes with DNA Away.

2. Based on the calculations, pipette water volumes required for
gDNA sample wells.

3. Pipette water into the FAM standard wells.

4. Pipette water into a well indicated for FAM no template con-
trol (NTC) wells.

5. Prepare the master mix for the FAM-labeled probe.

Note: Do not pipette master mix to plate at this time.
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. Prepare gDNA samples based on gDNA needed for sample

type.
Note: All genomic DNA dilutions should be made on the day
the PCR assay is run. They should not be made in advance.

Note: Do not pipette gDNA samples at this time.

. Vortex briefly and pipette master mix Cocktail to FAM stan-

dard and NTC wells.

. Vortex briefly and pipette master mix Cocktail to sample

wells.

. Vortex briefly and pipette diluted gDNA samples to designated

wells.

Vortex briefly and pipette the required amount of each standard
dilution into the appropriate well based on vector length.
Vortex briefly and pipette Spike in to designated wells.

Note: Spike in is calculated to keep a 100 copy/ug genomic
DNA ratio. If less than 0.1 ug DNA is loaded, a ten-copy spike
in is always used. Example: If 0.7 pg is loaded, then a 70-copy
spike in will be used.

Cover plate with optical cover according to instructions. The
optical cover should not be touched.

Settle the samples in the plate by tapping on side. This gets out
any bubbles that are sitting at the bottom of the wells.

Transfer to isolated room housing the real-time PCR machine
and run.

Analysis

1.

2.

5.

When the run is complete, analyze the run using the appropri-
ate software.

Remove outliers on the standard curve if necessary. GLP
standards require at least six standard curve points; therefore
up to three outliers may be removed. Reanalyze run if outliers
are removed.

. Start baseline (red flag) should be set at a standard predeter-

mine value or default to be considered acceptable.

. Stop baseline (red flag) should be set 1 cycle before amplifica-

tion of the 10E8 standard point begins (rounded to a whole
number).

After setting the baselines section, the threshold should be set
to maximize the R2 using the following criteria:

e The threshold should be set above the background

¢ Below the plateaued and linear regions of the amplification
curve

e Within the geometric phase of the amplification curve
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10.

. The acceptable range for the slope should be between +0.3 of

the study mean. The R2 should be equal or greater than 0.97
for the run to be acceptable.

. The acceptable range for the efficiency should be 95-105%.

EPﬁCiCncy =1+ 10(*1/810})6)

. Observe the copy count (Ct) for the NTC. The acceptable

range for the NTC is less than or equal to 15 copies/ug
gDNA.

. Complete the SOP associated form to determine if the run is

acceptable.

If the run is unacceptable, discuss with laboratory director
before attempting the run again.

Appendix 2.
General Guidelines
for Necropsy
Standard
Operating
Procedure

Gross Necropsy

1.

A complete necropsy will be conducted on all animals dying
spontaneously, euthanized in extremis or at the scheduled
necropsy dates. Necropsy will include examination of:

e The external body surface

e All orifices

e The cranial, thoracic, abdominal, and pelvic cavities and
their contents.

. Prior to sampling, the pathologist will perform a gross

Necropsy.

. All body surfaces and orifices are observed carefully and exter-

nal surfaces palpated gently. All abnormalities will be recorded
in the appropriate sections of the necropsy forms.

. After dissection and sampling, carefully examine all body cavi-

ties. The condition of the blood should be noted.

. The remainder of the esophagus and GI tract should be opened

and the mucosa and contents examined.

. If required by protocol, a licensed pathologist will then exam-

ine the previously removed organ tissues in wet tissue contain-
ers for abnormalities and lesions found will be fixed in NBF for
further examination.

. If required by protocol, a licensed pathologist will verity the

identification of the animal, verify tissue accountability, assess
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lesions, and check for completeness and accuracy of the entries
on the necropsy form and sign and date the necropsy form.

. An audio recording may be taken during necropsy and the

audio file will be sent to the Study Director for archiving. At
the end of the study, this audio file will be copied to CD for
archiving.

. Depending on the analyses that need to be performed on these

tissues (e.g., histopathology, PCR, or both), multiple samples
may be required.

Pathologist refers to the person ultimately responsible for the
necropsy.

Depending on the tissues to be collected employ specific teams
(e.g., one team will remove the head and harvest the brain, a
second team will harvest the heart and lungs, and a third team
will collect the remaining organs).

During the course of the dissection, change gloves and instru-
ments between each organ. Instruments used for obtaining
study samples should not have been used previously for any
other tissue (e.g., use a separate set of instruments for cutting
away connective tissue to free an organ and cutting the actual
sample from that organ). All cutting boards, containers, and
necropsy surfaces will be either disposable or washed with
DNA Away, 10% bleach, and 70% ethanol between animals to
prevent contamination of DNA/mRNA. Individuals handling
the tissue should not touch bare human skin while handling
the tissues in order to prevent contamination with RNAase.
Razor blades should be discarded between organs to prevent
contamination.

All gross macroscopic lesions should be recorded on a necropsy
form, using the approved terminology and format, and pre-
served in 10% neutral buffered formalin until consultation with
the Study Director or Sponsor for possible histopathologic
evaluation. If any questions regarding the identification or
description of an organ/lesion arise, the pathologist should be
immediately consulted. At each of the steps outlined, it is
understood that careful visual observation and gentle palpa-
tion (as needed) are essential. Lesion descriptions will include
organ, morphology, and where appropriate, color, site, size in
millimeters or milliliters, and distribution.

Take note of the condition of the blood (e.g., normal, thin,
thick, and clotted). In anemic animals, blood can look thin
while in lipemic animals it can appear a homogenous pale pink
color with a thick consistency.
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15.

If a bone marrow smear is required, it should be prepared
using a portion of the rib (or the bone specified in the protocol).
The rib or bone specified for bone marrow smear should be
submitted as early in the necropsy procedure as possible.

Organ and Tissue Collection

1.

8.

10.

After removing the organs from the body, as much extraneous
tissue as possible is removed and the organ is rinsed in a con-
tainer with iced saline to remove blood and debris.

. Required organs are weighed and the weight is recorded on

the study-specific necropsy form.

. Clean the weighing pan by brushing with a soft brush, or

wiping the pan with a clean, lint-free cloth or Kimwipe®.

. Place a disposable bench pad in the weighing pan and tare the

scale.

. Place the sample on the disposable bench pad and weigh them

together in the weighing pan. Record the results on the study-
specific necropsy form.

. Pat the organ dry with the disposable bench pad, remove the

organ, and weigh only the pad. Record the pad weight on the
study-specific necropsy form.

. Paired organs will be weighed together. Each organ may be

placed back into the container containing ice-cold saline before
the tissue area to be collected is harvested and cut into small
blocks with dedicated cutting boards and instruments. The tis-
sues may be rinsed in containers (appropriate tubs, buckets,
pans, etc.) and saline squeeze bottles should also be available.
Saline will be chilled overnight and dispensed immediately
before use. It may be kept cold, for example, by refrigeration,
using frozen bags of saline or saline ice cubes, or setting the
saline container in ice.

After trimming, the remaining organ will be examined by the
necropsy team for gross abnormalities and samples obtained
for fixation if required.

. If a quick frozen sample is needed for analyses such as PCR,

place tissue into the appropriate prelabeled cryogenic contain-
ers, snap freeze in liquid nitrogen, and transfer to a -70°C
freezer. The sample size should be no more than two thirds of
the vial in order to allow for expansion of the tissue during
freezing. If trimming occurs on a dissection board, use a sepa-
rate dissection board for each organ.

Tissues for histopathology are generally fixed in neutral buft-
ered formalin (NBF). Tissues will be fixed at a thickness not to
exceed 5 mm except as stated.
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Chapter 15

Biodistribution and Shedding of AAV Vectors

Caroline Le Guiner, Phillipe Moullier, and Valder R. Arruda

Abstract

Determining the AAV vector biodistribution and shedding is central for the safety assessment of proposed
early-phase clinical trials. It is especially crucial in the case of AAV vectors since they are injected directly in
situ with no possibility of an intermediate ex vivo step, such as in retroviral-mediated approaches. This sole
administration mode, the high capsid diversity (natural and chimeric), the various routes of delivery (e.g.,
intramuscular, intravenous, intra-arterial, and intracranial) make biodistribution and shedding studies a
major investigational field for several years ahead. Indeed, the ideal scenario whereby they become generic
is less likely to occur as long as the engineered capsid, the therapeutic strategies (expression of cDNA ver-
sus oligonucleotides for exon skipping), and the mode of delivery continue to evolve quickly to clinical
translational strategies.

An important aspect of biodistribution and shedding studies is that they practically should not be
performed on a “research” mode but rather within the frame of the regulatory animal pharmacology and
toxicology studies in order to directly implement the Investigational New Drug (IND) application. Yet, if
biodistribution and shedding in animal models are explored at an early research stage, i.c., to investigate
whether a given AAV serotype administered in a given way transduces certain immunocompetent cells
(how does the vector distribute itself in the immune system and with what kinetic?), it is advisable to use
an AAV vector manufactured and quality controlled similarly to what will be done ultimately at the clinical
stage.

This chapter provides protocols and recommendations to study how an AAV vector distributes and
sheds after administration. We discuss (1) the requirements for a rigorous methodology; (2) avoiding
nucleic acid cross contamination; (3) systematically assessing the assay sensitivity, specificity, and reproduc-
ibility because milieus can be drastically different, i.c., feces versus urine; and (4) choosing the appropriate
animal model(s) when anticipating the regulatory pharmacological /toxicological studies.

Key words: AAV vector, Biodistribution, Shedding, Germ line transmission, DNA extraction,
PCR analysis, Infectious particles detection
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1. Introduction

Shedding is defined as the dissemination of the AAV vector through
secretions and/or excreta from the animal model or patient,
whereas biodistribution relates to the spreading of the AAV vector
within the animal model and the patient’s body from the site of
administration (1). The design of nonclinical studies to test the
safety of biotechnology-derived pharmaceutical products is
addressed in guidelines developed by the International Conference
on Harmonisation (ICH) S6 (2, 3). Although gene therapy
vectors are specifically excluded from the scope of ICH S6, it is
commonly accepted that general principles described in these
guidelines can be considered relevant to this product class.

One of the challenges in preclinical and clinical safety evalua-
tion studies is the fact that biodistribution and shedding features of
viral vectors have been evolving with the advent of newer gene
therapy technologies that have resulted in vectors with higher
titers, increased transduction efficiencies, and often broader tissue/
organ tropism, adding to the existing concerns regarding the risk
of germ line transmission.

The ICH on technical requirements for registration of pharma-
ceuticals for human use published a concept paper in July 2009
regarding general principles to address virus and vector shedding
(1). This document provides recommendations for designing non-
clinical and clinical shedding studies. For both situations, emphasis
is put on the analytical assays used for detection, and considerations
are given for the sampling profiles and schedules. The assessment of
shedding can be utilized to estimate the likelihood of transmission
of vectors to third parties, such as healthcare workers and family
members. Although AAV vectors are designed and produced to
avoid the presence of replication-competent virus in the therapeutic
product, this topic remains important because: (1) gene therapy
clinical research has become global and (2) AAV vectors are exclu-
sively administered directly to patients. There are examples that
demonstrate that viral vectors can be shed in patient excreta and
in some cases, shedding occurs for extended periods of time (4). In
addition, the recent finding that the AAV vector can persist for
several years as intact particles in the subretinal space of dogs and
nonhuman primates (5) raises the possibility of low levels of replica-
tion, which has never been formally excluded in vivo. An alternative
explanation is the ability for AAV vector particles to resist clearance
when aggregated in sheltered areas after local administration at high
concentration in virtual spaces, i.c., subretinal space. In any case,
in vivo persistence of AAV vectors — at least documented so far for
certain serotypes (AAV2, AAV4, and AAV5) — expands the require-
ment for comprehensive shedding investigations. Surprisingly, the
route of administration of the AAV vector does not appear to have
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a significant impact on hematogenous shedding patterns both in
large animal models and patients. Indeed, whether the AAV vector
is injected via the hepatic artery (6), intramuscularly (7) or directly
in the putamen (8), vector DNA can be detected for several weeks
in the serum. One priority for the near future is to develop stan-
dardized practices especially in optimization of analytical methods
used to detect shed vectors, i.c., sensitivity, specificity, addressing
sample interference, and quality of samples. Quantitative assays are
preferred as these will aid in quantifying the probability of transmis-
sion to third parties and the potential risk to the environment.
Assessment of interference from the biological sample matrix is
important and it might be appropriate to dilute the sample prior to
analysis to avoid extensive interference (9). The quantification of
AAV vector of single-stranded or self-complementary genomes may
differ in terms of the assay used (10).

PCR and infectivity are the two assays used for the detection of
shed vector. Use of quantitative polymerase chain reaction (Q-PCR)
is recommended despite its inability to distinguish between intact
virion and noninfectious or degraded AAV. If the infectivity assay
is the only way to test the potential for transmission, the sensitiv-
ity of the test article is usually low for several reasons, such as the
lack of a highly permissive in vivo cell line transduction for a given
AAV serotype, the interference mediated by the milieu, i.e., urine,
the usual high physical particle versus infectious particle ratio.
A general rule is that if the amount of AAV vector detected by
Q-PCRis below the limit of detection of the infectivity assay, one
might not choose to further characterize the shed AAV vector by
infectivity assays due to the constraints of assay sensitivity.

The ICH Steering Committee in November 2006 provided
a concept paper regarding the risk of inadvertent germ line inte-
gration of gene therapy vectors (11). This document stresses the
requirement to have biodistribution studies conducted with the
product that is intended for use in clinical trials. Tissue distribution
studies of the AAV vector identify tissue /organ systems in addition
to the desired target site, where the vector might concentrate and
are thus useful for the identification of potential target organs of
toxicity. In vivo distribution of an AAV vector includes analyses
of gonads (testes or ovaries) because detection of the vector in
gonad tissue indicates the potential for germ line integration and
propagation to the descendants. Using an assay for nucleic acid
sequences is appropriate for the detection of vector dissemination.
It is also recommended that testing for the presence of vector
sequences be done by at least one sensitive assay, such as (Q-PCR).
An important aspect provided in ICH is that previous biodistribu-
tion studies of the vector containing other transgenes could be
used to support early phase clinical development. An important
aspect of biodistribution studies is organ sampling (12) and it is
described below.
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This paper identifies general principles for monitoring
biodistribution and shedding of AAV vectors as well as a special
emphasis addressing inadvertent germ line transmission.

The risk of germ line transmission of vector sequences in
humans is a major safety concern, since the enrollment of subjects
of reproductive age in early-phase clinical trials of gene transfer
continues to increase. Intramuscular injection of AAV2 vector was
not associated with vector shedding to the semen of experimental
animals or adult men with hemophilia B (13, 14). However, the
delivery of AAV2 to the liver via the hepatic artery resulted in
unexpected transient vector dissemination to the semen that
eventually disappears in all patients (6). In rabbit models, intrave-
nous injection of AAV2, AAV5, AAV6, or AAVS demonstrated
dose-dependent and time-dependent vector dissemination to the
semen (15-17). Interestingly, the kinetics of clearance was remark-
ably faster for AAV-5 (3-5 weeks) compared to the other serotypes
AAV (10-13 weeks) (17). No late recurrence of AAV vector
sequences was found in semen samples collected over hundred of
consecutive cycles of spermatogenesis of rabbits, a similar found
observed in humans. The frequency of renewal of the ejaculate also
influences the kinetics of vector clearance from the semen (16).
Moreover, AAV2 or AAVS sequences were detected in the semen
of'vasectomized animals that lack germ cells (15). Therefore, struc-
tures of the genitourinary tract, as well as the testis, contribute
significantly to vector shedding in the semen, and this risk is also
dependent on the route of vector administration.

2. Materials

2.1. Tissue Sampling

2.2. Fluid and Feces
Sampling

e Disposable or sterile DNA-free sets of materials and
containers.

e Phosphate-buffered saline.
e Cryovial tubes.

e Liquid nitrogen.

e 15 mL tubes.

e 1.5 mL tubes.

e Swabs.

e Urinary catheter.
e 0.22 pum filters.

e DMEM medium supplemented with 10% heat-inactivated fetal
calf serum and 1% penicillin/streptomycin.



2.3. Collection
and Fractionation
of Semen Specimens

2.4. Purification
of Motile Sperm,
Seminal Fluid, and
Seminal Fluid Cells

2.5. DNA Extraction
from Tissue Samples

2.6. DNA Extraction
from Fluid and Feces
Samples

2.7. DNA Extraction
from Semen Specimen
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Sterile plastic specimen container.

15 mL tubes.

Sterile transfer pipettes.

Centrifuge.

PureSperm (Nidacon International AB, Gothemberg, Sweden).
Enhance WG wash media (Nicadon International AB).

Plastic pipettes, micropipettes, and sterile pipette tips.
Microcentrifuge.

Petri dishes.

Balance.

Nanospectrophotometer.

Sterile scalpel blades.

1.5 mL tubes.

Oven or water bath at 56 °C and at 37 °C.
Dry ice.

Wet ice.

Gentra® Puregene® kit (Qiagen).
Proteinase K at 10 mg/mL.

Isopropanol.

70% ethanol.

Glycogen at 20 mg/mL.

Plastic pipettes, micropipettes, and sterile pipette tips.
Microcentrifuge.

Vortex.

1.5 mL tubes.

QIAamp RNA viral mini kit (Qiagen).

100% ethanol.

Plastic pipettes, micropipettes, and sterile pipette tips.
Pasteur pipettes.

Centrifuge.

Nanospectrophotometer.

15 mL tubes.

1.5 mL tubes.

Oven or water bath at 55 °C.
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2.8. PCR +/- o
Southern-Blot .
Analysis

Gentra® Puregene® kit (Qiagen).
1 M dithiothreitol.

Proteinase K at 14.4 mg/mL.
Isopropanol.

70% ethanol.

Plastic pipettes, micropipettes and sterile pipette tips.
Plasmid DNA purification kit.

1.5 mL tubes.

50 mL tubes.

PCR tubes or plates.

Hybridization tube.

Microcentrifuge.

Vortex.

Nanospectrophotometer.

ABI Prism 7900 HT Sequence Detection System or other
equivalent instrument.

Oven or water bath at 37 °C.

Hybridization oven at 55 °C.

Boiling water bath.

Electrophoresis system.

UV Imager.

Vacuum apparatus for Southern blot.
Autoradiography films and cassette, and development system.
Nylon positively charged membrane.

Wet ice.

Restriction enzymes.

PCR primers.

PCR mix and enzyme.

Agarose.

Ethidium bromide.

Sterile water.

0.4 N NaOH.

2x SSC.

Alkphos® labeling and detection kits (GE Healthcare).
Glycerol.

Hybridization  buffer: Hybridization  buffer  (Alkphos®
kit) +0.5 M NaCl+4% (w/v) Blocking reagent (Alkphos® kit).
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o Primary wash buffer: 2 M Urea+0.1% (w/v) SDS+50 mM Na
phosphate pH 7.0+150 mM NaCl+1 mM MgCL +0.2%
(w/v) Blocking reagent (Alkphos® kit).

o Secondary wash buffer (20x stock): 1 M Tris base +2 M NaCl.

o Secondary wash buffer (working solution): 1/20 dilution of the
stock+2 mM MgClL,.

2.9. Q-PCR Analysis e Dlastic pipettes, micropipettes and sterile pipette tips.
e Plasmid DNA purification kit.
e 1.5 mL tubes.
e PCR tubes or plates.
*  Microcentrifuge.
e Vortex.
e Nanospectrophotometer.

e Applied Biosystem StepOne Plus® Real-Time PCR system or
other equivalent instrument.

¢ Electrophoresis system.

e UV imager.

e Wetice.

e Restriction enzymes.

e PCR primers.

e Tagman® probe.

¢ Q-PCR mix and enzyme.

e  Sterile water.

2.10. Detection of AAV ~ »  Dlastic pipettes, micropipettes and sterile pipette tips.

Infectious Particles e Sterile culture plates.
from Fluid and Feces

1.5 mL tubes.
Samples

* 50 mL tubes.

e Hybridization tube.

*  Microcentrifuge.

* Vortex.

e Nanospectrophotometer.

e Oven or water bath at 37 °C.

e Hybridization oven at 55 °C.

e Boiling water bath.

e Autoradiography films and cassette, and development system.
e Nylon positively charged membrane.

e Wetice.
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2.11. Detection of AAV .
Infectious Particles .

in the Semen

HeLaRC32 cells (ATCC CRL-2972™).
Adenovirus type 5.

DMEM medium supplemented with 10% heat inactivated fetal
calf serum and 1% penicillin/streptomycin.

Trypsine.

Sterile water.

0.5 M NaOH, 1.5 M NaCl.

1 M Tris—-HCI pH 7.0, 2x SSC.

Alkphos® labeling and detection kits (GE Healthcare).
Glycerol.

Hybridization  buffer:  Hybridization  buffer  (Alkphos®
kit)+ 0.5 M NaCl +4% (w/v) Blocking reagent (Alkphos® kit).

Primary wash buffer: 2 M urea+0.1% (w/v) SDS+50 mM Na
phosphate pH 7.0+150 mM NaCl+1 mM MgCL, +0.2%
(w/v) Blocking reagent (Alkphos® kit).

Secondary wash buffer (20x stock): 1 M Tris base + 2 M NaCL

Secondary wash buffer (working solution): 1,/20 dilution of the
stock+2 mM MgCL,.

Plastic pipettes, micropipettes and sterile pipette tips.
Sterile culture plates.

1.5 mL tubes.

PCR tubes or plates.

Microcentrifuge.

Vortex.

Nanospectrophotometer.

Applied Biosystem StepOne Plus Real-Time PCR system or
other equivalent instrument.

Oven or water bath at 37 °C.
HeLaRC32 cells (ATCC CRL-2972™),
Adenovirus type 5.

DMEM medium supplemented with 10% heat inactivated fetal
calf serum and 1% penicillin/streptomycin.

Trypsine.

Sterile water.

DNA isolation kit.

PCR primers.

Q-PCR mix and enzyme.



15 Biodistribution and Shedding of AAV Vectors 347

3. Methods

3.1. Tissue Sampling

3.2. Fluid and Feces
Sampling

3.2.1. Saliva, Lacrimal
and Nasal Fluids

3.2.2. Urine

3.2.3. Feces

Tissue sampling must be performed using disposable or sterile
DNA-free sets of material and containers to minimize cross
contamination. The order of organ sampling is also critical. The
injected targeted organ need to be harvested at the end of the
procedure, while the organs that are less likely to contain vector
DNA, i.e., gonads, need to be sampled at the beginning of the
procedure. Since the liver is a powerful “filter” due to the large
liver endothelial cell gaps permissible to small and large viral vectors
often resulting in significant transduction, it should be among the
last organs sampled even if the AAV vector has been administered
ata distant site (7). Perfusion or washing the organs (with phosphate-
buffered saline), when feasible, reduces contamination with trans-
duced circulating blood cells especially peripheral blood
mononuclear cells (PBMC) (6, 7, 9). After sampling, each organ
must be sliced in small fragments using disposable stainless steel
blades that must be changed often and at least between different
organs. Tissue samples are distributed in several tubes and immedi-
ately frozen in liquid nitrogen. After that, tissue samplings are kept
at -80 °C in a monitored freezer and physically separated from
other samples originating from other studies to avoid cross contami-
nation (tubes, nucleic acids, etc.).

1. Collect saliva, lacrimal and nasal fluids using a swab.

2. Immediately place the swab in a 15 mL conical tube-contain-
ing 2 mLL of DMEM medium supplemented with 10% heat
inactivated fetal calf serum and 1% penicillin/streptomycin.
Mix by gentle agitation.

3. Aliquot the supernatant and freeze at -80 °C.

1. Collect the urine either using a sterile condition or urethral
catheter is clinically indicated for female subjects (see Note 1).
Avoid collecting urine indirectly on the ground of the cage
unless the recipient is maintained as “clean” as possible.

2. If the urine is collected indirectly, filter it through a 0.22 pm
disposable filter.

3. Aliquot the urine and freeze at -80 °C.

1. Collect the feces in the cage of the animal.

2. Place it in a 15 mL conical tube containing 2 mL of DMEM
medium supplemented with 10% heat inactivated fetal calf
serum and 1% penicillin/streptomycin. Mix by gentle
agitation.

3. Aliquot the supernatant and freeze at -80 °C.
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3.3. Collection
and Fractionation
of Semen Specimens

3.4. Purification

of Motile Sperm,
Seminal Fluid,

and Seminal Fluid Gells

3.5. DNA Extraction
from Tissue Samples
(see Note 4)

. Collect semen sample by masturbation after 5 days of sexual

abstinence (see Note 2). Collect the sample in a sterile plastic
specimen container.

. Freeze the sample at =80 °C or keep it at room temperature if

further semen fractionation is required.

. Examine the samples (minimum of 10 pL) by routine analysis

according to World Health Organization standards.

. If necessary (see Note 3), fractionate the total semen sample

upon receipt (minimum volume of 1 mL): allow liquefying for
15-30 min at room temperature. Ifliquefaction is not complete
after this time, allow sample to set for an additional 30 min.

. Aliquot 1 mL of prepared PureSperm (Nidacon International

AB-90% Gradient: 900 pL. PureSperm and 100 puL. Enhance
WG wash media) into a 15 mL conical tube.

. Layer 1 mL of semen onto the PureSperm gradient: using a

sterile transfer pipette, gently place semen over the PureSperm
layer, being careful not to cause any mixing. Centrifuge for
20 min at 500 xg.

. Remove the top layer of seminal fluid and cells to a new 15 mL

conical tube. Remove the PureSperm layer from above the
motile sperm pellet and discard, being careful not to disturb the
pellet. Transfer the motile sperm pellet to a new 15 mL conical
tube to obtain the motile sperm fraction. (Note if there is no
pellet after centrifugation only total semen will be analyzed.)

. Add 2 mL Enhance WG Wash Media to the motile sperm pel-

let and centrifuge the motile sperm at 400 x g for 5 min. Repeat
this procedure for total of 34 washes to obtain the “motile
sperm fraction”.

. Centrifuge the total seminal fluid at 400 x g4 for 5 min. Transfer

the upper fluid layer that is the “seminal fluid fraction” to a
new 15 mL conical tube and add 1-2 mL Enhance WG Wash
Media to the seminal fluid cell pellet. Centrifuge the seminal
fluid cells at 400xg for 5 min. This procedure should be
repeated at least two times to obtained the final “seminal fluid
cells fraction”. Freeze at -80 °C.

. Save the seminal fluid, which will contain few if any cells and

freeze at —-80 °C.

. Place a small 50-150 mg fragment of tissue in a Petri dish

standing on dry ice.

. Using sterile scalpel blades grind the tissue in small fragments

and transfer them in a 1.5 mL tube.

. Add 300 pL of Cell Lysis Solution (Gentra® Puregene®) and

30 pL of proteinase K at 10 mg/mL, and incubate at 56 °C



3.6. DNA Extraction
from Fluid and Feces
Samples (see Note 5)

10.
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under rotation for 1 h to overnight, until the tissue is
completely lysed.

. Allow the sample to stand for about 1 min at room tempera-

ture and add 1.5 pL. of RNAse A Solution (Gentra® Puregene®).
Mix the sample by inverting the tube back and forth and
incubate at 37 °C for 15 min.

. Incubate for 1 min on ice to quickly cool the sample and add

100 pL of Protein Precipitation Solution (Gentra® Puregene®).
Mix the sample by repeated pipetting and centrifuge for 3 min
at 16,000 x g.

. Collect the supernatant containing the DNA, leaving behind

the precipitated protein pellet, and transfer it into a clean
1.5 mL tube. Add 1 pL of glycogen at 20 mg/mL and 300 pL
of isopropanol to precipitate the DNA. Mix the sample by
inverting the tube back and forth at least 20 times and centri-
fuge for 3 min at 16,000 x 4.

. Caretully discard the supernatant, taking care that the pellet

remains in the tube. Wash the pellet with 300 uL of 70%
ethanol and centrifuge it again for 3 min at 16,000 x 4.

. Carefully discard the supernatant, taking care that the pellet

remains in the tube, and air-dry the pellet.

. Add 20-100 pL of DNA Hydratation Solution, depending on

the size of the pellet. Incubate 5 min at room temperature and
resuspend the DNA by repeated gentle pipetting.

Incubate the DNA overnight at 4 °C, gently pipetting it
again and determine its concentration using a nanospectro-
photometer. For long-term storage, keep the DNA at -20 °C.

. Into a 1.5 mL tube, mix 560 pL of Buffer AVL (QIAamp viral

RNA mini kit) containing 0.56 pL of carrier RNA (QIAamp
viral RNA kit) and 140 pL of the fluid or feces sample. Vortex
the mix during 15 s and incubate at room temperature during
10 min.

. Briefly centrifuge the tube to remove drops from the inside of

the lid and add 560 pL of 100% ethanol. Vortex the mix dur-
ing 15 s and briefly centrifuge the tube to remove drops from
the inside of the lid.

. Apply 630 puL of the mix to a QIAamp mini column (QIAamp

viral RNA mini kit), put on a 2 mL tube. Centrifuge at 6,000 x g4
for 1 min.

. Place the column into a clean 2 mL tube and add the rest of

the mix (630 puL) to the column. Centrifuge at 6,000 x4 for
1 min.
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3.7. DNA Extraction
from Semen
Specimens

3.8. PCR +/-
Southern-Blot
Analysis

3.8.1. Preparation of DNA
Plasmid for Internal Control

10.

. Place the column into a clean 2 mL tube and add 500 pL of

Buffer AW1 (QIAamp viral RNA mini kit) to the column.
Centrifuge at 6,000 x g for 1 min.

. Place the column into a clean 2 mL tube and add 500 pL of

Buffer AW2 (QIAamp viral RNA mini kit) to the column.
Centrifuge at 20,000 x g for 3 min.

. Place the column into a clean 2 mL tube and centrifuge again

at 20,000 x g for 1 min to eliminate all the Buffer AW2.

. Place the column into a clean 1.5 mL tube and add 40 pL of

Buffer AVE (QIAamp viral RNA mini kit). Incubate 1 min at
room temperature and centrifuge at 6,000 x g for 1 min.

. To increase the elution yield, add again 40 pL of Buffer AVE,

incubate 1 min at room temperature and centrifuge at 6,000 x g
for 1 min.

Store the DNA at -20 °C.

. Incubate 500 pL of the semen specimen with 3 mL Cell Lysis

Solution (Gentra® Puregene®) and add 120 pL of a 1 M dithio-
threitol solution to the sample and 20 pl. Proteinase K
(14.4 mg/ml). Incubate at 55 °C for 1 h to overnight, until
cells have completely lysed.

. Add 1 mL Protein Precipitation Solution (Gentra® Puregene®)

and vortex the sample vigorously at a high speed. Centrifuge at
maximum speed for 10 min.

. Pour the supernatant containing the DNA (or upper phase),

leaving behind the precipitated protein pellet, into a 15 mL
centrifuge tube containing 3 mL isopropanol to precipitate the
DNA. Using a Pasteur pipette, transfer the DNA to a micro-
centrifuge tube for 1 min. Wash the pellet with 500 pL of 70%
ethanol, and centrifuge it again for 1 min. Remove the super-
natant and air-dry the pellet.

. Add 100 pL of warmed AE bufter (Gentra® Puregene®) and

shake the sample overnight to dissolve the pellet. Obtain an
OD reading using Nanospectrophotometer to determine its
concentration. Record this number on the extraction work-
sheet and the requisition form (see Note 6).

For the preparation of the internal control, we favor the use of
linearized DNA, as supercoiled DNA can interfere with PCR
efficiency.

1.

Linearize 15 pug of a DNA plasmid containing one copy of the
sequence to analyze, and purify the digestion product using a
plasmid DNA purification kit.

2. Measure the concentration of the linearized DNA, using a

nanospectrophotometer.



3.8.2. Design of the PCR
Assay
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3. Prepare a dilution at 10! copies of plasmid in a final volume of

5 pL. The weight of one copy of the plasmid is calculated using
the following formula:

weight of 1bp(g/mol) x size of the plasmid (bp)
Avogadro’snumber(molecules,/mol)

Weight of one copy of the plasmid =

660 x size of the plasmid (bp)
6,022°23

. Confirm the concentration of this dilution, using a nanospec-

trophotometer. If necessary, adjust it to precisely obtain 10!
copies of plasmid in a final volume of 5 pL. Kept this stock
solution at -20 °C, and use it for further preparation of plas-
mid ranges. Just ensure that its concentration remains stable,
by regular checking on a nanospectrophotometer.

. Prepare serial dilutions of this DNA plasmid to finally obtain a

range from 10 or 10° copies to 0.01 copy of transgene in a
final volume of 5 pL.. Aliquot these dilutions and keep them at
-20 °C for 1 month max.

A PCR assay specific for AAV vector can be used for screening
samples for the presence of vector DNA. The desired sensitiv-
ity is <100 copies per reaction in the presence of 100-750 ng
of DNA (see Note 7), or in the presence of 10 pL of extraction
product from fluid or feces samples. In order to enhance the
sensitivity of vector genomes detection, PCR amplicons can be
further processed by Southern blot. The sensitivity can then
increased to 0.1 copy.

PCR primers for AAV-specific sequences are based on the
design of a forward primer and a reverse primer located specifi-
cally in the vector genome. Avoid primer sequences that could
match with endogenous sequences, as it could interfere with
the efficiency and specificity of the reaction (see Note 8).

To evaluate the sensitivity of the assay, run the analysis on serial
dilutions of a DNA plasmid containing the sequence to be
amplified. Test a plasmid range from 10° copies to 0.1 copy of
transgene, spiked in water, or in 100-750 ng of DNA extracted
from a noninjected subject, or in 10 pL of extraction product
from fluid or feces from a noninjected subject (or prior AAV
vector administration). As PCR inhibition by DNA can differ
between tissues and fluid samples, perform this analysis for
each type of DNA.

To validate the specificity of the assay and exclude false positive
results, run also the analysis on the tissue or fluid DNA alone.

To validate the quality of DNA and extraction, exclude false
negative results if the control experiment shows no PCR
product, run also a PCR specific for an endogenous gene
(see Note 9). Indeed, the tissue samples contain several
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3.8.3. Southern Blot:
Transfer of the PCR
Amplicons on a Membrane

3.8.4. Southern Blot: Probe
Labeling, Hybridization,
and Revelation

components that may inhibit the PCR reaction, and therefore
the internal control experiment is required. As no DNA can be
dosed in the extraction product from fluids or feces samples,
no PCR specific for an endogenous gene will be run on these
samples.

Analysis of the PCR results is done by migration of the ampli-
cons (entire or half PCR reaction volume) on an agarose gel
and visualization by ethidium bromide staining (see Note 10).

The overall strategy for semen samples is given in Note 11.

If necessary (low detection level), the samples can be further
processed by Southern blot.

. After migration on an agarose gel, transfer the PCR amplicons

under alkaline conditions (NaOH 0.4 N) on a nylon positively
charged membrane, during 2 h if the transfer is done using a
vacuum apparatus, or during one night if the transfer is done
by capillarity.

. Rinse the membrane with 2x SSC and store it at 4 °C until

hybridization.

Usually, a nonradioactive probe can be used for such Southern
blot. An example of probe labeling, hybridization, and revelation
using the AlkPhos® system from GE Healthcare is given below.

1.

Using a PCR amplification or enzymatic digestion, prepare a
DNA probe, specific for the vector genome. Purify this DNA
probe, and adjust its concentration to 10 ng/pL.

. Denature 10 pL of this DNA probe by heating for 5 min in a

boiling water bath, and immediately cool it on ice for 5 min.
Spin briefly in a microcentrifuge to collect the contents at the
bottom of the tube.

. Dilute 2 pL of cross-linker solution (AlkPhos® kit) with 8 pL

of water.

. On ice, add 10 pL of reaction buffer (AlkPhos® kit), 2 uL of

labeling reagent (AlkPhos® kit) and 10 pL of the diluted cross-
linker to the denatured DNA probe. Mix by vortexing and spin
briefly in a microcentrifuge to collect the contents at the bot-
tom of the tube.

. Incubate at 37 °C for 30 min. The probe can be used immedi-

ately or kept on ice for up to 2 h. For long-term storage, store
it at =20 °C in 50% (v/v) glycerol.

. Preheat the required volume (0.25 mL/cm? of membrane) of

AlkPhos® hybridization bufter to 55 °C.

. Place the membrane to hybridized into the hybridization

buffer (in a hybridization glass tube) and prehybridize for at
least 15 min at 55 °C under agitation in a hybridization oven.
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. Add the labeled probe to the hybridization buffer (typically

half of a probe for 30 mL of hybridization buffer). Hybridize
at 55 °C overnight under agitation in a hybridization oven.

. Preheat the required volume (2-5 mL/cm? of membrane) of

primary wash buffer (AlkPhos® kit) to 55 °C.

. Discard the hybridization solution and replace it by the primary

wash buffer. Wash for 10 min at 55 °C under agitation in a
hybridization oven.

. Perform an additional wash in primary wash bufter at 55 °C for

10 min.

. Discard the wash buffer and replace it by the secondary wash

buffer (2-5 mL/cm? of membrane). Wash for 5 min at room
temperature, under agitation.

. Perform an additional wash in secondary wash buffer at room

temperature for 5 min.

. Remove the membrane of the hybridization tube and drain the

excess of the secondary wash buffer.

. With the sample side of the membrane up (inward), add

3040 pL of detection reagent (AlkPhos® kit) /cm? of membrane,
and incubate at room temperature for 5 min.

Expose the membrane to an autoradiography film.
A typical example of results obtained after PCR and Southern-

blot analysis of DNA from tissues of AAV8-injected mice is
presented in Fig. 1.

a DNA for mice tissues b Copies of plasmid control

12 3 4 5 6 7 8 M
5Cmbp_“_

500 bp —p .- - S .

= bp_’ =

10 102 103 104 10°

-
-

Fig. 1. Detection of AAV8 sequences in DNA from mice tissues 15 days post-intramuscular injection. DNA was extracted from
each tissue at the time of the sacrifice of the animals. (a) The 500 bp fragment corresponds to vector amplicons. PCR products
were separated on an agarose gel (upper panel), and then transferred to a nylon membrane and hybridized with a vector-
specific probe (middle panel). Each sample was also subjected to amplification of a 250 bp hypoxanthine-guanine phosphori-
bosyl transferase endogenous DNA fragment (lower panel). (b) Amplification from different dilutions of a DNA control plasmid.
Upper panel corresponds to PCR products and lower panel corresponds to the same PCR products hybridized with the vector-
specific probe. Note that the sensitivity of the assay is higher after Southern blot. M molecular weight, W water.
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3.9. Q-PCR Analysis
(see Note 12)

3.9.1. General
Considerations for Q-PCR
Analysis of Tissue or
Semen Samples

3.9.2. General
Considerations for Q-PCR
Analysis of Fluid or Feces
Samples

3.9.3. Design
and Validation
of the Q-PCR Assay

Vector DNA copy numbers are determined using primers and
probe designed to amplify and match: (1) the vector genome and
(2) an endogenous gene. For each sample, Ct values are compared
to those obtained with different dilutions of standard plasmids
(containing either the vector genome, either the endogenous
gene). Final results are expressed in vector genome per diploid

genome (vg/dg).

e Depending on the amplified sequences, the sensitivity of such
assay is often between 0.001 and 0.05 vg/dg.

*  When designing primers and probe(s), avoid sequences that
could match with endogenous sequences, as it could interfere
with the efficiency and specificity of the reaction.

e Perform Q-PCR analysis using 10-500 ng of tissue or semen
DNA.

*  Asno DNA can be dosed in the extraction product from fluids or
feces samples, no PCR specific for an endogenous gene will be
run. Express the final results in vg/mL of fluid or feces sample.

e DPerform Q-PCR analysis using 10 pl. of the extraction
product.

e Run all samples in triplicate.

e DPrepare linearized DNA plasmid control dilutions as described
above for PCR analysis. The analysis by Q-PCR of triplicates of
these serial dilutions of DNA plasmid control will allow the
generation of a standard curve (Ct values correlated to the
copy number of vector genomes).

e To be reliable, the linearity of the standard curve has to be

checked (7220.99).

e To be robust, the efficiency of the amplification reaction has to
be between 95 and 105%. If this criterion is not reached in the
first experiments, adjust the conditions of the reaction (ampli-
fication conditions, primers and /or probe concentrations).

e The sensitivity of each Q-PCR will be defined by the lower
copy number for which Ct value is above the background of
the reaction.

e As PCRinhibition can occur in tissue, semen, fluid, or feces DNA,
the sensitivity of the assay has to be determined by analyzing serial
dilutions of DNA plasmid control in water or in an noninjected
sample DNA. Ten to five hundred nanogram of tissue or semen
DNA, or 10 pL or fluid or feces extract, can be evaluated. Same
sensitivity, same efficiency and same Ct values of plasmid dilutions
in the presence or absence of a noninjected sample DNA confirm
the absence of Q-PCR inhibition on the experimental conditions.
As PCR inhibition by DNA can differ between samples, perform
this analysis for each type of sample DNA.
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To validate the specificity of the assay and exclude false positive
results, run the Q-PCR analysis on each noninjected sample
DNA alone, and against water alone.

To determine whether the physical presence of AAV sequences
correlates with infectious activity, a replication center assay reported
earlier (18) was adapted for fluid or feces samples.

1.

Collect fluid or feces samples before and at different timings
post-AAV administration.

. Add adenovirus type 5 at an MOI of 200 in the culture medium

of 10°¢ subconfluent HeLaRC32 cells (ATCC # CRL-2972™),
an AAV2 Rep/Cap-expressing cells.

. After 2 h, add 200 pL of fluid or feces sample.
. After 48 h, trypsin the cells and wash them with phosphate-

buffered saline. Filter them through a nylon positively
charged.

. Soak the filters in 0.5 M NaOH, 1.5 M NaCl for 5 min, and

then neutralize in a 1 M Tris—=HCI pH 7.0, 2x SSC solution.

. Hybridize the filters overnight to a fluorescein-labeled probe

corresponding to the transgene included in the rAAV vector,
and process the filters as described above for Southern-blot
analysis, and expose them to an autoradiography film.

The sensitivity of the assay is determined by mixing fluid or

feces sample collected before injection (or collected in a nonin-
jected subject) in culture medium with serial dilution of the rAAV
vector (ranging from 0 to 586 vg). The sensitivity of the assay is
usually about 500 infectious particles/mL of fluid sample.

To determine whether the physical presence of AAV sequences
correlates with infectious activity, a replication center assay reported
earlier (19) was adapted for semen testing.

1.

2.

Collect semen samples before and at days 4, 7, and 14 post-
AAV administration.

Mix 100 uL of semen in the culture medium of an HelLa-
derived AAV2 Rep/Cap-expressing cell line grown in 96-well
plates in the presence of adenovirus serotype 5 (100 particles
per cell).

. Harvest the cells after 48 h and extract DNA.

4. Determine the replication of AAV in each well by Q-PCR with

primers and probes specific for the transgene.

The sensitivity of the assay is determined by mixing semen

sample from an untreated human subject in culture medium with
serial dilution of AAV2 (ranging from 0 to 56 vg). The sensitivity
of the assay is usually about 100-500 infectious particles/well.
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4, Notes

1. Weekly urethral catheterization is likely to be rejected for both

men and women and in the former the risk of infection is even
higher.

. Sperm constitutes only 5% of the ejaculate, whereas 60-75% of

the semen is produced in the seminal vesicles and 20% pro-
duced in the prostate gland and bulbourethral and urethral
glands (20). Moreover, cells other than germ cells are com-
monly found in semen and include epithelial cells, white blood
cells, and occasionally uncharacterized cells. Semen samples
collected by masturbation after 5 days of sexual abstinence
ensure that sperm count, motility, and viability are maximized
in the analyzed samples.

. The goal is to fractionate the total semen samples of subjects

who have undergone a gene transfer procedure into motile
sperm, nonmotile sperm, and seminal fluid factors (16). Samples
containing urine, gel, and other contaminants should not be
fractionated and only the total semen fraction tested. The pur-
pose of this procedure is to collect a motile sperm fraction that
is free of contamination by other cellular or fluid elements of
semen. DNA is extracted from this motile sperm fraction for
analysis in a sensitive PCR assay. Therefore, extreme care must
be taken to avoid contamination of the motile sperm fraction.

. For DNA extraction from tissue samples of AAV-injected sub-

jects, we exclude kits that rely on columns or resins because we
are concerned about competition between genomic DNA and
AAV episomes (21) at the binding step. We validated efficient
extraction of AAV genomes using the Gentra® Puregene® kit
from Qiagen (22).

. The goal of DNA extraction from fluid and feces samples is to

analyze the presence of AAV genomes (in intact, noninfectious,
or degraded virions). We validated efficient extraction of viri-
ons using the QIAamp viral RNA mini kit from Qiagen.
However, depending on the fluid sample, the extraction yield
can vary from 10 to 100% (C. Le Guiner et al., unpublished
data). Therefore, we advise to always perform a validation of
the extraction protocol by: (1) spiking different dilutions of
AAV vector stock in the fluid sample of interest, (2) doing the
extraction, and (3) analyzing the recovery of the spiked vector
in the final extraction product.

. It is important to certify that cells other than germ cells are

present or not in the final sample to confirm the purity of the
motile sperm fraction.
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. In optimized PCR assays, vector DNA sequences are detected

as few as one (13, 16) or eight copies per 355 haploid genomes
(15) for AAV2 and AAVS, respectively. The sensitivity of these
assays allow the detection of vector sequences below the rates
of endogenous mutation that arise from retrotransposon
elements in the human genome, which occurs at rates of 1 in
100 sperm cells (23) or even more frequent (24).

. PCR primers for AAV-specific sequences can be based on the

design of a forward primer located at the promoter/enhancer
region and a reverse primer in an intronic region of the cassette
containing the therapeutic gene.

. To validate the sample extraction and PCR efficiencies, spiked

controls can also be carried out using a template that results in
a shorter or longer amplicon than AAV vector under the same
PCR conditions.

An example of semen samples is presented on Fig. 2. This PCR
protocol resulted in PCR product of 647 bp. An internal control
experiment consisted of a deleted plasmid derived from the
AAV template that results in PCR product of 550 bp (Fig. 2).
All samples are tested in triplicate or quadruplicate. In addi-
tion, one well is spiked with 100 copies of vector and another
one with ten copies of the vector containing 1 ng of DNA.
A control with water alone is also analyzed. The optimal PCR
conditions for these experiments were 50 °C (2 min, one
cycle), 95 °C (10 min, one cycle), 95 °C (15 s, 50 cycles), and
60 °C (1 min). PCR products are separated by agarose gel
electrophoresis and visualized by ethidium bromide staining.
In Fig. 2, the deleted plasmid is derived from the original
AAV-hF.IX16 but has a deletion of 97 bp, yielding an ampli-
con of 550 bp, which could be easily distinguished from
vector-derived sequences of 647 bp.

Overall strategy for semen analysis: All specimens other than
semen fractions containing motile or nonmotile sperm are

M LD MD HD w

<«— 647 bp
<+— 550 bp

* * *

Fig. 2. Detection of AAV2 sequences in DNA from total semen from rabbits following
1-week post-intravenous injection. AAV2 was delivered at dose doses of 1511 vg/kg (low
dose LD), 1812 vg/kg (mid dose MD), or 1813 vg/kg (high-dose HD). PCR analysis for AAV
sequences resulted in a fragment of 647 bp (AAV-FIX16). Asterisk denotes PCR assay in
which ten copies of the 97-deleted control phFIX16 was spiked into the test sample. M
molecular weight, W water.
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tested with the spiked and the unspiked master mix, one
reaction for each master mix containing 10 pLL seminal fluid
DNA per reaction. Controls are one 100 copies spiked reac-
tion without DNA, one 10 copies spiked reaction without
DNA, and one water control. For semen specimens, run 4-6
unspiked reactions with 500 ng DNA per reaction, one 100
copies spiked reaction with 500 ng DNA, one 10 copies spiked
reaction with 500 ng DNA, one 100 copies spiked reaction
without DNA, one 10 copies spiked reaction without DNA,
and one water control. If the amount of DNA for a semen
specimen is low, reduce the number of unspiked reactions to 2
or 1, and request a repeat specimen, or extract the remainder
of the specimen, if there is more. If there is not sufficient DNA
for one spiked and one unspiked reaction, or if the DNA con-
centration is not high enough to use 500 ng of DNA per reac-
tion, the test will not appropriate. The copy quantity of the 10
and 100 copies determined from the standard curve are
reported for each semen fraction in order to validate the exper-
imental sample results. Samples are considered negative if no
PCR is detected in the unspiked test and if both 10 and 100
copies are ready detected. Positive samples are considered vec-
tor-containing sequences if the PCR product is detected in
both unspiked and control spiked samples. Typically, PCR
amplification efficiency is the rate at which PCR amplification
is generated and expressed as a percentage value. These param-
eters should be established for each apparatus, samples, and
specific protocol requirements.

12. As a general point of view, we favor the use of a real-time

Q-PCR with a Tagman® probe (in contrast to real-time Q-PCR
using Sybr-Green), which will be more specific, especially when
the analysis of several different tissues is required.
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Production and Purification of Recombinant
Adeno-Associated Vectors

Lijun Wang, Véronique Blouin, Nicole Brument,
Mahajoub Bello-Roufai, and Achille Francois

Abstract

The use of recombinant adeno-associated virus (rAAV) vectors in gene therapy for preclinical studies in
animal models and human clinical trials is increasing, as these vectors have been shown to be safe and to
mediate persistent transgene expression in vivo. Constant improvement in rAAV manufacturing processes
(upstream production and downstream purification) has paralleled this evolution to meet the needs for
larger vector batches, higher vector titer, and improved vector quality and safety. This chapter provides an
overview of existing production and purification systems used for adeno-associated virus (AAV) vectors,
and the advantages and disadvantages of each system are outlined. Regulatory guidelines that apply to the
use of these systems for clinical trials are also presented. The methods described are examples of protocols
that have been utilized for establishing rAAV packaging cell lines, production of rAAV vectors using recom-
binant HSV infection, and for chromatographic purification of various AAV vector serotypes. A protocol
for the production of clinical-grade rAAV type 2 vectors using transient transfection and centrifugation-
based purification is also described.

Key words: Adeno-associated virus, rAAV, Vector, Production, Purification, Gene therapy, Clinical
trial, cGMP

1. Introduction

1.1. Production The assembly of recombinant adeno-associated virus (rAAV)
of Recombinant vector virions is achieved in cultured cells to which three compo-
Adeno-Associated nents have been supplied: (1) the rAAV vector composed of the
Virus Vectors transgene expression cassette flanked by the adeno-associated virus

(AAV) terminal repeats, (2) the AAV rep and cap coding sequences,
and (3) the helper virus functions (1, 2). Various methods and cell
culture systems have been developed on the basis of this principle

Richard O. Snyder and Philippe Moullier (eds.), Adeno-Associated Virus: Methods and Protocols,
Methods in Molecular Biology, vol. 807, DOI 10.1007/978-1-61779-370-7_16, © Springer Science+Business Media, LLC 2011
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to produce AAV vectors. The most commonly used method
consists of a two (or three) plasmid transfection of adherent
HEK293 cells, a human embryonic kidney derived cell line.
Although this method is rapid, efficient, and has the advantage of
avoiding the use of a helper virus, it is laborious and time-consuming
when large quantities of vector are needed, especially when tissues
such as liver, heart, or skeletal muscle are targeted. Alternative
methods that use suspension cell culture systems and allow for
larger-scale production have been developed. The two major alter-
native methods are based on either (1) insect cells to which all
three components are provided through recombinant baculovirus
infection or (2) stable mammalian packaging (i.c., containing rep
and cap) or producer (i.e., also containing the rAAV) cell lines to
which certain components are provided through adenovirus
infection. Another system, also based on mammalian cells, uses
recombinant HSV-1 to provide 7ep—cap, rAAV vector and helper
functions. Recently, stable insect packaging cell lines (containing
rep and cap) have also been developed. Table 1 references the main
described production systems for AAV vectors (see refs. 3 and 4 for
detailed review).

Each of the rAAV vector production systems offer some
advantages and disadvantages that have to be considered relative to
the amount of vector needed for preclinical studies, the human
clinical trial, and product stability studies prior to the establish-
ment of a manufacturing process. Tables 2 and 3 list the advan-
tages and disadvantages of the components used in each AAV
production system, i.e., cells and helper functions.

Table 4 provides indications about the suitability of each
production system according to the amount of vector needed, i.e.,
the production scale. The largest production scale reported for
each system is also indicated.

Protocols for rAAV production using these four systems are
continuously evolving and improving. Whatever the system used,
the amount of vector particles generated is in the range of 10*-10°
DNase-resistant particles (DRP) per cell (4), which is approxi-
mately one log less than wild-type AAV, but the ratio of full-to-
empty particles and infectious-to-full particles is different from one
system to another (4), and still remains much lower than that of
wild-type AAV, as described for AAV serotype-2 (31).

Production using transtection of HEK293 cells, the most
widely used system, has been continuously improved and large
vectors batches of rAAV vectors have been produced this way in
multitray cell factories or in roller bottles (32, 33). Transfection in
suspension culture has also been reported (28). Although this
system is easier and faster to set up, avoids the use of helper virus,
and is sufficient for preclinical and early phase clinical trials, it may
not be suitable for the production of phase III or commercial
vector lots.



363

16 Production and Purification of Recombinant Adeno-Associated Vectors

(¥2) AVVI-ASH 5403934 A\SH 92 K9 papraos] depdog-ASH TOIHYA
(¢2) AVVI-ASH 5401994 A\SH 2441 K9 papraosd depdoy-ASH 6TIHIH
(T2) 51199 343 kg papravsg $401994 ASH 243 44 Papraosq depd>g-ASH AVV1/€6T
(12) 57197 9411 Kq papraosg Spy $199 91 (g paprao] AVVI/dendoy /675y
(02) AVV1/PY SpY 57199 2043 £ papraosq depdoy/ 675V
(61) 51199 343 kg papravsg [-ASH 57199 203 £ papraosd AVvi/depdoy/eoH
(8T-91) 57197 241 £q papraosg Spy 5199 91 (g paprao.g AVV1/dendoy/eoH
(s1-¢1) AVV1/PY SpY 57199 203 £ papraosq depdoy/eoH
(zr-o1) Avvd py/depdoyd S6TIAH

(6°8) Avvd pvd depdoyd S60IHH S[[92 UeIewIurejy
(2) AVVI-oeg $407934 IV 207 £ PIPLA0AT 7129 ag1 kg papraosg dendoy/63S
(9) AVVI-Oeg $407934 IV 247 £ PIpLaos] depdoyg-oeg 63S

(g) AVVI-oeg 5407934 IV 247 £ PIpLaos] JA-Oeg +doyg-oeg 63S S[[92 309su]

$32U913)9Y 10)99A VYA suonouny Jadjay suonouny AYY aul 199 adAy 1199 1SOH

$10]93A AYY 10} Swia)sAs uonanpoad urew ay} Jo MalAIaAQ

I 3iqeL



364 L. Wang et al.

Table 2

Cells used for AAV production

Advantages Disadvantages
St9 cells e Suspension-adapted cells available e Culture at 30°C maximum
e Specific SFM commercially available e Low infectivity/PLA2 activity for
e Culture to high density some AAV serotype
e High production efficiency e High empty-to-full particles ratio
HEK293 ¢ Human origin e Contains Adenovirus ITR and El
e Suspension-adapted cells available gene
e Specific SEFM commercially available e Cannot — to date — be used as a
e High transfection efficiency stable packaging cell line
HeLa-based e Human origin e Contains HPV genes
cell lines e Suspension-adapted cells available e Need for selection of stable
e Specific SEFM commercially available packaging and /or producing cell
clones
A549-based e Human origin e Adaptation to suspension culture
cell lines e Nontransformed cell line needed

BHK21 cells

e Mammalian origin
e Nontransformed cell line
e Suspension-adapted cells available

e Need for selection of stable
packaging and /or producing cell
clones

e Nonhuman

® Dossible contamination with
endogenous retrovirus (as found in
many cell lines from murine origin)

Table 3

Systems used to provide AAV vector and helper functions to the cells

Advantages

Disadvantages

Baculovirus

e Used at low MOI

e Suitable for production in suspension
culture (for both BEV and AAV)

e Production in animal-free conditions

e Ability to carry Rep expression

e Large genome size/laborious
to fully characterize

e Genome instability (deletions)

e Enveloped virus (fragile)

e Long lead time: need to
produce and qualify master
viral banks

e Helper functions not fully
characterized

e Lack of published data on
packaging of BEV DNA into
AAV and generation of rcAAV

(continued)
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Table 3
(continued)
Advantages Disadvantages
Plasmid e Plasmid easy to produce e Needs cells to be adherent
transfection and characterize (time-consuming handling)
o Escherichin coli MCB easy to generate e Difficult to adapt to
e No virus needed suspension
e Production in animal-free conditions e Bacterial culture needed for
plasmid production
e Large quantity of plasmid
needed
e Long production time for
large vector lots
e DPackaging of plasmid DNA
into AAV
® Generation of rcAAV
Adenovirus e Used at low to medium MOI e Cytotoxic/Immunogenic
e Suitable for production in suspension e Cannot carry Rep expres-
culture (for both Ad and AAV) sion/needs Rep to be
e Production in animal-free conditions provided by the cells
e Easy to produce at high yield e Long lead time: need to
e  Well-established purification process produce and qualify master
e Capsid stability viral bank
* Medium-sized genome
e Genome stability
e Helper functions fully characterized
* No or little rcAAV generated
e Ad DNA not packaged into AAV
HSV-1 Used at low MOI e Large genome size/laborious

Suitable for production in suspension
culture (AAV only)

Ability to carry Rep expression

Can be used with various cell lines

to fully characterize
Pathogenic/immunogenic
Enveloped virus (capsid
fragility)

Long lead time: need to
produce and qualify master
viral banks

Helper functions not fully
characterized

Production is not entirely
animal-free (entire serum-
free process not documented)
and Vero cells for HSV
production are adherent
HSV DNA and protein
contaminants difficult to
remove

Lack of published data on
packaging of HSV DNA into
AAV and generation of
rcAAV
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Table 4
Feasibility and capacity of AAV manufacturing systems
Production scale
Largest scale reported
Production system Small Medium Large for AAV production References
Sf9 and baculovirus + +++ e+t 40 L (25-27)
90-125 L
HEK293 +H++ ++ - 3L (28, 29)
and plasmids 100 Roller bottles
Mammalian cells + +++ +H++ 10 L (30)
and HSV-1
Packaging/producer  + ++ +H++ 250 L (18)
cells and Ad

One possible alternative to transfection is the use of HSV-1
vectors, which provide AAV helper functions and are able to carry
both the AAV vector and the rep—cap genes, as the plasmid does.
This system uses mammalian cells such as HEK293 or BHK21 that
can be adapted to suspension culture and thus is more suitable for
large-scale production. However, there is a long lead time to clone
and produce the master viral banks needed for rAAV vector
production. Also, HSV is a large enveloped virus that is somewhat
fragile, and its large DNA genome (152 kb) makes it difficult to
fully characterize. Moreover, propagation of ICP27-deleted HSV-1
vectors currently used for AAV production uses an adherent Vero
cell line (34), rendering difficult the use of HSV for an AAV produc-
tion of phase III or commercial scale vector batches. A protocol for
the production of rAAV vectors using dual rHSV-1 vectors infec-
tion is described in Subheading 3.4.

In the insect cells/baculovirus system, recent advances involving
codon optimization have improved the expression of Rep and Cap
proteins, and seem to have resolved the issue of the expression
ratio of VP1/VP2 /VP3 in the insect cells system (6, 35). The use
of low baculovirus MOI, as well as the improvement of the stability
of the Bac vectors, make this system more favorable for the produc-
tion scale-up. However, there is a long lead time to clone and
produce the master viral banks needed for rAAV vector production.
Also, the issue of baculovirus vectors instability still remains unre-
solved, due to its large genome (134 kb) and to the inherent
generation of deleted and /or defective vectors during viral replica-
tion (36). The development of insect packaging cell lines is one
possible way to partially address this issue, as only one baculovirus
is needed for rAAV production instead of two or three viruses (7).
Another drawback of the BEV /insect cells system is the production
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1.2. Recombinant AAV
Vector Purification

1.2.1. lon-Exchange
Chromatography

of large amount of contaminating empty AAV particles, due to
either over expression of capsid proteins or inefficient AAV genome
packaging.

To date, the most scalable process for rAAV production resides
in the use of packaging or producer cell lines infected with adenovirus
(15,17, 18). This system requires significant effort to generate and
select packaging cell lines, and possibly adaptation to suspension
culture. But once an efficient and stable packaging cell line is estab-
lished, the potential for production scale-up can compensate for
the time spent on the selection process. The production process
requires the use of wild-type or replication-competent Ad5 virus,
but handling and characterization of such viruses is now standard-
ized as Ad5 vectors are currently the most widely used vectors in
various clinical trials, including gene therapy, cancer therapy, and
vaccine clinical trials (37), and efficient process for the removal of
infectious Ad5 virus and Ad viral DNA from AAV products has
already been validated (18). A protocol for the generation of stable
packaging cell lines is described in Subheading 3.1, as a basis for
establishing such a scalable rAAV production process.

High-yielding, scalable rAAV vector purification processes are
needed to support clinical trials and commercial applications.

Traditionally, the modes of purification applicable to AAV
viruses include gradient centrifugation, ion exchange, gel filtration,
and hydrophobic interaction. A series of optimized chromato-
graphic steps typically are required to obtain vector in high yield
and purity. Receptor-specific purification has been used success-
fully to generate AAV2 and AAV5 vectors. Recently a custom
ligand that binds multiple serotypes has been commercialized and
used in GMP-compliant, large-scale manufacturing. This affinity
chromatography resin is specific and results in reasonable recovery
and high purity. A recently developed, fully scalable process
combining novel ion-exchange (IEX) media and affinity purifica-
tion allows significant reduction in processing time due to high
capture step dynamic binding capacity, flow rates, and resolution.

Table 5 provide a comprehensive summary of the published
AAV purification processes. Below, three primary purification
modalities and their applications are discussed.

Purification by IEX chromatography of AAV is based on the net
charge of proteins of the viral capsid. The net charge of AAV
particles depends on the pH of the exposed amino-acid groups in
solution. Each serotype has distinct net charges under a certain
pH; therefore, IEX chromatography permits development of
purification protocols that can be used for different AAV serotypes.

Both anion and cation exchange chromatography have been
used to prepare different serotypes of vectors with high purity
and potency (17, 38-43, 45, 46). IEX chromatography has also
been paired with other orthogonal methods, such as gradient
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1.2.2. Receptor-Specific
Affinity Purification

centrifugation (63), precipitation and gel filtration (62), affinity
purification (55-58), and hydrophobic interaction chromatogra-
phy (HIC) (44). Salt concentration and pH adjustments are nec-
essary for optimization of binding of the viral particles to both IEX
resins, and these adjustments are serotype dependent owing to
differences in overall net charge. IEX chromatography is fast,
reproducible, scalable, and nonserotype-specific; furthermore, this
method yields highly purified rAAV and is suitable for large-scale
production of clinical-grade vector using classical chromatographic
resins and newer monolith and membrane-based supports. The
drawback in IEX chromatography is that multiple steps are usually
needed to make highly purified rAAV vectors. A protocol for
IEX purification of AAV serotypes 2 and 5 is described in
Subheading 3.2.

Although IEX chromatography is robust and flexible, unique
resins and conditions must be developed and tailored for specific
AAV serotypes. Affinity chromatography is a well-established
method for purifying biological molecules from complex source
material. The most commonly used application of large-scale
affinity chromatography is based on antibody—antigen interaction.
Receptor-specific affinity purification has played a vital role in AAV
purification.

Heparan sulfate proteoglycan (HSPG) has been identified as a
cellular receptor for AAV2, which is essential in the binding stage
of viral infection (64—66). Heparin affinity chromatography takes
advantage of the stable interaction between AAV2 and the cellular
receptor. Several methods that exploit this receptor-specific affin-
ity have been developed and used for AAV2 purification (9, 10,
50-53). High-titer, high-purity AAV2 stocks purified by these
receptor-specific affinity methods have been used to make AAV2
for clinical trials (48) and have dramatically increased our under-
standing of this virus and its utility as a gene transfer vector.
Heparin sulfate-based affinity chromatography, however, only
works for rAAV2 because other serotypes lack heparin-binding
activity. Alpha 2-3 sialic acid has been reported as either a recep-
tor for AAV5 or as a necessary component of a receptor complex
for AAV5 binding and transduction (67). Whereas binding of
AAV4 requires alpha 2-3 O-linked sialic acid, binding of AAV5
requires N-linked sialic acid due to differences in tropism (67).
A sialic-acid-rich protein called mucin has been used as an affinity
ligand to purify AAV5 (54). Other purification protocols for AAV2
were developed. The monoclonal antibody A20, which is highly
specific for AAV-2 capsid was crosslinked to Sepharose (10).
Avidin affinity chromatography was used to purify RGD-
engineered capsids, and nickel chromatography was used to purify
His-tagged capsids (59, 61).
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1.2.3. AVB Sepharose
Affinity Chromatography

1.3. Gurrent Good
Manufacturing
Practice Production
of rAAV for Human
Clinical Trials

These ligand affinity chromatography applications led to a
significant improvement in recombinant AAV vector production and
purification, but they are probably not suitable for use in the clinic.

Receptor-specific affinity purification only works it one or more
receptors are known for a specific AAV serotype. A universal anti-
body for purifying multiple AAV serotypes is desired to support
development of rAAV therapeutics. The commercially available
AAV affinity ligand provides a one-step affinity chromatography
purification method for multiple AAV vectors. The immunoaffin-
ity-based resin AVB Sepharose, which consists of a 14 kDa frag-
ment from a single chain antibody expressed in yeast and conjugated
to the Sepharose, is specific for a highly conserved epitope on the
AAV capsid, permitting purification of multiple AAV serotypes.
The AVB affinity resin is highly specific, has high binding capacity,
and is scalable. These characteristics provide a one-column process
for producing near homogenous preparations of rAAV from com-
plex crude lysates. The immunoaffinity capture method is likely to
replace other liquid column chromatography methods if cost is not
a concern. Purification processes using this resin (6, 62) or in con-
junction with IEX chromatography have been reported (56-58).
For example, a two-step purification process (Q-AVB) allows sig-
nificant reduction in processing time and cost. The AVB ligand has
been shown to have affinity to AAV1, 2, 3, 5, and 8 (although the
affinity to, e.g., AAV1 is very different than AAVS). A protocol for
the purification of AAV1 using Q-AVB chromatography is described
in Subheading 3.3.

Like any other biotherapeutic candidate for human clinical trials,
rAAV clinical lots are manufactured in compliance with current
good manufacturing practices (cGMPs) to ensure that safe, pure,
potent, and stable vector lots are being used in clinical trials.
Although these principles are country specific, they should be in
compliance with US Code of Federal Regulations (21 CFR) (http: //
www.gpoaccess.gov,/cfr/index.html), Food and Drug
Administration (FDA) guidelines (http://www.fda.gov/cber/
guidelines.htm), European Commission Directive (2003,/94/
EC), (http://www/ec.curopa.cu/enterprise/pharmaceuticals/
eudralex/vol-1/dir_2003_94/dir_2003_94_en.pdf),
International Conference on Harmonization guidelines (ICH
Q7A) (http://www.ich.org/), and World Health Organization
guidelines (http://www.who.int/medicines/en/).

In general, rAAV vectors are manufactured in facilities with
appropriate and qualified or validated equipment and building sys-
tems. Personnel involved in product manufacturing, from raw
materials reception to the final product shipping, must have appro-
priate education and job-specific training. The overall operation of
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such a facility has been described by Snyder and Francis in 2005
(68) and recently by Mandel et al. (69).

Raw materials such as cell culture vessels and other plasticware
are specifically chosen and tested based upon the process and preset
specifications. Plasticware should be of USP (United States
Pharmacopoeia) class VI quality, traceable, and readily available.
Acceptability criteria and specifications should be established for
each item. Reagents and chemicals should be cGMP manufactured
and tested according to USP criteria or multicompendial grade
whenever possible. Water for injection (WFI) should be used to
prepare all solutions and buffers.

Solutions and buffers made in-house should be sterile filtered
and quarantined until appropriate quality control (QC) tests are
completed before use. When reagents are manufactured by an out-
side vendor, release testing should be reviewed by quality control
and quality assurance personnel to ensure they are suitable for use.
As much as possible animal origin-free raw materials should be
used. Animal derived raw materials should be accompanied by cer-
tificates of origin (COO).

Ciritical substrates and biological material such as cells, plas-
mids, and viral seeds must originate or derive from fully tested and
well-characterized master or working banks.

Specifications for viral seeds may vary with the helper virus
used, but depending on the bank (master or working bank), tests
should include bioburden, sterility, viral titer, identity (restriction
analysis, and partial or complete sequencing), functional testing.
Banks should be tested for the absence of mycoplasma, adventi-
tious agents, bovine viruses, porcine viruses, retrovirus-like parti-
cles, endotoxin when applicable, and specified human pathogens
(AAV, HIV 1, and HIV 2, HTLV I and HTLV II, HBV, HCV,
CMYV, EBV, Hepatitis B, Hepatitis C, parvovirus B19) (68). Testing
must be performed under cGMP according to FDA’s Guidance of
Industry (http:/www.fda.gov/BiologicsBloodVaccines/Guidance-
ComplianceRegulatoryInformation/Guidances /default.htm).
Master and working cell banks must be appropriately stored in
liquid nitrogen vapor and master and working viral seeds must be
stored at <-70°C in a fully monitored and validated cGMP facility.
Escherichin coli master and working cell banks used to produce
plasmids must be appropriately stored in a freezer (<-70°C) within
amonitored and qualified /validated cGMP facility (68) and should
be tested for host cell identity, phage contamination, plasmid iden-
tity, and sequence and functionality. Once produced, plasmids used
to transfect cells must be tested for identity, homogeneity, purity,
sterility, and for the presence of genomic DNA, RNA, protein, and
endotoxin (68). A protocol for the production of clinical-grade
AAV2 vector by using transient transfection of HEK293 cells
followed by iodixanol ultracentrifugation gradient purification is
described in Subheading 3.4.
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2. Materials

2.1. Generation and
Selection of Stable
Packaging GCell Lines
for rAAV Production

All protocols described in this chapter require at least standard
equipment for cell culture (e.g., Typell A/B biological safety cabi-
nets, CO, incubator, centrifuge, and inverted microscope) and low
temperature storage (4°C, -20°C, -80°C, and liquid nitrogen).

1. Equipments and supplies:

(a) 10-cm and 15-cm cell culture dishes, 48-wells and 6-wells
cell culture plates.

(b) Microcentrifuge and microcentrifuge tubes.

(¢) PCR thermocycler, e.g., PE 9700 (Applied Biosystems,
Courtaboeuf, France).

(d) 37°C and 56°C Water baths.

(e) Horizontal (for agarose gels) and vertical (for polyacryl-
amide gels) electrophoresis systems with power supply.

(f) Whatman 3 M filter paper.

(g) Positively charged nylon membrane (for Southern blot and
dot blot hybridization).

(h) Hybridization oven.
(1)
()

Nitrocellulose membrane (for Western blot).

Semidry gel transfer system, e.g., Trans-Blot SD (Bio-Rad,
Marnes-la-Coquette, France).

(k) 96-Wells dot blot system.
(I) X-ray films and photography developing reagents.
2. Reagents:
(a) HeLa (ATCC CCL-2) or A549 (ATCC CCL-185) cells.

(b) Plasmids: pRC (containing AAV rep—cap genes), pPGK-Neo
(Neomycine phosphotransferase expressed from the murine
phosphoglycerate kinase promoter), pAAV-CMV-GFP (vec-
tor plasmid containing an enhanced Green Fluorescent
Protein expression cassette flanked by AAV2 ITR).

(c) HEK293 (ATCC CRL-1573) and HeRC32 (ATCC CRL-
2972) cells.

(d) Human adenovirus type 5 (ATCC VR-5 or VR-1516).

(e) Dulbecco’s modified Eagle’s medium (DMEM) with
4.5 mg/L glucose and fetal bovine serum (FBS).

(f) Phosphate buffer saline (PBS) and trypsin-EDTA.
(g) Dimethyl sulfoxide (DMSO).
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2.2. Purification
of AAV Serotype
2 and 5 by IEX
Chromatography

(h) Tranfection reagents: 2.5 M CaCl, and 2x HEPES-
buffered saline (50 mM HEPES, pH 7.0, 280 mM NaCl,
1.5 mM Na, HPO,).

(1) G418-sulfate, i.e., Geneticin (Invitrogen, Cergy-Pontoise,
France).

(j) NucleoSpin Blood kit (Macherey-Nagel, Hoerdt, France).

(k) Taq DNA polymerase, e.g., GoTaq polymerase (Promega,
Charbonni¢res-les-Bains, France) and dNTPs.

(1) Agarose and Tris-acetate-EDTA (TAE) buffer.

(m) Proteinase K and 2x proteinase K buffer (20 mM Tris—
HCI, pH 7.5, 2 mM EDTA, 200 mM NaCl, 2% SDS).

(n) Phenol pH 8.0, chloroform, isopropanol, ethanol, TE buf-
fer (10 mM Tris, pH 8.0, 1 mM EDTA).

(o) 0.25 M HCI, 0.5 M NaOH, 20x SSC bufter (3 M NaCl,
0.3 M sodium citrate, pH 7.0), and 10% SDS stock solution.

(p) AlkPhos Direct labeling kit, hybridization buffer, and CDP-
Star detection reagent (GE HealthCare, Orsay, France).

(q) RIPA bufter: 20 mM Tris—-HCl, pH 7.4, 50 mM NaCl,
1 mM EDTA, 0.5% NP-40, 0.5% deoxycholate, 0.5% SDS.

(r) 5x Laemmli sample buffer: 300 mM Tris—HCI, pH 6.8,
50% glycerol, 25% B-mercapto-ethanol, 0.05% bromophe-
nol blue.

(s) 10% Polyacrylamide Tris—Glycine gels (e.g., Novex 10%
Tris—Glycine, Invitrogen, Cergy-Pontoise, France) and
10x Tris—Glycine-SDS running bufter (250 mM Tris-HCI,
pH 8.3, 1.92 M glycine, 1% SDS).

(t) Anti-Rep 303.9 and Anti-Cap B1 monoclonal antibodies
(Progen Biotechnik, Heidelberg, Germany), anti-mouse
HRP antibody, antibody dilution buffer (PBS, pH 7.4,
0.1% Tween 20, 5% milk), Pierce ECL Western blotting
substrate (ThermoFisher Scientific, Brebieres, France).

(u) Cell lysis buffer for AAV harvest: 50 mM HEPES, pH 7.5,
150 mM NaCl.

. Equipments and supplies:

(a) 37°C and 56°C Water baths.

(b) GR-412 centrifuge rotor (Jouan, Saint-Herblain, France).
(¢) JA-17 centrifuge rotor (Beckman Coulter, Villepinte, France).
(d) 5+0.45 um PVDF filters.

(

¢) SP Sepharose HP resin (GE Healthcare, Orsay, France),
HR 5/10, HR 10/10, or XK16/10 for 2, 8, and 20 mL
of matrix, bed height of 10 cm.

(f) Source 15Q resin (GE Healthcare, Orsay, France),
Resource Q 1 mL or HR 5/10.
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2.3. Production and
Purification of AAV
Serotype 1 Using Dual
rHSV Infection and
IEX/Affinity
Chromatography

(g) AKTA Explorer controlled by Unicorn software (GE
Healthcare, Orsay, France).

. Reagents:

(a) Lysis buffer: 25 mM NaHPO,, 20 mM NaCl, 2 mM
MgCl,, pH 7.0.

(b) SP Sepharose HP loading bufters:

AAV2: 25 mM NaHPO,, 150 mM NaCl, 2 mM MgCl,,
pH 6.5.

AAV5: 25 mM NaHPO,, 100 mM NaCl, 2 mM MgCL,
pH 6.5.

(c) Source 15Q loading buffer:

AAV2: 20 mM Tris, 50 mM NaCl, 2 mM MgCl,, 1 mM
CaCl,, pH 8.2.

AAV5: 20 mM Tris, 20 mM NaCl, 2 mM MgCl,, 1 mM
CaCl,, pH 8.2.

. Equipments and supplies:

(a) CIM Q 80 mL monolithic (BIA separation, Ljubljana,
Slovenia).

(b) AVB Sepharose HP (GE Healthcare, Piscataway, NJ).

(c) Sartocon Slice 1000 flat sheet: 100-kDa MWCO Hydrosart
membranes (Sartorius, Bohemia, NY).

(d) Sartorius 1.2 um depth filter and 0.8/0.45 um dead end
filter (Sartorius, Bohemia, NY).

(e) 0.22 um Sterile filter (Sartorius, Bohemia, NY).

(f) 0.45 um nominal pore size Hydrosart membranes for
medium exchange (Sartorius, Bohema, NY).

(g) Bioreactor: BIOSTAT Cultibag RM 20,50 basic control unit
and platform (Sartorius Stedim Systems, Springfield, MO).

(h) AKTA Purifier (GE Healthcare, Piscataway, NJ).

(i) Guava EasyCyte mini system (Guava Technologies/
Millipore, Hayward, CA).

(j) 300-kDa MWCO hollow fiber cartridge, cat. no. UFP-300-
E-MMOI1A (GE Healthcare Life Sciences, Piscataway, NJ).

. Reagents:

(a) Suspension-adapted baby hamster Kidney (BHK21) cells
(ECACC 85011433).

(b) Cell culture media: Hyclone DEME containing 10% FBS
(Thermo Scientific, Rockford, IL).

(c) rHSV-rep2/Capl and rHSV-GOI vector stocks,

>1.5x10? pfu/mL (see production method below) (see
Subheading 3.3, step 1).
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2.4. Production of
Clinical-Grade AAV
Vector by Transient
Transfection

(d) V27 cells (a Vero-derived ICP27 complementing cell line).
(e) Benzonase (EMD Biosciences, San Diego, CA).

. Equipments and supplies:

(a) Biosafety cabinet within an ISO class 7 clean room.

(b) Incubators at 37 +1°C, 5+3% CO,, 85% relative humidity
(Thermo Scientific, Asheville, NC).

(c) Centrifuge, Jouan GR4i (Thermo Scientific, Asheville,
NC) or equivalent.

(d) Ultracentrifuge, Optima L-90 with T70i rotor (Beckman
Coulter Inc., Brea, CA).

(e) Flasks vented cap, T-75 cm?, T-225 cm?. Cell factory ten-
layer with vented caps, serological pipettes, polystyrene
bottles, 50 mL conical tubes (Corning, Lowell, MA).

(f) PETG bottles, graduated cylinders (Nalgene, Rochester, NY).

(g) Sterikap Filter 0.22 pm PES membrane (Millipore,
Billerica, MA).

. Reagents:

(a) HEK293 cells (ATCC CRL-1573).

(b) Helper plasmid at 1.0 mg/mL and AAV vector plasmid at
1.0 mg/mL.

(c) DMEM with 4.5 g/L p-glucose, with 1-glutamine, without
sodium pyruvate (DMEM), gentamicin reagent solution,
50 mg/mL, Dulbecco’s phosphate-buftered saline, without
calcium chloride and magnesium chloride (PBS-CMEF),
Trypan Blue stain, 0.4% (Invitrogen, Carlsbad, CA).

(d) New Zealand FBS (Hyclone, Logan, UT).

(e) Calcium chloride dehydrate (CaCl,-2H,O), powder, USP
grade (JT Baker, Phillipsburg, NJ).

(f) HEPES, free acid, powder, Ultrapure grade (JT Baker,
Phillipsburg, NJ).

(g) EDTA disodium salt, USP grade (JT Baker, Phillipsburg, NJ).

(h) Dextrose, monohydrate, USP grade (JT Baker, Phillipsburg,
NJ).

(1) Potassium chloride (KCl), USP grade (JT Baker,
Phillipsburg, NJ).

(j) Sodium phosphate dibasic (Na,HPO,), USP grade.

(k) Sodiumchloride (NaCl), USP grade (JT Baker, Phillipsburg,
NJ).

(I) Sodium hydroxyde 5N (5 N NaOH) (JT Baker,
Phillipsburg, NJ).

(m)Hydrochloric acid 37% (HCI), NF grade (JT Baker,
Phillipsburg, NJ).
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(n) Todixanol, OptiPrep® Density Gradient solution 60% in water,
Ultrapure Bioreagent (Sigma-Aldrich, St. Louis, MO).

(o) Magnesium chloride, USP grade (JT Baker, Phillipsburg, NJ).

(p) Phenol Red Ultrapure Bioreagent grade (JT Baker,
Phillipsburg, NJ).

(q) SP Sepharose HP resin (GE Healthcare, Piscataway, NJ).
(r) WEFI (Hyclone, Logan, UT).

3. Preparation of culture medium, buffers, and solutions.
(a) DMEM complete (described for 1,000 mL batch).

Remove 50 mL of DMEM from a bottle of 1,000 mL.
Add 50 mL of New Zealand FBS.

Add 8 mL of gentamicin reagent solution 50 mg,/mL.
Sterile filter the mixture and aliquot in appropriate sizes.

Store DMEM complete at 2—-8°C until use.

(b) PBS with 5 mM EDTA (pH 7.3+0.2) (described for
1,000 mL batch).

Prepare 500 mM EDTA, pH 7.4, in WFI using 5N
NaOH to titrate /dissolve EDTA.

Add 10 mL of the 500 mM EDTA to 990 mL of PBS.
Mix the solution for >10 min.
Sterile filter the solution and aliquot in appropriate sizes.

Store aliquots at 2-8°C until use.

(c) 2.5 M Calcium chloride (2.5 M CaCl2) (described for
100 mL).

Add 60 mL of WFI to a graduate cylinder.

Add 36.75 g of CaCl2 to the cylinder.

QS solution to 100 mL.

Mix the solution for >10 min.

Sterile filter the solution and aliquot in appropriate sizes.

Store aliquots at —20°C until use.

(d) 2x HEPES bufter saline (2x HBS: 274 mM NaCl, 9.9 mM
KCI, 1.5 mM Na HPO,, 11.1 mM dextrose, 42 mM
HEPES, 7.05+0.02) (described for 1,000 mL batch).

Add 700 mL of WFI to a graduate cylinder.

Add 16.012 g of NaCl, 0.738 g of KCI, 0.215 g of
Na,HPO, to the cylinder.

Add 2.20 g of dextrose, 10.0 g of HEPES to the
cylinder.

Adjust pH to 7.05+0.02 using 5N NaOH (see Note 1).

QS solution to 1,000 mL and mix the solution for
>10 min.
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Sterile filter the solution and aliquot in appropriate sizes.

Store aliquots at -20°C until use.

(e) Crude lysate buffer (50 mM Tris-Base, 150 mM NaCl, pH
8.5+0.1) (described for 1,000 mL batch).

Add 700 mL of WEFI to a graduate cylinder.

Add 8.766 g of NaCl, 6.055 g of Tris-base to the
cylinder.

Adjust pH to 8.5+0.1 using HCI.

Increase volume to 1,000 mL with WFI and mix the
solution for >10 min.

Sterile filter the solution and aliquot in appropriate
sizes.

Store aliquots at 2-8°C until use.

5x PBS with magnesium and potassium, 5x PBS-MK
(5x PBS, 5 mM MgCl,, 12.5 mM KCI) (described for
1,000 mL batch).

Add 300 mL of WFI to a graduate cylinder.
Add 500 mL 10x PBS to cylinder.

Add 1.0165 g of MgCl,, 0.932 g of KCI to the
cylinder.

Mix the solution for >10 min.

QS solution to 1,000 mL and mix the solution for
>10 min.

Sterile filter the solution and aliquot in appropriate sizes.

Store aliquots at 2—8°C until use.

5 M Sodium chloride (5 M NaCl, described for 1,000 mL
batch).

Add 600 mL of WFI to a graduate cylinder.
Add 292.2 of NaCl to the cylinder.

Mix the solution and gradually add WFI until com-
plete dissolution.

QS solution to 1,000 mL and mix the solution for
>10 min.

Sterile filter the solution and aliquot in appropriate sizes.

Store aliquots at 2-8°C until use.

Iodixanol 15% — 1 M NaCl, density=1.117-1.130 g/cm?
(described for 100 mL batch).

Add 25 mL of iodixanol to a formulation container.

Add 20 mL of 5 M NaCl, 20 mL of 5x PBS-MK, and
35 mL of WFI to the container.
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Mix the solution by inverting of swirling multiple time.
Sterile filter the solution and aliquot in appropriate sizes.

Store aliquots protected from direct light exposure at
12-25°C until use.

(i) Todixanol 25% — phenol red, density=1.117-1.130 g/cm?
(described for 100 mL batch).

Add 42 mL of iodixanol to a formulation container.

Add 20 mL of 5x PBS-MK, 3 mL phenol red, and
35 mL of WFI to the container.

Mix the solution by inverting of swirling multiple time
(see Note 2).

Sterile filter the solution and aliquot in appropriate sizes.

Store aliquots protected from direct light exposure at
12-25°C until use.

(j) Iodixanol 40%, density=1.212-1.225 g/cm?® (described
for 100 mL batch).

Add 67 mL of iodixanol to a formulation container.

Add 20 mL of 5x PBS-MK, 13 mL of WFI to the
container.

Mix the solution by inverting of swirling multiple time.
Sterile filter the solution and aliquot in appropriate sizes.

Store aliquots protected from direct light exposure at
12-25°C until use.

(k) Todixanol 60% — phenol red, density=1.307-1.325 g/cm?
(described for 100 mL batch).

Add 59.6 mL of iodixanol to a formulation container.
Add 0.650 mL of phenol red to the container.

Mix the solution by inverting of swirling multiple time
(see Note 3).

Sterile filter the solution and aliquot in appropriate sizes.

Store aliquots protected from direct light exposure at
12-25°C until use.

SP Sepharose buffers (see Subheading 2.2).

3. Methods

It is important to note that execution of these protocols must
carefully follow the regulatory requirements for manipulation of
viral vectors and genetically modified organisms.
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3.1. Generation

and Selection of
Stable Packaging Cell
Lines for rAAV
Production

This procedure was originally described by Chadeufand colleagues,
and was used for the generation of the HelLa-derived AAV-2 pack-
aging cell line HeRC32 (70, 71). It has also been used for the
generation of other HeLa and A549-derived packaging cell lines
for various AAV serotypes (Blouin et al., unpublished data). The
critical point for efficient rAAV production from packaging cell
lines is the required induced amplification of the rep—cap sequences
upon helper virus (e.g., wild-type adenovirus type 5) infection
(Fig. 1), which relies on the presence of a replication element
within the 7¢p promoter (72, 73). Although such a replication ele-
ment is likely to exist in most of the AAV serotypes, the use of rep—
cap hybrid constructs (i.e., containing 7ep from AAV-2 and cap
from another serotype) might be preferred, since a large majority

a rep copies / cell

1,46 Kb —»
Ad5 - +
HeRC32
b HeRC32 c HeRC32
Ad5 + -
Rep78 — =
Rep68 —
Rep52 —
Rep40 —

Fig. 1. Analysis of adenovirus-induced rep—cap gene amplification and protein expression
in HeLa-derived packaging cell line HeRC32. HeRC32 cells were infected (+) or uninfected
(-) with wild-type adenovirus type 5 (Ad5) and harvested after 48 h. (a) Total cellular DNA
was digested with Psf restriction endonuclease and analyzed by Southern blot hybridiza-
tion with a 509 bp rep probe generated through Sfil-BamHI digestion of plasmid pRC.
A standard curve was generated using Psfl-digested plasmid pRC to assess rep copy
number per cell. (b, ¢) Cellular proteins were analyzed by Western blot using anti-Rep
303.9 (b) and anti-Cap B1 (¢) monoclonal antibodies (Progen).
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of rAAV vectors uses I'TR sequences from AAV serotype 2 (and are
pseudotyped with the capsids of different AAV serotypes) (17).

The following protocol has been optimized as a continuous
process, for screening of critical parameters required to select
packaging cell clones, from initial cell transfection to production
and stability study, as well as for conservative use of reagents and
supplies.

1. Generation of cell clones.

(a)
(b)

(f)

(8)
(h)

Seed HeLla or A549 cells in 10-cm dishes and grow cells
until 70-80% confluence.

Day 1: Co-transfect cells with two plasmids, pRC contain-
ing the AAV rep—cap genes (without ITR) and pPGK-Neo
containing a Neomycin resistance expression cassette, at a
10:1 ratio (10 pg of pRC and 1 pg of pPGK-Neo).

Cells can be transfected following standard calcium—
phosphate precipitation protocol (using 2.5 M CaCl, and
2x HEPES-buffered saline) or other commercially
available transfection reagents.

Day 2: Dissociate the cells with trypsin-EDTA, resuspend
cells in culture medium, and seed four to ten 10-cm dishes
with various cell densities (cell suspension diluted 1:5 to
1:15).

Day 3: Add selection medium to the cells, i.e., DMEM
supplemented with 10% FBS containing 1 mg/mL
Geneticin (see Note 4).

Day 5-30: Change selection medium every 2 days to main-
tain selection pressure until appearance of isolated cell
clones, and continue until completion of clone isolation
(step 1g).

Localize cell clones using an inverted microscope, and pick
up isolated cell colonies (containing 10-100 cells) using a
200-puL micropipette (see Note 5).

Expand picked clones in 48-well plates in culture medium
with Geneticin.

Continue cell clones expansion in 6-well plates until
80-100% confluence, in culture medium without Geneticin
(see Note 6).

2. PCR screening and expansion of rep—cap positive clones.

(@)

(b)

Harvest ~3 /4 of cells from each well of 6-well plates for
DNA isolation and let the remaining cells grow in the well
with fresh medium.

Perform cell DNA isolation, using NucleoSpin Blood kit
or equivalent.
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(c)

(d)

(¢)

Screen clones by standard PCR for the presence of (1) rep
and (2) cap sequences. Run PCR products in agarose gels
stained with ethidium bromide or other DNA staining
reagent (see Note 7).

Expand PCR positive clones (for both rep and cap) in one
10-cm dish, then in two 10-cm dishes, until 80-90%
confluence.

Use one 10-cm dish to prepare two vials for cell freezing,
in medium containing 10% DMSO; freeze cells at —-80°C
or liquid nitrogen.

. Screening of clones for their ability to amplify rep—cap sequences

in the presence of adenovirus by Southern blot hybridization.

(a)
(b)

(8)

Use the other 10-cm dish to seed three wells of a 6-well
plate; grow cells until they reach 80-90% confluence.

Harvest one well of the 6-well plate and count cells; calcu-
late the volume of adenovirus (wild-type human Ad5) to
get a MOI of 100 ip/cell. Use the harvest cells to seed a
10-cm dish to keep the cells growing.

Dilute the calculated volume of Ad5 in 2 mL of medium
(containing 5% maximum of FBS) and replace medium
from the second well with this Ad5-containing medium.
Change medium from the third well. Incubate both wells
for 48 h.

Harvest cells from both wells of 6-well plate, and use 3,/4
of the cells for standard DNA isolation using over-night
proteinase K digestion, phenol—-chloroform extraction and
isopropanol precipitation (see Note 8). Wash the remain-
ing 1/4 of the cells with 1x PBS and freeze as a dry pellet
for Western blot analysis (step 4a).

Digest 10 pg of DNA from infected and uninfected cells
with appropriate restriction enzyme and separate digestion
products by overnight electrophoresis in 1% agarose gel in
1x TAE. Use serial dilutions of known amount of the rep—
cap plasmid, digested with the same enzyme, as a control
for size and copy number (see Note 9).

Transfer DNA from gel to positive nylon membrane in 10x
SSC using standard Southern blot protocol, and hybridize
the membrane with an alkaline phosphatase-labeled rep
probe matching with a single digestion product (labeling
performed using AlkPhos Direct kit) overnight at +55°C.

Wash the membrane according to the AlkPhos Direct pro-
tocol and perform chemiluminescence detection of hybrid-
ization product using CDP-Star substrate.

Positive cell clones should show a rep signal equivalent
to 1-10 copies of the rep—cap plasmid per cell genome in
the absence of' adenovirus. At least 100-fold signal amplifi-
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cation (100-1,000 rep copies per cell genome) should be
induced upon adenovirus infection. A previously charac-
terized packaging cell line (e.g., HeRC32 cells) can be
used as a control (see Fig. 1a).

4. Screening of clones for their ability to express Rep and Cap
proteins in the presence of adenovirus by Western blot.

(a)

Thaw the dry cell pellets prepared from the 1/4 of har-
vested wells of 6-well plate, with and without adenovirus
(step 3d), and perform standard protein extraction in RIPA
buffer (see Note 10).

Load 10-20 pg of total proteins per well, from Ad-infected
and uninfected cells, into two 10% SDS-PAGE gels. Run
the gels for 1-2 h at 100 V in Tris—Glycine-SDS bufter.

Transfer proteins from gels onto Nitrocellulose mem-
branes. Probe one membrane with anti-AAV2 Rep 303.9
antibody and the other membrane with anti-Cap B1 anti-
body, diluted in PBS — 0.1% Tween 20 — 5% milk.

Incubate membranes with HRP-conjugated anti-mouse
antibody in the same buffer, and perform chemilumines-
cence detection of hybridization product using ECL sub-
strate (Pierce).

Positive cell clones should show no Rep or Cap expres-
sion in the absence of adenovirus. A strong expression of all
four Rep and all three Cap proteins (VP1, VP2, and VP3)
should be induced upon adenovirus infection. A previously
characterized packaging cell line (e.g., HeRC32 cells) can
be used as a control (see Fig. la, b).

5. Screening of clones for their ability to produce recombinant
AAV in the presence of adenovirus.

(a)

Recombinant AAV production:

i. Seed the cell clones into two 15-cm dishes and grow
cells until 80-90% confluence.

ii. Harvest one 15-cm dish and count the cells; calculate
the volume of adenovirus (wild-type human Ad5) to
get a MOI of 10 ip/cell.

iii. Transfect the cells in the other dish with plasmid pAAV-
CMV-GFP (recombinant AAV-2 vector plasmid con-
taining an e¢GFP expression cassette), or another
plasmid containing a reporter gene under the control
of'a ubiquitous promoter (e.g., CMV). Use 12.5 ng of
vector plasmid DNA per 15-cm dish.

iv. 6 h Posttransfection, dilute the calculated volume of
Ad5 (from step 5a-ii) in 20 mL of medium containing
5% maximum of FBS, and replace medium used for
transfection with this Ad5-containing medium.
Incubate cells for 48-72 h.
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v. Harvest cells in medium by pipetting up and down

vi.

vil.

(using a cell scraper if necessary), pellet cells by centrifu-
gation at 800 x g4 for 5 min, and resuspend cell pellet
in 1 mL 50 mM HEPES-150 mM NaCl bufter.

Perform cell lyses by three freeze—thaw cycles, and
inactivate adenovirus by 30 min incubation at +56°C
(see Note 11).

Centrifuge cell lysate at 3,000 x4 for 15 min at +4°C
and transfer supernatant into a new tube. Use this
rAAV crude lysate immediately or store at —-80°C.

(b) rAAV genome titer determination:

i.

ii.

iii.

Digest 10 or 20 pL of the crude lysate with DNasel,
in DMEM without FBS, for 30 min at 37°C to remove
unpackaged vector DNA (see Note 12).

Extract AAV DNA using proteinase K digestion, phe-
nol—chloroform extraction, and ethanol precipitation,
or using NucleoSpin Blood kit or equivalent.

Prepare serial dilutions of the purified AAV DNA and
determine the titer by either dot blot hybridization
with an alkaline phosphatase-labeled GFP probe (see
Subheading 3) (see steps 3f and 3g) or quantitative
PCR. Prepare the standard curve with the rAAV-2
vector plasmid used for production.

The calculated GFP copy number in the sample
reflects the rAAV genome titer, expressed as viral
genomes (vg) or DRP.

(c) rAAV transducing titer determination:

1.

1i.

1ii.

iv.

Seed HEK293 cells in 6-well plates and grow cells until
90-100% confluence. Prepare at least six wells per
crude lysate to be titrated, plus one additional well.

Harvest one well and count the cells; calculate the vol-
ume ofadenovirus (wild-type human Ad5 or E1-deleted
Ad5, e.g., mutant d1324) to get a MOI of 4 ip/cell in
each well to be infected.

Dilute the calculated volume of Ad5 in sufficient volume
of medium to get 2 mL per well, and replace medium in
each well with this Ad-containing medium.

Add different volumes of the rAAV crude lysate (e.g.,
0.5, 1,5, and 10 pL) to the Ad-containing medium in
the wells. Test each volume in duplicate.

After 24 h incubation, count the cells expressing GFP
in each well using an inverted fluorescent microscope.
Calculate the number of rAAV vectors expressing GFP
in the crude lysate by taking into consideration the
dilution factor.
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3.2. Purification
of AAV Serotype
2 and 5 by IEX
Chromatography

The calculated quantity of AAV expressing GFD,
or GFP forming units (GFU), reflects the AAV trans-
ducing titer, expressed in transducing units (TU).
Determination of the TU titer, when possible (e.g.,
when using GFP as the transgene) reflects the number
of infectious particles efficiently expressing the trans-
gene (see Note 13).

From the packaging cell clones first selected by Southern blot and
Western blot assays, the best clones are selected from the results of
the rAAV-GFP production assay. The stability and reproducibility
of rAAV-GFP production for up to 30 cell passages is then tested on
the selected clones. Further characterization is then performed on
the stable clones, such as stability of the integrated rep—cap copy
number, stability of AAV protein expression, and production of
rAAV vectors carrying different transgenes and at different scales.

In 2002, an original and versatile procedure for AAV2 and AAV5
purification was described, which was entirely based on two IEX
chromatography steps. This process could be applied directly using a
crude cellular lysate without any treatment with detergents or nucle-
ases, and resulted in rAAV stocks that were pure as determined by
silver staining and had the same biological characteristics as particles
purified following other traditional methods like CsCl gradients or
iodixanol /heparin purification. The average recovery of transducing
particles was evaluated at 44% for AAV2 and 33% for AAV5 (40).

Briefly the rAAV is extracted from the cell pellet by three
freeze—thaw cycles. The crude lysate is centrifuged, heated at
+56°C to inactivate helper virus, centrifuged again, and the super-
natant is filtered. rAAV is then purified by two successive chroma-
tography steps: (1) cation exchange (SP Sepharose HP, GE
Healthcare), and (2) anion exchange (Source 15Q, GE Healthcare).
This method was demonstrated to be successful for recombinant
AAV produced either following transient transfection of HEK293
cells or using a stable packaging cell line infected with either aden-
ovirus type 5 (40) or HSV-1 (19). The method is scalable and
applicable to different AAV serotypes by adjusting salt concentra-
tions during the chromatography steps.

1. Cell lysate preparation:
(a) Harvest cells and centrifuged for 15 min at 800 x 4.

(b) Resuspend cell pellet in lysis buffer (25 mM NaHPO,,
20 mM NaCl, 2 mM MgCL,, pH 7.0).

(c) Perform cell lysis by three freeze—thaw cycles (see Note 14).
(d) Centrifuged the crude lysate at 10,000x 4 for 15 min at 4°C.

(e) Heat the crude lysate at +56°C for 30 min and centrifuge
again at 3,000 x g for 10 min at +4°C (see Note 15).

(f) Collect the supernatant and filter through 5+0.45 pum
PVDF filters.
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3.3. Production
and Purification

of AAV Serotype 1
Using Dual rHSV
Infection and Anion
Exchange/Affinity
Chromatography

2. rAAV purification:

(a) Dilute the filtered supernatant in 25 mM NaHPO,,
150 mM NaCl (for rAAV2), or 100 mM NaCl (for rAAV5)
plus 2 mM MgCl,, pH 6.5.

(b) Inject the diluted supernatant into a SP Sepharose HP
column.

(c) Wash with 25 mM NaHPO,, 150 mM NaCl (for rAAV2),
or 100 mM NaCl (for rAAV5) plus 2 mM MgCL,, pH 6.5.

(d) Elute rAAV using a linear NaCl gradient, up to 500 mM
NaCl (see Note 16).

(e) Dilute the rAAV eluted from first column to 20 mM Tris,
50 (for AAV2), or 20 (for AAV5) mM NaCl, 2 mM MgCl,,
I mM CaCl,, pH 8.2.

(f) Inject the diluted rAAV into a Source 15Q column.

(g) Wash with 20 mM Tris, 50 (for AAV2) or 20 (for AAV5)
mM NaCl, 2 mM MgCl,, 1 mM CaCl,, pH 8.2.

(h) Elute rAAV using a linear NaCl gradient, up to 500 mM
NaCl (see Note 17).

In this protocol, originally developed in 2009 (30), recombinant
AAV1 is produced by rHSV co-infection of suspension BHK cells,
using two ICP27-deficient rHSV vectors, one harboring the rAAV
vector and a second harboring the AAV rep2 and capl genes. 10 L
of rAAV1 production is done in disposable Wave bioreactors, and
volumetric productivities as high as 2.4x10'® DRP per 10 L of
culture can be achieved. Cell culture is in situ lysed, harvested,
depth filtered, and sterile filtered, concentrated and buffer
exchanged before column chromatographic steps. A fully scalable
two-column chromatography process using anion exchange as a
capture step followed by an affinity column is carried out to gener-
ate clinical-grade rAAV vectors; details are described by Wang and
colleagues (56-58).

1. Recombinant HSV production rHSV-rep2 /Capl and rHSV-
rAAV vectors are propagated on the ICP-27 complementing
V27 cell line (74), in a 3.5-L packed-bed bioreactors, superna-
tant is depth filtered and concentrated by tangential flow filtra-
tion (TFF), formulated at >1.5x10? pfu/mL. This procedure
was described in detail by Knop and colleague (34).

2. AAV production:
(a) Seed BHK cells in 25 mL spinner flask.
(b) Grow seed train in spinner flasks.
(c) Seed 4 L volumeina 10 L Wave bag at 2.5-3.5x10° cell /mL.
(

d) Dilute to 10 L at 24 h postseeding. Culture pH is main-
tained at pH 7.2 (see Note 18). Agitation is maintained at
20 rocks/min at an angle of 6.8°. Temperature is main-
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tained at 37°C. A total headspace gas flow rate of 0.1 vol-
ume gas/volume culture/min (vvm) is used.

(e) Co-infect 24 h later with two rHSV vectors using opti-
mized MOI 4:2 (rHSV-rAAV vector: rHSV-rep2 /capl)
when cell density reaches 1.4-2.2x10° cell/mL (see
Note 19).

(f) At 2—4 h postinfection (hpi) medium is exchanged with
serum-free DMEM (see Note 20). This is accomplished
with flat sheet TFF using 0.45 pum nominal pore size
Hydrosart membranes. Volume is reduced five- to tenfold

and culture is diluted back to the preinfection volume with
DMEM lacking FBS.

(g) Harvest the culture at 24 hpi following the steps:
* Add 10% Triton X-100 to the Wave bag to a final con-
centration of 1% (v/v).
¢ Add benzonase (see Note 21).
*  Rock the mixture at 37°C for 2—4 h.
e Filter the lysate using a filter train: depth filter (1.2 mm)
and dead end filter (0.8 /0.45 pm).

e Store filtered harvest at 2-8°C until ready for down-
stream purification.

3. TFE: 10 L of clarified lysate is concentrated and buffer
exchanged using 100 kDa MWCO hydrosart membranes
(see Note 22).

4. Two-step chromatography (Q-AVB):

(a) Preequilibrate Q column with 20 mM Tris, 70 mM NaCl,
pH 8.0 (bufter A).

(b) Dilute rAAV1 lysate with Tris buffer so that the conductiv-
ity of the feed is lower than that of the equilibration buffer,
filter through 0.22 pm sterile filter.

(c) Load diluted lysate onto Q column.
(d) Wash unbound molecules off the column with buffer A.

(e) Use 20 mM Tris, 260 mM NaCl, pH 8.0 to step elute
rAAV1; collect peak.

(f) Preequilibrate AVB column with 100 mM Tris-HCL, pH
8.5 (buffer B).

(g) Load the Q eluent onto AVB column.

(h) Wash unbound molecules off the AVB column with buf-
fer B.

(1) Step elute rAAVI1 with 100 mM sodium citrate containing
100 mM NaCl, pH 3.5 (see Note 23). The affinity column
eluent is neutralized to pH 7.0-8.0 (see Note 24).

(j) Formulate rAAV1 to target concentration in desired buffer
via TFF (see Note 25).
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3.4. Production

and Purification

of Clinical-Grade AAV
Vector by Transient
Transfection and
lodixanol Gradient
Centrifugation

Similar to the protocol developed by Zolotukhin et al. (63),
following transfection of HEK293 cells, rAAV is purified in three
steps. First, the crude cell lysate containing rAAV virions (Partial
Crude Lysate, PCL) is generated by lysing the transtected cells.
The PCL is then purified using centrifugal and chromatographic
methods. The purified bulk is formulated, filtered, and filled. The three
production steps are executed under cGMP standards using approved
production batch records and standard operating procedures. All
activities during production must be properly documented.

1. Production of PCL: An example of production process flow
chart for rAAV type 2 using transient transfection of ten
10-layer cell factories (CF-10) seeded with HEK293 cells is
presented in Fig. 2. Typically, vials of HEK293 (WCB) are
thawed and seeded into two T-75 cm? flasks containing DMEM
without sodium pyruvate supplemented with 5% FBS and
40 pg/mL Gentamicin. Flasks are incubated at 37+1°C in a
5+ 3% CO, humidified incubator. After reaching 80-90% con-
fluence, cells are detached from the flasks using 1x trypsin. The
cells are collected and used to seed more flasks and larger ves-
sels. This process continues until ten 10-layer cell factories
(CF-10) have been seeded with 8 x 108 cells each. At 70-90%
confluence, each CF-10 is co-transfected with 1.8 mg,/CF-10
of helper plasmid and 0.6 mg/CE-10 of plasmid containing
the gene of interest using the calcium—phosphate mediated
transient transfection method. Transfected cells are harvested
at 60-72 h posttransfection and samples are prepared with cell
resuspended in spent media (Table 6). Remaining cells are
pooled and processed to generate a PCL by two cycles of freeze
and thaw that is then stored at <-70°C until purification.
Purification procedures are described below.

(a) 1x Trypsin preparation (described for 20 mL of 1x trypsin).
e Add 18 mL of PBS-CMF to one sterile bottle.
* Add 2 mL of 10x trypsin to the bottle.
e Swirl the bottle several times to mix.

(b) Cell passage (see Note 26).

e Aspirate or discard media from flasks of CF-10s into a
waste container. Carefully rinse the cell monolayer
with 5, 15, or 500 mL of PBS-CMF for T-75, T-225,
or CF-10, respectively.

e Gently rock flasks or CF-10 back and forth two to four
times.

e Aspirate or discard the PBS-CMF from flasks or CE-10s
in a waste container.

e Add2,5,0r200 mL of 1x trypsin to each T-75, T-225,
or CF-10, respectively, and incubate at room tempera-
ture until cells start to detach (1-1.5 min) (see Note 27).



16 Production and Purification of Recombinant Adeno-Associated Vectors

Day 1: Thaw 4 vials of HEK 293 WCB
into 2 T-75 flasks (1.6)&107 cells/Flask)

Passage 01: 2 T-75 flasks to 10T-75 flasks
Seeding: 1.5 x10°- 1.9x10° cells /T-75.

Density: 2.0x10°* - 2.5x10* cells/cm”

Confluency at passage: 80-95%

Passage 02: 10 T-75 flasks to 15 x T-225s
Seeding: 4.75 x10° - 5.0x10° cells /T-225.
Density: 2.1x10* - 2.5x10* cells/cm®
Confluency at passage: 80-95%

Passage 03: 15 T-225 flasks to 2 CF-10s
Seeding: 1.32 x10® - 2.0x10° cells /CF-10.
Density: 2.1x10* - 3.2x10* cells/cm?®
Confluency at passage: 80-95%

Passage 04: 2 CF-10s to 8 CF-10s
Seeding: 1.32 x10% - 2.0x10® cells /CF-10.
Density: 2.1x10* - 3.2x10* cells/cm>
Confluency at passage: 80-95%

Passage 05: 8 CF-10s to 10CF-10s
Seeding: 3.5 x10° - 4.5x10° cells /CF-10.
Density: 5.52x10% 7.10x10* cells/cm’
Confluency at passage: 80-95%
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Transfection of CF-10s @ 70-80% confluent

*Add 200 mL of plasmids complexes to each of 10 bottles of
900mL DMEM+5%FBS (200 mL/CF-10).

*Discard spent media from CF-10 and Add transfecting media
with complexes.

*Place CF-10s in incubator for 60 — 72 hours

Harvest transfected cells

*Collect Spent Media and centrifuge to collect floating cells
*Pull 75 mL of spun spent media per CF-10 for test samples (see
Table 7.5).

*Rinse attached cells with PBS-CMF

*Detach cells with 300mL PBS-CMF+5mM EDTA per CF-10
*Rinse CF-10 with 500mL PBS-CMF per CF-10 and pool
harvested cells

Plasmid complexes formation (for five CF-10s):

*Add 9 mg of Helper plasmid (1.8mg/CF-10) + 3 mg of
gene of interest plasmid (0.6mg /CF-10) in 250 mL of
0.25M CaCl, in WFL

*Add plasmids mix to 250 mL of 2XHBS.

*Incubate 1-2 min

*Add to 500 mL of DMEM+5%FBS.

-

Pellet cells from Ten CF-10s
*Centrifuge @ 660xg for 10min, 4°C
*Combine pellets in PBS-CMF and spin @
660xg for 20min, 4°C.

=

Resuspend cell pellet in CL buffer

*Add 380 mL of cold Crude Lysate buffer to
pellet (38 mL per CF-10).

*Equally distribute in 50mL conical tubes.

=

Generate Partial Crude
Lysate (PCL) by two
rounds of freeze-thaw

=

Store Frozen until
purification

Fig. 2. Process flow chart for rAAV type 2 production in HEK293 cells using transient transfection of ten 10-layer cell fac-
tories (CF-10).

Use caution that the 1x Trypsin is not delivered directly
onto the cell layer.

e Lightly tap flasks or CF-10s to loosen cells and add 18,
45, or 400 mL of DMEM complete to each flask or
CF-10 to stop trypsin action.

e Pool cells in a new sterile container and disperse clumps
by pipetting up and down.
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Table 6

Partial Crude Lysate harvest test samples

Sample Storage

quantity (mL) Cells Test temperature (°C)
2x5 5x107 Bioburden 2-8 or <-70
2x15 1.5x10%  Mycoplasma <-70

2x6 6x107 In vitro contaminants <-70

10x2 2x107 QC Retains <-70

e Pipette approximately 0.3 mL of the cell suspension
into a sterile microcentrifuge tube.

*  Determine viable cells concentration and calculate the
volume of cell suspension necessary to seed at the
appropriate seeding density and the volume of DMEM
complete needed per flask or CF-10 (Fig. 2).

e DPlace each vessel horizontally in the BSC and move
back and forth and side to side to evenly distribute
cells.

e Incubate cells in a 37+1°C, 5+3% CO, humidified
incubator.

(c) Plasmid Complex Formation and transfection (for trans-
fection of five CF-10) (see Note 28).

e DPrepare plasmid DNA mixture in 0.25 mM CaCl,.

—  Prepare one 1,000 mL polystyrene bottle contain-
ing 500 mL of DMEM complete. Label the bottle
“Transfection Mixture.”

— Label one 500 mL polystyrene bottle “DNA
Mixture.”

—  Add 213 mL of WFI to the bottle.

- Mix the 2.5 M CaCl, solution and add 25 mL to
the bottle.

—  Swirl the bottle to thoroughly mix the CaCl,/
WEFI mixture.

—  Mix the Helper plasmid and transfer 9 mL into the
bottle.

—  Mix the vector plasmid and transfer 3 mL into the
bottle.

—  Swirl the bottle again to thoroughly mix.
e Prepare transfection mixtures (see Note 29).

— Label a second 500 mL polystyrene bottle
“Complexes.”
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—  Transfer 250 mL of 2x HBS to the bottle.

—  Swirl the “DNA Mixture” bottle and pour the
entire mixture into the bottle containing 2x HBS.

—  Quickly swirl the bottle two to three times and
allow the complexes to form at room temperature
without further mixing.

—  Visually monitor the precipitate formation until it
becomes slightly hazy (precipitate formation
should take 1-2 min).

— When a fine precipitate has formed, immediately
add the 500 mL of the precipitate to the 500 mL
of media in the “Transfection Mixture” bottle pre-
pared above.

—  Swirl the bottle two to three times to mix.

— Transfer approximately 200 mL of “Transfection
Mixture” into each of 5x 900 mL of DMEM com-
plete bottles.

Remove the culture media from the CF-10 and use a

bottle of media containing the DNA precipitate to

transfect a CF-10 and incubate for 60-72 h at 37°C,
5% CO, (Fig. 2).

(d) Cell harvest.

Pour spent media from each CF-10 into a sterile bot-
tle. Label “Spent media.”

Add 500 mL of PBS-CMF to the CF-10. Evenly dis-
tribute PBS-CMF in the CF-10 and hold.

Pipette 100 mL from each CF-10 of spent media from
each “Spent media” bottle and transfer into the “Spent
Media Pool” bottle.

Gently rock the CF-10 containing 500 mL of PBS-CMF
to wash the cells and discard the PBS-CMF wash.

Add approximately 300 mL of PBS-5 mM EDTA to
each CF-10 and evenly distribute in the CF-10. Allow
the CF-10 to sit in the BSC for 5-15 min and observe
that cell layers start to detach.

Rock the CF-10 until the cells are completely detached
from the CF-10. Examine the CF-10 to ensure that
cells have detached from all levels. Transfer the entire
CF-10 cell suspension into a 1,000 mL bottle.

Add 500 mL PBS-CMF to the CF-10 and evenly dis-

tribute to harvest remaining cells from the CF-10.
Transter the PBS-CMF wash into the previous
1,000 mL bottle containing harvest cells.

Swirl bottles containing the cells, transfer 60 mL of
cell suspensions to a new bottle labeled “Samples.”
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(e) Collect test samples.

Mix thoroughly the “Samples” bottle and equally dis-
tribute into two new 500 mL centrifuge bottles.

Pellet the cells at 660 x g for 20 min at 4°C.

Resuspend each pellet in 25 mL of spent media from
the “Spent Media Pool” bottle.

Transfer and combine the cell suspension from the two
centrifuge bottles.

Rinse the empty bottle with an additional 25 mL of
spent media from the “Spent Media Pool” bottle and
combine the 25 mL spent media wash with the 50 mL
cell suspension.

Testing samples may be prepared from the obtained
cell suspension as outlined in Table 6.

Preparation of PCL.

Progressively swirl each harvest cell suspension bottle
and equally distribute in 500 mL centrifuge bottles.
Centrifuge cells at 660 x4 for 20 min at 4°C to pellet
the cells and discard the supernatant.

Repeat the operation until all cells have been
centrifuged.
Wash each empty centrifuge bottle with 100 mL of

PBS-CMF and equally distribute the PBS-CMF wash
in the centrifuge bottles and repeat centrifugation.

Resuspend each pelletin 25 mL of PBS-CMF. Transfer
and combine all cell suspension in one of the 500 mL
centrifuge bottle.

Add an additional 25 mL of PBS-CMF to each 500 mL
centrifuge bottle to rinse and centrifuge cells at 660 x g
in a GR4i centrifuge for 20 min at 4°C.

Prepare a dry ice—ethanol bath in a bath tray outside the
BSC by combining 1 part dry ice and 2 parts ethanol.

Without disturbing the cell pellet aspirate all of the
supernatant from the cell pellet.

Thoroughly resuspend the pellet in 250 mL of cold
crude lysate bufter.

Equally distribute the cell suspension in 20 new 50 mL
conical tubes (two conical tubes per CF-10).

Add an additional 70 mL of cold crude lysate buffer to
500 mL centrifuge bottle to rinse.

Equally distribute the 70 mL of crude lysate buffer
wash into the twenty 50 mL conical tubes.



16 Production and Purification of Recombinant Adeno-Associated Vectors 393

e Swirl each 50 mL conical tube and snap-freeze the cell
suspension by placing the 50 mL conical tubes into the
dry ice—ethanol bath. Incubate until lysate is com-
pletely frozen.

e Thaw the frozen cell suspension by placing the tubes
into a 37°C water bath. Mix by swirling every 5 min.
Remove from the 37°C water bath when only a small
amount of ice remains and complete thaw at room
temperature by swirling.

e Repeat freeze and thaw steps one more time.

2. Production of purified bulk by iodixanol gradient centrifuga-
tion: Cell lysate is purified chromatographically, using centrifu-
gal or filtration methods. When using chromatography media,
appropriate sanitization is required prior to use. It is preferred
that purification steps are carried out using closed systems.
Single use disposable containers such as flexible bioprocess
bags are recommended. Following purification, all process
equipment undergoes cleaning and sanitization using appro-
priate agents such as NaOH or steam according to established
standard operating procedures. Many purification methods
have been successfully used to purify rAAV vector. Depending
on the amount of vector needed for the study, a simple cen-
trifugation method such as iodixanol gradient (see Table 5
for references) can be used in ¢cGMP production. Iodixanol
purified vector can be further purified by using heparin affinity
column or sulfo-propyl (SP) cation exchange column.

The procedure described below allows for rAAV vector
purification from PCL using ultracentrifugation generated
iodixanol gradient purification.

(a) Thaw the rAAV2 Vector PCL.

e Immerse lower half of 50 mL conical PCL tubes into a
37°C water bath to thaw. Swirl tubes every 5 min.

e Remove tubes from the water when only a small
amount of ice remains and complete thaw at RT.

(b) Treat Crude Lysate with benzonase.

e Inside the BSC, individually measure the thawed CL
in each 50-mL conical tube using an appropriate sized
pipette.

e (Calculate the amount of benzonase needed for each
measured volume of CL to incubate at 50 U/mL of
enzyme.

* Add the calculated amount of benzonase to each tube
of CL, respectively, and recap. Swirl each of the CL
tubes briefly after the addition of benzonase.
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Place the CL tubes in the 37°C incubator for 30 min.
Swirl each tube for every 5 min.

(c) Clarify the benzonase-treated crude lysate.

Centrifuge the tubes at 2,500xyg for 20 min at
20-25°C.

When the centrifuge has stopped, carefully remove CL
tubes from the centrifuge. Wipe all tubes with disin-
fectant and place into the BSC.

(d) Prepare the iodixanol ultracentrifugation tubes. If needed,
multiple sets of tubes can be prepared for ultracentrifuga-
tion to obtain required total number of particles before
chromatography. This protocol uses a set of eight tubes
per T70i rotor.

Place eight autoclaved Optiseal centrifuge tubes in one
tube rack.

Pipette 10 mL of clarified CL into each tube by tilting
the rack at approximately 45° angle to avoid bubbles.

Attach a 20 mL syringe to a blunt end needle. Fill the
syringe with the 15% iodixanol-1 M NaCl solution
approximately 1 mL above the 20 mL line. Invert the
syringe-needle assembly and aspirate the solution from
the needle.

Remove air bubbles from the syringe and adjust the
solution level to the 20 mL line.

Insert the assembly into the first centrifuge tube con-
taining the CL. The needle tip should rest on the bot-
tom of the tube, slightly off perpendicular to allow for
liquid flow. Slowly underlay the CL by injecting 2.5 mL
of the 15% iodixanol-1 M NaCl solution at the bot-
tom of the tube (see Note 30).

Successively transfer the assembly into the remaining
centrifuge tubes and underlay the CL as described
above.

Attach a new 20 mL syringe to a new blunt end nee-
dle. Fill the syringe with the 25% iodixanol-phenol red
solution approximately 1 mL above the 20 mL line.
Invert the syringe-needle assembly and aspirate the
solution from the needle.

Following the same steps described above, insert the
assembly into the tube containing the CL+15%
iodixanol-1 M NaCl. Slowly underlay the 15% iodix-
anol-1 M NaCl solution by injecting 5 mL of the
25% iodixanol-phenol red solution at the bottom of
the tube.
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Attach a new 20 mL syringe to a new blunt end nee-
dle. Fill the syringe with the 40% iodixanol solution
approximately 1 mL above the 15 mL line. Invert the
syringe-needle assembly and aspirate the solution from
the needle.

Following the same steps described above, insert the
assembly into the first centrifuge tube containing the
CL+15% lodixanol-1 M NaCl+25% iodixanol-phe-
nol red. Slowly underlay the 25% iodixanol-phenol red
solution by injecting 7.5 mL of the 40% iodixanol
solution at the bottom of the tube.

Attach a new 20 mL syringe to a new blunt end nee-
dle. Fill the syringe with the 60% iodixanol-phenol red
solution approximately 1 mL above the 20 mL line.
Invert the syringe-needle assembly and aspirate the
solution from the needle.

Following the same steps described above, insert the
assembly into the eighth centrifuge tube containing
the CL+15% iodixanol-1 M NaCl+25% iodixanol—
phenol red +40% iodixanol. Slowly underlay the 40%
iodixanol solution by injecting 5 mL of the 60% iodix-
anol-phenol red solution to the bottom of the tube.

Top off the centrifuge tubes, cap, and centrifuge.

With a 1 mL pipettor, top off the centrifuge tubes to
the neck with clarified crude lysate. Make sure to
equally fill all the tubes.

Cap the “Clarified CL” bottle (see Note 31).

Close each tube with a dry sanitized centrifuge tube
plug. Apply the special top of the rack and press to
obtain complete closure of the tubes.

Remove the top of the rack. Pair the plugged tubes
using an analytical balance and carefully transfer the
tubes into the 70Ti rotor. Cover each tube with an
amber spacer and close the rotor.

Caretully transfer the rotor to the ultracentrifuge.

Centrifuge tubes at 69,000 rpm for 1 h at 18 +1°C.
Set for maximal acceleration and slow deceleration.

Collect vector from tubes postultracentrifugation.

Wipe down two ring stands and two clamps with dis-

infectant and place them in the BSC.

Using the empty centrifuge tube rack, preadjust the gap
between both ring stands and the height of the clamps
to secure the rack and have the 60—40% iodixanol inter-
face at a comfortable height to collect vector.
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Upon completion of the ultracentrifugation, remove
the 70Ti rotor from the ultracentrifuge and slightly loosen
the lid. Wipe down the rotor with disinfectant and
place in the BSC.

Unscrew the 70Ti rotor lid and remove the spacers.
Remove each tube from the rotor using tweezers and
transfer the tube to the second empty centrifuge tube
rack.

Cover the rack containing tubes with the holed rack
top, allowing the plugs of the tubes to appear. Remove
the plugs of the tubes with tweezers and replug them
immediately.

Carefully secure the centrifuge tube rack with the
holed rack top between both ring stands. Make sure
the clamps are tight and the rack is horizontal. Place
a 1 L beaker underneath the tube rack.

Wipe the appearing side of the tube to be punctured
with a 70% IPA wipe.

Use a sharpie to mark the 60—40% iodixanol interface
(yellow — colorless interface) on each tube with a
straight fine line.

Attach a 5 mL syringe to an 18 G, 1.5 in. needle. Pull
and push the plunger of the syringe once to make it
casier to move the plunger when extracting the
vector.

Steady the tube by holding the rack and gently insert
the needle into the side of the first tube, about 2.5 mm
below the sharpie mark, with the bevel of the needle
pointed upward.

Steady the syringe, remove the plug of the centrifuge
tube with the tweezers, and save it to stop liquid flow
after vector has been collected.

Extract carefully 3 mL (~1 mL from the yellow 60%
iodixanol phase and ~2 mL from the colorless 40%
iodixanol) of the vector by pulling the plunger of the
syringe slowly, keeping the bevel of the needle at the
same position.

When 3 mL are extracted, recap the tube by reinsert-
ing the plug.
Carefully remove the needle from the tube.

Slowly transfer the recovered volume into a 150-mL
polystyrene bottle.
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Table 7
Purified bulk test samples

Test Storage temperature (°C)

Bioburden (after purification or before 2-8 or £-70
formulation, filtration, and fill)

Infectious titer <-70
Vector genome titer

Purity

pH

Conductivity and /or osmolarity

Residual host cell DNA

Process residuals

e Extract the vector from each of the remaining tubes by
repeating the steps above and the same 150-mL poly-
styrene bottle. Change the needle if necessary.

¢ Jodixanol purified vector bulk can be stored at 2-8°C
until further purification by cation exchange chro-
matography (SP Sepharose HP) as described in
Subheading 3.2.

(g) Sampling the final purified bulk.

Following cation exchange or heparin affinity purifica-
tion of the iodixanol purified vector sample listed in
Table 7, unless otherwise preset. Osmolarity sample can be
necessary to ensure that the final formulation step is appro-
priately made to the desired product osmolarity. When the
purification involved multiple steps, in-process samples can
be taken at major steps especially important during engi-
neering production. These samples might be useful should
an investigation has to be conducted.

3. Formulation and filling of final product: Purified bulk is tested
based upon specifications required to formulate the final prod-
uct (i.e., vector genome concentration, infectious titer, and
osmolarity). The purified bulk is then thawed and formulated
with the appropriate buffer at the proper concentration, and
sterile filtered. The filtered bulk is filtered again and filled at
the targeted volume into vials to generate the clinical lot. Vials
are appropriately labeled and stored at the proper tempera-
ture. Samples are taken from the clinical lot to perform release
testing (Table 8).
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Table 8
Final product test samples
Storage
Sample quantity Test temperature (°C)
Batch size: less than 100 vials: Sterility <-70

Four vials if >1 mL/vial
Eight vials if <1 mL /vial

Batch size: less than 500 vials:
Four vials if >1 mL /vial
Eight vials if <1 mL /vial

Batch size: more than 500 vials:

2% or 20 vials whichever is less
One vial

One vial

One vial

One vial

One vial

One vial

One vial

One vial

One vial

One vial

One vial

Two vials per time point
One vial

One vial

Infectious titer
Vector genome titer
Capsid titer
Transgene expression
rcAAV

Identity

General safety
Endotoxin
Appearance

pH

Osmolarity

Stability
Aggregation

Vector genome sequencing

4, Notes

. It pH of 2x HBS solution increases above 7.07 during NaOH

addition, do not back titrate with HCI. Discard solution and
make a new batch.

. Solution of 25% iodixanol should turn red as pH solution is

neutral.

. Solution of 60% iodixanol should turn yellow since iodixanol

pH is acidic.

. In DMEM supplemented with 10% FBS, optimal Geneticin

concentration for HeLa or A549 cells was determined to be
0.8-1 mg/mL. Different Geneticin concentration may have to
be defined when using different serum concentration or
medium type.

. Use a pen to mark clone localization at the bottom of the

culture dish, then remove culture medium, wash cells once
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10.

11.

12.

13.

with 1x PBS, and recover cells with fresh 1x PBS. Isolated
clones can be picked up directly by aspirating with a 200-pL
micropipette. Alternatively, cloning cylinders can be used if the
use of trypsin-EDTA to detached clones is preferred.

. Integration of the rep—cap sequences within the cell genome

should have been achieved at this stage. Thus, selection
pressure is not required anymore.

. Use 5 uL of total cellular DNA (from 100 uL eluted from the

NucleoSpin column) in a 50 pL standard PCR. Load 20-25 pL
of the PCR on agarose gel. PCR primers should be designed to
amplify a 0.5-1.0 kb fragment specific for the rep and cap
sequences; rep and cap PCRs should be performed separately.

. Pellet cells by centrifugation, resuspend cell pellet in 1x PBS,

and perform proteinase K digestion over night at +55°C in
1 mL final volume. After DNA precipitation with isopropanol,
wash DNA pellet with 70% ethanol and dissolve DNA in 20 pL.
TE pH 8.0. Determine DNA concentration through OD
measurement.

260

. Perform restriction enzyme digestion in a 20-30 uL final vol-

ume. Use a suitable restriction endonuclease such as Pstl,
which generates a 1,460 bp fragment within the AAV-2 rep
sequence and digests efficiently mammalian genomic DNA.
Prepare a rep—cap plasmid standard curve ranging from 0 to
100 copies/cell genome (10 pg of human DNA contains
approximately 3 x 10° cell genome) in HeLa or A549 genomic
DNA, and digest the standard curve together with the samples.
After gel electrophoresis, check the gel under UV light to verify
digestion efficiency: uninfected cells DNA should appear as a
smear, whereas additional multiple bands corresponding to
adenovirus DNA digestion products should be visible in
Ad-infected cells.

As a control for protein extraction and Western blot, use a
previously characterized packaging cell line (e.g., HeRC32
cells) or cells transfected with the rep—cap plasmid, infected or
not with adenovirus. Use untransfected Hela or A549 cells as
a negative control.

For freeze—thaw cycles, use ice-cold ethanol (prepared with
dry ice) and a +37°C water bath. Inactivate adenovirus in a
+56°C water bath.

DNase digestion should not exceed 30 min to avoid degrada-
tion of encapsidated vector DNA.

The TU titer is dependent on the ability of the vector capsid to
interact with the indicator cells and to properly deliver the
rAAV genome into the cell nucleus. Thus, for a given quantity
of DNA-resistant particles (as calculated by dot blot hybridiza-
tion), the TU titer determined on HEK293 cells can greatly
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

differ from one capsid serotype to another and does not account
for the efficiency of gene transfer in the target tissue in vivo.

Three freeze—thaw cycles are usually performed but we observed
that AAV extraction was complete after only one cycle.

The temperature of the water bath has to be accurately adjusted
at +56°C; at lower temperature, adenovirus inactivation may
not be efficient, and a higher temperature may be deleterious
tor AAV. For example, we have observed a loss of AAV infectiv-
ity at +58°C. Also, note that the incubation time may have to
be adjusted depending on the volume (i.e., large volumes may
require longer incubation times).

At this step, a sharp peak of absorbance could not be visual-
ized: the eluted fractions have to be screened for the presence
of AAV.

At this step, a sharp peak of absorbance (at 280 and 260 nm)
corresponding to the presence of AAV could be visualized.

The pH is maintained by headspace CO, addition. Dissolved
oxygen (DO) is monitored until <50% saturation, and then

headspace oxygen enrichment is used to maintain the DO at
50%.

The optimized rHSV MOI was determined experimentally.
For different capsid serotype and length of gene of interest,
this ratio may vary. For optimum results, this ratio is to be
determined experimentally for each AAV vector.

The recirculation rates of 350-500 mL/min and the TMP is
maintained at approximately 0.5 psig

A final concentration of 25-50 U/mL is commonly used.
For optimum Benzonase activity, 2 mM of Mg?* is required
(Mg?* concentration may be adjusted by the addition of MgCl,
if needed). Benzonase concentration may be lowered to
1-10 U/mL to reduce the cost.

A recirculation rate of 0.5-1.5 L/min is used and the TMP
maintains at 8.5+ 1.5 psig.

To minimize the time rAAV is exposed in low pH elution but-
fer, collect peak into a tube that contains 1 M Tris, pH 8.5, as
neutralization buffer. Volume of the neutralization buffer may
vary depending on the column dimension and eluent volume.

If the pH of the eluent is out of 7.0-8.0 range, use 1 M Tris,
pH 8.5, and 100 mM sodium citrate, 100 mM NaCl, pH 3.5,
to adjust the final pH.

Buffer was exchanged to lactated Ringer’s solution, using a
300-kDa MWCO hollowfiber cartridge.

It is critical to passage cells within 90% confluency throughout
the seed train as overgrowing (>90%) cells may impair the
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transfection efficiency. One needs to make sure that flasks and
CF-10 are appropriately leveled in the incubator to obtain an
evenly distributed cell monolayer.

Adherent HEK293 cells are known for being weakly attached
to culture vessel. One needs to make sure not to prolong
trypsin action. Depending on the trypsin used, this may result
in cell damage including pronounced clumping in the suspen-
sion. Observing cells monolayer detaching from the vessel is a
key element for the duration of trypsin action.

Ensure that both CaCl, and 2x HBS solutions are at equiva-
lent temperature before use. It is recommended to equilibrate
CaCl,, 2x HBS and WFI containers at room temperature
overnight.

Prepare the 500 mL of media to stop complex formation
before the addition of 2x HBS. To monitor the complex for-
mation, an equivalent volume of WFI can be added to the same
type container and be used to evidence precipitation. Complex
formation kinetic is temperature dependent.

Avoid fast injection of the 15% iodixanol-1 M NaCl solution.
Fast injection will mix the CL with the iodixanol solution.

Handle centrifuge tubes with great care so as not to disturb the

gradient steps during subsequent manipulations.
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Chapter 17

rAAV Vector Product Characterization and Stability Studies
Richard 0. Snyder, Muriel Audit, and Joyce D. Francis

Abstract

Recombinant adeno-associated viral (rAAV) vectors mediate the safe and long-term correction of genetic
diseases following a single administration. Preclinical studies in animal models and human trials have
shown rAAV vector persistence and safety. In some trials, sustained or transient transgene expression has
been demonstrated in humans treated for alpha-1 antitrypsin deficiency, LPL deficiency, hemophilia B and
cystic fibrosis, and sustained correction of inherited blindness has been reported by three groups. For
human use, rAAV vectors are manufactured and tested in compliance with current Good Manufacturing
Practices as outlined in the Code of Federal Regulations (21CFR) or European Good Manufacturing
Practices (Eudralex, Volume 4, GMP Guidelines, 2003 /94 /CE and 91 /356 /EEC). Manufacturing con-
trol, as well as product quality is evaluated by quality control testing and all manufacturing, facilities, and
testing activities are reviewed by the quality assurance department. In-process specifications are set and
in-process testing is conducted to confirm that the manufacturing process is controlled, aseptic, and per-
forms consistently. Final product is tested to ensure release specifications are met for identity, safety,
purity, potency, and stability.

Key words: Adeno-associated virus, Gene therapy, Assay, Testing, Quality control, Quality
assurance

1. Introduction

As AAV vector technology has improved, the safety and efficacy of
AAV-mediated gene transfer in animal models have been demon-
strated, and the vectors have been shown to persist and to be safe
in humans (1-10). Transient correction of hemophilia B following
hepatic artery administration of a rAAV2-hFIX vector (10, 11) and
regional infusion (12) has been reported, and transient transgene
expression was detected in patients treated for LPL deficiency (13).
Long-term improvements have been reported for the inherited
blindness Leber’s congenital amaurosis (14-16).
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1.1. Assay
Development

As described in Chapter 16 of this volume, the physicochemi-
cal properties of recombinant adeno-associated viral (rAAV) vector
virions are amenable to standard industry manufacturing method-
ologies, long-term storage, and direct in vivo administration. rAAV
vectors are manufactured and tested in compliance with current
Good Manufacturing Practices (¢cGMPs) as outlined in the Code
of Federal Regulations (21CFR; http://www.gpoaccess.gov/cfr/
index.html) and European Good Manufacturing Practices
(Eudralex, Volume 4, GMP Guidelines, 2003/94/CE and
91,/356/EEC, http: //www.emea.curopa.cu and http: //ec.europa.
eu/enterprise /pharmaceuticals). To meet these requirements,
manufacturing controls are established, and quality systems
including quality control (QC) and quality assurance (QA) are
implemented. Quality control personnel have the responsibility to
(1) conduct environmental monitoring of the facility for microbial
and particulate contaminants to determine if it is within the speci-
fications for cleanliness, both “at rest” and when personnel are
present, (2) monitor manufacturing personnel aseptic processing
techniques and hygiene, during the manufacturing process, (3)
sample and test raw materials to ensure adherence to specifications,
(4) evaluate the manufacturing process by sampling and testing
intermediates, (5) develop and qualify new assays, (6) characterize
the product, and (7) perform product safety and stability testing.
Data generated by QC is provided to manufacturing and QA for
their timely responses to process, facility, and testing results.

To eliminate conflict of interest, QA and QC are independent
from the manufacturing unit and ensure that production activities
are in compliance with cGMPs. QA personnel (1) approve, issue,
and maintain documents (standard operating procedures (SODs),
validation protocols and reports, cleaning and use logs, batch
records, test records, training records, release specifications, etc.),
(2) inspect performance of procedures and processes for compliance
with SOPs, (3) audit all manufacturing documents and QC data,
and (4) release the facility and raw materials for manufacturing use,
and final product lots for use in the clinic. These manufacturing
procedures and quality systems ensure that a safe, pure, potent,
and stable product is produced.

This chapter focuses on the characterization and stability testing
of rAAV vector products used in preclinical and clinical studies.

Although protocols for AAV characterization may have been used
in research and are available, additional assay development for each
AAV vector product and assay evaluation is required to support
clinical trials. Once the actual methods are established and reagents
are sourced, then the documents (reagent preparation records, test
records, SOPs, etc.) and specifications need to be written, and qual-
ifications conducted. In parallel, new and existing assays are devel-
oped and qualified to characterize intermediates and final product.
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A dedicated quality control (QC) laboratory is ideal to conduct
testing. This laboratory is equipped with modern analytical equip-
ment necessary to perform the in-house reagent, intermediate
product, final product, and environmental testing. Additional sup-
port space houses an autoclave(s), refrigerators, —~20°C and -80°C
freezers, liquid nitrogen freezers, stability chambers, secure storage
for standards and additional space for materials and reagents stored
at room temperature. A central computerized monitoring system
monitors temperature and/or humidity in incubators, refrigera-
tors, and freezers, and ensures they function in the specified oper-
ating range. This system also automatically initiates staff notification
when operating limits are exceeded. The correct operation of all
equipment is verified on a daily basis. All QC equipment is vali-
dated (Installation Qualification and Operational Qualification)
and then calibrated and maintained (cleaning and preventive main-
tenance) according to a procedurally defined schedule.

Cell and virus manipulations during testing are performed
exclusively in ISO 5 (EU class A) BSCs during open steps to protect
the QC operator and maintain asepsis. Also, BSCs must be avail-
able to prepare qualified QC cell banks and helper virus banks
(e.g., adenovirus) that are used in infectious titering and rcAAV
assays, and rAAV product testing.

Cleaning procedures, equipment calibration, and preventative
maintenance procedure documents are written, and then approved,
controlled, and maintained by QA. Frequencies of cleaning and
maintenance may vary according to frequency and type of use and
manufacturer’s recommendations. Calibration of equipment is
performed as frequently as with each use for certain equipment
(e.g., a pH meter) or up to an annual calibration period. These
frequencies must be justified and detailed in the corresponding
written procedures. For equipment cleaning, two different filtered
germicidal detergents are rotated monthly, and all surfaces and
equipment are cleaned periodically according to set schedules.

Personnel need to have appropriate education and experience prior
to working in the testing environment. An organization and report-
ing structure for QC and QA operations is necessary, and each
person is assigned specific responsibilities as indicated in their
respective job description. A technician and a supervisor engaged
in testing activities is the minimal number required for a QC
laboratory. The QC supervisor coordinates environmental and
personnel monitoring based on manufacturing activities and testing
of raw materials, in-process and product samples. In addition, the
supervisor reviews data generated, as well as the performance
standards and controls included in each assay. QA maintains appro-
priate quality systems to assure that the testing performed also
supports the quality and safety of the clinical materials. QA’s
independent oversight of the testing activities, including periodic
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1.3.1. Training

1.4. Quality Assurance

1.4.1. Internal
and Vendor Audits

1.4.2. Raw Materials
and Lot Release

inspections of assay performance and other activities to ensure
compliance with SOPs, and especially for review of assay accept-
ability (validity), product release and disposition, is key to the
quality systems.

Training is performed according to an issued SOP(s). General
training sessions regarding current Good Manufacturing Practices
regulations, documentation practices, and other general proce-
dures, are held for new employees with GMP training repeated on
an annual basis for all employees. Supervisors, QC analysts, QC
technicians, QA reviewers, and support personnel are given initial
and refresher training on specific job functions and procedures.
Other support groups outside of QC and QA (such as information
technology and building maintenance personnel) are also trained
on the cGMPs and specific notification and documentation proce-
dures. The supervisor or other trained individual can perform indi-
vidual training in job-specific responsibilities. To familiarize
themselves, individuals are provided the SOP or other issued
controlled document covering a particular procedure before the
training session. The individual reads the controlled document and
receives hands-on training, the amount of which is based on the
individual’s education and experience. When an individual can com-
plete the tasks in the procedure competently, they have completed
training and then are allowed to perform the tasks independently.
All training and relevant education records are archived by QA.

Quality assurance performs audits, release of raw materials, and
reagents for use in testing, change control, document control,
release of clinical lots, and validation support.

Internal inspections are performed according to an issued SOP
specitying their frequency. These inspections cover all areas includ-
ing QC and QA, and review compliance with issued procedures.
Findings are reported to unit supervisors, and management. A
response and follow-up on completion of corrective activities are
required to close the audit. The vendor management program
includes on-site audits for compliance with cGMPs or other quality
systems (e.g., ISO), and implementation of corrective actions prior
to the production of components used in the testing of rAAV vec-
tor in-process and product samples. A review of QC recipes and an
agreement on release specifications is performed for reagents
manufactured under contract.

The QA director or designated QA staff member is responsible for
review and release of all materials and reagents used in manufactur-
ing and testing, and final product lots prior to shipment to clinical
sites. The release process includes manufacturing batch record
review, environmental monitoring review, review of each QC assay
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Development and Control

1.4.5. Validation Support
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performed (review of test record), and an evaluation of test results
in comparison to release specifications. Other release activities
related to raw materials, reagents produced internally, and in-
process intermediates and production banks are also the responsi-
bility of QA. All release activities are described in issued SOPs.

A system for the documentation, investigation, and correction/
prevention of variances is covered in issued SOPs. Test failures are
assigned numbers when they occur and are investigated and tracked
by QA until completion of corrective actions or retesting, if appro-
priate. Retesting is usually allowable if a test procedure is invalid
(i.e., the controls did not perform) or an operator error was identi-
fied. Planned variances to controlled procedures can be allowed
(for phase 1 or 2 materials) for documented controlled changes to
procedures for evaluation purposes. Planned Variances are also
assigned numbers by QA and tracked until implementation (by revi-
sion to the appropriate procedure) or terminated (due to nonutility).
The notification and review of planned changes made to equip-
ment, process, raw materials, or specifications as detailed in SOPs or
batch records or other controlled documents is required by a change
control system. This system allows for the evaluation and review of
the effect the change will have on the product or test procedure.

QC personnel develop the protocols and procedures used in testing.
These written procedures must be approved by QA. These include
SOPs for operation, use and maintenance of equipment and the
QC facility, testing records, reagent specifications, standards and
controls handling, and product release specifications. QA is respon-
sible for document issuance and control. All SOPs, test records,
reagent preparation records, and controlled forms used by QC and
QA are numbered, reviewed, and issued by QA. All revisions to
existing controlled documents are also handled by QA where
document change history is tracked, either on the document itself
(for SOPs) or on a controlled form used for the revision process.
An historical archive of all versions of each controlled document is
maintained by QA and all executed records related to any activity
performed according to SOPs, or related to the production and
release of clinical materials are archived in fire-proot cabinets or
other storage located on-site and/or at off-site secured storage
facilities. Digitization and electronic storage of completed records,
forms, and other documents is also a suitable redundant approach.

Prior to execution, QA reviews and approves the validation master
plan, and all assay validation protocols, including acceptance criteria,
specifications, and operating limits. Following the execution of the
validation studies, QA reviews all reports to ensure completeness
and accuracy, and that all acceptance criteria have been met and, if
applicable, all deviations have been acceptably resolved.
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1.5. Quality Control

1.6. Reagents
and Raw Materials

1.6.1. Cell Banks

1.6.2. Plasmids

QC activities include assay development, assay qualification, envi-
ronmental and personnel monitoring, and testing of raw materials,
reagents, product intermediates, and final product. Data generated
by QC are provided to manufacturing and QA for their timely
responses to process, facility, and testing results.

Suitable reagents and raw materials should be chosen, and accept-
ability criteria and specifications established for each item used in
QC testing. United States Pharmacopeia, European Pharmacopeia
(EP) or multicompendial grade chemicals and water for injection
(WFI) should be used whenever possible. Animal-derived materi-
als, if needed for testing, are accompanied by Certificates of Origin
(COO) to ensure the safety of these materials. Upon receipt from
the vendor, these materials are inspected (by warehouse person-
nel), placed in quarantine storage (in the warehouse), and the
Certificate of Analysis (COA) is compared to preset specifications
by QA. In some cases, samples of purchased reagents need to be
taken and analyzed prior to use. Once the verification of the speci-
fications is complete, then the materials are released by QA and
moved to the designated released storage area for subsequent use
in the testing process. Reagents (cell substrates, buffers, etc.) used
in testing that are made on-site in the QC laboratory use con-
trolled records, issued by QA. Testing of these batches is reviewed
by QA and released for use in QC.

QC Cell Banks (QCCBs) are made according to written proce-
dures. These cell banks should be large enough to meet current
and future testing needs, and periodically tested for viability and
sterility. Typical cell lines that are used include HeLa cells that har-
bor the AAV 7ep and cap genes (17, 18) for infectious titering (see
below), and naive HelLa or HEK 293 cells for transduction and
rcAAV testing (see below). The components and reagents used
during the manufacture of cell banks, should be sourced such that
appropriate quality standards can be met. The cell bank is stored in
designated monitored equipment below -135°C under liquid
nitrogen vapor to reduce the possibility of cross contamination
between vials. The QCCB is stored under quarantine while it is
being tested (Table 1), and is released for use by QA once qualifi-
cation is complete.

For plasmid standards used in testing, plasmid DNA and E. co/i cell
banks are needed, and are usually derived from the E. co/i cell banks
used to produce plasmids for vector manufacturing. The vector
plasmid harbors the rAAV vector cassette flanked on each end by
inverted terminal repeats, and is used as a standard for vector
genome titering (see below). Vector plasmid E. coli cell banking is
performed by transforming E. cols strains that are deficient in
recombination enzymes and screening subclones for I'TR stability
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Suggested QC cell bank specifications

Test

In vitro viruses

Mycoplasma

Viability
Sterility test
Total viable cells/vial

Identity

Method Specification

Indicator cells — cytopathic effect Viral contaminants not
detected

Indicator cells — hemadsorption Viral contaminants not
detected

Agar/broth cultivation
Hoechst stain

Mycoplasma not detected
Mycoplasma not detected

Trypan blue stain >80%

Direct inoculation No growth
Trypan blue stain 5x10%-2x 107

Isoenzyme analysis Match species used

Table 2

Suggested plasmid QC master cell bank specifications

Test

Method Specification

Antibiotic resistance

Morphology

Restriction enzyme digest
with 3 enzymes

Phage contamination

DNA sequencing

LB plate culture Ampicillin-sensitive Kanamycin

resistant
Phase contrast microscopy E. coli rods: pass

Restriction enzyme
pattern analysis

Expected pattern according

to map
LB plate culture Negative

Double-stranded primer walking Conforms to reference sequence

1.6.3. Cell Culture
and Infection Reagents

and yield. Glycerol-stabilized master cell banks are produced and
plasmid DNA preparations derived from these MCBs are sequenced
and analyzed as part of qualification and release (Table 2). In some
cases, plasmids harboring the wild-type AAV genome may be
needed for rcAAV testing (see below).

High-purity water or water for injection, trypsin, and phosphate-
buffered saline (PBS) of suitable quality are available from com-
mercial sources, and tissue culture media can be preformulated,
tested, and released. If a helper virus is used in the testing proce-
dures, then a QC Viral Bank (QCVB) should be produced using
controlled written procedures, tested and characterized (including
genetic integrity and titer), and released by QA for use.
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1.6.4. Storage, Shipping,
and Testing

1.7. Assays

Product vials are stored in inventoried locked storage at -70°C to
-90°C, and test samples are stored at their appropriate tempera-
ture. Samples are packaged with dry ice or freezer packs in an insu-
lated container when shipped to third-party testing sites. The
shipping container holds a temperature data logger to ensure the
appropriate temperature is maintained during shipment. Upon
receipt, the items are removed from the shipping container and
again stored at their appropriate temperature until testing is initi-
ated. The data logger is reviewed to confirm that the proper ship-
ping temperature was maintained. The QC unit should establish a
sample receipt and tracking system used for in-house and contract
laboratory testing. Contract laboratory testing protocols or proce-
dures should be obtained by QC, and reviewed, and approved.
When completed the protocols and the final testing reports are
reviewed and maintained by QA in their archives.

Although several assays are employed to evaluate AAV vectors used
for research, additional assay development is required to achieve
the appropriate level of assay performance for each phase of
product development and ultimately product licensure. It might
be sufficient to have preliminary validated assays applicable for
products entering Phase I clinical trials, but a full validation
package is recommended for all assays used in the quality control
analyses of the products entering Phase II /111 clinical trials as well
as for the assays used in Good Clinical Practice (GCP) studies. The
QC assay development activity involves generating standards and
controls, writing test records and reagent preparation logs, and
training laboratory analysts to perform these procedures. In some
cases, internal standards can be calibrated to external reference
standard materials that are available to the community. Once
the methods are established, then the assays are qualified to demon-
strate that they perform appropriately based on their intended use.
According to ICH Q2(R1) “Validation of Analytical Procedures,”
the validation characteristics that should be considered are, according
to the type /use of analytical procedure, accuracy, precision (repeat-
ability and intermediate precision), specificity, detection limit,
quantification limit, linearity, and range for eventual assay validation.
Appropriate in-process and final product sampling and testing will
depend on the specific manufacturing process, and some tests may
need to be conducted repeatedly throughout the process.
Furthermore, sampling and testing may be different for US or EU
compliance (Tables 3 and 4).

Requirements, including GMP-related issues, should be
upgraded as the clinical study phase progresses. Before the devel-
opment of a product reaches the market phase, the implementa-
tion of guidelines should proceed on a case-by-case basis, according
to the phase of the clinical study. Appropriate tests to be per-
formed on vector batches are defined for each product (Table 5).
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Table 3

AAV clinical batch sampling and testing based on FDA guidelines

Harvest Purified bulk Vialed final product

Sterility or bioburden Sterility or bioburden Sterility including bacteriostasis/
fungistasis

Mycoplasma Purity: silver staining,/ Potency: infectious unit titer

In vitro adventitious viral
contaminants

In vivo adventitious viral
contaminants, if needed

Coomassie blue

Potency: infectious unit titer Strength: vector genome titer
Strength: vector genome titer Strength: particle titer
Identity Transgene expression
Residual host cell DNA rcAAV
Process residuals Endotoxin
pH General safety
Conductivity or osmolality Aggregation

Appearance

Identity

Stability

pH

Osmolality

1.8. Intermediate and
Final Product Testing,
and Lot Release

Depending on the production process, residual biological compo-
nents used during production (e.g., plasmids, viruses, cell line),
will be quantified in the final product. For a production process
using a stable cell line it will be necessary to define the number of
copies of viral genes and expression cassette per cell as well as
integrity and genetic stability. Transient transfection processes will
require the quantification of residuals plasmids. The use of viruses
also requires their detection in the final product (19). Production
with a baculoviruses/insect cells system may require the detection
of nodaviruses (20).

Once produced and purified, the vector batch is characterized
using qualified assays to ensure that it meets preset specifications
for safety, identity, purity, potency, and stability. These tests can be
expensive and consume a significant amount of vector that
approaches the amount of vector needed for the clinical doses.
Testing and characterization of each lot of the rAAV vector is per-
formed under cGMPs prior to product release. Release documen-
tation (a COA) for each lot is submitted to the US Food and Drug
Administration (FDA), European (EMEA) or national regulatory
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Table 4

AAV clinical batch sampling and testing based on the European Pharmacopoeia

Harvest

Purified harvest

Vialed final product

Vector identity

Vector concentration
(vector genomes and
infectious vector)

Extraneous agents

Producer cells identity
+extraneous agents

Vector identity

Vector concentration (vector genomes
and infectious vector)

Genetic characterization

Residual viruses (if used during the
production process)

Residual host-cells and /or virus proteins

Residual DNA from producer cells and
production intermediates such as

Vector identity

Vector concentration
(vector genomes and
infectious vector)

Osmolarity
pH

BSA
rcAAV

plasmids or viruses
Residual reagents

Residual antibiotics

Vector aggregates
Sterility
Bacterial endotoxins

Expression of the genetic
insert product

Biological activity

Table 5

Assays utilized for vector characterization

Assay type Method Purpose

Titer

Infectious Infectious center assay (ICA) Determine titer of infectious

Vector genome

Capsid

Purity
Protein

Cellular DNA

Serial dilution replication assay (dRA)
Dot-blot hybridization

PCR

ELISA

Bradford

Western

Electron microscopy

Optical density (OD)

SDS-PAGE, HPLC

DNA hybridization or PCR

particles produced
Determine genome-containing
vector concentration
Determine total capsid protein
concentration — enables a
determination of empty
particles in the prep

Determine the presence or
absence of contaminating
proteins

Determine the presence or
absence of cellular DNA

(continued)
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Table 5

(continued)

Assay type Method Purpose

Identity

Transgene cassette DNA sequencing or restriction Verification of the transgene
enzyme digestion

Capsid SDS-PAGE with silver and Expected AAV banding pattern
Coomassie stain

Limited proteolysis or MS Serotype identification
Potency

Transgene expression

Safety

Adventitious agents

Mycoplasma

Endotoxin

Sterility

Stability

Physicochemical
Infectious titer

Sterility

Transduction assay in cells or animals

Cytopathic effect and qPCR based
assays to detect infectious
adventitious viral agents

Growth assays on cells in
antibiotic-free conditions, followed
by dye or PCR to detect mycoplasma

Growth assay in appropriate agar media

Rabbit pyrogen assays

LAL

Bacteriostasis /fungistasis

SDS-PAGE
TCID50+qPCR

Bacteriostasis /fungistasis

Ensure that the active trans-
gene product is expressed

Detect contaminating infec-
tious viral agents of human
or animal origin (serum,
trypsin)

Determine the presence or
absence of mycoplasma

Determine the presence or
absence of endotoxin

Determine the presence or
absence of microbial
contaminants

Demonstrate that the product
is not degrading over time
Demonstrate that infectivity is
maintained over time

Demonstrate the integrity of
final product container over
time

authorities as part of the IND or other regulatory filing. To date,
the implementation of clinical trials of gene therapy in Europe is
being regulated at two distinct levels. Early phases are being
reviewed at the national level and marketing authorization is being
covered by a centralized procedure through the European
Medicines Evaluation Agency (EMEA). Tests and specifications for
product release are presented in Table 6. In some cases, no test
specification is set so that data can be collected to monitor the
manufacturing process or to establish a specification for products
in later phases of development; these results obtained are reported
on the COA. Having reliable, specific, and sensitive assays is
crucial during the development of production and purification
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Table 6
Release specification examples for a rAAV final product
Test Method Specification
Sterility Direct inoculation No growth
Endotoxin LAL <50 EU/ml*?
Titer
Infectious titer TCID,, with qPCR >5x10E10 TCID,,/mL
Vector genome titer PCR >5x 10E12 vector genomes/
mLP
Capsid titer ELISA Report results
Infectivity ratio Calculation Report results

Purity
Protein purity

293 Cell contaminating DNA

Benzonase residual
rcAAV

Identity

Activity

Appearance

pH

Osmolaltiy

PAGE and Coomassie blue
stain for protein

>90% pure

qPCR Report results

ELISA Report results

Serial infection and qPCR <1l in 1x10E8 vg rAAV

PAGE with silver and Coomassie Expected AAV banding
blue stains or mass spectroscopy pattern

Correct fragment(s) mass

ELISA following in vitro
transduction®

Report results

Visual inspection Clear to slightly hazy,
colorless, free of foreign

materials
pH 6-8

Freezing point depression Report results

‘Endotoxin limit is based on route of administration, dosage, and time
"Varies based on specific vector

1.8.1. Assays for Protein
Purity and Identity

methods. Once produced and purified, the rAAV vector is
characterized using a variety of techniques to ensure it is safe,
pure, potent, and stable.

Batches are analyzed by silver, fluorescent dye (SYPRO ruby),
or Coomassie blue staining of capsid proteins separated on
reduced and nonreduced SDS polyacrylamide gels. Three capsid
proteins (VP1, 2, and 3) should be visible in the correct stoichi-
ometry of approximately 1:1:10 and have the correct molecular
weights (87, 72, 62 kDa), and should be free of non-AAV proteins
(Sections 2.1, 3.1,and 4). Identification of protein impurities
using specific antibodies, mass spectrometry (MS), or by protein
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1.8.3. Assay for Replication
Competent AAV

17 rAAV Vector Product Characterization and Stability Studies 417

sequencing can help trace the source (cellular, serum protein,
etc.) in order to modity the manufacturing process to eliminate
the impurity.

Prior to use in the clinic, an important product release test is
the confirmation of product identity to comply with current cGMP
regulations. Identity release testing involves not only confirmation
by DNA sequencing of the unrearranged vector genome that is
packaged, but also the serotype of the capsid. Since immunologic
reagents generated to one serotype have the potential to cross react
with other serotypes, screening different proteases on different AAV
serotypes generates a capsid fingerprint that can distinguish differ-
ent AAV serotypes isolated (21). Furthermore, mass spectrometry
(MS) can be used to confirm the capsid serotype identity of rAAV
vectors based on different proteolytic fragment masses (22).

To obtain an infectious titer, an end-point dilution based on a
TCID,, format is paired with real-time PCR. Rep/cap cells in a
96-well plate format are infected with adenovirus helper, and serial
dilutions of rAAV are made in replicates. Following infection, the
wells are evaluated by real-time PCR and the Karber method is
used to calculate the infectious titer (23). Since an accurate titer is
desired, it is important that the assay is analyzed prior to a second
round of infection that could inflate the titer values. The assay
measures the ability of the virus to infect 7ep/cap expressing cells
(17, 24), unpackage, and replicate to give an accurate measure-
ment of infectious virus regardless of the transgene or promoter
used. The method, however, provides no information as to the
functional status of the expression cassette delivered by the viral
particle. In an alternative strategy, a herpesvirus carrying the AAV
rep/cap genes can provide all of the helper functions necessary to
determine infectious titers of different AAV serotypes on a variety
of cell types (25). The switch to rep/cap expressing cells or helper-
viruses also allows the elimination of wtAAV to supply 7ep and cap
in the RCA (26). This removes a potential source of contamination
for production materials.

For the AAV2 serotype vectors, Hela cell-based rep/cap cell
lines have been used. However, other AAV serotypes and helpervi-
ruses infect HelLa, 293, and other cell lines inefficiently. Identifying
cell lines that can be infected with different AAV serotypes and
helper viruses efficiently is greatly needed, as this affects not only
the infectious titer values, but also the particle to infectious ratio,
transgene expression assays, and the detection of replication-com-
petent AAV (rcAAV) (please see below).

Dilutions of the rAAV preparation are used to infect 293 cells (or
other suitable cell type that lacks AAV genes) in the presence of
adenovirus (or other suitable helper virus) for 48 or 72 h. Since no
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1.8.4. ELISA for
Determination
of Intact AAV Capsids

1.8.5. Assay for Transgene
Expression

1.8.6. Assays for rAAV
Genome Titer and the
Particle to Infectivity Ratio

additional wild-type AAV is added, only particles in the rAAV
preparation that have packaged a wild-type or pseudo-wt AAV
genome are capable of replication. A freeze/thaw lysate is gener-
ated and used to infect 293 cells along with adenovirus helper; this
cycle is repeated two more times. SYBR green or Tagman real-time
PCR is conducted using primers in the AAV ITR and 7ep gene.
Wild-type virus may contaminate vector preparations, and RCV
may be formed during production due to recombination between
the vector and the helper sequences found in complementary cell
lines or plasmids (27). The presence of wild-type virus or RCV may
affect vector expression and mobilization. In order to assess a
potential interference between the vector batch to be controlled
and the rcAAV detection, it is recommended to test the rcAAV
internal control in the presence and in the absence of the vector
batch. Indeed, as shown by Gao et al. (28) a high concentration of
AAV vector may inhibit the rcAAV detection.

The AAV2 capsid ELISA assay is used to quantity total (infectious,
noninfectious, and empty) viral particles. Grimm et al. (29)
reported that some preparations of rAAV may have a significant
amount of empty particles. The A20 antibody recognizes assem-
bled empty and full capsids, but not disrupted or partially assem-
bled capsids (30). This assay can be used to determine what fraction
of the rAAV2 particles are empty, but the use of the A20 antibody
may be limited to AAV2 and AAV3 (31). Recently, antibodies that
recognize intact capsids of other AAV serotypes have been described
(31). Alternatively, the optical density can be measured to calculate
a total capsid titer (32).

The assay for transgene expression involves the harvesting of the
supernatant (for secreted proteins) or cells (for intracellular pro-
teins) from the infectious titer assay (described above) and testing
for the presence of the transgene protein product by ELISA, immu-
noblot, Western, or activity assay (for enzymes or shRNA). This
titer determination is also frequently performed on naive cells (cells
without 7ep and cap) transduced with serial dilutions of the vector
to be controlled in the presence of a helper virus.

The dot blot assay has been historically used to determine the titer
of rAAV virions that contain vector genomes. However, real-time
PCR-based assays are becoming the accepted standard to deter-
mine the vector genome titer (23, 33-35). Plasmid and unpack-
aged vector DNA is digested for 1 h with nuclease, and the nuclease
is inactivated by heat. Treated virus is added directly to the PCR
reaction or encapsidated rAAV vector genomes are liberated by
protease digestion, phenol extraction, and ethanol precipitation. A
dilution series of the vector plasmid DNA that was packaged is
prepared as a standard. The PCR primers and probe detect the viral
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1.9. Safety Testing

1.9.1. Stability Study
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vector DNA and plasmid standard curve. The vector DNA signal is
compared to the signal generated from the plasmid DNA stan-
dard curve, and extrapolated to determine a vector genome titer
Sections 2.2, 3.2,and 4. Lastly, the optical density (A, ) can be
measured to calculate a particle titer (32).

A comparison of the vector genome titer to the infectious titer
produces the particle:infectious (P:I) ratio. In some cases, when
the rAAV vector serotype has difficulty infecting cell lines in vitro
to generate an infectious titer, the P:I ratio can be extremely high
(25). However, as long as the ratio is consistent enough to show
lot to lot product similarity, and correlated to in vivo performance,
then the vector lot can be considered suitable for the clinic.

2()0)

Vials of final product are thawed and visually inspected against a
white and a black background. Inspectors look for discoloration of
the liquid and presence of particulates. Aggregation can be evalu-
ated by dynamic light scattering. Purified bulk or vials of the final
product are tested for pH, and osmolality using calibrated testing
equipment as signatures of proper formulation.

Safety testing is conducted to ensure that process intermediates or
final product is free of detectable contaminating agents or process
residuals that can pose risks to patients. These assays can be devel-
oped for on-site testing, but there are several commercial vendors
who offer testing services. These services should be GMP compli-
ant with appropriate controls and validity criteria, and the vendor
will indicate the amount and type of sample required for their tests.
However, it is still the responsibility of QC and QA to review the
vendor test report for validity and accuracy. The primary safety
tests include Adventitious agents (in vitro and in vivo): These assays
are designed to detect the presence of infectious viral agents of
human or animal origin. A choice of cell lines (e.g., human, murine,
bovine, porcine, etc.) is available for the in vitro assay where as
rodents and embryonated hen’s eggs are commonly used for the
in vivo assay. Mycoplasma: The test for the presence of mycoplasma
relies on the growth of mycoplasma during the expansion of indi-
cator cells in antibiotic-free conditions and detection of the organ-
ism using dye or PCR, as well as growth of mycoplasma in broth or
on appropriate agar media. Endotoxin: Endotoxin can be detected
using the Limulus Amebocyte Lysate Assay or by using a rabbit
pyrogen test. Sterzlity: This assay determines the absence of bacte-
rial or fungal organisms and must also include the performance of
bacteriastasis and fungistasis analysis. General safety: This assay is
designed to determine if there are toxins (chemical or biological)
present that induce an acute toxicity in animals.

A stability study should be designed to generate data for a purified
rAAV viral vector at the proper storage temperature, formulation,
and fill volume, and in the storage container used for patient doses.
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1.10. Reference
Standards

1.11. Conclusion

The study is designed to demonstrate genetic and physicochemical
stability, and container integrity for at least the duration of the
clinical trial. A portion of the clinical batch is used to monitor its
stability. Stability samples are titered using the infectious titer assay
to determine maintenance of the infectivity of the product. Identity
and protein purity testing is performed to ensure the chemical sta-
bility of the vector (absence of capsid protein degradation). Sterility
testing is also performed to ensure that final product container
integrity is maintained with storage over time. A typical testing
schedule will occur at 1, 3, 6,9, 12, 18, and 24 months after fill-
ing. The length of stability study is dependent on length of clinical
trial with at least one testing point that must follow administration
to last clinical subject.

AAV reference standard efforts were established to address the lack
of normalization of doses administered to animals and humans
(36). Today, an AAV2 RSM (reference standard material) has been
produced and characterized by several laboratories (23), and an
AAV8 RSM is being produced and will be made available to all
members of the research community (37). The RSMs are used pri-
marily to calibrate the internal standards and analytical methods
used by individual laboratories to then inter-relate the doses used
in different nonclinical and clinical studies. When reporting titers
in the literature or to the regulatory authorities, the relationship to
an RSM can be included. The RSMs are available in a form suitable
for nonclinical and clinical data support, together with the profile
and information regarding the development of each RSM.

The QC systems and procedures described here can support Phase
I clinical trials, however product specifications, manufacturing
methodology, facilities, etc. will vary, so these descriptions are
based on our experience and may not be applicable to other situa-
tions. Compliance requires continued review of federal and inter-
national regulations, guidances that are more frequently issued and
modified, and other regulatory information sources to ensure that
processes and procedures are adapted to meet these requirements.
In addition, as the product is evaluated in Phase 11, Phase I1I trials
and after licensure (Phase IV), the manufacture and testing of the
product require more stringent controls. Referring to FDA (http: //
www.fda.gov/cber/guidelines.htm) and ICH (http: //www.ich.
org/) guidances, the United States Pharmacopeoia, and the Code
of Federal Regulations (http://www.gpoaccess.gov/cfr/index.
html) or European counterparts (http: //www.emea.europa.eu and
http: //ec.europa.eu/enterprise /pharmaceuticals) is essential when
developing compliant processes, test methods, and procedures.
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2. Materials

2.1. Assay for the
Determination of Viral
Identity and Purity

2.2. Vector Genome
Titer Determination

1. 10% Tris—HCI Polyacrylamide Gels (Bio-Rad, Hercules, CA).

2. 10x Tris—Glycine SDS Running Buffer (Bio-Rad, Hercules,
CA).

3. 5x Laemmli Loading Buffer (10% SDS, 50% Glycerol, 0.25%
Bromophenol Blue, 250 mM Tris-HCI pH 6.8).

4. 5x Laemmli Loading Buffer with DTT (10% SDS, 50%
Glycerol, 0.25% Bromophenol Blue, 250 mM Tris-HCI pH
6.8, with 500 mM DTT).

5. Protein Ladder (Bio-Rad, Hercules, CA).
6. Silver Stain kit (Bio-Rad, Hercules, CA).
7. GelCode Blue or Imperial Stain Reagent (Pierce, Rockford, IL).

1. 10x Benzonase Digestion Buffer (250 mM Tris-HCI pH 7.4,
10 mM MgClL).

2. Benzonase (EMD Chemicals, Gibbstown, NJ).

3. TagMan® Universal PCR Master Mix (Applied Biosystems,
Foster City, CA).

4. PCR Primers.
5. Tagman® Probe (Applied Biosystems, Foster City, CA).

6. Linearized vector plasmid.

3. Methods

3.1. Assay for the
Determination of Viral
Identity and Purity

Under fully reduced conditions, combination of the strongly
anionic detergent sodium dodecyl sulfate (SDS), the reducing
agent DL-dithiothreitol (DTT), and heat are used to dissociate the
proteins of the AAV capsid before the sample is loaded onto the
gel. The denatured proteins bind SDS and become negatively
charged. By comparing the migration of the polypeptides to a pro-
tein marker of known molecular weight, it is possible to determine
the molecular weight of each polypeptide. Under nonreduced con-
ditions, the samples are mixed with a loading dye containing SDS
(and no DTT), but are not boiled. The SDS coats the AAV virion
so that it will migrate towards the cathode and enters the stacking
portion of the gel, but not the resolving portion since it is too
large. Any proteins not associated with the virion should enter the
resolving portion of the gel.
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After PAGE, the gels are stained to allow the visualization of
separated proteins. Silver staining is capable of detecting as little as
0.1-1.0 ng of polypeptide in a single band. The high sensitivity of
silver staining allows detection of trace proteins (possible impuri-
ties in the sample) and other molecules (DNA, carbohydrates, and
lipids) even in relatively dilute samples. The colloidal properties of
Coomassie G-250 for protein staining are capable of detecting
protein quantities as low as 3 ng of polypeptide in a single band.
Coomassie blue binds nonspecifically to proteins, allowing visual-
ization of the proteins as discreet blue bands within the gel. Samples
are analyzed in duplicate on two gels (A stained with silver and B
stained with Coomassie blue).

1. Thaw sample(s) and positive control

(a) Remove the sample(s) to be tested and the appropriate
positive control from storage.

(b) Thaw on ice and keep the sample(s) and the positive con-
trol on ice.

2. Prepare four 1.5 mL siliconized microcentrifuge tubes for
each sample to be tested.

(a) Label two tubes with sample number, “Fully Reduced,”
date and initials. One tube will be used for gel A and one
tube will be used for gel B.

(b) Label two tubes with sample number, “Nonreduced,”
date and initials. One tube will be used for gel A and one
tube will be used for gel B.

(c) Mix the sample by finger flicking the tube. DO NOT
VORTEX.

(d) Transfer the vector using a micropipettor, to cach labeled
sample tube.

(e) Add 8 uL of 5x Laemmli buffer with DTT to tubes labeled
“Reduced.”

(f) Add 8 pL of 5x Laemmli buffer to the tube labeled
“Nonreduced.”

(g) Calculate the volume of Ultrapure Water, Distilled Water,
or WFI needed to bring the volume in each tube to a
total of 40 pL. Briefly spin all tubes to collect all liquid at
the bottom.

3. Prepare the negative controls containing 1x Laemmli buffer or
1x Laemmli buffer with DTT.

4. Prepare the positive controls containing a known rAAV vector
with the same serotype and either 1x Laemmli buffer or 1x
Laemmli buffer with DTT.

5. Prepare the molecular weight protein ladders with either 1x
Laemmli buffer or 1x Laemmli buffer with DTT.
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. Heat the “Fully Reduced” Sample(s), the “Fully Reduced”

Ladder, the “Fully Reduced” Positive Control, and the “Fully
Reduced” Negative Control/Buffer Control at 95-100°C for
10 min.

. Remove the tubes from the heating block and allow them to

cool to room temperature, approximately 5-10 min.

. Pulse spin the tubes in a microcentrifuge.

. Two gels will be loaded with sample(s), ladders and controls

and run simultaneously: gel A to be stained with Silver Stain
and gel B to be stained with Coomassie blue.

Allow the gels to run until dye fronts have reached the base of
the gels.

Separate the plates and transfer the gels into separate trays for
staining.
Stain gels with silver or Coomassie blue.

Capture the gel image for the Coomassie stained gel on a digi-
tal or CCD camera apparatus.

(a) Using the densitometry features of the gel imaging sys-
tem, measure the background and intensity of all bands
for each gel lane.

(b) Subtract from each band’s intensity the bacground level
for that gel lane.

(c) Determine the percentage of intensity for VP1, VP2, VP3,
and contaminating bands.

(d) Sample purity is expressed as the combined intensity of
VPI1, VP2, and VP3 as a percentage of the intensity of
all bands.

Ciriteria for a valid assay

(a) For the viral identity assay — fully reduced samples, the pro-
tein ladder standard, the positive control, and the negative
control to be considered valid if all of the following criteria
are met:

e The fully reduced protein ladder standard must stain
to show at least 12 bands at apparent molecular
weights of 220, 160, 120, 100, 90, 80, 70, 60, 50, 40,
30, 25 kDa, respectively.

e The fully reduced negative control must show no
stained bands.

e The fully reduced positive control must stain to show
bands representative of AAV VPI1, VP2, and VP3,
based on comparison to the protein ladder standard.

e The fully reduced positive control must stain such that

the band representative of VP3 is darker than the VP1
and VP2 bands.
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3.2. Vector Genome
Titer Determination

(b) For the viral identity assay — nonreduced samples, protein
ladder standard, positive control and negative control to
be considered valid all of the following conditions must
be met.

e The nonreduced protein ladder standard must stain to
show at least 12 bands at apparent molecular weights
of 220, 160, 120, 100, 90, 80, 70, 60, 50, 40, 30,
25 kDa, respectively.

e The nonreduced negative control must show no
stained bands.

e The nonreduced positive control must stain to show
the absence of bands representative of VP1, VP2, and
VP3 (see note 1 in Section 4).

1. Digest unencapsidated DNA

(a) Label one 1.5 mL microcentrifuge tube for each sample
with sample identity, initial and date.

(b) Label one 1.5 mL microcentrifuge tube for positive con-
trol, initial and date.

(¢) Transfer 5 pulL of sample and positive control in respective
1.5 mL microcentrifuge tube.

(d) To each sample and the positive control, add 5 pL of
Benzonase digestion buffer (10x), Benzonase enzyme (to
100 U/mL), and nuclease-free water to a final volume of
50 pl. Mix by pipeting up and down two times. Centrifuge
the tube briefly.

(e) Incubate tubes for 30 min at 37°C water bath.

(f) After incubation briefly centrifuge tubes and place on ice.

. Prepare 10-point serial fivefold dilutions of digested test sam-

ples in duplicate.

. Prepare 10-point serial fivefold dilutions of the digested posi-

tive control in duplicate.

. Prepare a tenfold serial dilution of linearized vector plasmid

DNA to be used for the copy number standard curve.

. Prepare a negative control containing water.

. Prepare the PCR master mix for two reactions of each sample,

the standard curve, positive control sample, and negative con-
trol. The master mix contains primers and probe specific to the
sequences targeted in the vector genome along with nucleotides,
polymerase, and buffer (see notes 2, 3, and 4 in Section 4).

(a) Add master mix to each well utilized on the 96-well PCR
plate
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. Add each sample, the standard curve, positive control sample,

and negative control in duplicate to the corresponding wells of
the plate for a total reaction volume of 25 pl..

. Load the PCR plate into the real-time PCR machine (e.g., ABI

7500 Real Time PCR system).

(a) Run an appropriate protocol (95°C for 10 min followed
by 40 cycles of 95°C for 15 s and 60°C for 1 min). The
system software processes the raw fluorescence data to
produce threshold cycle (Ct) values for each sample.

. Criteria of a valid assay (see notes 5, 6 and 7 in Section 4).

(a) The slope of the standard curve should be between -3.0
and -3.5. The threshold between duplicates should be
within 0.5 Ct.

(b) The Ct values of the negative control should be >30.
(c) The standard curve should have:

e Linearity correlation coefficient >0.98

e Efficiency of amplification >85%

Determine the number of copies per PCR reaction for each
dilution of test article by comparing to the standard curve.

Calculate the number of vector copies per milliliter (vg/mL)
with respect to the dilution and volume of sample analyzed.

Calculate the average of the titers obtained for each dilution.

4, Notes

. For the nonreduced samples, a stained protein band just below

the well is expected and represents intact AAV virions.

. When designing the real-time PCR assay, the primers and

probe should not anneal to themselves or each other, or have
significant secondary structure.

. The T of the probe should be 10°C higher than the T of the

primers.

. The distance between the primers should be less than 200 bp

and target vector sequences located between the AAV ITRs.

. Reduced PCR sensitivity is experienced when the primers

and/or probe is placed within AAV I'TR sequences, likely due
to the unimolecular annealing reaction of the AAV ITR
hairpin.

. The PCR assay should have a sensitivity of at least 100 copies.
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7. The digested positive control should give little or no PCR sig-
nal, since the plasmid is digested with Benzonase to show that
DNA external to the capsid could be digested.
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Chapter 18

rAAV Human Trial Experience

Katherine A. High and Patrick Aubourg

Abstract

Recombinant AAV vectors have been used in clinical trials since the mid-1990s, with over 300 subjects
enrolled in studies. Although there are not yet licensed AAV products, there are several clear examples of
clinical efficacy, and recombinant AAV vectors have a strong safety record after administration both locally
and systemically. This chapter provides a review of two types of studies that have shown efficacy, including
studies for Leber’s congenital amaurosis, a hereditary retinal degenerative disorder in which subretinal
administration of AAV has shown efficacy in terms of improvement in multiple measures of visual /retinal
function; and of Parkinson’s disease which has also shown improvement in clinical and imaging studies
after gene transfer to the CNS. The chapter also provides a detailed review of the results of studies of gene
therapy for hemophilia, in which short-term efficacy was achieved, but expression of the donated gene
failed to persist, likely due to an immune response to the vector. Safety issues relating to AAV-mediated
gene transfer are discussed, including a detailed review of the single death to have occurred in an AAV gene
therapy trial (likely unrelated to the AAV vector), and of issues related to integration and insertional muta-
genesis, risk of germline transmission, and risks related to immune responses to either vector or transgene
product. Finally, protocols for determining the presence of vector DNA in body fluids using real-time
quantitative PCR, and for isolating, cryopreserving, and testing peripheral blood mononuclear cells for
interferon-y (IFN-y) responses to capsid are described in detail.

Key words: AAV, Hemophilia B, Leber’s congenital amaurosis, Parkinson’s disease, Rheumatoid
arthritis, Disseminated histoplasmosis, Hepatocellular carcinoma, IFN-y ELISpot, PBMCs

1. Introduction

As is clear from the foregoing chapters, recombinant AAV vectors
have proven extraordinarily safe in human clinical trials, with over
300 human subjects injected and no serious adverse events related
to the vector product (Table 1). The evidence for efficacy is more
limited but is quite clear in a few instances, primarily in studies for
Leber’s congenital amaurosis (1-4) and for Parkinson’s disease

Richard O. Snyder and Philippe Moullier (eds.), Adeno-Associated Virus: Methods and Protocols,
Methods in Molecular Biology, vol. 807, DOI 10.1007/978-1-61779-370-7_18, © Springer Science+Business Media, LLC 2011
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1.1. Clinical Gene
Therapy in the CNS
Including Retina

(5-7). Other studies have yielded encouraging data and at least
one biological licensing application has been filed (AAV vector
expressing lipoprotein lipase (LPL) for individuals with hypertrig-
lyceridemia due to deficiency of that enzyme) (8). This chapter
provides a short overview of the most convincing efficacy results
and highlights safety concerns that need to be addressed in informed
consent documents and also in trial design.

A wealth of animal data has provided convincing evidence of cure
of'a wide range of genetic and acquired diseases in small and large
animal models using AAV vectors. One could argue that these
results have translated nearly seamlessly to success in humans for
congenital blindness and for Parkinson’s disease. In the case of the
former, three independent groups have shown improvement in
outcome measures of visual and retinal function in nearly all treated
subjects affected by this hitherto untreatable condition. In the
largest series published to date (2), all 12 subjects, ranging in age
from 8 to 44 years, showed improvement in visual acuity, visual
fields, pupillary light reflex, full field light sensitivity, or ability to
navigate an obstacle course, with most showing improvement in
several of these endpoints. Results followed closely those seen in
animal models in terms of safety, doses required for efficacy, and
observation of greatest improvement in youngest subjects, pre-
sumably due to better preservation of photoreceptors, and thus
greater potential for restoration of visual function, in younger
individuals. That multiple research teams all reported similar
observations attests to the robustness of the findings. Subretinal
injection of an AAV vector is likely a generalizable platform for the
treatment of other retinal degenerative diseases, with the caveat
that the gene of interest must fit into an AAV vector (<~5 kb).
Plans are currently proceeding to conduct trials for X-linked retin-
oschesis, Leber’s hereditary optic neuropathy, and choroideremia.
Ability to assess outcome of the therapy may vary widely among
these diseases, with some requiring prolonged follow-up to detect
improvement relative to the untreated state. As is always the case
for the development of therapeutics for previously untreatable con-
ditions, it will be critical to compile accurate databases of the
natural history of the untreated disease, using the same endpoints
that will be assessed for product licensing. An advantage for initial
studies is the ability to use the uninjected eye as a control; however,
since the long-term goal in most of these diseases is to inject both
eyes, it will be important to develop means to compare the
injected eyes to the subject’s own baseline. Overall, the discussion
of efficacy endpoints in the context of diseases that have no treat-
ment should take into consideration that improvement in even
some percentage of cases represents important progress, particu-
larly if vector administration is demonstrated to be safe, so that the
risk is low.
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Similarly, studies in subjects with Parkinson’s disease, using as
endpoints functional imaging studies and clinical improvement as
measured on the Uniform Parkinson’s Disease Rating Scale,
reported improvement in the majority of 22 subjects published to
date (5, 7). This is of interest since the trials used two different
therapeutic strategies (and transgenes), promotion of dopamine
synthesis through transfer of human aromatic L-amino acid decar-
boxylase on the one hand, and conversion of the subthalamic
nucleus into an inhibitory rather than an excitatory structure
through gene transfer of glutamic acid decarboxylase (to promote
inhibitory GABAergic input) in another trial. Improved outcomes
were observed over periods of 6-12 months, with observation
ongoing. These trials also appeared generally safe despite the need
for localized delivery of vector to the CNS through a neurosurgical
procedure.

In addition to these two disease entities in which AAV2 vectors
were introduced into the subretinal space or the central nervous
system, efficacy was also demonstrated in an AAV-mediated trial
for hemophilia B in which vector was infused into the liver via the
hepatic artery (9). However, in contrast to the findings in the LCA
and Parkinson’s trials, efficacy in the setting of hemophilia B lasted
for only a period of several weeks, rather than for years as has been
observed in hemophilic dogs and in nonhuman primates (10-13).
The reason(s) for the short duration of expression after vector
administration to liver in human subjects are not entirely clear. The
gradual decline in Factor IX levels, from a high of ~11% at 2 weeks
postvector injection to the baseline of <1% by ~12 weeks after
injection, was accompanied by a marked increase in serum transam-
inases which first appeared at approximately 4 weeks after vector
injection, reached a maximum at about 5 weeks, and gradually
resolved without medical intervention in a time frame similar to
the decline in circulating levels of Factor IX. This study thus identi-
fied the therapeutic dose of vector (2x10'? vg/kg), which was
accurately predicted by studies in dogs, but also focused attention
on differences between animal models and humans which might
account for the difference in duration of expression in humans vs.
other animals. Two obvious factors were the prior exposure to
wild-type AAV in humans which are the only natural hosts for
AAV2 infection, resulting in the existence of memory immune
responses to the vector capsid, and possible differences in the
hepatic microenvironment between animals with normal livers,
and adults with hemophilia, many of whom have been infected
with hepatitis B and C from older plasma-derived clotting factor
concentrates. To reduce confounding variables, the next subject
studied was one who had never been exposed to hepatitis viruses,
since he had been treated exclusively with recombinant concen-
trates. Studies of circulating lymphocytes from this subject, who
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was treated at a fivefold lower dose but still manifested a transaminase
rise with the same kinetics as the previous subject, showed T-cell
responses, both CD4+ and CD8+, to epitopes in the AAV capsid,
but not to epitopes in Factor IX. Using the identified epitopes and
high-resolution HLA typing on this subject, it was possible to pre-
pare a MHC class I pentamer that could be used to assay the popu-
lation of capsid-specific CD8+ T cells directly. This demonstrated
an expansion of this population of cells that peaked at about 5
weeks after vector infusion, then contracted, in a time course co-
linear with the rise and fall in liver enzymes. This has led to the
hypothesis that reactivation of a memory T-cell response to capsid
may have resulted in immune-mediated destruction of the trans-
duced hepatocytes. Subsequent studies have confirmed that pre-
formed capsid antigen can be presented via MHC Class I on the
surface of transduced hepatocytes (14), and that presentation of
capsid antigen flags hepatocytes for CTL-mediated destruction by
HLA-matched capsid-primed CD8+ T cells. Subsequent studies
have shown that T-cell activation in this setting is dose-dependent,
with less activation occurring at lower multiplicities of infection
(15), and moreover that capsid antigen presentation on hepato-
cytes is reduced in the presence of the proteosomal inhibitor
bortezomib. Thus, the most likely scenario is that, after escape of
AAV particles from the endosome, uncoating, and DNA entry into
the nucleus, at least some capsid is left behind in the cytosol. This
undergoes proteasomal processing, and is then transported via
TAP into the ER, where it is loaded onto MHC Class I molecules
and presented on the surface of the transduced hepatocyte, making
it a target for destruction by capsid-specific memory CD8+ T cells,
which are more easily activated than naive T cells, explaining the
difference between humans and other animal species (Fig. 1).
Other hypotheses that have been advanced to explain this series of
events include contamination of the vector preparation with pack-
aged rep/cap plasmid which is then expressed in the transduced
cells (http: //oba.od.nih.gov/oba/RAC/meetings/jun2009 /
RAC_Minutes_06-09.pdf); although it is known that AAV prepa-
rations contain variable amounts of DNA impurities, including the
plasmid encoding rep/cap genes (16), there is no evidence that
these sequences are expressed (17). Expression of alternate open
reading frames from the wild-type Factor IX sequence, which are
then presented and recognized as neoepitopes has also been pro-
posed (18); however, studies in humans undergoing AAV gene
transfer for F.IX and experimental animal models do not support
this theory (Hui and Mingozzi, unpublished observation).

The important conclusion from all of this is that AAV can
clearly transduce human hepatocytes, as predicted by animal models,
but that there is likely some immune-mediated event that prevents
long-term expression in humans as compared to animals. The
available data would suggest that this limitation is dose-related,
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Fig. 1. Model of intracellular trafficking of AAV in hepatocyte. Vector binds to cell surface
receptor, enters through clathrin-coated pits, and undergoes endosomal processing criti-
cal for transduction. Precise sequence of events surrounding endosomal escape, viral
uncoating, and nuclear transport not well-understood. AAV-2 capsid proteins undergo
ubiquitination. AAV capsid-derived peptides complexed to MHC class | molecules on sur-
face of AAV-transduced hepatocytes are recognized by capsid-specific CD8+ T cells,
which can lyse the target cells.

since the transaminase elevation was more marked at higher doses,
and was not evident at all at a dose of 8 x10'° vg/kg. It will be
important to find a solution to this problem if the benefits of liver
transduction are to be realized. Clearly a long list of plasma protein
deficiencies and metabolic disorders can be approached using AAV
therapeutics if a solution is found. Two ongoing trials for hemo-
philia B are testing two possible solutions: in the first, a more
efficient expression cassette that takes advantage of codon optimi-
zation and self-complementary design is being infused in an AAVS
capsid, on the supposition that if adequate levels of expression can
be achieved at lower vector doses, the immune response will be
avoided. The data from in vitro studies in which T-cell activation
by AAV-transduced hepatocytes is tracked supports this concept
(15). Four subjects have now been enrolled in this study, at doses
of 2x 10" and 6 x 10! vg/kg, and have shown detectable levels of
circulating F.IX (19). The second study, in which the same AAV2
vector is administered with short-term immunosuppression, tests
the hypothesis that the immune response can be blocked or miti-
gated using drugs that block T-cell proliferation.

As noted at the beginning of this chapter, administration of AAV
has proven remarkably safe in a range of clinical settings, from
localized to systemic administration. In 2007, a 36-year old woman
died while participating in a clinical trial of AAV for rheumatoid
arthritis (20). The trial was designed to test the hypothesis that
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intraarticular delivery of an AAV vector expressing a TNF-a
inhibitor could reduce destructive synovitis in the injected joints.
The subject’s baseline medical regimen included systemic therapy
with a monoclonal antibody to TNF-a, as well as therapy with
methotrexate, low-dose prednisone, and cortisone injections of
the joint. She underwent uneventful injection of vector in the right
knee in February 2007; as specified in the protocol, she underwent
a second injection to the same joint in July 2007. The patient was
noted to have a low-grade fever (37.6°C) prior to the second injec-
tion but otherwise showed normal vital signs. Beginning on the
evening of the injection, the patient began to experience nausea,
vomiting, fever, and chills; she sought medical attention on several
occasions in the ensuing week, and was admitted to hospital 10
days following the injection with a high fever (40°C), elevated
white blood cell count, and elevated liver function tests. A diag-
nostic work-up failed to reveal the cause of the high fever and ele-
vated white count, and the patient was begun on broad-spectrum
antibiotics. Clinical and laboratory evidence of a consumptive
coagulopathy, acute renal failure, and worsening liver function
prompted transfer to a university medical center, but the patient’s
condition continued to deteriorate and she died 22 days following
the injection. Blood cultures had been repeatedly negative during
the illness, but cultures drawn on the day of death grew out
Histoplasma capsulatum, and autopsy findings were consistent with
a diagnosis of disseminated histoplasmosis, with organisms present
in the liver and the kidney. An expert panel convened by the NIH
Recombinant DNA Advisory Committee concluded that the most
likely cause of death was the disseminated fungal infection, for
which the patient was at risk due to systemic therapy with the
monoclonal antibody to TNF-a, and residence in an area where
histoplasmosis was endemic (21). Although it is impossible to rule
out a relationship to the intraarticular injection of AAV, the experts
assembled on the panel noted that the clinical presentation was
most consistent with that of disseminated histoplasmosis in an
immunocompromised host, a clinical scenario that had been
encountered frequently in patients with AIDS living in that part of
the USA prior to the availability of highly active antiretroviral
therapy. The careful public review of the case by experts, and the
availability of extensive laboratory and autopsy data, lend credence
to this assessment. Moreover, administration of AAV even systemi-
cally has failed to reveal findings similar to those reported here, so
that it is difficult to formulate a hypothesis to explain how admin-
istration of a recombinant AAV vector to the joint could result in
this series of events. The expert panel did point out that it would
be useful to develop an assay that would allow investigators to
quantify the transgene product as distinct from other biological
agents administered in this disease. The consensus of most experts
remains that administration of AAV has proven remarkably safe.
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At the time of this writing, there are no licensed AAV gene therapy
products in the USA or Europe. An important consideration for
those participating in clinical trials of AAV vectors is a clear under-
standing of the risks involved in trial participation. These are dis-
cussed briefly below.

AAV has been classified by the US FDA as a nonintegrating vector
(22) and a wealth of published data supports the notion that most
of the vector DNA is indeed episomal. However, studies by a num-
ber of groups have established that AAV vector DNA can also inte-
grate into the host cell genome, with a preference for integration
at existing chromosomal breaks, which favors actively transcribed
genes and palindromic sequences (23, 24). There have been two
published reports of tumors associated with AAV vector adminis-
tration (25, 26); these came from the same laboratory and involved
the administration of an AAV vector expressing B-glucuronidase to
newborn mice, either normal or mice with mucopolysaccharidosis
type VII (B-glucuronidase-deficient). In both instances, mice
developed hepatocellular carcinoma at higher than expected rates;
these occurred at late time points and thus might have escaped
notice in other studies in which mice were not followed for pro-
longed periods. Analysis of integration sites in the normal newborn
mice (26) revealed integration within the same 6-kb region on
mouse chromosome 12 in four different tumors from four different
mice. These specific integration sites were not detected in normal
adjacent tissue, and they were associated with a 10- to 100-fold
upregulation of expression of miRNAs encoded in regions adjacent
to the integration site. Weighing against this is a subsequent study
in which high doses of AAV were administered to the livers of
young adult mice, which were followed for 18 months, but showed
no significant increase in incidence of hepatocellular carcinoma
compared to controls at the time of sacrifice (although the study
was not powered to detect small differences). Analysis of 1,029
integrants from liver tumors in this study showed no major differ-
ences in integration patterns in tumor tissue vs. normal adjacent
tissue. These data are in good agreement with data from the hemo-
philia B dog colony, where >30 animals have been followed for
periods of up to 10 years with no evidence of tumor formation on
periodic liver ultrasounds (27, 28). At this point, prudence dictates
that the informed consent document include a description of the
findings in the first mouse study noted above, and acknowledge
that it is possible that AAV vector might cause cancer in the liver or
in other cells that are exposed to vector. Sample language describ-
ing these findings is included below in Subheading 3.1.

The goal of biodistribution studies is to determine persistence and
levels of vector DNA in both the target and other tissues following
administration of vector. Given the variation in tropisms for distinct
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serotypes, it is likely that new studies must be carried out for each
different serotype introduced into clinical trials. Obviously
biodistribution differs based on route of administration so that
novel methods of administering vector would also require a
biodistribution study.

For both preclinical and clinical studies, the level of sensitivity
required for the PCR assay is specified by the US regulatory agen-
cies as <50 copies vector/pg genomic DNA (22). Typically of
greatest concern is distribution to the brain and/or gonads.

While most routes of administration of AAV vectors that have
been tested are not associated with detectable distribution of vec-
tor to the gonads, delivery of AAV vectors through the systemic
circulation in humans has resulted in contamination of semen DNA
with vector sequences as detected by a sensitive PCR assay (50
copies/pg genomic DNA). The risk in this setting is that, if the
vector integrates into the germ cell, the integration event may
disrupt the highly ordered sequence of gene expression and repres-
sion events that characterize normal embryonic and fetal
development, resulting in fetal malformation or death. A series of
studies in a rabbit model has shown that administration of vector
into the systemic circulation results in the presence of vector DNA
in the semen and that this disappears in a time- and dose-depen-
dent fashion (29, 30). Other studies showed that more frequent
ejaculation results in more rapid clearing of the semen in animal
models (30) and that the semen is similarly contaminated even in
vasectomized rabbits (31), suggesting that structures in the GU
tract, as well as the testis, contribute to vector shedding in the
semen. Findings have been the same for all serotypes tested in the
rabbit model thus far (31). A possibility that is more difficult to
address in animal models is that vector could conceivably transduce
early spermatocyte precursors (AQ spermatogonia) and that these
could eventually begin to cycle and give rise to germ cells that are
positive for vector sequences long after the semen had appeared to
be negative for vector sequences. Two types of evidence argue
against this. First, rabbits receiving vector have been followed
through multiple cycles of spermatogenesis after the semen turns
negative without evidence of recurrence of positivity (30). Second,
at least in the murine model, the spermatogonial precursors are
resistant to direct transduction by AAV vectors (29).

To insure that men who wish to father children after the gene
transfer procedure have an uncontaminated source of semen for
fertilization, individuals are encouraged to bank sperm prior to
vector administration. In the ongoing AAV2-F.IX liver trial, the
expense of this is borne by the trial. After the administration of
vector to the liver, if the semen clears of vector sequences (which
has been the case for every subject studied thus far), these samples
can be discarded. We advise the use of barrier birth control for
these subjects until three consecutive semen samples, drawn 1
month apart, have tested negative in the PCR assay.
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Subheading 3.2 provides typical language in an informed
consent document to describe the risks of inadvertent germline
transmission of vector sequences, and an approach to mitigating
risk. Subheading 3.3 provides a sample protocol for detecting
vector sequences in DNA extracted from body fluids.

It should be noted here that much of the experimental and
clinical database examines risks related to inadvertent germline
gene transmission in males rather than females, as a consequence of
the fact that assessment of female germ cells is considerably more
difficult and invasive. These risks are therefore more difficult to
present to research subjects and to provide informed counseling
about.

A complexity of in vivo gene therapy in general and of AAV vectors
in particular is that therapy may be complicated or thwarted by
immune responses to either the transgene product or to the vector
capsid. When these arise, it is critical to determine which part of
the multicomponent therapeutic, the vector or the transgene product,
has given rise to the response, since otherwise it is impossible to
know how to move forward. As a general rule, animal models have
more accurately predicted clinical immune responses to the trans-
gene product than to the vector capsid. A number of variables
influence immune responses to the transgene product; some of
these are well-known based on studies of protein therapeutics.
Thus, the presence of local inflammation in the target tissue and
the degree of tolerance to the transgene product conferred by the
underlying mutation responsible for the genetic disease are well-
recognized factors in determining immune responses to (protein)
enzyme replacement therapies. These have been verified as risk
factors in the gene therapy setting using animal models and gene
transfer vectors that encode a species-specific transgene, a crucial
requirement for generating interpretable data (the single exception
to this is the use of human transgenes in nonhuman primates, due
to the high degree of conservation between species) (12, 32—-34).
In terms of factors that are specific to the gene transfer setting, the
route of administration may affect the immune response, with
target tissues such as skeletal muscle and skin being associated with
a higher risk of immune response to the transgene product (32, 35),
and liver being associated with a lower risk, in fact with a tendency
to promote tolerance to the transgene product (36, 37).

The implications of these observations are that it is prudent to
carry out preclinical studies in animal models that are also deficient
in the transgene product if these exist, and that these should be
done with a species-specific transgene. It should also be borne in
mind that some inbred mouse strains are probably less likely to
mount immune responses than humans, and thus when possible
data from outbred large animal strains is to be preferred. A conser-
vative approach when information is lacking is to include in initial
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clinical trials only those subjects with underlying genetic mutations
that are likely to confer some degree of tolerance to the transgene
product, i.e., those with missense mutations, and to exclude
individuals with, e.g., large gene deletions.

Immune responses to AAV capsid have proven more difficult
to dissect, partly because, until quite recently, they have not been
analyzed in a systematic fashion. We have chosen to screen for these
using interferon-y (IFN-y) ELISPOT, which is useful as a screen-
ing tool because it is sensitive enough to detect even low-frequency
cells (as low as 1 in 10°), does not require in vitro expansion of cells,
which can bias results, and uses small volumes of primary cells. Data
that have emerged over the past year have tended to confirm our
initial observations, i.c., that T-cell responses against the AAV
capsid are detected in a dose-dependent fashion after the delivery
of AAV vector to nonimmunoprivileged compartments in humans
(vide infra). Whether or not these result in any clinical manifesta-
tions will depend on a number of factors including the level of
MHC Class I expression of the target tissue, and whether the
transgene product itself is an immunomodulatory molecule, such
as o -antitrypsin, a serine protease inhibitor which blocks the
activity of enzymes released by CD8+ T cells that are required for
cellular lytic function (38, 39).

Evidence that T-cell responses are triggered against the AAV
capsid in a dose-dependent fashion comes from experience with
intramuscular (IM) delivery of AAV vectors in humans. As shown
in Table 2, increasing doses of AAV1 vectors delivered IM result in
an increased frequency of detection of capsid-directed T cells, with
100% of subjects having detectable capsid T cells in peripheral
blood at doses >2 x 10'® vg total. Similarly, an increase in the mag-
nitude of the response in terms of higher numbers of reactive T
cells circulating in peripheral blood, or faster kinetics of detection
of T cells in the periphery, is also associated with higher vector
doses administered IM.

Table 2
Immune response to capsid after IM injection of AAV vectors is dose-dependent
Magnitude

Serotype Transgene Dose (vg) IFN-y ELISPOT SFU/108 cells References

AAV 1 Sarcoglycan 3.25x10!" 1/3 60-70 (44)

AAV 1 LPL 7.0x10" 2/4 ~300 (41)
LPL 2.1x10% 3/6 ~300 Different (41)

kinetics

AAV 1 ol-Antitrypsin 2.2x10" 2/2 tested ~100 (45)

ol-Antitrypsin 6.0x10%3 3/3 tested <200-428 (45)
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Vector dose-dependent activation of capsid T-cell responses
has been described in a clinical study of AAV1 intramuscular gene
transfer for LPL deficiency. LPL deficiency is a rare inherited
diseased associated with high triglyceride (TG) levels in serum and
recurrent bouts of pancreatitis. (40).

T-cell monitoring in the subjects from the LPL study showed
a dose-dependent activation of T-cell responses in terms of kinetics
of detection, with earlier detection at higher vector doses. In addi-
tion, while at lower vector doses (1x10'" vg/kg), mainly CD4+
T-cell response was documented, higher vector doses resulted in
the activation of both CD4+ and CD8+ capsid T cells (41). The
significance of detection of capsid T cells in terms of therapeutic
efficacy is still the subject of debate. Studies by several groups in
mice have shown that transgene-specific CD8+ T cells undergo
apoptosis-mediated silencing after trafficking to injected muscle
(42, 43). Whether a similar fate occurs with capsid-specific CD8+
T cells in humans is unknown. Moreover, the clinical consequences
of activation of capsid-specific T cells on transgene expression are
likely influenced by several other factors, including the levels of
expression of MHC class I in the target tissue (44) and the immuo-
modulatory properties (or the immunogenicity) of the therapeutic
transgene product itself (45, 46). At this point, it is probably useful
to monitor T-cell responses to both capsid and transgene product
in human subjects undergoing AAV-mediated gene transfer. These
data will help to determine whether immune responses are inter-
fering with optimal expression of the donated gene. Protocols for
isolation and preservation of peripheral blood mononuclear cells
(PBMCs) (Subheading 3.4) and for screening of these cells for
immune responses to capsid or transgene product by ELISpot
(Subheading 3.5) are provided.

2. Materials

2.1. Analysis of Viral
Vector Shedding

by Real-Time
Quantitative PCR

1. Puregene DNA isolation kit (Gentra Systems, Minneapolis,
MN cat. no. D5500A).

2. Tissue culture grade water (Sigma Chemical Company, St.
Louis, MO).

3. Universal Master Mix.
4. Primers (forward and reverse) and probes stored at -20°C.

5. ABI Prism 7900 HT Sequence Detection System (Applied
Biosystems).

6. 384-Well plates with barcode (Applied Biosystems).

7. Powder-free gloves.
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2.2. Isolation
and Gryopreservation
of PBMCs

2.3. Analyzing Immune
Responses to Capsid
by IFN-y ELISpot

1.

0 N O Ul B~ W

10.

11.

[ RO ST NS ]

PBS, sterile, Ca?*, Mg* free, Invitrogen 14190-136 or
equivalent.

. Heat-inactivated fetal bovine serum (FBS), Hyclone, or

equivalent.

. DMSO, Tissue culture grade (Sigma D2650).

. 2-Propanol, Sigma, or equivalent.

. 500 mL Filtering system, 0.22 pm, Millipore SCGPUO5RE.

. Trypan Blue (Sigma T8154 or equivalent) for viable cell counts.
. Vials, cryogenic, 1.8 mL, sterile Nalgene /Nunc #368632.

. Human AB serum (filtered and heat-inactivated).

Heat-inactivate the serum at 56°C for 30 min.
Let cool to room temperature and filter through 0.22 uM filter.

Store in 10 mL aliquots at —20°C, maintain sterile.

. PBS 1% HuAB.

Work under biological safety cabinet, maintain reagents sterility.
Thaw an aliquot of Human AB serum in a 37°C waterbath.

Add 1 part of Human AB serum in 99 parts of 1x PBS (1%
volume Human AB) in a 50-mL centrifuge tube.

Freezing Medium A.
Work under biological safety cabinet, maintain reagents sterility.
Freezing Medium A consists of 100% Human AB serum.

Thaw the amount needed in 37°C waterbath, make sure to
equilibrate to room temperature before use.

Freezing Medium B.
Work under biological safety cabinet, maintain reagents sterility.

Freezing Medium B consists of 20% DMSO in Human AB
serum.

Thaw the amount needed in 37°C waterbath, make sure to
equilibrate to room temperature before use.

Add one part of DMSO in four parts of human AB serum (20%
volume DMSO) in a 15-mL centrifuge tube.

Gently invert the tube several times to mix the content, avoid
formation of bubbles.

Prepare fresh, discard leftover, equilibrate to room tempera-
ture after mixing.

. Dulbecco’s PBS, sterile.
. AIM-V lymphocyte medium.
. FBS, heat-inactivated and filtered.

. Bovine serum albumin (BSA).
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. Phorbol 12-myristate 13-acetate (PMA).

. ITonomycin Calcium Salt.

. CEF (CMV, EBYV, Flu peptide pool).

. Anti-human IFN-y purified, coating antibody.

. Anti-human IFN-y biotin-conjugated, detecting antibody.
10.
. BCIP/NBT phosphate substrate.
12.
13.
14.
15.

Streptavidin-ALP.

Benzonase.

MultiScreen HTS-IP Filter Plate, Millipore.
Microplate washer.

ELISpot reader.

3. Methods

3.1. Sample Language
on Risk of Insertional
Mutagenesis

This is taken from the informed consent document used in the
AAV2-Factor IX liver trial sponsored by the Center for Cellular
and Molecular Therapeutics at the Children’s Hospital of
Philadelphia (47). This language has thus been reviewed and
approved by both local and federal regulatory authorities in
Philadelphia and the USA, respectively. The language used attempts
to explain the findings on insertional mutagenesis in a manner eas-
ily understood by someone without a scientific background.

“It is possible that AAV vectors could cause cancer in the liver

or other cells that are exposed to AAV2-hFIX

The FDA, which oversees clinical studies of new drugs, became
aware of studies of mice with a rare genetic disease who received
an AAV vector shortly after birth. Some of these mice devel-
oped tumors (liver, blood vessel tumors) many months later.

In another study by the same investigators, normal mice
injected with an AAV vector in the newborn period also devel-
oped tumors.

Studies with adult mice, as well as dogs and monkeys (normal
and with other genetic diseases), infused with AAV vectors have
not shown more tumors than in control groups regardless of
the disease, and whether AAV was given directly into the gen-
eral circulation, into muscle, lung, or into the liver directly.

There have been no cancers reported in human subjects
enrolled in the earlier AAV hemophilia studies. The first sub-
jects were injected with vector in the muscle in 1999 and in the
liver in 2001.”
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3.2. Sample Language

on Risk of Inadvertent

Germline Transmission
of Vector Sequences

3.3. Analysis of Viral
Vector Shedding

by Real-Time
Quantitative PCR

As above in Subheading 3.1, this language is taken from the
informed consent document used in the AAV2-FIX liver trial
(vide supra). Since hemophilia B is an X-linked disorder, and all
candidates for this trial are males, the language deals only with risks
of germline transmission in males.

Study subjects shall be adult males who are 18 years of age or
older. Subjects infused with vector in the earlier version of the liver
study were shown by very sensitive techniques to have vector in the
semen for as long as 16 weeks after administration, after which
point vector was no longer detectable.

e All subjects are strongly urged to use barrier birth control
devices (condoms) until the subject is informed that semen has
been clear of vector for at least 2 months.

e The investigators will notify you when it is safe to stop barrier
methods of birth control.

e The consequences of gene transfer to germline cells (sperm
cells) are unknown but could potentially result in serious birth
defects or fetal death or other unanticipated health conse-
quences (such as cancer) in the offspring due to the disruption
of normal genes by the transferred DNA.

e If you are considering having children in the future, it is
recommended that you bank sperm prior to beginning the
procedure to ensure a source of sperm that is free of contami-
nation with the vector. The reason for storing the semen is
that it is possible that if the sperm cells do take up the vector
during the procedure, it may or may not result in lifelong
changes to the sperm.

e This has not occurred in the previous subjects studied with this
procedure, but the investigators need to continue to monitor
for this possibility.

e The investigators will provide you with information on sperm
banking. This opportunity will be provided to you at no addi-
tional expense.

Monitoring of vector shedding is performed on DNA extracted
from blood and various body fluids by measuring vector genome
copy number using real-time quantitative PCR.

Depending on the route of vector administration, and the
results from the preclinical biodistribution studies, in addition to
blood components (serum and PBMC), a variety of body fluids
may be analyzed, including saliva, semen, urine, tear swabs, etc.

DNA extraction should be optimized, as DNA and protein
contaminants will be present in variable amounts depending on the
nature of the specimens (see Note 1).

An inhibition control (vide infra) should always be included in
the PCR and cross-contamination must also be scrupulously
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avoided in the preanalytic stage, i.c., during sample collection and
handling (see Note 2).

A reference sample with known gene copy number should be

prepared by digesting a plasmid (see Note 3) containing the sequence
of the AAV expression cassette with a restriction enzyme that cuts
only once within the plasmid backbone (outside the ITR).

Extract DNA from source materials according to established pro-
tocols. Measure OD and determine OD 260,280 ratio, repeat
DNA extraction or perform DNA precipitation if the ratio is too
low (e.g., <1.8).

1.

10.

11.

Any plasmid bearing the specific target sequence (the expres-
sion cassette flanked by the viral ITRs) can be used to prepare
the linearized material for the real-time PCR.

. Select a single cutting restriction enzyme located outside the

target sequence used for real-time PCR.

. Set up a digest of a large quantity of plasmid, 10-30 pg,

making sure that the reaction conditions will allow optimal
cutting.

. Verify complete digestion by running a small aliquot of digested

plasmid on an agarose gel. If digestion is not complete, add
more enzyme to the reaction and incubate longer.

. Heat-inactivate the restriction enzyme at 65°C for 20 min.

Note that some restriction enzymes will require higher tem-
peratures for heat inactivation. Store at -20°C.

. Perform phenol-chloroform extraction of DNA. As an alterna-

tive to heat inactivation, one can proceed directly to phenol-
chloroform extraction after restriction digest.

. After phenol-chloroform extraction, precipitate DNA.
. Resuspend DNA and run an aliquot on an agarose gel.

. Measure DNA concentration with a spectrophotometer;

perform several dilutions to obtain an accurate measurement.

Calculate the number of molecules in the solution assuming
that 1 mg of a 1 Kb of double-stranded DNA is equivalent to
9.1x 10" molecules (copies). Therefore, the copies per millili-
ter of solution of the linearized plasmid can be obtained with
the following equation:

Concentration (copics / mL): [DNA concentration(ug / mL) x 9.1 x 10"
(copies / p.g)]/[Plasmid size (kb)/ 1kb]

Dilute to the appropriate copy number,/mL and store at —-20°C
in aliquots (see Note 4).
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3.3.3. Preparation
of the Standard

3.3.4. Preparation
of Real-Time Quantitative
PCR Amplification Mix

3.3.5. Interpretation
of Results

1. If stored for a prolonged period, verify integrity of the linearized
plasmid DNA by agarose electrophoresis and absorbance at
260 nm.

2. Prepare eight serial dilutions of the linearized plasmid in a large
volume (see Note 5), like 5,000 pL (dilutions can be stored at
-80°C in 20 pL aliquots and used multiple times).

The following is an example of a real-time quantitative PCR mix.
For standards, no test DNA should be included; for spiking
controls 10 or 100 copies of linearized plasmid should be mixed
with the test DNA (see Notes 6-11).

Reagents® 1x (uL)  Final concentration
Universal master mix (2x) 10.0 1x

Forward primer (50 pM) 0.36 900 nM

Reverse primer (50 pM) 0.36 900 nM

Probe (100 pM) 0.05 250 nM

Water 1.23

Test DNA (125 ng/uL) 8.0 1 ug

Total volume 20.0

*TagMan™ technology

1. The water control should not give any amplification signal.

2. The gene copy number of the 10-copy and 100-copy spiking
controls will be reported for each specimen. These values will
be used as a reference to validate the assay (see Note 12).

3. A specimen is interpreted as negative if there is no amplifica-
tion in the wells with the unspiked specimens or if the signal is
lower than that of the spiked 10-copy vector control.

4. Amplification must be detected in the spiked 100-copy vector
control, otherwise the assay should be rejected.

5. A specimen is interpreted as inhibited if no amplification is
detected in the 100-copy or the 10-copy controls, as well as
the unspiked experimental samples. Any specimen reported
as inhibited should be column-purified or re-extracted and
re-tested to try to eliminate inhibition.

6. A specimen is interpreted as positive for vector if there is ampli-
fication detected in both the spiked and unspiked reactions.

7. Ifidentical replicate samples have a threshold cycle (CT) standard
deviation >0.3 and/or the standard curve has a correlation
coefficient (R? value) <0.99, the accuracy of the data is
questionable.
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8. PCR amplification efficiency is the rate at which PCR amplicons
are generated, commonly expressed as a percentage value. If a
particular PCR amplicon doubles in quantity during the geo-
metric phase of the PCR amplification, the PCR assay has 100%
efficiency. The slope of a standard curve is commonly used to
estimate the PCR amplification efficiency of a real-time PCR. A
real-time PCR standard curve is graphically represented as semi-
log regression line plots of CT value vs. log of input nucleic
acid. A standard curve slope of -3.32 indicates a PCR with
100% efficiency. Slopes more negative than -3.32 (e.g., -3.9)
indicate reactions that are less than 100% efficient. Slopes more
positive than -3.32 (e.g., —2.5) may indicate sample quality or
pipetting problems.

Isolation and cryopreservation of PBMC from whole blood is the
most critical step in immunomonitoring. The quality of PBMC
preparations will influence cell viability and thus the outcome of
the downstream assays (ELISpot assay and other T-cell assays).

The classic protocols for PBMC isolation from whole blood
are based on ficoll gradient centrifugation, which are very effective
but require trained personnel and are time-consuming. Alternative
techniques or devices can be used for PBMC separation, for
example, the cell preparation tube (CPT) vacutainers, which allow
for separation of PBMC directly within the blood collection tube
with a simple centrifugation step. In the first part of this section
both methods will be reviewed.

1. Whole blood should be obtained by venipuncture into prop-
erly labeled blood collection tubes containing an anticoagulant
such as heparin, EDTA, or sodium citrate.

2. Keep samples at room temperature; proceed to PBMC isolation
within 12-24 h of blood collection. If shipping the samples to
a centralized laboratory for further processing, protect the
specimens from extreme temperatures with proper insulation;
never freeze blood.

3. Pool blood from all collection tubes into a 50-mL conical
tube.

4. Add an equal volume of Ca-free sterile PBS at room tempera-
ture to blood and mix gently by inverting the tube.

5. In a separate 50 mL tube, add a volume of room temperature
ficoll equal to one-third that of the diluted blood, divide into
multiple 50 mL tubes if necessary.

6. Gently overlay the ficoll with the diluted blood, minimize
mixing of the two phases.

7. Centrifuge at 740 xg for 30 min at room temperature with
brake off to preserve the density gradient.
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3.4.2. Isolation of PBMC
Using CPTs

8.

10.

11.

12.

13.

14.

15.

16.

1.

When the centrifuge comes to a complete stop, collect the
PBMC layer that will be visible at the interface between plasma
and ficoll and place the cells into a fresh, sterile 50 mL tube.
Try to avoid collecting ficoll while collecting the PBMCs.

. Add at least two volumes of room temperature Ca-free PBS to

the PBMC, if necessary split the cells into multiple tubes.

Centrifuge the PBMC at 330 x4 for 10 min at room temperature
(brake on).

At the end of the centrifuge spin, immedintely decant superna-
tant and resuspend the cell pellet(s) by tapping the tube until
no clumps are visible. Do not pipette or vortex.

Resuspend in 5 mL PBS. To help prevent cell clumping at this
step, use PBS with 2% heat-inactivated FBS and 25 U/mL
benzonase.

Count PBMC with an automated cell counter or using a
hemocytometer.

Wash PBMC a second time by spinning the cells at 330 x 4 for
10 min at room temperature.

At the end of the centrifuge spin, immediately decant superna-
tant and resuspend the cell pellet(s) by tapping the tube until
no clumps are visible.

Proceed to cell freezing.

CPT vacutainer tubes (Becton Dickinson) with the appropriate
anticoagulant should be kept at room temperature and prop-
erly labeled with visit date, visit name, and subject identifica-
tion (unique subject ID).

. Collect blood into the tubes using standard venipuncture tech-

niques. Invert tubes approximately ten times.

. After collection, store the tube upright at room temperature

until centrifugation. For best results, do not store the tube for
more than 2 h after blood collection without spinning.

. Before centrifugation, mix the blood by gently inverting the

CPT an additional eight to ten times. Use a temperature-
controlled horizontal rotor (swinging bucket) centrifuge and
set the temperature to 18-25°C. Centrifuge tube with blood
sample at 1,800 x 4 for 30 min at room temperature.

. After centrifugation you should be able to see the PBMC band

above the gel barrier retaining all red cells at the bottom of the
tube.

. Continue if proceeding for freezing. (If shipping to a central

sample processing location, see Note 13).

. Using a serological pipette carefully remove and discard the

top half of plasma layer in the tube. Do not disturb the PBMC
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11.

12.

13.
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layer. From an individual CPT, collect remaining plasma with
the PBMC with a serological pipette. Transfer the contents of
one CPT into one 15 mL tube. Add PBS to bring the volume
in the tube up to 14 mL.

. Cap 15 mL tube and invert to mix cell solution. Centrifuge at

330 x4 for 10 min at room temperature (brake on).

. At the end of the centrifuge spin, immediately decant superna-

tant and resuspend the cell pellet(s) by tapping the tube until
no clumps are visible. Do not pipette or vortex.

Resuspend in 5 mL PBS. To help prevent cell clumping at this
step, use PBS with 2% heat-inactivated FBS and 25 U/mL
benzonase.

Count PBMC with an automated cell counter or using a
hemocytometer.

Wash PBMC a second time by spinning the cells at 330 x 4 for
10 min at room temperature.

At the end of the centrifuge spin, immediately decant superna-
tant and resuspend the cell pellet(s) by tapping the tube until
no clumps are visible.

Proceed to cell freezing (Subheading 3.4.3).

. After re-suspending the cell pellet by tapping the tube, add the

appropriate amount of FBS to adjust the cell concentration to
2x107/mL.

2. Mix cells by gently tapping the tube.

. Add dropwise to the side of the tube an equal volume of FBS

with 20% DMSO to the cells resuspended in FBS only.

. Mix the cells gently, and promptly aliquot the PBMC suspen-

sion into the prelabeled cryovials (~10 million cells per vial).

. Place the cryovials with the cells in a cryofreezing container

filled with 2-propanol and place the container in a -70°C
freezer for a minimum of 12 h.

. For long-term storage, place the cryovials in the vapor phase of

a liquid nitrogen cryostat. Ship in dry ice and do not refreeze
cells after thawing.

Analysis of cellular immune responses to a specific antigen such as
vector capsid can be conveniently monitored over time and among
different subjects using the ELISpot assay. A range of different
cytokines or other T-cell activation markers may be assayed for,
however, IFN-y is typically used as a screen since it is a general
marker of activation and effector activity of T cells. The ELISpot is
attractive as a screening assay since it is sensitive enough to detect
even low-frequency cells (as low as 1 in 10°), does not require
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3.5.1. Coating the Plate:
Day 1 of the Assay

3.5.2. Plating the Cells:
Day 2 of the Assay

in vitro expansion of cells, which can bias results, and uses small
volumes of primary cells. Disadvantages are that it cannot distinguish
CD4+ from CD8+ T-cell responses without additional cell selec-
tion, and cannot distinguish memory from effector responses.

The ELISpot technique is adapted from the ELISA. Cells are
placed over antibodies coated to a membrane in a tissue culture
plate (see Notes 14 and 15). Upon stimulation with an antigen of
interest, in this case either whole capsid or capsid-derived peptides,
cells secrete cytokines which are trapped by the antibodies coated
to the well and which can be detected by a secondary antibody
conjugated to an enzyme such as alkaline phosphatase. Cleavage of
a colorless substrate by the enzyme is used to make localized col-
ored spots where the reactive T cell was present. Counting each
spot, and knowing the number of cells added to the well, allows an
estimation of the frequency of antigen-specific cells within a popu-
lation of cells. Monitoring of these over time can allow tracking of
a response after vector infusion. Results can be compared in terms
of magnitude and kinetics of response.

Although ELISpots are frequently considered one of the most
straightforward immune assays to standardize, there can still be
considerable variability from one laboratory to another. A recent
study used proficiency panels, frozen PBMCs on which results of
IEN-y ELISpot had already been determined, to survey ELISpot
assays in 36 laboratories considered expert at the procedure, and
still recorded substantial variations in results. Factors such as careful
attention to cell viability and the use of conditions that result in low
background were crucial for a reliable and accurate assay (48).

1. Coat each well with 100 pL of anti-IFN-y primary antibody in
sterile PBS.

2. Wrap each plate in plastic wrap and incubate overnight at 4°C.

—

. Decant primary antibody.
2. Wash each well 3x with 200 pL of sterile PBS.

3. Block membrane with 3% FBS in sterile PBS. Incubate at room
temperature for about 2 h.

4. Thaw cells to be assayed quickly in a 37°C waterbath; make
sure that the cryovial containing the sample is well sealed, wipe
the vial with 70% ethanol before opening it under a tissue
culture hood.

5. Transfer the thawed cells with a pipette to a sterile 15 mL tube
containing 10 mL of AIM-V medium with 3% FBS (or equiva-
lent) and 10 U/mL of benzonase.

6. Spin at 450 x4 for 5 min in a swinging-bucket centrifuge.

7. Decant supernatant and quickly resuspend the pellet by tipping
the tube.
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Plate: Day 3 of the Assay
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14.

15.

16.

17.

18.
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. Add 10 mL of AIM-V with 3% FBS and 10 U/mL of benzo-

nase. Mix gently by inverting the tube.

. Spin at 450 x g for 5 min.
10.

Decant supernatant and resuspend the pellet by tipping the
tube.

. Add to 1 mL AIM-V with 3% FBS without benzonase.
12.
13.

Count the cells.

Dilute cells to 1-3x10°¢ cells/mL (depending on cell yield)
using AIM-V with 3% FBS.

Prepare antigens (whole protein or peptides), positive con-
trols (CEF peptide pool, anti-CD3 antibody, PMA, etc.), and
negative controls (medium only, solvent only, irrelevant anti-
gen, etc.) by diluting them in assay medium at a 2x
concentration.

Decant the PBS 3% FBS blocking solution and wash the plate
twice with the test medium (AIM-V 3% FBS).

Add 100 pL of antigens and controls in triplicate to the
appropriate wells on the plate.

Add 100 pL of cells to each well dropwise with a multichannel
pipette, making sure to change tips each time.

Incubate overnight at 37°C 5% CO,. (see Note 16).

1. Remove media from plate by decanting contents.

N U1 W W

. Wash each well with wash buftfer (0.05% Tween 20 in PBS) by

pipetting up and down several times from different angles.

. Decant, repeat once.

. Wash 4x using a plate washer.

. Rinse the plate one time with PBS. Decant.

. Add 100 pL of biotin-conjugated secondary antibody diluted

in PBS 1% BSA.

7. Incubate at room temperature for 2 h.

Nelieo]

11

13.
14.
15.

. Decant secondary antibody.
. Wash six times with wash bufter using a plate washer.
10.

Wash one time with PBS, decant.

. Add 100 pL of streptavidin-ALP in PBS 1% BSA.
12.

Incubate at room temperature for 1 h (Meanwhile remove the
substrate from the refrigerator to let it warm up to room
temperature).

Decant, wash four times with wash buffer using the plate washer.
Wash with PBS.
Dry plate by blotting on paper towels.
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16.
17.

18

19.

3.5.4. Reading the Results 1.

Add 100 pL per well of substrate.

Wiait for color development, approximately 10 min.

. Wash carefully with water, blot plate on paper towels, and

remove protective film from the bottom of the plate.

Dry overnight protected from light.

Read the plate on an ELISpot reader.

2. Transfer results to an Excel spreadsheet and express results in

3.

spot forming units (SEUs) per million cells plated (e.g., if
2.5 x 105 cells were plated in each well, the spot count in each
well will be multiplied x4 to obtain the SFU/10¢ PBMC
count).

Archive results properly.

3.5.5. Data Interpretation The cutoft for positivity generally accepted in the ELISpot assay is
threefold the SFU /10° PBMC of the negative control and greater
than 50 SFU/10° PBMC absolute count (see Note 17).

4, Notes

. For the accuracy of the assay, it is very important to obtain

DNA free of contaminants that may interfere with the effi-
ciency the PCR by inhibiting the DNA polymerase (like heme
from whole blood or chemical residues from the DNA extrac-
tion). The 260,/280 OD ratio should reflect a low protein
content.

. Contamination of one sample by another is always an impor-

tant concern when using a PCR-based method for the detec-
tion of viral genomes. Always practice standard methods to
avoid PCR contaminations (e.g., changing filter tips, insuring
clean working surfaces, using small reagent aliquots, etc.);
additionally, extreme care should be used when handling the
reaction standard and when spiking samples with plasmid DNA
(vide infra) as the risk of contamination is very high.

. It is important to use only linearized DNA fragments because

supercoiled plasmid DNA may result in low amplification effi-
ciency in the PCR.

. Each new stock of linearized plasmid for real-time PCR use

should be validated against the previous one to insure consis-
tency of results.

. When preparing the dilutions, make sure to cover a range from

~10 copies to ~10® copies.
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. For some specimens, e.g., tear swab, the DNA recovery at

extraction may be very low, thus necessitating that the PCR be
run with <1 pg starting material.

7. All specimens should be tested in quadruplicate.

11.

12.

13.

14.

15.

16.

17.

. Inhibition controls should be included in the assay by spiking

test DNA with 100 and 10 copies of linearized vector.

. Include a no amplification (water only) control.
10.

Standards should be included in each test with 1, 10, 100,
1,000, and 100,000 copies of vector in water.

Cycle settings of the amplification reaction will vary depending
on the technology and thermocycler used for the real-time
quantitative PCR.

For example, if the gene copy number of the 10-copy control
is 2.43 copies, some level of inhibition is present. In that case,
the gene copy number of the unspiked test sample could be
adjusted for the inhibition, or the test DNA could be column-
purified or re-extracted and re-tested to try to eliminate
inhibition.

It shipping CPTs to a central sample processing location, invert
the CPTs several times to mix the PBMC layer with the plasma.
Ship at room temperature in an insulated container to avoid

extreme temperatures. Do not freeze. Process cells to frozen
within 12-24 h of blood collection.

Use sterile reagents and techniques for Days 1 and 2 of the
ELISpot assay. No sterile techniques ave requived beginning with
Day 3; however, human samples should be considered potentially
infectious at all times.

When using cryopreserved PBMC it is advisable to introduce a
20-h rest period between thawing and plating of the cells. This
helps ensure that a more homogeneous and viable population
of cells is plated in the ELISpot assay by excluding cells that are
not apoptotic at the time of counting and trypan blue exclu-
sion. If resting cells, thawing should be done on Day 1 of the
assay and plating on Day 2.

Depending on the cytokine /analyte assayed with the ELISpot
assay, more than an overnight incubation may be required.

Cell viability will greatly influence the outcome of the ELISpot
assay, thus it is important to either introduce an overnight rest-
ing period for the cells (when using cryopreserved PBMC) or
otherwise carefully evaluate cell viability. Positive controls may
help to determine a sample’s cell viability. CEF, which is a pool
of reactive peptides from common viruses, may be particularly
helptul. However, depending on the HLA type, some subjects
may not react to CEF.
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