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Adeno-associated virus (AAV) has attracted considerable
interest as a gene therapy vector over the past decade. In all,
85% of the current 2052 PubMed references on AAV (as of
December 2004) have been published in the last 10 years.
As researchers have moved forward with using this vector
system for gene delivery, an increased appreciation for the
complexities of AAV biology has emerged. The biology of
recombinant AAV (rAAV) transduction has demonstrated
considerable diversity in different cell types and target
tissues. This review will summarize the current understand-

ing of events that control rAAV transduction following
receptor binding and leading to nuclear uptake. These
stages are broadly classified as intracellular trafficking and
have been found to be a major rate-limiting step in rAAV
transduction for many cell types. Advances in understanding
this area of rAAV biology will help to improve the efficacy of
this vector system for the treatment of inherited and acquired
diseases.
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Introduction

Adeno-associated virus (AAV) is a small nonenveloped
virus that belongs to the dependovirus genus of the
parvovirus family."? AAVs share varying degrees of
similarities to autonomous parvoviruses including Ca-
nine parvovirus (CPV), Feline parvovirus (FPV), and
minute virus of mice.®> As such, comparative biology of
these related parvoviruses has been useful to the study of
AAVs. AAV was initially discovered as a contaminant in
adenovirus preparations.*® Like other members of the
parvovirus family, AAVs have a single-stranded DNA
genome. The viral genome is approximately 4.7 kb in
length, and is composed of two major open-reading
frames encoding Rep (replication) and Cap (capsid)
proteins. Flanking these two viral genes are the inverted
terminal repeats (ITRs, 145 bp in length for AAV2) at
either end of the viral genome.® Both positive and
negative stands of DNA are packaged into AAV virions.”

One of the most unique components of the AAV
genome is the self-complementary, CG-rich ITR. This
stable T-shaped hairpin plays an important role in AAV
genome biology and is the only necessary viral compo-
nent in recombinant vector genomes. Included in the ITR
are two motifs, a terminal resolution site and a Rep
binding site, which play key roles in replication and
encapsidation of the viral genome. Four Rep proteins
(Rep 78, Rep 68, Rep 52, and Rep 48) are generated from
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the 5’ open-reading frame of wild-type AAV through the
use of two different promoters and alternative splicing.?
The 3 open-reading frame of wild-type AAV generates
three cap proteins (VP1, VP2, and VP3) through alternative
mRNA splicing and alternative start codon usage.” The
VP1, VP2, and VP3 proteins assemble at a ratio of
approximately 1:1:10, respectively, to form a mature AAV
particle approximately 26 nm in diameter.'""?

In the early 1980s, pioneering work on the successful
cloning of AAV established the foundation of recombi-
nant AAV vectors capable of expressing foreign genes in
mammalian cells.’®'* Currently, eight serotypes of AAV
have been evaluated as recombinant vectors (AAVI-
AAVS8) and many more have been isolated from various
species including non-human primates.'>'® These AAV
serotypes share a common genome structure, but have
varying abilities to infect different cell types and tissue
based on their capsid protein recognition by cell surface
receptors. The repertoire of rAAV vectors has also been
greatly expanded by the development of technologies to
pseudo-package rAAV genomes,'”>° package AAV gen-
omes with two different ITR serotypes,®’ generate mosaic
rAAV particles with more than one capsid serotype,>>*
retarget AAV by generating rAAV capsid modification*>>’
and generate rAAV with chemically modified capsids.*
These technologies have greatly expanded the ability to
tailor rAAV for specific applications in gene therapy.*'

Despite the great number of rAAV serotypes and
rAAV variants available, several biologic barriers appear
to limit the effectiveness of rAAVs for gene therapy.
Understanding the fundamental basis of these biologic
barriers have aided in establishing methods to improve
the efficiency of rAAV-mediated gene delivery. As shown
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in Figure 1, these biologic barriers can be broadly
divided into seven stages based on the rAAV infectious
process. First, AAV must bind to the surface of the target
cell. The most significant factor affecting viral binding
includes the abundance of AAV receptors. It is this stage
that can be most significantly influenced by the choice of
rAAV serotype or type of capsid variant used to generate
the recombinant virus. The second stage includes
receptor-mediated endocytosis of the virus. This stage
may be influenced by the abundance of AAV coreceptors
on the surface of target cells and the activation of cellular
pathways that trigger endocytosis. The third through
fifth stages of rAAV infection involve rAAV movement to
the nucleus. These stages are a major focus of this review
and involve vesicular trafficking (stage 3), endosomal
escape (stage 4), and nuclear transport (stage 5). As will
be discussed, each of these stages appear to be inter-
related and rate limiting for many AAV serotypes. The
final postnuclear stages for rAAV transduction include
viral uncoating (stage 6) and genome conversion (stage
7) of the single-stranded rAAV genome to double-
stranded DNA intermediates (circular and linear) cap-
able of expressing transgenes. Although these stages will
not be reviewed here, it is noteworthy to mention that
viral uncoating may be closely linked to processing of the
virion through certain endosomal compartments.

These multiple-step intracellular events can be re-
garded as barriers to AAV transduction. Increasing
evidence has suggested that intracellular trafficking of
rAAV may be a universal rate-limiting step in AAV
transduction.®*>* However, entry pathways of AAVs
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Figure 1 Stages of rAAV transduction. Schematically shown are seven
stages of rAAV transduction including: (1) viral binding to a receptor|
coreceptor, (2) endocytosis of the virus, (3) intracellular trafficking of the
virus through the endosomal compartment, (4) endosomal escape of the
virus, (5) intracellular trafficking of the virus to the nucleus and nuclear
import, (6) virion uncoating, and (7) viral genome conversion from a
single-stranded to a double-stranded genome capable of expressing an
encoded gene.
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likely determine the paths by which these viruses move
through the cell to the nucleus. As such, discussions of
intracellular trafficking must be placed in the context of
viral receptors and coreceptors that facilitate endocytosis
and movement of AAVs through the endosomal com-
partment. This review will focus on the current under-
standing of rAAV transduction biology prior to
uncoating of the virus in the nucleus.

AAV attachment receptors and coreceptors

As for most if not all viruses, infection with AAV is
initiated by binding to cell surface receptors (Table 1).
Heparan sulfate proteoglycan (HSPG) has been identi-
fied as one of the primary attachment receptors for
AAV2* To this end, soluble heparin can compete for
binding of AAV2 to the surface of many cell types.>**°
Mutagenesis and crystal structure studies have identified
the amino acids in the capsid of AAV2 responsible for
HSPG binding.*"** Heparin has also been reported to
compete for AAV3 binding to cells, implying that AAV2
and AAV3 may share HSPG as an attachment recep-
tor.'®*> Despite the fact that HSPG appears to be a major
AAV?2 attachment receptor for many cell types, other
model systems have demonstrated considerable uptake
of AAV2 in the absence of surface HSPG expression.’>**
Hence, attachment receptors for AAV2 other than HSPG
may also exist, but have yet to be identified. In contrast to
AAV2 and AAVS3, sialic acid has been identified as a
primary attachment receptor for AAV4 and AAV5. AAV5
primarily uses N-linked sialic acid for binding, whereas
AAV4 preferentially uses O-linked sialic acid for attach-
ment.*>*® The attachment receptors for AAV1 and AAV6
have not yet been identified, but they do not appear to
involve HSPG.'®**% However, based on capsid homo-
logy between AAV1 and AAVE, it is likely they share the
same attachment receptor for binding. AAV7 and AAVS8
were rescued from non-human primate tissues and are
the two newest AAV serotypes being evaluated as
recombinant vectors.** Although the attachment recep-
tors for these serotypes have yet to be identified, their
distinct tissue tropisms suggest that they use different
cell surface receptors than other AAV serotypes.

In addition to attachment receptors, AAVs also require
coreceptors for efficient infection. For example, despite
the fact that heparin can compete for rAAV2 and rAAV3
binding to cells, studies have demonstrated that rAAV3
can transduce hematopoietic cells not susceptible to
transduction with rAAV2 vectors.*> Such data suggest
that alternative receptors (ie coreceptors) on the cell
surface are required for infection with AAVs. Two
coreceptors for AAV2 have thus far been identified.
These include oVB5 integrin® and fibroblast growth

Table 1 AAV attachment receptors and coreceptors

Serotype Attachment receptor Coreceptor

AAV1,6,7,8 Unknown Unknown

AAV2 HSPG* a5BV integrin;*® hFGFR1%
AAV3 HSPG'#43 Unknown

AAV4 O-linked sialic acid*® Unknown

AAV5 N-linked sialic acid*>#¢ PDGFR>**




factor receptor type 1.°' The level of aVP5 integrin
expression can significantly influence the efficiency of
rAAV2 transduction in certain cell types; however, its
functions as a coreceptor has been debated.*>* None-
theless, inhibition of aVB5 integrin with blocking anti-
bodies can prevent internalization of bound rAAV2 on
the surface of HelLa cells.** Similarly, platelet-derived
growth factor receptor (PDGFR) has been considered the
coreceptor for AAV5 and is also required for efficient
infection with this serotype.>* However, PDGFR itself is a
sialo-glycoprotein containing both N- and O-linked
oligosaccharide chains with sialic acid.®>>® This suggests
that PDGFR may be capable of acting alone as a receptor
for AAVS.

Different AAV serotypes preferentially transduce (ie
express their encoded gene) different cell types. For
example, comparative analysis of rAAV1, rAAV2, and
rAAV5 transduction in the brain has demonstrated
differences in cellular tropisms.*” It is generally assumed
that the abundance of known receptors and/or corecep-
tors correlates with tropism for certain AAV serotypes.
However, this is not always the case. For example, in
polarized human airway epithelia, rAAV2 transduction
from the basolateral surface is 200-fold greater than
following apical infection.** Although HSPG and aVf5
integrin are absent on the apical surface and abundant on
the basolateral surface, there is only a slight difference
(three- to five-fold) in the extent of AAV2 endocytosis
from apical and basolateral compartments.>*** This
observation suggests that there are likely other AAV2
internalization pathways independent of known AAV2
receptors, and that the entry pathways for AAV2 may
significantly influence the efficiency of intracellular
processing of the virus.

Receptor-mediated endocytosis of AAV

Thus far, the endocytic processes that control AAV
infection have only been studied for rAAV type 2 and
type 5. HSPG-bound rAAV2 appears to enter cells
through clathrin-coated pits in a dynamin-dependent
process.®®>° Although AAVS5 utilizes a different primary
attachment receptor (sialic acid), it also appears to enter
the cell through clathrin-coated pits based on ultrastruc-
ture localization.®® Studies on CPV and FPV also suggest
that viral endocytosis is dynamin dependent and clathrin
mediated.®*> Fluorescent-labeled AAV has been used
intensively in pulse/chase experiments to study AAV
trafficking. Single AAV particle real-time tracking
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experiments have shown that AAV uptake into cells
occurs in a very rapid manner (within 100 ms).*
However, studies in intact epithelia have suggested that
endocytosis can be a rate-limited factor in rAAV2
infection, and that UV-irradiation can enhance endocy-
tosis of virus.**

In a manner similar to ligand binding and activation of
cellular receptors, AAV binding to cell surface receptors
also triggers intracellular signaling pathways that stimu-
late receptor endocytosis. These processes have been
most extensively studied for rAAV2. For example,
rAAV2 binding to HSPG and aVB5 integrin stimulates
activation of Racl, an intracellular small GTP-binding
protein.*® The activation of Racl appears to be necessary
to initiate endocytosis of cell-surface-bound AAV2, since
expression of the dominant-negative N17Racl mutant
inhibits endocytosis of virus.* In this context, inhibition
of either Racl or aVB5 integrin prevents endocytosis of
AAV2, implying a potential functional link between
these two signaling pathways in AAV2 infection. The
activation of Racl appears to be closely linked to
subsequent activation of the phosphatidylinositol-3
kinase pathway that is required for movement of AAV
particles to the nucleus along microtubules and/or
microfilaments.*°

Endosomal processing and trafficking of AAV

It has become increasingly recognized that following
endocytosis, processing of rAAV virions through the
endosomal compartment is intricately linked to trans-
duction. There are several components of endosomal
processing that likely determine the efficiency of trans-
duction with a given serotype and receptor-entry path-
way. First, processing of the capsid while within the
endosomal compartment may be critical for activating
‘competency’ of viral particles for transduction. For
example, CPV directly injected into the cytoplasm of
cells fails to replicate.®® We have observed similar
findings with rAAV2; rAAV2eGFP virus injected into
the cytoplasm of HeLa cells failed to express its encoded
transgene (unpublished data). Interestingly, endosomal
processing of rAAV2 also appears to be important for
nuclear transport of the virus. When directly injected into
the cytoplasm, Alexa568-labeled rAAV2 failed to accu-
mulate in the nucleus as was seen following infection
with rAAV2 (Figure 2). These findings suggest that
endosomal processing of the AAV2 capsid may play an
important role in priming the virus for nuclear transport

Figure 2 Fluorescent detection of rAAV movement to the nucleus in HeLa cells. HeLa cells were transfected with an expression plasmid encoding a Lamin-
B receptor-GFP fusion to mark the nucleus. At 48 h post-transduction, cells were either (a) mock infected (no virus), (b) infected with Alexa568-labeled
AV2Luc, (c) injected with Alexa568-labeled AV2Luc into the nucleus, or (d) injected with Alexa568-labeled AV2Luc into the cytoplasm. Photomicrographs

were taken at 24 h following viral infection or injection.
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and/or uncoating. Acidification inside the late endo-
somal and lysosomal compartments also appears to be
another potential endosomal event critical for rAAV
transduction. Several laboratories have demonstrated
that when acidification of the endosomal compartment is
blocked by bafilomycin Al, transduction with rAAV2 is
significantly decreased.**>®*°> However, a requirement
for acidification within the endosomal compartment also
demonstrates cell-type specificities.>**> Furthermore,
acidification alone is not sufficient to promote transduc-
tion with CPV as demonstrated by microinjecting
particles pretreated at pH 5.0.°* Whether the AAV
capsids are modified on the virion, while within the
endosomal compartment, remains to be directly proven.
However, evidence suggests that such modifications are
likely part of AAV transduction biology.

Another interesting aspect of AAV infection is that
proteasome inhibitors significantly augment transduc-
tion for at least two of the serotypes (AAV2 and
AAVS5).3>735¢¢ The mechanism of enhanced transduction
in the presence of proteasome inhibitors does not appear
to be due to blocking AAV genome degradation.’>*°
Rather, inhibition of the proteasome enhances nuclear
uptake of viruses in a number of cell systems.>*?> These
findings suggest that modulation of the ubiquitin—
proteasome system might alter AAV intracellular proces-
sing at the level of endosomal trafficking, endosomal
escape, nuclear transport, and/or uncoating of the virus.
The enhanced transduction of rAAVs in the presence of
proteasome inhibitors does not appear to be a direct
effect of modulating second-strand genome synthesis,
but rather a result of increasing the concentration of viral
genomes in the nucleus.*** Furthermore, there appears
to be some level of cell-type specificity in the action of
proteasome inhibitors since they do not enhance rAAV
transduction in all cell types and tissues.>**> Although
the mechanism of proteasome inhibitor action remains
unclear, the finding that both rAAV2 and rAAV5 capsids
are a substrate for ubiquitination in vivo and in vitro>>°°
suggests that the extent of capsid ubiquitination may be
important in directing intracellular movement of the
virion. Furthermore, in vitro ubiquitination assays have
demonstrated that partially denatured purified AAV
virions are preferred substrates for ubiquitination.®® This
result suggests that AAV processing inside the endo-
somes may be required for priming AAV capsids for
ubiquitination once they enter the cytoplasm. Since
increased capsid ubiquitination occurs when proteasome
activity is inhibited, it is currently thought that ubiqui-
tination may be a positive signal for productive
transduction with rAAVs.%® Similar studies with other
parvoviruses also suggest that the ubiquitin—proteasome
pathway plays an essential role in the life cycle of these
viruses by facilitating capsid disassembly and/or nucle-
ar transport.®”-%®

Previous reports have clearly demonstrated that
intracellular trafficking to the nucleus for rAAV2 and
CPV is a slow, rate-limiting process for certain cell
types.?>373862 Conclusive determination of the endo-
somal trafficking pathways required for functional
transduction with various AAV serotypes has been
difficult. For example, cell-specific differences in the
trafficking patterns have been observed for rAAV2, and
even in the same cell type, differences in trafficking have
been reported. In general, three endosomal trafficking
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Figure 3 Potential intracellular pathways for rAAV endosomal proces-
sing. (a) Schematically drawn intracellular pathways through which
rAAVs may traffic. “marks potential sites of endosomal escape for rAAV2,
AAVS5, or CPV (a close relative of AAV), based on the present knowledge of
where these viruses accumulate following infection.33363855-6062 Rah
GTPases associated with the movement and location of various vesicular
compartments are noted. (b) Five potential hypotheses for viral trafficking
and endosomal escape are outlined that are consistent with the current
knowledge of rAAV and CPV trafficking through cells. Potential sites of
viral endosomal escape are inferred based on reports demonstrating viral
accumulation in a given compartment, andfor through the inhibition of
endosomal maturation. Compartments include the early endosome (EE),
late endosome (LE), Golgi, and the perinuclear recycling endosome
(PNRE).

pathways have been described for AAVs and their CPV
relative (Figure 3). As discussed above, all studied
parvoviruses appear to enter into the early endosome
through receptor-mediated endocytosis. This compart-
ment is classified as containing the small GTPase Rabb.
Rab proteins are a large family of small GTPases that
regulate endosomal budding, sorting, movement and
fusion within the cell.*>”° As such, these proteins can act
as ‘zip codes’ to facilitate endosome movement. Rab5
early endosomes can be routed to several destinations
within the cell, of which the most relevant to AAVs are
the late endosome (Rab7-positive compartment)”* and
the perinuclear recycling endosome (PNRE, Rabll-
positive compartment).”> The late endosomal pathway
further branches off into two compartments: the lyso-
some or the trans-Golgi. Late endosomal movement to
the lysosome is facilitated by Rab7,”' while movement
from the late endosome to the trans-Golgi is facilitated
by Rab9.7%7* Similarly, vesicular movement from the
PNRE to the trans-Golgi can also occur through a Rab11-
facilitated mechanism.” Although these described vesi-
cular-trafficking pathways have been documented, it is
important to recognize that the biology and boundaries
of various Rab vesicular compartments within the cell
are not black and white. The abundance, morphologic
structure, and subcellular location for each of the
vesicular compartments discussed can vary significantly



between different cell types. This influence of cell
phenotype on the diversity of intracellular compartments
almost certainly is reflected in the biologic complexity of
AAV transduction.

Based on the above cell biology for vesicular traffick-
ing, the literature currently supports five potential
pathways for vesicular transport of AAV2, AAV5, and
CPV (Figure 3a). Intracellular trafficking for other
serotypes of AAV is yet to be reported. As mentioned
earlier, CPV and AAV2 have both been demonstrated to
be endocytosed through clathrin-dependent receptor
endocytosis and processed through endosomal compart-
ments in a manner similar to transferrin, but unlike fluid-
phase markers such as dextran.**®>%¢> Transferrin
trafficking has been extensively studied and shown to
move through the early endosome to the PNRE.”*”” The
recycling of transferrin through the PNRE requires the
coordinated interactions of several small GTPases (Rab5,
Rab4, and Rab11) that direct the movement and fusion of
early endosomes to the PNRE compartment.”” The
colocalization of CPV and AAV2 with transferrin has
suggested the potential involvement of the PNRE in the
processing of these viruses. Additionally, we have
observed significant overlap with Cy3-labeled AAV2
with the Rab1l PNRE compartment in certain cell types
(unpublished data). In contrast to these patterns of
localization, other groups have used pharmacologic and
biochemical subcellular fractionation approaches to
suggest that rAAV2 may move through the late endo-
some to the lysosome pathway®*>® or exit very early from
the early endosome.?® Lastly, it has also been suggested
that both AAV2 and AAVS5 traffic to the trans-Golgi
network.®>%5 Although at face value it appears that
results on AAV vesicular trafficking remain contro-
versial, the results between laboratories are not entirely
inconsistent. For example, movement to the Golgi
compartment can be facilitated through either the
Rab11 PNRE or the Rab7 — Rab9 late endosomal pathway
(Figure 3). Cell line-dependent differences in trafficking
of AAV have also been reported,® and suggest that AAV
can traverse several endosomal pathways. Furthermore,
studies solely evaluating localization and bulk flow of
AAV through the cell do not directly address what
endosomal compartments are most important for func-
tional processing of virions or the point of endosomal
escape. Indeed, only a small fraction of input virions
appear to lead to functional expression of a transgene.
In future studies, more functional approaches aimed at
modulating vesicular movement will be required to
conclusively address the relevant pathways for AAV
movement through the cell.

Endosomal escape and nuclear translocation
of AAV

It is generally believed that AAV must exit from the
endosome before it traffics to the nucleus. However,
the point at which different serotypes enter into the
cytoplasm has been difficult to address definitively.
Studies demonstrating that bafilomycin Al (an inhibitor
of late endosomal acidification facilitated by the vacuolar
H*-ATPase) inhibits AAV transduction®~*°° suggest that
AAV2 likely escapes from the late endosome prior to
lysosomal maturation. The acid environment of the late
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endosome seems to be required for this process and for
rAAV transduction. However, these findings could also
be consistent with preventing late endosomal movement
through the Rab9 compartment to the trans-Golgi
network.

Interesting studies on endosomal escape for CPV have
also discovered phospholipase A2 activity within the
N-terminal domain of VP1.”® This study suggests the
intriguing hypothesis that acidification and phospholi-
pase A2 activity of VP1 are required for CPV endosomal
escape. Similar phospholipase activity has been seen in
VP1 of AAV2 and also appears to be required for
postendocytic processing of virus and efficient transduc-
tion.” Whether phospholipase A2 activity is a conserved
feature of other AAV serotypes remains to be investi-
gated. However, sequence analysis of the N-terminal
region of VP1 between currently known AAV serotypes
suggests that functional conservation of phospholipase
A2 activity may indeed occur. Further research in this
area may uncover unique mechanisms to enhance rAAV
transduction by facilitating more efficient endosomal
escape.

Once AAV has escaped from the endosome, it must
traffic to the nucleus. Since disruption of both tubulin
and actin filaments inhibits vesicular movement of
AAV2,* dissecting the functional involvement of these
cytoskeletal elements in the movement of cytoplasmic
AAV has been difficult. However, real-time imaging of
fluorescently labeled AAV has suggested that movement
of free virus in the cytoplasm and nucleus may be
facilitated by ATP-dependent molecular motors on
tubular networks.®® Although Brownian diffusion was
also observed, perinuclear delivery of AAV occurred
within seconds once anchored to the cytoskeleton.

It is generally believed that AAV particles are
transported into the nucleus prior to uncoating, since
fluorescent-labeled AAV virions are seen in the nu-
cleus.**%%% However, nuclear transport of AAV in most
of the investigated cell lines appears to be a slow and
inefficient process. In most studies, only a small portion
of internalized AAV can be found in the nucleus at short
time points postinfection. Several agents have been
identified that promote nuclear accumulation of AAV
and rAAV transduction. These include proteasome
inhibitors,>***> hydroxyurea,®® and adenovirus.®® It is
currently thought that these agents enhance endosomal
and/or cytoplasmic processing of the virus rather than
directly facilitating nuclear translocation.

Relatively little is known about the processes that
control nuclear translocation of AAV across nuclear
pores. Since the size of an AAV virion is comparable to
the size of the nuclear pore, translocation has been
proposed to be limited by diffusion. One study has
evaluated nuclear translocation of rAAV2 in nuclei
isolated from permissive and less-permissive cell types
to determine whether nuclear translocation was a rate-
limited step in transduction.® Findings from these
studies suggested that AAV particles could efficiently
enter the nucleus of both highly and poorly transducible
cell types in a time- and temperature-dependent manner,
suggesting that nuclear transport is not rate limiting
for transduction. Interestingly, these studies suggested
that AAV2 might enter the nucleus independent of classical
nuclear receptor/nuclear pore complex entry path-
ways. Others have identified a nonconventional nuclear
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localization signal in the capsid VP2 sequence.®’ This
sequence is believed to be important for AAV viral
packaging, but whether it plays a role in nuclear
transport of intact AAV particles is unknown. It is also
unclear if nuclear transport of AAV particles requires
capsid modifications and/or association with transport
receptors. In this regard, nucleolin (a protein that shuttles
from the cytoplasm to the nucleus) has been shown to
associate with AAV virions in the cytoplasm and
nucleus.?” Hence, nucleolin may act as a nuclear receptor
for AAVs. Additionally, a correlation between increased
ubiquitination of AAV capsid proteins in the presence of
proteasome inhibitors and increased nuclear uptake
suggests that the ubiquitination of AAV virions may
facilitate nuclear transport of rAAV2 and rAAV5.% Other
studies on minute virus of mice and CPV also support
the functional involvement of proteasomes in nuclear
transport.®® However, these studies could find no direct
evidence for capsid ubiquitination. Hence, although the
ubiquitin—proteasome system appears to be linked to
efficient cytoplasmic processing and nuclear uptake for
several classes of parvoviruses, subtle differences in the
mechanisms may exist.

Future directions

With the increasing use of rAAV as a gene therapy
vector, it has become increasingly recognized that
intracellular trafficking of this virus is often directly
linked to the efficiency of transduction in many cell types
and tissues. Furthermore, the intracellular trafficking of
AAVs appears to be quite complex and influenced by cell
phenotypes. Certainly, movement of AAV from the
membrane to the nucleus is not the sole limiting factor
that influences the efficiency of this vector system for
gene delivery. Other aspects not directly discussed in this
review, including genome conversion and stability, also
play important roles in transduction, and in a given
context can significantly limit the effectiveness of this
vector. Furthermore, the process of virion uncoating in
the nucleus may be equally important and indirectly
affected by intracellular trafficking and processing of the
capsid at certain intracellular locations such as the late
endosome and/or proteasome. For example, a recent
report has suggested that rAAV2 has a much slower rate
of uncoating than rAAV6 and rAAVS in hepatocytes.®
Whether uncoating rates between these serotypes are a
reflection of different routes of intracellular processing
remains to be elucidated. A recent review has also
suggested that the rate of intracellular processing and
uncoating of viral vectors may critically affect host
immunological response toward input capsids in the
absence of new viral protein synthesis.®* If this is true for
AAVs, altering the rate of intracellular trafficking and
uncoating of rAAVs using drugs or serotype modifica-
tions could directly influence the longevity of gene
expression by reducing host immune responses that clear
virus-infected cells.

Currently, our knowledge of AAV trafficking is based
on a limited number of serotypes, AAV2 and AAV5.
Relatively little is known about intracellular trafficking
for any of the other AAV serotypes. With the increasing
identification of new AAV serotype vectors, it is
important to understand how intracellular processing
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for these different serotypes is similar and dissimilar in
various cell targets. Current advances in technology have
greatly increased our ability to dissect the complexities
of AAV intracellular trafficking. With the latest advances
in fluorescent microscopy, it has become possible to
monitor the intracellular movement of single AAV
virions in real time.*® Studies focusing on AAV capsid
structures have improved since the crystal structure of
AAV2 was determined. Efforts to obtain capsid surface
details for other AAV serotypes are accelerating*>®> and
have complemented genetic analyses of the AAV2 capsid
that has revealed an enormous tolerance for large
insertions such as GFP.*® Such efforts to link sensitive
fluorescent protein tags with AAV virions will enhance
our capabilities to study AAV trafficking in real time.
Another important area of study will be the development
of in vivo imaging techniques for monitoring the process
of AAV uncoating. A recent report adopting the use of
tandem Lac repressor binding sites encoded in the
AAV genomes to monitor AAV replication is another
example of the trend toward real-time analysis of AAV
biology®” that may be readily applicable to the study of
uncoating.

The success of the AAV field in developing numerous
types of recombinant vector systems has greatly ex-
panded the option for gene therapy of various organs.
However, with this increased diversity come challenges
and opportunities for dissecting AAV biology that are
directly relevant to the efficacy of these vector systems.
Few comparative studies on intracellular trafficking/
processing characteristics between various AAV sero-
types have made it difficult to dissect commonalities in
transduction biology and differences that might be
directly relevant to gene therapy. As discussed in this
review, it is likely that many AAV serotypes share some
common biology that influences intracellular trafficking
and transduction. However, it is equally likely that
comparative studies may uncover fundamental differ-
ences in trafficking biology related to differences in their
receptor pathways for endocytosis. A better understand-
ing of AAV intracellular trafficking for many serotypes
will ultimately allow researchers to make informed
choices about the most appropriate vector serotype and
approach to treat disease in a given organ.
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