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Abstract

Viral vectors based on adeno-associated virus (AAV) are leading candidates for therapeutic gene
delivery. Understanding rate-limiting steps in the entry of AAV vectors may be used in a rational
approach to improve efficiency and specificity of transduction. This review describes our current
understanding of AAV entry, a key step during infection. We discuss the identity and functions of
AAV receptors and attachment factors, including the recently discovered multi-serotype receptor
AAVR. We further provide an overview of other host factors that act during the trafficking stage of
AAV vector transduction. In particular, we focus on cellular protein complexes associated with
retrograde transport from endosomes to the trans-Golgi network. The novel insights in AAV-host
interactions facilitated by technological advances in genetic screening approaches provide a
greater depth in our understanding how AAV vectors exploit host factors to deliver its genetic
cargo to the nucleus.

Introduction

The success of gene therapy relies on the efficacious means to transfer functional genes into
cells to correct for dysfunctional, endogenous genes. In the last three decades, recombinant
virus vectors such as those derived from adenoviruses, retroviruses and lentiviruses, have
emerged as highly efficient gene delivery vehicles, although safety issues are an ongoing
concern [1,2]. Vectors derived from adeno-associated viruses (AAVs) have gained increasing
popularity as delivery systems for therapeutic gene transfer, primarily due to their non-
pathogenic and broadly tropic nature [2,3]. Initially discovered as a contaminant in a simian
adenovirus preparation [4], AAV is a non-enveloped, single-stranded DNA virus with a
small, icosahedral capsid of approximately 25 nm. It is classified as a member of the
Parvoviridae family, although is easily distinguished from its fellow family members by its
incapacity to replicate in the absence of a helper virus such as adenovirus or herpes simplex
viruses [5]. To date, thirteen naturally occurring AAV serotypes of human and simian origin
have been described and are evaluated for /n7 vivo transduction (AAV1-13) [6]. They show a
wide range of tissue transduction preferences [7] and generally display low immunogenicity
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and sustained transgene expression. Taken together with their safety profile, the use of AAV
vectors in early and late-stage clinical trials for monogenic diseases such as hemophilia [8],
Leber’s congenital blindness [9] and muscular dystrophy [10] has been remarkably
successful [2,11].

Despite applications for AAV vectors advancing fairly rapidly, poor transduction efficiency
in certain tissues and low organ specificity in particular treatments restricts their usage.
Gaining further insights into fundamental aspects of the AAV life cycle is imperative to
begin to close gaps in our knowledge regarding how AAV interacts with the host cell, and
potentially improve future therapeutic applications. This review focuses on our current
understanding of AAV entry, a key step during infection. We discuss the identity and
functions of AAV receptors and attachment factors, which likely contribute to AAV tissue
tropism. In addition, we highlight the importance of host factors that act during the
trafficking stage of AAV infection, as they also have the potential to contribute significantly
to AAV tropism and transduction efficiency.

AAV receptors and attachment factors

Viruses employ a variety of molecular mechanisms to enter a host cell. Some utilize one host
receptor to mediate different steps required for virus entry. These steps can include virus
attachment to the host cell surface, triggering of endocytosis and, eventually, escape from the
endocytic pathway. Others make use of more than one receptor to facilitate these steps,
through simultaneous or sequential interactions [12-14]. AAVSs interact with specific
glycans or glycoconjugates displayed on the cell membrane to mediate surface attachment.
These molecules allow AAV particles to accumulate on the cell surface and gain access to
specific proteinaceous co-receptors [15]. This paradigm where initial attachment to the cells
via glycan receptors is followed by engagement with proteinaceous receptors that direct
post-attachment steps is not unique to AAV, but does underscore the complexity of the AAV
entry mechanism and the dependence on multiple host factors for the determination of viral
tropism. Even though AAV serotypes share approximately 60-99% identity in their capsids
[15], they display distinct cell and tissue tropisms, and differ significantly in their
transduction efficiencies. This is, in part, due to the differential glycan receptor usage for
surface attachment.

Glycan attachment

The majority of studies on AAV biology have utilized the first infectious clone of AAV
(AAV?2) as a model, with AAV2 being the initial serotype whose surface attachment receptor
was identified as heparan sulfate proteoglycan (HSPG) two decades ago [16]. This discovery
was followed by the structural elucidation of AAV2 [17], and identification of the HSPG
interacting sites on the AAV2 particle [18,19]. Other AAV serotypes were also identified
from human and simian sources, and found to associate to different glycan moieties. Direct
binding, transduction assays, mutagenesis and structural approaches were developed to
identify the capsid amino acid residues involved in glycan receptor recognition for most
AAVs, and this knowledge has contributed significantly to capsid modifications for the
purpose of improving transduction specificity and/or efficiency [20]. Three glycan receptor
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groups have been categorized as primary AAV attachment receptors: HSPG for AAV2,
AAV3 and AAV13, O- and N-linked sialic acid moieties for AAV1, AAV4, AAV5 and AAVE
and N-linked galactose for AAV9 [15]. The glycan usage of AAV7, AAV8 and AAV10-12 is
currently unknown.

Proteinaceous receptors

In addition to interacting with glycan moieties, several surface proteinaceous receptors have
been identified for the different AAV serotypes (see Table 1). For AAV2, several of the
putative (co)-receptors (c-MET, FGFR1, CD9) are thought to facilitate the interaction of
AAV2 with HSPG because these receptors or their ligands intimately associate with HSPG
[21-23]. Other (co)-receptors for various serotypes were identified through correlation
studies between gene expression data and permissiveness of cells to AAV (EGFR, PDGFR)
[24,25], or yeast two-hybrid screens (LamR) [26]. The relevance of these receptors has been
demonstrated using different techniques and in different cell types (Table 1), although
molecular and structural details of the interaction interface between the (co)-receptors and
AAV are largely lacking. Additionally, it is still unclear how these co-receptors specifically
facilitate entry, and what other host factors might be involved in the AAV internalization
process.

Recently, a genome-scale genetic screening approach was used to systematically identify
genes required for AAV2 entry [27]. Genes necessary for heparan biosynthesis were
amongst the 46 significant genes identified but none of the previously identified (co)-
receptors. Instead, a poorly characterized transmembrane-containing protein, KIAA0319L,
was the single highest scoring gene and was found, upon further examination, to be an
essential host receptor for AAV2 as well as a broad range of other AAV serotypes.
KIAAO0319L was a key requirement for AAV2 transduction in human transformed cell lines
derived from diverse tissues including the liver, kidney, and lung. Additionally, mice with a
genetic knockout in this gene demonstrated a robust resistance to AAV9 infection.
KIAAO0319L was thus renamed AAV receptor (AAVR).

Notably, the ectodomain of AAVR consists of five polycystic kidney disease (PKD)
domains, which are immunoglobulin (1g)-like domains [28]. Members of the Ig-like
superfamily comprise of Ig-like domains, and include several cell surface proteins such as
coxsackie and adenovirus receptor (CAR) and the poliovirus receptor (PVR). These proteins
are commonly exploited by viruses for cellular entry [29], possibly because of their adhesive
nature and their capacity for rapid endocytosis which can be triggered by disruption of
receptor homodimers after viral ligand binding [30]. AAV2 may thus utilize AAVR in a
similar fashion given that it binds to AAVR in the PKD domain region of the ectodomain
[27], although AAVR’s specific function in AAV entry is still unknown.

Possible functions of AAVR in AAV infection

It is surprising that one receptor is able to mediate cellular uptake of several serotypes, given
the repertoire of glycan receptors used by AAVSs, and the observation that AAVs appear to
make use of a variety of mechanisms to enter the cell. Evidence indicates that AAV particles
can be internalized via clathrin-mediated endocytosis [31], caveolar endocytosis,
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macropinocytosis [32] and the clathrin-independent carriers and GPI-enriched endocytic
compartment (CLIC/GEEC) pathway [33]. However, not all routes contribute equally to
productive transduction: the majority of AAV particles that enter cells are being trafficked
through unproductive paths that do not lead to transduction. The trafficking path and
required host factors can be a cell-type dependent [34] but pathways for diverse serotypes
(AAV2 and AAV5) converge in the Golgi before proceeding to the nucleus [35-37]. Given
that AAVR is rapidly endocytosed from the plasma membrane to the trans-Golgi network, a
route that is strikingly similar to what we know of AAV’s trafficking, and that AAVR binds
directly to AAV particles via its ectodomain, we propose three possible ways in which
AAVR could be facilitating AAV infectivity (Figure 1): (i) AAVR interacts with AAV at the
surface and aids in AAV cellular uptake into an endosomal pathway, (ii) AAVR interacts
with AAV in the early endosomal system and facilitates trafficking to the trans-Golgi, (iii)
AAVR interacts with AAV once it reaches the Golgi and facilitates escape from the trans-
Golgi network into the cytoplasm. Further investigation is necessary to distinguish between
these possible roles bearing in mind that they are not mutually exclusive.

Host factors facilitating AAV trafficking

While AAV receptors are likely an important determinant of cellular tropism, post-
attachment steps within the AAV life cycle (eg. trafficking through the endosomal system
[36] and nuclear import [38]), also significantly contribute to AAV transduction efficiency.
In particular, AAV trafficking after internalization is a major stage during the infection
process where the virus encounters obstacles that affect functional infection. As AAV
journeys through the cell, the capsid remains intact and must rely on host factors to travel to
the nucleus [31,39]. If these factors are expressed at insufficient levels, infection can be
affected. Analogous to other parvoviruses, AAV is believed to enter early endosomal
compartments associated with Rab5 [40-42], although its route through the rest of the
endosomal network is currently poorly understood. There is evidence to support AAV2
trafficking through late endosomes and recycling endosomes [43] but this is likely to be cell-
type specific, possibly determined by the host factors available. The cell’s extensive
microtubule network is used by AAV?2 to facilitate its transport while still contained within
endosomal vesicles [44], and the majority of AAV serotypes utilize syntaxin-5-mediated
retrograde transport to facilitate trafficking directly to the trans-Golgi network [36].
Identification of other cellular proteins that contribute to AAV trafficking has been a
challenging task, particularly because productive AAV entry is an inefficient process; high
ratios of non-infectious particles and the existence of dead-end endocytic routes confound
the study of AAV cellular transport. However, evaluation of the effect of small drug and
genetic inhibitors and enhancers on functional transduction has greatly contributed to our
understanding of AAV trafficking [33,36,44]. Furthermore, the unbiased, genome-wide
screen by Pillay et al [27] identified multiple genes with potential roles in AAV trafficking
including proteins in the retromer complex, Golgi-associated retrograde protein (GARP)
complex and Wiskott-Aldrich syndrome protein and scar homolog (WASH) complex. These
complexes are primarily involved in cellular trafficking between endosomes and the trans-
Golgi network, and interestingly, have been implicated in the trafficking of bacterial toxins
[45,46] and other DNA viruses [47,48]. In particular, human papilloma virus (HPV), another
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non-enveloped single-stranded DNA virus, has been shown to arrive at the trans-Golgi
network in a retromer-dependent manner, via direct interaction with components of the
retromer complex [48]. This interaction not only mediates virus trafficking to the Golgi, but
also endosomal escape [49]. Given the similarity in trafficking routes of HPV and AAYV, it is
possible that the retromer plays a comparable role in AAV infection [37,50-53]. However, if
AAVR is in fact responsible for transporting AAV particles to the Golgi, it is also possible
that the retromer might be interacting with AAVR, and thus indirectly mediating AAV
trafficking. As with HPV, AAV undergoes a conformational change in capsid conformation
as it travels through the endosomal system [37,50], which is potentially induced by acidic
changes [51] and cathepsins [52]. This change is a strict requirement for functional
transduction, as without this modification in the capsid, no infection is observed [53]. It is
therefore likely that endosomal escape may only occur once this change occurs, and may be
dependent on host factors. Further studies on the role of specific host factors in AAV
trafficking and/or endosomal escape could prove important in identifying rate-limiting
events in AAV transduction, and provide insights into intracellular factors that act as tissue
tropism determinants.

Concluding remarks

AAV entry mechanisms are complex involving multiple receptors and specific host factors
facilitating intracellular trafficking of AAV. The discovery of the multi-serotype receptor
AAVR adds another component that may influence tissue tropism and could potentially be
harnessed to improve transduction specificity and efficiency of AAV vectors. The study of
virus-host interactions has accelerated in the past decade, in part due to technological
advances that facilitate loss-of-function genetic screens in human cells. Such screens can be
performed in an unbiased, high-throughput manner, and as a consequence of the functional
nature of the approach, can lead to the identification of cellular proteins that viruses require
to propagate. These technologies include RNA interference [54] and, more recently, haploid
genetic screens [55] and CRISPR-based screens [56,57] that allow complete knockout of
gene expression improving the signal-to-noise ratio. They have allowed others and us to re-
visit fundamental aspects of the AAV life cycle with a greater depth of understanding as to
how host-encoded proteins facilitate infection [27,58—60]. The ability to create isogenic
knockout cell lines in multiple different cell types using CRISPR genome editing may be
used in future studies to systematically asses the relative contributions of the different
(co)receptors and pathways reported allowing better separation between major and minor
contributors to AAV entry. Furthermore, therapeutic application of CRISPR to edit the
genome using AAV vectors holds promise as novel modality in gene therapy [61-65].
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Highlights
. AAV primary attachment occurs via glycans in a serotype specific manner
. AAVR is a proteinaceous receptor that binds AAV through Ig-like PKD
domains
. AAVR is essential for transduction by multiple, diverse serotypes
. AAV transduction requires retrograde transport to the trans-Golgi network
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Schematic representation of the possible roles of AAVR in the AAV life cycle - (i) AAV

binds to HSPG, allowing subsequent interaction with AAVR at the cell surface, which
facilitates entry into the endosomal network; (ii) AAVR interacts with AAV in the

endosomal system and facilitates trafficking to the trans-Golgi. (iii) Once in the trans-Golgi

network, AAVR facilitates AAV escape into the cytoplasm.
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