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Defective genes account for �80% of the total of more than
7,000 diseases known to date. Gene therapy brings the promise
of a one-time treatment option that will fix the errors in patient
genetic coding. Recombinant viruses are highly efficient vehi-
cles for in vivo gene delivery. Adeno-associated virus (AAV)
vectors offer unique advantages, such as tissue tropism, speci-
ficity in transduction, eliciting of a relatively low immune re-
sponses, no incorporation into the host chromosome, and
long-lasting delivered gene expression, making them the most
popular viral gene delivery system in clinical trials, with three
AAV-based gene therapy drugs already approved by the US
Food and Drug Administration (FDA) or European Medicines
Agency (EMA). Despite the success of AAV vectors, their usage
in particular scenarios is still limited due to remaining chal-
lenges, such as poor transduction efficiency in certain tissues,
low organ specificity, pre-existing humoral immunity to AAV
capsids, and vector dose-dependent toxicity in patients. In
the present review, we address the different approaches to
improve AAV vectors for gene therapy with a focus on AAV
capsid selection and engineering, strategies to overcome anti-
AAV immune response, and vector genome design, ending
with a glimpse at vector production methods and the current
state of recombinant AAV (rAAV) at the clinical level.
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INTRODUCTION
The success of gene therapy relies on an efficacious means to trans-
fer the proper genetic material into the correct tissue. Vectors
derived from adeno-associated viruses (AAVs) have become popu-
lar delivery systems for therapeutic gene transfer due to their non-
pathogenic and broadly tropic nature,1–3 their reduced immunoge-
nicity, and the potential to achieve efficient and long-lived gene
transfer.4 AAV is a non-enveloped, single-stranded DNA virus,
with a genome size of 4.7 kb and a small icosahedral capsid
of �25 nm, that was discovered in the 1960s as a contaminant in
a simian adenovirus preparation.1

The AAV capsid is composed of 60 copies in total of viral protein,
VP1–3, in a population ratio of 1:1:10 on average.5,6 However, this
is highly dependent on the serotype and the particular preparation.7

AAV capsid assembly is divergent and stochastic, leading to a highly
Molecular
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heterogeneous population of capsids of variable composition,
whereby even the single-most abundant VP stoichiometry represents
only a small percentage of the total AAV population.7

The biology of AAV has been extensively studied.8 A defining char-
acteristic of AAV is its dependence on a helper virus co-infection
(such as adenoviruses or herpes-viruses) for productive replication.9

Replication defective AAV viral-like particles (also known as recom-
binant AAV [rAAV]), in which all viral open reading frames from the
viral genome have been eliminated, and containing heterologous ge-
netic information, can be assembled and packaged to high vector
yields for gene transfer applications.4

AAV vectors are being explored for numerous therapeutic applica-
tions, and they are the most popular viral gene delivery system
explored in clinical trials.10,11 The use of AAV vectors in early- and
late-stage clinical trials for monogenic diseases such as hemophilia,12

inherited forms of blindness,12 and muscular dystrophy13 has been
remarkably successful, regarding their clinical safety and efficacy.
Gene transfer therapies using AAV vectors are being fast-tracked
for clinical approval for congestive heart failure, hemophilia A and
B, retinal disease, X-linked myotubular myopathy, glioma, glioblas-
toma, and spinal muscular atrophy (SMA), among others.14

Despite the fast pace of applications for AAV vectors, their usage in
particular treatments is restricted due to remaining challenges, such
as pre-existing humoral immunity to AAV capsids, poor transduction
efficiency in certain tissues, low organ specificity, and vector dose-
dependent toxicity in patients.3,8

In the present review, we address the different approaches to improve
AAV vectors for gene therapy with a focus on AAV capsid, strategies
to overcome anti-AAV immune response, and vector genome design,
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Figure 1. Capsid-related approaches to improve

AAV-based gene delivery vectors
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and ending with a glimpse at vector production methods and the cur-
rent state of rAAV at the clinical level.

AAV CAPSIDS
In the last 10 years, with the advances in the field of synthetic biology
and our better understanding of AAV structure and biology, several
new rAAVs with defined properties have been generated. These
new rAAVs have displayed the potential to markedly reduce anti-
capsid immune responses and vector dose administration owing to
improved gene transfer efficiency and transduction of specific cells
and tissues. Figure 1 summarizes the capsid-related approaches that
are detailed below.

Natural serotypes

It is frequently said that 13 AAV serotypes have been identified to
date (AAV1–13),14,15 but this is just the most studied subgroup
from hundreds of serotypes or distinct AAV variants that have
been isolated from primates, goats, sea lions, bats, snakes, and other
animals4,8,16,17 (Table 1).

Some of these serotypes have been separated into clades A–F on the
basis of shared serologic and functional attributes.14 From the com-
mon variants for AAV vectors, two serotypes, AAV5 and AAV4,
exhibit greater differences in capsid protein sequences. AAV5 is the
most phylogenetically distinct, with 58% capsid homology with
3516 Molecular Therapy Vol. 30 No 12 December 2022
AAV2 and AAV8 and 57% homology with
AAV10.14 In contrast, the other serotypes
commonly used in gene transfer share greater
homology (�80%).18 The variable regions in
sequence correspond mainly with conformation-
ally distinct loops in the VP structures, which are
associated with receptor binding, transduction
efficacy, and antigenicity, being relevant in terms
of differences in tissue tropism, antigenicity, and
the likelihood of cross-reactive immunogenicity
between serotypes.34

Tissue tropism reflects the specific interactions
between serotype-specific structures on the
rAAV capsid and cellular glycans and receptors.14

The initial binding of many AAV serotypes is via
primary receptors including glycans and proteo-
glycans such as heparan sulfate, terminal galac-
tose (Gal), and several linkage variants of sialic
acid (SA).14 AAV serotype vectors can be grouped
into three categories with respect to their glycan
receptor usage: Heparan Sulfate Proteoglycan
(HSPG) for AAV2, AAV3, AAV6, and AAV13;
sialic acid (SA) for AAV1, AAV4, AAV5, and
AAV6; and Gal for AAV9.15 The primary glycan
receptors, if any, are unknown for AAV7, AAV8, AAVrh10, AAV11,
andAAV1215 (Table 1).We need to point out that this glycan receptor
usage grouping is probably a simplification, and that actual profile of
glycan recognition is more complex. An example of that is AAV2, as
more than 70% of AAV2-like sequences isolated from human samples
(having at least a 98% of sequence identity) lack arginine residues at
position 585 and 588, being unable to bind HSPG.35 An equivalent di-
versity could be expected within the other serotypes, regarding their
interaction with receptors. We are going to be referring to the AAV
laboratory strains, cloned and with the reference genomes, in the
rest of this work, unless stated otherwise.

This initial binding is followed by interactions with secondary mem-
brane protein receptors that facilitate internalization.14 A range of
secondary receptors has been reported: FGFR1,36 CD9, aVb5, and
a5b1 integrins14,37 for AAV2; hepatocyte growth factor receptor c-
MET for AAV238 and AAV339; platelet-derived growth factor recep-
tor for AAV515; EGFR for AAV640; LamR for AAV2, AAV3, AAV8,
and AAV9,14 among others14 (Table 1).

AAVR, a glycoprotein with a molecular mass of 150 kDa previously
known as KIAA0319L, has been identified as critical for the entry
of numerous AAV serotypes, including AAV1, AAV2, AAV3B,
AAV5, AAV6, AAV8, and AAV9.41,42 AAV serotypes interact differ-
ently with AAVR, while AAV2 interacts predominantly with the
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Table 1. Common serotypes/variants for AAV vectors

Serotype Origin Primary receptor Secondary receptor Tissue tropism

AAV1 primate N-linked sialic acid
AAVR
GPR108
TM9SF2

SMm,c,p,h, CNSm,c,p, lungm,p,h, retinam,r, pancreasm,
heartm,i, liverm,p

AAV2 human heparan sulfate proteoglycan

AAVR
GPR108
TM9SF2
LamR
aVb5 integrin
a5b1 integrin
FGFR1
CD9
HGFR

SMm,c,h, CNSm,c,p,h, liverm,c,p,h, kidneym,
retinam,c,p,h, lungp,h, jointh, ACm

AAV3 human heparan sulfate proteoglycan

AAVR
GPR108
LamR
FGFR1 c-MET
HGFR

Liverp,h, SMm, CNSp, cochlear inner hair cellsm

AAV4 NHP O-linked sialic acid GPR108 CNSm,c,p, retinam,c, lungm,p, kidneym, heartm

AAV5 human N-linked sialic acid
AAVR
PDGFR
TM9SF2

SMm, CNSm,c,p,r, lungm, retinam, liverp,h

AAV6 human
heparan sulfate proteoglycan
N-linked sialic acid

AAVR
GPR108
TM9SF2
EGFR

SMm,c, heartm,s,i,c, lungc,m,p, airwaym,c,p, liverc,
CNSp, retinar

AAV7 rhesus macaque –
GPR108
TM9SF2

SMm, retinam, CNSm, liverm

AAV8 rhesus macaque –

AAVR
GPR108
TM9SF2
LamR

Liverm,c,p,h, SMm,c, CNSm,c,p, retinam,c,p,
pancreasm, heartm,c,p, kidneym, ATm

AAVrh.8 rhesus macaque – GPR108 SMh, liverh, CNSm

AAV9 human terminal N-linked galactose of SIA

AAVR
GPR108
TM9SF2
LamR

Liverm, heartm,i,c,p, SMm,c,p,h, lungm, pancreasm,
CNSm,c,p, retinam,p, testesm, kidneym

AAV10 cynomolgus monkeys – – Heartm, lungm, liverm, kidneym, uterusm

AAVrh.10 rhesus macaque –
GPR108
LamR

Liverm, heartm, SMm,c, lungm, pancreasm, CNSm,r,c,
retinam, kidneym

AAV11 cynomolgus monkeys – – SMm, kidneym, spleenm, lungm, heartm, stomachm

AAV12 NHP – – SMm, salivary glandsm

AAVrh32.33 rhesus macaque – GPR108 –

Data compiled from (Refs. 3,8,14,15,18–33).
Superscript letters: h, human; c, canine; I, pig; m, murine; p, non-human primate; r, rat; s, sheep.
AC, arthritic cartilage; AT, adipose tissue; CNS, central nervous system; SM, skeletal muscle.
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second immunoglobulin (Ig)-like polycystic kidney disease repeat
domain (PKD2) present in the ectodomain of AAVR, AAV5 interacts
primarily through the most membrane-distal PKD1,43 and other
AAV serotypes, including AAV1 and AAV8, require a combination
of PKD1 and PKD2 for optimal transduction.42 Different non-exclu-
sive functions have been proposed for AAVR in AAV infection:
AAVR interacts with AAV either at the surface and aids in AAV
cellular uptake into an endosomal pathway, the interaction occurs
in the early endosomal system and facilitates trafficking to the
trans-Golgi, AAVR interacts with AAV once it reaches the Golgi
and facilitates escape from the trans-Golgi network into the cyto-
plasm, or a combination of the three possibilities.3 Recent data sup-
port that AAVR is not a major contributor in cellular attachment
and that its role is to facilitate entry at a step prior to nuclear import.19

AAVR usage is conserved among all primate AAVs except for those of
the AAV4 lineage (composed of AAV4 and AAVrh32.33) that can
bind and transduce cells in the absence of AAVR by an AAVR-alter-
nate route.44
Molecular Therapy Vol. 30 No 12 December 2022 3517
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GPR108, a member of the G protein-coupled receptor superfamily,
appears to mediate this AAVR-alternate route.19 Transduction was
affected in GPR108 knockout for most serotypes (including AAV4
and AAVrh32.33), except for AAV5.19 GPR108 independence can
be transferred to other serotypes with the VP1 unique domain of
AAV5, and its usage is conserved in mice and humans, being relevant
both in vitro and in vivo.19 GPR108 localized primarily to the Golgi,
where it may interact with AAV and play a critical role in mediating
virus escape or trafficking.20

TM9SF2, a Golgi protein involved in glyco-sphingolipid regulation
and endosomal trafficking, also mediates viral transduction in at least
seven different AAV serotypes (Table 1).20 TM9SF2 is important for
the stabilization and localization of NDST1,45 and it has been shown
to be involved in ricin activity, Shiga toxin activity and in vaccinia vi-
rus and chikungunya virus infections,46 and AIDS progression.47

The unique combination of specific glycan and protein receptors is
believed to be the main factor determining AAV serotype tissue tro-
pisms.8 Inmice, AAV serotypes 1–9 show overlapping but distinct tis-
sue expression patterns: liver (AAV 1–3 and 5–9), skeletal muscle
(AAV 1–9), heart (AAV4 and 6–9), lung (AAV4 and 6–9), brain
(AAV 8–9), and testes (AAV9).48 AAV9, AAVrh.8, and AAVrh.10
are special cases for central nervous system (CNS) delivery, as they
are able to bypass the blood-brain barrier and efficiently target cells
of the CNS when injected intravenously in different animal
models.48–52 Although the diversity of AAVs is huge, several impor-
tant cell types and tissues are not targeted by natural AAVs.3 Unfor-
tunately, animal models may be poorly predictive of AAV tropism in
humans.14,15 Given the difficulties to obtain multiple biopsies in the
clinical setting, vector tropism is less characterized in humans, and
tissue-specific promoters are frequently incorporated into vectors to
limit the expression of the transgene to a particular target tissue.14

AAV vector efficacy depends not only on the ability of the different
serotypes to enter the target cells but may also reflect the speed of
uncoating and the conversion of the single-stranded vector DNA
into duplex DNA that is transcriptionally active.53,54 Several reports
summarize and review the transduction efficacy of AAV serotypes
in different tissues and specific cells.10,55–58 A more effective vector
could be administered at a lower dose, which could have potential
benefits in terms of reduced immunogenicity. The final dose will
also depend on other factors, such as the quality of vector
manufacturing, transgene activity, and host immunity to the
serotype.14

Dealing with post-translation modifications by specific

mutations

A total of 52 post-translational modifications (PTMs) were detected
in AAV2, AAV3, AAV4, AAV5, AAV6, AAV7, AAV8, AAV9,
and AAVrh10 capsids produced in AAV-293 cells, including
glycosylation (36%), phosphorylation (21%), ubiquitination (17%),
SUMOylation (13%), and acetylation (11%).59 To add complexity
to this matter, capsid PTMs are heterogeneous60 and differ when pro-
3518 Molecular Therapy Vol. 30 No 12 December 2022
duced in human and baculovirus-Sf9 manufacturing platforms.61

Four AAV serotypes (AAV2, AAV5, AAV9, and AAVrh10) had
more than seven PTMs in their capsid proteins.61

While no detectable PTMwas found in AAV1 byMary et al.,61 several
were found in other studies,61 including N-terminal acetylation; K61,
K459, and K528 methylation; and S149 and S153 phosphorylation.
The fact that serine and lysine mutant AAV1 vectors (K137R,
S663A, and S669A) demonstrate increased transduction both
in vitro and in vivo60 is additional evidence of the presence and func-
tional relevance of PTMs in AAV1.

AAV2 capsid proteins have eight sequence motifs that are potential
sites for O- or N-linked glycosylation.62 Although no glycosylation
was previously found for virus prepared in cultured HeLa cells,63

AAV2 capsid is indeed glycosylated at residues N253, N518, S537,
and N551.63 The disruption of N253 N-glycosylation site (mutant
N253Q) severely compromised AAV2 packaging efficiency, probably
by compromising the vector assembly and stability.61

AAV2 capsids are phosphorylated at tyrosine residues by EGFR-PTK,
which leads to their subsequent ubiquitination and impaired intracel-
lular trafficking to the nucleus.61 Point mutations of specific surface-
exposed single tyrosine residues (Y444F and Y730F) lead to high-ef-
ficiency transduction at lower doses.64,65 A triple-mutant (Y444F +
Y500F + Y730F) vector has �30- to 80-fold higher level of in vivo
gene transfer to murine hepatocytes66 and �130-fold increase in
transgene expression in murine fibroblasts67 than the wild-type
AAV2. These tyrosine residues are highly conserved in most AAV se-
rotypes, with few exceptions.68

Phosphorylation sites, recognized as degradation signals by ubiquitin
ligase (phosphodegrons), were predicted from AAV2 capsid se-
quences and the corresponding serine and threonine residues were
mutated by alanine and lysine residues by arginine.66 The transduc-
tion efficiencies of 11 S/T/A and 7 K/R vectors were significantly
higher than the AAV2-WT vectors.69 The AAV2 K532R mutant
showed significantly reduced ubiquitination compared with AAV2-
WT.69

Native levels of ubiquitinated capsids in freshly packaged AAV2 are
significantly low.69 These capsids showed the presence of ubiquitina-
tion at codon K544, phosphorylation at S149, and SUMOylation by
SUMO-2/3 at K258.61 The mutant vector K258Q demonstrated
reduced levels of SUMO-1/2/3 proteins and negligible transduction.61

AAV2 N-terminal residue is acetylated, a PTM that is conserved in
AAV1, AAV2, AAV3, AAV5, AAV7, AAV9, and AAVrh10 vectors.61

In AAV3, phosphorylation and HexNAcylation was observed in res-
idues Y6 and S149, respectively.61,70

Only one PTM was detected in AAV4, a ubiquitination site at K479.
This modification was unique and absent in all other serotypes.61 On
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the other hand, AAV5 has several PTMs, including glycosylation at
N292; ubiquitination at K122, K451, and K639; and HexNAcylation
at residues N308, T376, and N428.61 AAV5 mutant vectors neutral-
izing phosphorylation sites at serine (S268A, S652A, and S658A)
and threonine (T107A) improve gene transfer efficiency in vitro
and in vivo.61

AAV6 had a single acetylation at residue A2.62 AAV7 stands out for
the glycosylation PTMs at S157, N254, N460.61

BothAAV9 andAAVrh10 had a relatively higher proportion of sumoy-
lated residues detected in AAV9 (K84, K316, K557) compared with all
other serotypes and an overall similar distribution of common PTMs.61

PTMs were distributed along the entire capsid polypeptide of
AAV8.61 AAV8 has phosphorylations at Y6, S149, S153, S279, and
S671; acetylation of A2 residue; ubiquitination at K137; O-GlcNAc
on T494; and N-glycosylation at N499 and N521 residues.60 The
point mutant vectors S279A, S671A, and K137R showed higher and
preferential transduction of the liver.60,61,71,72 Spontaneous deamida-
tion occurs on the AAV8 vector capsid at 16 positions, predominantly
asparagine residues where the N + 1 residue is glycine.71 There is a
correlation between vector activity loss over time and progressive dea-
midation.60,73 This deamidation phenomenon is not serotype specific,
with experimental evidence of its presence in AAV1, AAV3B, AAV4,
AAV5, AAV7, AAV9, and AAVrh32.33.73

Baculo-AAV8 capsids have more PTMs than those produced in hu-
man cells.60 These include methylation and acetylation on K530,
methylation on K709, and O-GlyNAc on T663.60

New methodologies, such as an HILIC-FLR-MS protocol74 and
VectorMOD,75 have been developed to ease the process of unambig-
uous serotype identification, stoichiometry assessment, process im-
purities detection, and PTM characterization.

Chimeric capsid

A common rational design approach for AAV capsid engineering is to
build chimeras by the grafting of functional motives from a serotype
into another. These motives are usually related with receptor binding
regions that dictate tropism. Sometimes the substitution of only one
amino acid is enough to achieve a significantly different phenotype.
The mutation of K531 in AAV6 by the corresponding amino acid
in AAV1 (E) suppresses the heparin-binding ability of AAV6. It
also reduces transgene expression to levels similar to those achieved
with AAV1 in HepG2 cells in vitro and in mouse. The mutant
AAV1 E531K has heparin-binding ability and increased transduction
efficiency.76 Intravitreally delivered heparan sulfate binding mutants
AAV1-E531K and AAV8-E533K accumulate at the inner limiting
membrane separating the vitreous and the retina in the eye, similar
to AAV2, while wild types AAV1 and AAV8 do not.76 The single
insertion of Thr residue from AAV1 into AAV2 capsid at position
265 enhanced muscle transduction and reduced neutralizing anti-
body (NAb) titers in mouse.77
In most cases, multiple residues or entire regions are grafted from one
serotype into another to achieve the desired phenotype. Both AAV1
and AAV6 are more efficient transducing muscle than AAV2.
Replacement of residues 350–736 of AAV2 VP1 with the correspond-
ing amino acids from VP1 of AAV1 resulted in a chimeric vector that
behaved very similarly to AAV1 in vitro and in vivo.78 This region can
be reduced to amino acids 350–430 to obtain a chimera with similar
behavior.79 Following a more comprehensive approach, a panel of
synthetic AAV2 vectors was generated by replacing the hexapeptide
sequence involved in heparan sulfate binding with corresponding res-
idues from other AAV strains.80 The tropism of the generated capsid
was evaluated after intravenous administration in mice. AAV2i8, an
AAV2/AAV8 chimera, selectively transduced cardiac and skeletal
muscle tissues with high efficiency, traversed the blood vasculature,
showed markedly reduced hepatic tropism, and displayed an altered
antigenic profile.81 Only four mutations (Q263A, N705A, V708A,
and T716N, AAV2 numbering) and one insertion (T265, AAV1
numbering) were required in AAV2 to obtain AAV2.5, which com-
bines the improved muscle transduction capacity of AAV1 with
reduced antigenic cross-reactivity against both parental serotypes,
while keeping the AAV2 receptor binding.81

Engraftment of AAV9 galactose binding footprint into AAV2 re-
sulted in the chimera AAV2G9, which exploits both Gal and heparan
sulfate receptors for infection.82 AAV2G9 remains hepatotropic, like
AAV2, but mediates rapid onset and higher transgene expression in
mice.82 AAV2G9 displays preferential, robust, and widespread
neuronal transduction within the brain and decreased glial tropism.82

Engraftment of the same Gal footprint onto the previously mentioned
AAV2i8 chimera yielded an enhanced chimera named AAV2i8G9.
This chimera remains liver-detargeted like AAV2i8 and selectively
transduces muscle tissues with high efficiency.83

AAV2-AAV8 chimeras, combined with site-directed mutations, were
used to map the epitopes related with T cell responses to AAV capsids
after intramuscular injection of vectors into mice and non-human
primates (NHPs).82 The identified epitope overlaps with the heparan
sulfate proteoglycan binding site, which justified the observed corre-
lation between heparin binding, uptake into human dendritic cells,
and activation of capsid-specific T cells.84

A series of chimeras termed AAV X-Vivo (AAV-XV) were obtained
combining AAV12 VP1/2 sequences with the VP3 sequence of
AAV6.85 These AAV variants showed enhanced infection, compared
with the wild-type parental viruses, of neuronal cell lines, hematopoi-
etic stem cells, and human primary T cells.85

Although the construction of chimeric AAV capsids is essentially a
trial-and-error process, the abundance of structural information on
different serotypes and mutants supports a more robust design
from the beginning. In order to provide quantitative design principles
for guiding site-directed recombination of AAV capsids, capsid struc-
tural perturbations predicted by the SCHEMA algorithm was corre-
lated with experimental measurements of disruption in 17 chimeric
Molecular Therapy Vol. 30 No 12 December 2022 3519
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capsid proteins.86 Protection of viral genomes and cellular transduc-
tion were inversely related to calculated disruption of the capsid struc-
ture in a chimera population created by recombining AAV2 and
AAV4.86 This algorithm and equivalent analysis may be useful for
delineating quantitative design principles to guide the creation of
new AAV chimeras.

Peptide and protein insertions

Instead of grafting motives from one serotype into another, chimeric
AAV capsids can be created by the insertion of peptides and whole pro-
teins in specific VP regions. The main goal of these insertions has been
to alter natural AAV serotype tropism. There are two choices that
conform the essence of this methodology: what to insert and where.

In one of the first related reports, in order to target CD34+ hemato-
poietic stem cells, a chimeric AAV2 capsid was constructed where
VP2 was replaced by an anti-CD34 scAb-VP2 fusion protein.87 The
chimeric had a significantly increased preferential infectivity for the
normally refractory CD34+ human myoleukemia cell line KG-1.87

In order to define critical components of virion assembly and infec-
tivity in AAV2, an exhaustive linker insertional mutagenesis was per-
formed in AAV2.88 Some insertional mutants were identified with the
capability to assemble the capsid, encapsulate DNA, and infect target
cells.88 A 14-amino-acid targeting peptide, including the RGD motif,
was inserted into six AAV2 VP loops and the resulting mutants were
evaluated by their ability to package the viral genome, A20 antibody
recognition, presence of the peptide on the capsid surface, and
B16F10 and RN22 target cell binding.89 Mutants with insertion in po-
sitions 447 and 587 passed all the filters.89 The mutant with the inser-
tion in 587 efficiently transduced cells despite the presence of neutral-
izing antisera.89 Peptide insertions in the same loops but different
positions, 449 and 588, were successful as well.90 After testing seven
positions to insert a 4C-RGD peptide, only insertions following
amino acids 584 or 588 were able to expand AAV2 tropism.91 In
this last study, no insertion in 447–449 was tried, but in 459 instead,
which failed.91 A mutant with this peptide inserted in position 453
also fails to bind its target receptor, but a structural analysis revealed
a possible interaction with residues R585 and R588.92 The AAV2
capsid mutant carrying RGD-4C in position 453 and with R585A/
R588A substitutions was superior to the one with the insertion in po-
sition 587 in target receptor binding and cell transduction effi-
ciency.93 When the muscle targeting peptide MTP is inserted in po-
sitions 587 or 588 of AAV2 capsid, both viruses diminished their
infectivity on non-muscle cell lines and on un-differentiated
myoblast, but preserved or enhanced their infectivity on differenti-
ated myotubes.93 MTP inserted in 587, but not in 588, abolished
AAV2 heparin-binding capacity, and infected myotubes in a hepa-
rin-independent manner.94 Peptides containing a net negative charge,
such as MTP, are prone to confer an HSPG non-binding phenotype
when inserted in 587.95

In a comprehensive analysis of AAV2 capsid, 93 mutants at 59
different positions were constructed, including peptide insertions
3520 Molecular Therapy Vol. 30 No 12 December 2022
and alanine scanning.96 Insertion of the serpin receptor ligand in
N-terminal regions of VP1 (residue 34) or VP2 (residue 138) changed
the tropism of AAV2 in vitro.96 With the design of a new system of
production in which expression of VP2 protein is isolated and com-
bined with VP1 and VP3 expressed separately, proteins up to 30 kDa
were successfully inserted after residue 138, within the VP1-VP2
overlap.97 Different types of proteins have been inserted in the N ter-
minus of VP2 since then. For example, an anti-Her2/neu DARPin
was inserted in the N terminus of AAV2 VP2 in order to precisely
target tumor tissue and deliver a suicide gene.98 DARPins are high-af-
finity binding proteins of 14–17 kDa that have been developed as an
alternative to antibodies. The DARPin-AAV vector substantially
reduced Her2/neu+ tumor growth without causing fatal liver
toxicity.98 Anthopleurin-B, a toxin specific for cardiac sodium chan-
nel Nav1.5, was inserted in VP2 after residue T138.99 The mutant
with the insertion plus R585A/R588A mutations transfers genes to
cardiac myocyte without hepatic and other extracardiac infectivity.99

Insertions of peptides and proteins are not exclusive to serotype 2.
The tolerance of AAV5 capsid to small deletions and tandem dupli-
cation of sequence was globally addressed with the generation and
characterization of a library of more than 105 mutants, revealing po-
tential insertion sites.100 An AAV6 mutant with an RGD peptide
insertion at position 585, plus Y705-731F + T492V-K531E substitu-
tions, showed a significant increase in both specificity and efficiency
in a xenograft animal model in vivo.101 A murine breast cancer tis-
sue-specific peptide was inserted at positions 590 and 589 of AAV8
and AAV9, respectively.102 This peptide was previously selected in
an AAV2-based peptide library. The insertion of this peptide
augmented tumor gene delivery in both serotypes.102 Nevertheless,
the insertion of a peptide derived from the same AAV2 library,
with specificity for murine lung tissue, did not alter tropism of either
serotype.102 This is evidence of how the context may affect the func-
tion of the inserted sequences, particularly short peptide ones, where
the required functional conformations could be affected by the an-
chor and interacting residues in the template AAV.

In a recent approach, the seven amino acids from the GH2/GH3 loop
(residues 453–459 in AAV2 VP1) were replaced by three different
nanobodies, having 110–130 amino acids, with specificities for
CD38, ARTC2.2, and P2X7, respectively.103 Nanobodies are single
Ig variable domains from heavy-chain antibodies that naturally occur
in camelids. This strategy dramatically enhanced the transduction of
specific target cells by recombinant AAV2 and it was also successfully
tested in AAV1, AAV8, and AAV9 serotypes.103

Enhanced AAV9 (eAAV9), a modified AAV9 with an insulin-
mimetic peptide (S519) inserted into the capsid, has a significantly
higher transduction efficiency of insulin receptor (IR) expressing
cell lines, differentiated primary human muscle cells, and up to
18-fold enhancement over AAV9 transduction of mouse muscle
in vivo.104 A newAAV variant, AAV9-Retro, was developed by insert-
ing the 10-mer peptide into the VR-VIII loop of AAV9 VP3
domain.105 AAV9-Retro can retrogradely infect projection neurons,
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and can be transported across the nervous system, like AAV9, by
intracranial or intravenous injections in mice.105 The insertion of
bone-targeting peptide motifs (Asp)14 or (AspSerSer)6 onto the
AAV9-VP2 capsid protein results in a significant reduction of trans-
gene expression in non-bone peripheral organs in an osteoporosis
model.106

In order to evaluate the capacities of different serotypes to display pep-
tides on their capsid surfaces, 27 peptides were systematically inserted
in 13 different AAV capsid variants, followed by production of re-
porter-encoding vectors.107 Vector performance depended not only
on the combination of capsid, peptide, and cell type but also on the po-
sition of the inserted peptide and the nature of flanking residues.107 The
results are available as an online database, and tools like this should
accelerate the in vivo screening of new peptide insertions and the appli-
cation of the resulting products as unique gene therapy vectors.

Capsid shuffling

DNA shuffling of cap proteins from different serotypes can be
achieved by random recombination of homologous genes in vitro.108

These result in large chimeric AAV capsids that can be selected for a
given phenotype in a classical directed evolution approach.

An adapted DNA family shuffling technology was used to create a
complex library of hybrid capsids from eight different wild-type vi-
ruses.109 Selection on primary or transformed human hepatocytes
and pooled human antisera led to a single type 2/8/9 chimera, named
AAV-DJ, with 60 capsid mutations compared with AAV2.109 Most of
these mutated residues are located in the loops extruding from the
VP, some critical for natural receptor binding or for antibody recog-
nition or escape. AAV-DJ vectors had more infectivity in vitro than
eight standard AAV serotypes (AAV1–6, 8, and 9) and surpassed
AAV2 in livers of naive and intravenous immunoglobulin (IVIG)
immunized mice.109 AAV-DJ vector has been shown to be a useful
tool for gene therapy research targeting retinal disorders, being able
to transfer genes to the photoreceptor layer with intravitreal injection
and having an efficient gene transfer to various cell types in the
retina.110 AAV-DJ8, an AAV-DJ variant modified to specific residues
of AAV8, displayed more tropism in astrocytes compared with AAV9
in the substantia nigra region than AAV9 and other vectors.17

Chimeric-1829 is an infectious clone selected from a chimeric capsid
library containing randomly fragmented and reassembled capsid ge-
nomes from serotypes 1–9.111 As its name indicates, this particular
clone contains genome fragments from AAV1, 2, 8, and 9, with
AAV2 contributing to surface loops at the 3-fold axis of symmetry,
while AAV1 and 9 contribute to 2- and 5-fold symmetry interactions,
respectively. Similar to AAV2, Chimeric-1829 utilizes heparan sulfate
as a primary receptor, but it shows an altered tropism in skeletal mus-
cle, liver, and brain; transduces melanoma cells more efficiently; and
has a unique immunological profile.111

A similarly obtained library was selected against a kainic acid-induced
limbic seizure rat model in order to produce a novel AAV vector
capable of crossing the seizure-compromised blood-brain barrier
and transducing cells in the brain.112 After intravenous administra-
tion, two clones transduced the cells in areas exhibiting a seizure-
compromised blood-brain barrier that were localized to the piriform
cortex and ventral hippocampus.112

Rec1–4 were generated by shuffling the fragments of capsid sequences
in three NHP AAV serotypes cy5, rh20, and rh39 and AAV8.113

These vectors were originally selected for retinal tissue transduction,
where they are efficient, but no more so than AAV2 and AAV5.113

They have shown potential in other localizations. Rec2 vector showed
high transduction efficiency in both brown and white adipose tissue,
superior to AAV1, AAV8, and AAV9.114 Compared with AAV9, Rec3
improved gene delivery to mouse spinal cord, transducing a broader
region of it, and displaying higher transgene expression and increased
maximal transduction rates of astrocytes and neurons.115

Another vector obtained by capsid shuffling and directed evolution,
named Olig001, contains a chimeric mixture of AAV1, 2, 6, 8, and
9.116 Olig001 shows a preferential oligodendrocyte tropism following
intracranial injection into the striatum, as opposed to the vast major-
ity of AAV vectors, which have shown a dominant neural tropism in
the CNS. This vector has very low affinity for peripheral organs, espe-
cially the liver, after intravenous administration.116

AAV LP2-10, composed of capsids from AAV serotypes 2, 6, 8, and 9,
with VP3 subunits derived from AAV8 swapped with AAV6 from
residues 261 to 272, manifested a higher ability to escape NAbs in
IVIG and human serum samples.117 LP2-10 transduced human hepa-
tocytes with efficiency similar to that of AAV8.117

AAV2.5T, a capsid with lung tropism, was evolved from an AAV2/
AAV5 capsid-shuffled library.118 VP2 and VP3 capsid proteins of
AAV2.5T are derived from AAV5 with a single A581T mutation in
VP1. VP1 of AAV2.5T is a hybrid of AAV2 and AAV5 capsids
with the N-terminal unique sequence (VP1u) from the 1–128 amino
acids of the AAV2 VP1, followed by the 129–725 amino acids of
AAV5 capsid harboring the A581T mutation.118
De novo mutations

An alternate way to create an AAV capsid library from which to select
a desired phenotype is by the generation of random mutations in
capsid DNA. This has been accomplished by modified PCR protocols,
including staggered extension process and error-prone PCR.119 The
size of AAV libraries obtained by this approach is in the range of
106–107 mutants and they have been based in AAV2 with the main
goal to escape NAbs while keeping the other functional properties
of AAV2 untouched120 or modifying heparan sulfate affinity.95,121,122

To improve the liver transduction of AAV5 while retaining its low se-
roprevalence, a library of AAV5mutants was constructed via random
mutagenesis and screened in Huh7 cells.123 Two new AAV5 variants,
MV50 and MV53, demonstrated significantly increased transduction
Molecular Therapy Vol. 30 No 12 December 2022 3521
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efficiency in Huh7 cells (�12�) and primary human hepatocytes
(�10�).123

AAV-S was isolated from a random capsid library, and it mediates
highly efficient reporter gene expression in a variety of cochlear cells,
including inner and outer hair cells, fibrocytes, and supporting cells in
both mice and cynomolgus macaques.124

An alternative approach to random mutations is the comprehensive
mutagenesis approach, where all single-codon substitution, insertion,
and deletion mutants for AAV2 capsid were generated and evaluated
in vitro and in vivo.125 The phenotypic characterization of this library,
regarding capsid ensemble and thermal stability, tissue tropism, and
delivery, allows the implementation of a machine learning (ML)
guided design of new AAV capsids that outperform the one resulting
from random mutagenesis.125

The combination of DNA/RNA barcoding with multiplexed next-
generation sequencing enables the direct side-by-side comparison
of pre-selected AAV capsids in high throughput and in the same an-
imal.126 As a validation of the methodology, three independent li-
braries were created, from which a peptide-displaying AAV9 mutant
called AAVMYO was discovered.126 AAVMYO exhibits superior ef-
ficiency and specificity in the musculature, including skeletal muscle,
heart, and diaphragm, following peripheral delivery.126

ML models trained directly on experimental data without biophysical
modeling provide one route to accessing the full potential diversity of
engineered proteins. The application of deep learning allowed
designing highly diverse adeno-associated virus 2 (AAV2) capsid pro-
tein variants that remain viable for packaging of a DNA payload.127

The vast structural information on AAV capsids allows the rational
design of new variants. The structures of several AAV8/antibody
complexes were solved by cryoelectron microscopy, and then each
VP surface loop involved in the interactions was evolved by infectious
cycling in the presence of a helper adenovirus.128 This process yielded
a humanized AAV8 capsid (AAVhum.8) displaying non-natural sur-
face loops that simultaneously display tropism for human hepato-
cytes, increased gene transfer efficiency, and NAb evasion.128

Using alanine scanning mutagenesis, S155 and the flanking residues,
D154 and G158, were found to be essential for AAV2 transduction
efficiency.129 Specific capsid mutants show a 5- to 9-fold decrease
in viral mRNA transcripts, highlighting a potential role of this N-ter-
minal S/T motif in transcription of the viral genome.129
Peptide libraries

The most frequent approach in direct evolution of AAV capsids con-
sists of the insertion of random peptides (usually seven amino acids
long) in a VP loop (AAV2’s VP1 587, 588, and their equivalent in
other serotypes are preferred) to generate a random capsid library.
This library is then used to perform selection for a desired phenotype,
3522 Molecular Therapy Vol. 30 No 12 December 2022
usually related to a given tropism or to escape NAbs. In this approach,
peptides are selected in the right capsid context and, in principle,
should be superior to the insertion of peptides previously selected
elsewhere. In one of the first implementations of this methodology,
a random AAV2 peptide library was screened on human coronary ar-
tery endothelial cells, peptide motives were selected, and their inser-
tion enhanced transduction in coronary endothelial cells but not in
control non-endothelial cells.130 New capsids targeting primary hu-
man CD34+ peripheral blood progenitor cells were selected with
the methodology.131 The chimera AAV-DJ has been used to develop
new capsid peptide display random libraries from which new capsids
targeting mice lung alveolar cells have been selected.109 In another
successful example, selected AAV2-peptide capsids target autologous
human keratinocytes, transducing these cells with high efficiency and
selectivity.132

Despite early successful examples and the undeniable potential of this
methodology, from early on its limitations became apparent, some
specific and others that extend to all directed evolution approaches
(including the previously discussed capsid shuffling and de novomu-
tations libraries). Among the limitations are the following:

� Libraries contaminated with WT.
� In vitro selection results do not always translate to in vivo applica-
tions.

� Collateral tropism of selected variants.
� Cross-packaging and mosaicism.
� The enhanced features of the selected capsids may not extend
beyond the context in which the selective pressure was applied.

An improved library production system using a synthetic cap gene
reliably avoids generation of wild-type AAV2.133 With this proced-
ure, the efficiency and specificity of gene transfer to target cells was
improved.133

Vectors selected for optimized transduction of primary tumor cells
in vitro were not suitable for transduction of the same target cells un-
der in vivo conditions.134 After several rounds of selections performed
using tumor and lung tissue as prototype targets in living animals in-
jected intravenously, selected clones conferred gene expression in the
target tissue, while gene expression was undetectable in animals in-
jected with control vectors.134 Nevertheless, the selected vectors also
transduced a number of other tissues, particularly the heart.134

MicroRNA-regulated transgene cassettes as the combination of li-
brary-derived capsid targeting and microRNA control was proposed
as an alternative to address this collateral tropism issue.135 In vivo
screening of random peptide libraries by next-generation sequencing
can achieve improvement in target tissue specificity.136 Using this
methodology, a capsid variant was selected that specifically and
very efficiently delivers genes to the endothelium of the pulmonary
vasculature after intravenous administration.136

The correlation between the selected capsids and the encapsidated
viral genomes is crucial to be able to obtain the correct information
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about the selected variants.137 AAV libraries have the potential to be
affected by cross-packaging and mosaicism, in which particles are
composed of genomes and capsid monomers derived from different
library members.138 AAV2 libraries produced by a two-step protocol
with pseudotyped library transfer shuttles, which should ensure
genome-capsid correlation, display a bias in the amino acid composi-
tion. This bias confers increased heparin affinity and, thus, similarity
to wild-type AAV2 tropism, which may impair the intended use of
these libraries.137 A step-by-step protocol on how to obtain and
screen random AAV display peptide libraries in vivo, taking into ac-
count most of these topics, is available.139 Dilution of input library
DNA significantly increases capsid monomer homogeneity and in-
creases capsid-genome correlation, reducing cross-packaging and
capsid mosaic formation.138

Cre-recombination-based AAV targeted evolution (CREATE) meth-
odology140 is one of the most interesting cases of AAV random dis-
played libraries, showing both their great potential and highlighting
their probable main limitation. This methodology first provided the
AAV-PHP.B variant, which efficiently and widely transduces the
adult mouse CNS after intravenous injection.140 Two modified ver-
sions were obtained later, AAV-PHP.eB and AAV-PHP.S, that effi-
ciently transduce the central and peripheral nervous systems, respec-
tively.141 In adult mice, intravenous administration of a lower dose of
AAV-PHP.eB transduced 69% of cortical and 55% of striatal neurons,
while administration of AAV-PHP.S transduced 82% of dorsal root
ganglion neurons as well as cardiac and enteric neurons.141 Being
able to bypass the blood-brain barrier and efficiently target cells of
the CNS after systemic injection, AAV-PHP.B and its derivatives
were strong candidates for gene delivery therapies in humans.
Then, it was reported that the neurotropic properties of AAV-
PHP.B were not extended to NHPs or the other commonly used
mouse strain, BALB/cJ.142 The same happened with AAV-PHP.B var-
iants, such as AAV-PHP.eB, AAV-PHP.B2, and AAV-PHP.B3.143 To
makematters worse, AAV-PHP.B caused an acute toxicity event, with
consumption thrombocytopenia and secondary hemorrhages, lead-
ing to the euthanasia of an NHP 5 days after injection.142 Intravenous
administration of PHP.B capsid also failed to upregulate transduction
efficiency in the marmoset brain.144 Nevertheless, AAV-PHP.B does
work in other strains of mice (C57BL/6N, SJL/J, FVB/N, and DBA/
2)145 and PHP.eB works in rats.146

One of the advantages of direct evolution approaches is that there is
no need to know the molecular determinants of the successful pheno-
types, including the receptors and corresponding binding sites giving
a new tropism, or the epitopes recognized for the avoided antibodies.
The problem is that such receptors or epitopes do not necessarily have
to be conserved among different species, or even strains of a given
species. It was recently described that a GPI-linked protein, LY6A,
is the cellular receptor for AAV-PHP.B capsids, driving their trans-
port across the blood-brain barrier.143,147 AAV-PHP.B capsids bind-
ing and posterior transduction mediated by this receptor can occur
independently of other known AAV receptors.143 The absence of
LY6A in some mouse strains and primates explained the failure to
reproduce the reported neurotropic effects previously observed in
C57BL/6J mice.143 AAV-PHP.B and AAV-PHP.eB are now valuable
and widely used vectors for mouse neuroscience studies, but they
cannot be used in their current form as vectors to be delivered system-
ically to target CNS in human gene therapy.

These results suggest that the libraries should be selected in their in-
tended final target. As we have seen that there is not a good transla-
tion between libraries selected in vitro with the in vivo results, the
challenge to select good vectors from AAV libraries for gene delivery
in humans is high.

Alternative approaches have been developed. A new RNA-driven
screen platform, termed Tropism Redirection of AAV by Cell-type-
specific Expression of RNA (TRACER) was developed as a directed
evolution approach based on recovery of capsid library RNA tran-
scribed from CNS-restricted promoters.148 The platform was tested
in mice with AAV9 peptide display libraries, and 10 individual vari-
ants were characterized and showed up to 400-fold higher brain
transduction over AAV9 following systemic administration in
mice.148 It remains to be seen whether this or equivalent methodolo-
gies will allow the selection of better vectors for human use.

Chemical conjugation and unnatural rAAV vectors

Chemical conjugation is an alternative approach to disrupt receptor
binding motifs, or introduce new ones, and to mask epitopes and
escape NAbs. PEGylation moderately protects AAV2 against NAbs
with �2-fold less neutralization over unmodified vector.149 The PE-
Gylated AAV2 conserves the infectivity up to a given PEG:lysine
conjugation ratio, which depends on the polymer chain size.149 PE-
Gylation of AAV vectors with succinimidyl succinate (SSPEG) and
tresyl chloride (TMPEG) has been reported as a more effective
approach, protecting the vector from NAbs without compromising
transduction efficiency to the liver and muscle, and improving gene
expression in the lung.149

Masking of arginine residues on AAV capsids can be achieved by an
exogenous glycation reaction, in which surface-exposed guanidinium
side chains are modified into charge neutral hydroimidazolones.150

This reaction disrupted the cluster of basic amino acid residues impli-
cated in heparan sulfate binding in AAV2.150 Glycated AAV2 is then
unable to bind heparan sulfate but retained the ability to infect neu-
rons in the mouse brain and was redirected from liver to skeletal and
cardiac muscle following systemic administration in mice, while also
showing a 2-fold decrease in binding to the A20 monoclonal
antibody.150

Due to the abundance of lysine and arginine residues in AAV capsids,
the previous reactions intrinsically lack site specificity, making it diffi-
cult to avoid the unwanted modification of functionally critical resi-
dues. Two approaches have emerged to address the site-specific
chemical modification of AAV capsids. The first strategy involves
the genetic insertion of a peptide with a consensus sequence into
the cap gene. The insertion of a 15-amino-acid biotin acceptor
Molecular Therapy Vol. 30 No 12 December 2022 3523
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peptide allows the site-specific ligation of a ketone analog of biotin
with the enzyme biotin ligase.151 This ketone group can be specifically
conjugated to a hydrazide- or hydroxylamine-functionalized mole-
cules, such as fluorophores, and a synthetic cyclic RGD peptide, tar-
geting the virus to the avb3 integrin receptors.151 Another 13-amino-
acid peptide, with a consensus sequence that is recognized by a
cellular formylglycine-generating enzyme, was inserted into the cap
gene at amino acid position 587.152 This enzyme converts the cysteine
residue of the peptide to aldehyde-bearing formylglycine (FGly) res-
idue. This aldehyde group allows the attachment of functionalized el-
ements, such as peptides, antibodies, and fluorophores, without sig-
nificant loss of viral function and infectivity.152 The conjugation of
an anti-human leukocyte antigen (HLA)mouse monoclonal antibody
increased transduction in 293T and HepG2 cells, while the conjuga-
tion of an anti-CD20 MAb enhanced transduction in CD20-express-
ing 293T (293T.CD20).152 Conjugation of a chemically modified cy-
clic RGD peptide displayed enhanced transduction in HeLa cells.152

The second strategy involves the incorporation of unnatural amino
acids (UAAs) into specific sites on the virus capsid.153 This technol-
ogy makes use of an engineered tRNA/aminoacyl-tRNA synthetase
pair to deliver the UAA of interest in response to a repurposed
nonsense codon, and over 150 UAAs have been genetically en-
coded.154,155 The unnatural amino acid AzK was chosen (by its azido
functionality, which enables a highly specific bioconjugation reaction)
to be introduced in distinct surface-exposed sites of AAV2.153 AzK
residue was well tolerated in multiple regions of the capsid, which
significantly expands the selection of sites that can be evaluated for
attaching new elements.153 When a cyclic RGD peptide was attached
to AzK in T454 and R588 sites, the R588AzK virus, which is non-
infective due to the lack of R588 residue, regained significant infec-
tivity toward SK-OV-3 cells, but not HEK293T cells.153

With the goal to protect AAV2 from pre-existing NAbs and increase
its serum stability, a site-specific PEGylation was achieved using a
lysine mimic called Nε-2-azideoethyloxycarbonyl-L-lysine (NAEK),
an azide moiety.156 AAVs conjugated with 20-kDa PEG at sites
Q325 + 1, S452 + 1, and R585 + 1 showed improved stability in pooled
human serum, a nearly 2-fold reduction in antibody recognition, and
a 20% reduction in antibody inducement in Sprague-Dawley rats.156

Building on the UAAs insertion approach, oligonucleotides were
coupled to AAV2 and AAV-DJ capsids.157 Oligonucleotide-pseudo-
typed AAVs were then incubated with lipofectamine, which interacts
with the negative charges of the oligonucleotides and forms a complex
with them, creating a cloak around the capsids. The cloaked AAVs are
resistant to serum-based NAbs and retained full functionality, keeping
their ability to transduce a range of cell types and also enabling a robust
delivery of CRISPR-Cas9 effectors.157 Tethering of oligonucleotides
will enable the coating of AAV capsids with proteins, nucleotides,
and small molecules through the use of specific DNA aptamers.157

These results demonstrate the feasibility of chemical alteration of
rAAV vector tropism and/or antigenicity, becoming a practical
3524 Molecular Therapy Vol. 30 No 12 December 2022
orthogonal strategy to engineer AAV vectors for gene therapy
applications.

Partners

AAV capsids can be associated non-covalently with partner biomol-
ecules in order to alter their tropism or protect them from NAbs. The
first successful example involved a bispecific F(ab’)2 antibody with
one arm that recognizes cell-surface aIIb3 (receptor expressed on hu-
man megakaryocytes), and the other, the AAV2 capsid.158 Targeted
AAV vectors were able to selectively transduce megakaryocyte cell
lines, which are not permissible to AAV2, while the endogenous
tropism of AAV2 was significantly reduced.158 The binding of the bis-
pecific antibody did not affect other steps required to successfully
transduce target cells, such as escape from endosomes, migration to
nucleus, or uncoating.158 Despite the potential of this particular
approach, the use of bispecific antibodies to alter AAVs tropism
has been practically abandoned since then.

Peptide affinity reagents have been used as alternative partners to an-
tibodies in AAV capsid targeting. Pre-incubation of AAV2 vector
with vascular endothelial cell membrane-specific peptides markedly
increased AAV2 transduction of human umbilical vein vascular
endothelial cells, without affecting AAV2 expression in other cell
types.159 Through panning of a commercially available phage display
peptide library, a heptapeptide specific for AAV8 serotype was ob-
tained.160 This peptide blocked AAV8 vector gene transduction
in vitro and in vivo and could be used as a reagent for affinity column
chromatography of recombinant AAV8 vectors.160 This peptide
could potentially be used as an anchor to conjugate other molecules
to modify the properties of the AAV8 capsid.

Tat-Y1068, a small, cell permeable peptide consisting of epidermal
growth factor receptor tyrosine kinase inhibitor peptide and the
HIV-Tat sequence, was designed to improve the transduction effi-
ciency of AAV2.161 Pre- or co-treatment of CYNOM-K1 cells
(from cynomolgus monkey embryo skin) and rat fibroblast cell line
RAT-1 with Tat-Y1068 increased the transduction efficiencies of
AAV2 in a dose-dependent manner.161

Cell-penetrating peptides can significantly enhance the in vitro trans-
duction efficiency of AAV9, the best of which was the LAH4 pep-
tide.162 The enhancement of AAV9 transduction by LAH4 relied
on binding of the AAV9 capsid to the peptide. LAH4 peptide
increased the AAV9 transduction in the CNS in vitro and in vivo after
systemic administration.162

Several potential blood-brain barrier shuttle peptides, that signifi-
cantly enhance AAV8 transduction in the brain after a systemic
administration, have been identified.163 The best results were ob-
tained with a peptide named THR. The enhancement of AAV8 brain
transduction by THR is dose dependent, with neurons as primary tar-
gets. THR directly binds to the AAV8 virion, increasing its ability to
cross the endothelial cell barrier, without interfering with AAV8
infection biology.163
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During production, a fraction of AAV vectors are associated with mi-
crovesicles/exosomes, termed vexosomes (vector exosomes) or, alter-
natively, exosome-associated AAV (exo-AAV).164 In exo-AAV, cap-
sids are associated with the surface and in the interior of
microvesicles.164 Purified exo-AAV outperformed conventionally pu-
rified AAV vectors in transduction efficiency and were more resistant
to a neutralizing anti-AAV antibody.164 Exo-AAV bound to magnetic
beads can be attracted to a magnetized area in cultured cells,164 which
could be of use for their specific targeting.

Exo-AAV9 was up to 136-fold more resistant over a range of NAb
concentrations relative to standard AAV2 vector in vitro.165 While
passively transferred human antibodies decreased intravenously
administered AAV9 transduction of brain by 80% in mice, transduc-
tion of exo-AAV9 was 4,000-fold higher.165 Simple pelleting of exo-
AAV9 from media via ultracentrifugation results in high-titer vector
preparations, capable of a more efficient transduction of CNS cells
than AAV9 after systemic injection in mice.166

A significant enhancement of transduction efficiency in liver was
observed in a hemophilia B mouse model treated with exo-AAV8 ex-
pressing human coagulation factor IX, compared with AAV8.167 Exo-
AAV8 gene delivery allowed for efficient liver transduction even in
the presence of moderate NAb titers.167

Gene delivery to sensory hair cells of the inner ear is inefficient with
available vectors.168 Exo-AAV1 is more efficient than conventional
AAV1, both in mouse cochlear explants in vitro and with direct
cochlear injection in vivo.168 Exo-AAV1 gene therapy partially res-
cues hearing in a mouse model of hereditary deafness and shows
no toxicity in vivo.168

Exo-AAV2 vector mediates robust gene delivery into the murine
retina upon intravitreal injection, efficiently reaching the inner nu-
clear and outer plexiform, and, to a lesser extent, the outer nuclear
layer.169 The simplicity of its production and isolation should make
it widely applicable to basic research of the eye.169

An intratumoral administration of AAV6 vexosomes carrying a sui-
cide gene in a murine xenograft model revealed a 2.3-fold increase in
hepatocellular carcinoma regression compared with untreated
animals.170

Given the positive results obtained so far with exo-AAVs and its
applicability to any existing AAV vector, clinical applications based
on exo-AAVs are expected. Before that, an exhaustive characteriza-
tion of other biomolecules contained in such exosomes, besides the
capsids, will be required. Other issues, such as the homogeneity and
reproducibility of the exo-AAVs, will have to be addressed.

In an innovative approach, a hybrid viral vector composed of a bacte-
riophage T4 and more than one “piggy-backed” AAV was recently
developed.171 The AAV capsid acts as a driver by virtue of its natural
ability to enter human cells. The delivery payload capacity of the
whole hybrid vector is up to 170 kb.171 T4-AAV particles packaged
with influenza virus hemagglutinin DNA, and displayed with plague
F1mutV antigen, elicited durable immune responses against both flu
and plague pathogens, providing complete protection to mice against
pneumonic plague.171 This hybrid vector holds a great potential for
applications when delivery of large genes is required.

As larger insertions often have unpredictable deleterious impacts on
capsid formation and gene delivery, Velcro-AAV, a coiled-coil-based
platform for non-covalent attachment of proteins/peptides to the sur-
face of the AAV capsid, was developed.172 AAV capsids were deco-
rated with leucine-zipper coiled-coil binding motifs that exhibit spe-
cific non-covalent heterodimerization.172 This protein display
platform may facilitate the incorporation of biological moieties on
the AAV surface, expanding possibilities for vector enhancement
and engineering.

Polyploid AAV capsid

Polyploid or transcapsidation approach consisted of the transfection
of combinations of AAV serotype helper plasmids to produce mosaic
capsid recombinant AAV.173,174 To combine the advantages of AAV1
and AAV2 vectors, a mixture of the corresponding helper plasmids
was used in the transfection process, resulting in packaged virions
with capsid proteins from both serotypes.173 The resulting chimeric
vectors could be purified by heparin column, and they showed expres-
sion levels similar to those of AAV1 in muscle or AAV2 in liver,
in vivo.173 Surprisingly, the polyploids vectors did not escape NAbs,
being inhibited by both AAV1 or AAV2 antiserum.173

To systematically evaluate how these mosaic capsid recombinant
AAV can be formed, and their functionality, AAV1–5 helper plas-
mids were mixed at five ratios.174 This revealed the existence of func-
tional subgroups among the serotypes, which correspond to pairwise
VP sequence identities: subgroup A (AAV1–3), B (AAV4), and C
(AAV5). The rAAV titer depends on the serotype’s subgroup: it is
high with mixtures within subgroup A, intermediate from serotype
5 mixtures, while mixtures containing the AAV4 capsid exhibited
reduced packaging capacity.174 This suggests a reduced compatibility
of subunit interaction between serotypes of different subgroups. The
binding profiles of the mixed-virus preparations to heparin sulfate or
mucin agarose revealed either an abrupt shift or a gradual alteration
in the binding profile to the respective ligand upon increase of a
capsid component that conferred ligand specificity, only AAV3–
AAV5 mixtures at the 3:1 ratio exhibited duality in binding. The
transduction profiles either do not change with the ratio of the mix-
tures, increase gradually with titration of a second capsid component,
or increase abruptly given a threshold. A synergistic effect in trans-
duction and an unexpected new tropism were observed in some com-
binations of AAV1 helper constructs with type 2 or type 3 recipient
helpers.174

Transduction efficiencies in the rat hypothalamus of polyploid
AAV1/2 and AAV2/8 vectors carrying short hairpin RNAs were
compared versus AAV1, AAV2, and AAV8.175 AAV1 vector was
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more efficient than the polyploids and the other serotypes in neuronal
transduction of the rat lateral hypothalamic nucleus.175

Polyploid viruses might potentially acquire advantages from parental
serotypes for enhancement of AAV transduction and evasion of NAb
recognition without increasing capsid antigen presentation in target
cells.176 rAAV resulting from the co-transfection of AAV2 and
AAV8 helper plasmids at different ratios were evaluated for both their
transduction efficiency and NAb escape activity.176 All the polyploid
viruses induced higher transduction than their parental AAV vectors
after muscular injection. After systemic administration, a 4-fold
higher transduction in the liver was observed with AAV2/8 1:3
than that with AAV8.176 This same AAV2/8 1:3 virus was able to
escape AAV2 neutralization and did not increase capsid antigen pre-
sentation capacity. NAb evasion ability was improved with the trip-
loid AAV2/8/9 (ratio 1:1:1), which was able to escape NAb activity
from mouse sera immunized with parental serotypes.176

Chai et al.177 explored the transduction efficiency of several haploid
viruses, which were made from the VP1/VP2 of one serotype and
VP3 of another compatible serotype. The haploid AAV vectors,
composed of VP1/VP2 from serotypes 8 or 9, and VP3 from
AAV2, displayed an increased liver transduction compared with
those of AAV2 vectors, while those with VP1/VP2 from serotypes 8
or 9 and VP3 from AAV3 achieved higher transductions in multiple
tissue types compared with those of AAV3 vectors.

Polyploid AAV vectors can potentially be generated from any
compatible AAV, whether a natural serotype, rational designed, li-
brary derived, or any combination thereof, providing a novel strategy
that should be explored in future clinical trials.

STRATEGIES TO OVERCOME ANTI-AAV IMMUNE
RESPONSE
One reason AAV is the vector of choice for gene therapy is its rela-
tively low immunogenicity. Paradoxically, finding efficient strategies
to circumvent pre-existing anti-AAV immunity and to prevent de
novo humoral and cellular responses to the vector is a necessity for
the advancement of the field of gene therapy.

The ability of pre-existing NAbs to reduce or abrogate AAV-mediated
therapy has been well documented.178–180 AAV2 has the highest sero-
prevalence of NAbs in the general population,181 which makes this
serotype less suitable for systemic administration. The serotypes
with the lowest reported seroprevalence of NAbs in humans are
AAV8 and the phylogenetically distinct AAV5.178,181 Unlike other se-
rotypes, AAV5 has proved to be more resistant to NAbs, as it is able to
successfully transduce liver in humans with relatively high titers of
NAbs.182,183 Based on these results, participants with titers of NAbs
were included in trials in hemophilia A and B using AAV5 vector.14

NAb prevalence is moderate at birth, decreases markedly from 7 to
11 months, and then progressively increases through childhood and
adolescence.184 The seroprevalence of NAbs to AAV vector serotypes
also varies by geographic region.178 Although all four IgG subclasses
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have been detected in seropositive individuals or patients receiving
AAV-mediated gene therapy, IgG1 constitutes the predominant sub-
class.59,185,186 Additionally, non-neutralizing AAV-specific anti-
bodies have been observed that can potentially increase transduction
in certain tissues.187 Complement activation by AAV-specific anti-
bodies is currently being investigated as a possible source of tissue
toxicity.188

Based on rates of pre-existing immunity, it makes sense to choose a
vector serotype with the lowest prevalence in the general population,
such as AAV5 or AAV8.14 However, anti-AAV antibody cross-reac-
tivity caused by the high degree of conservation in the amino acid
sequence among AAVs is another element to consider,181 as well as
differences in immunogenicity between AAV serotypes.189 Due to
this complex scenario, an important effort is being made in the design
of novel AAV capsids or capsid modification strategies directed to
avoid Nabs, as discussed elsewhere in this review.

Other strategies have focused on eliminating circulating NAbs or
antibody-producing B cells. In this sense, plasmapheresis has been
used to eliminate AAV-specific NAbs from patients’ sera with a de-
gree of success in the context of low NAb titers.190 B cell depletion
before AAV administration caused a reduction of AAV-specific hu-
moral response in preclinical studies,191 and combination of rituxi-
mab with rapamycin is under study in a clinical setting (clinical trial
NCT02240407). A promising approach based on IgG cleavage with
the streptococcal endopeptidase IdeS (Imlifidase) was described last
year by Leborgne et al.192 The authors demonstrated that IdeS
degraded anti-AAV8 NAbs both in vitro and in vivo in a setting of
passive transference of human IVIG followed by AAV8 administra-
tion in mice.192 Furthermore, elimination of anti-AAVs NAbs by
IdeS allowed efficient AAV8-mediated liver transduction in mice
infused with IVIG. These results were extended to NHPs naturally
carrying anti-AAV8 NAbs, where IdeS treatment significantly
increased transduction with AAV8-hFIX vector in the presence of
NAbs and during a re-dosing schedule using AAV-LK03.192 Similar
results were obtained by Elmore et al. using IdeZ endopeptidase, an
IdeS analog from Streptococcus zooepidemicus.193 IdeZ rescued
AAV8- and AAV9-mediated liver transduction in mice passively
immunized with human IVIG and individual human sera, as well
as in seropositive NHPs injected with AAV9.193

Despite the growing research effort, AAV re-dosing continues to be
an unanswered need. Strategies such as IgG cleavage with IdeS or
IdeZ can transiently eliminate anti-AAV NAbs before vector injec-
tions, which could be a solution to the major issue of pre-existing
NAbs. However, the generation of capsid-specific CD8+ T cells
with the ability to eliminate transduced target cells has also been
described.194–197 Capsid immunodominant peptides are presented
in major histocompatibility complex (MHC) classes I and II by anti-
gen-presenting cells (APCs),198–201 which constitute the first signal
for the activation of AAV-specific CD8+ and CD4+ T cells, respec-
tively. Co-stimulation and cytokine signals provided by APCs after
sensing of pathogen-associated molecular patterns (PAMPs) on
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AAV capsid and viral genome are also required for priming naive
AAV-specific T cells.200–202 Evidence indicates that capsid proteins
are sensed by Toll-like receptor 2 (TLR2) in the surface of APCs,202

whereas unmethylated CpG motifs, present in the viral genome, are
recognized by endosomal TLR9.200,203 Interestingly, Rogers et al.
demonstrated that activation of TLR9-MyD88 pathway in plasmacy-
toid dendritic cells (pDC) is essential for the cross-priming of capsid-
specific CD8+ T cells, in a complex process that also requires a cross-
talk with conventional DC (cDC) and type I interferon (IFN I).200

Early evidence also suggests that MDA5 sensor could have a role in
AAV innate sensing through recognition of dsRNA molecules gener-
ated during vector transduction, which contributes to IFN I
production.204

Based on the important role of TLR9 signaling for anti-AVV T cell
responses, depletion of stimulatory CpG motifs or incorporation of
TLR9 inhibitory oligonucleotides in the transgene sequence have
been studied as potential solutions to avoid T cell activation in the
context of gene therapy.205–207 Faust et al. showed that CpG-depleted
AAVrh32.33 vectors allowed a stable transgene expression in mouse
muscle tissue, which was associated with a significant reduction of the
frequency and activation of CD8+ T cells specific for the capsid and
the transgene.205 More recently, Chang et al. demonstrated that engi-
neered AAV2, AAV8, and AAVrh32.33 vectors containing short
DNA oligonucleotides that antagonize TLR9 activation elicited
impaired T cell responses and enhanced transgene expression in
different animal models.207 Nonetheless, Xiang et al.206 showed that
CpG depletion does not always lead to reduced T cell responses
and pointed out the importance of properly interpreting the results
obtained in available animal models. In fact, most of the work com-
mented on here evaluated the effect of CpG depletion on naive
T cells directed against the capsid or the transgene, where the
consensus is a reduction of their expansion and functionality.
Conversely, Xiang et al. observed an enhanced in vivo proliferation
of capsid-specific memory CD8+ T cells in response to CpG-depleted
AAV vectors compared with vectors containing CpG motifs.206

Therefore, a deeper understanding of the potential outcome of CpG
depletion in AAV vectors is needed for proper clinical application.
Some evidence in this regard starts to accumulate in the clinical
setting. In a phase I/II clinical trial, transient transgene expression
was observed in hemophilia B patients treated with AAV8-based
FIX Padua (BAX 335) gene therapy, which was associated with an
increased content of CpG motifs introduced into the transgene cod-
ing sequence by codon optimization.208 This link between CpG con-
tent, immune system activation, and transgene elimination was
corroborated in other gene therapy clinical trials for hemophilia
B.209 Therefore, finding the right balance between the potential in-
crease of transgene expression and the number of immunostimula-
tory CpG motifs can be critical when codon optimization strategies
are applied to AAV gene therapy vectors for clinical use.

Experience from clinical trials has shown immune-related toxicity in
patients receiving AAV-based gene therapy, particularly at high vec-
tor doses.12,194,198,210 The most common course of treatment has been
corticosteroid administration,12,196,210 which has not always been suc-
cessful to control anti-AAV immune responses and has known side
effects.211,212 This highlights the importance of using more selective
and efficient drugs to target AAV-specific T cell responses, which
could potentially be used in patients in combination with strategies
focused on avoiding NAbs, such as IdeS enzyme treatment, to enable
re-dosing efforts. Particularly desirable are the strategies promoting
specific immune tolerance mechanisms, such as expansion of regula-
tory T cells (Tregs). In this sense, ImmTOR nanoparticles, containing
the ImmTOR inhibitor rapamycin, can promote a tolerogenic
response characterized by the induction of tolerogenic DCs and anti-
gen-specific Tregs when co-administered with antigens in animal
models.213–215 Meliani et al. demonstrated that ImmTOR co-admin-
istered in mice with AAV vectors reduced both NAb titers and T cell
responses against capsid proteins, including memory CD4+ T cell re-
activation, with concomitant Treg expansion.216 Therefore, re-dosing
was possible in both mice and NHP within the experimental condi-
tions tested.216 More recently, Ilyinskii et al. showed that co-admin-
istration of ImmTOR with AAV vectors enhanced transgene
expression in the liver through a mechanism unrelated to the immu-
noregulatory effects of ImmTOR and independent of the AAV recep-
tor.217 The efficacy of co-administration of ImmTOR with AAV vec-
tors to control anti-AAV immune responses in patients, as well as
potential side effects, will be crucial points for future use in the clinical
setting.

VECTOR GENOME DESIGN
Promoters “in the small work” of rAAV

Along with the selection of new capsids, design of the transgene
sequence has also evolved during the past years. Given the limited
cargo capacity of AAV and the broad tropism of most of the capsids,
many efforts have beenmade for the identification of short and strong
promoters.218 Although ubiquitous promoters are currently in use in
the clinic and can still be used depending on the indication, e.g., when
multiple cell types or tissues need to be treated, current efforts are
more focused on the selection of tissue-specific promoter sequences.
When selecting such sequences, promoter strength must also be
considered in parallel to tissue specificity, since use of a strong pro-
moter would allow increased vector potency and, thus, reduced doses.
One strategy simply consists of identifying the minimal/core pro-
moter sequence through testing different shortened sequences of nat-
ural gene promoters, as illustrated, for example, by the photoreceptor-
specific rhodopsin kinase core promoter.219 Another strategy is to
rationally assemble hybrid promoters using elements from different
known enhancers and promoters, leading to the generation of short
and strong promoters, either ubiquitous or tissue specific, suitable
for delivery of large coding sequences such as s.p. Cas9 or coagulation
factor VIII.218,220,221

This strategy can be further refined using computational approaches,
by which transcription factor binding sites and other cis-acting se-
quences involved in tissue specificity and promoter strength can be
identified from microarrays and genome-wide functional analyses.222

By assembling different combinations of such cis-regulatory motifs, it
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has been possible to select short tissue-specific enhancers able to
greatly increase tissue-specific gene expression when added upstream
of different promoters, as first demonstrated in mice and NHPs to
direct coagulation factor IX expression in the liver from AAV9 vec-
tors.223 The same strategy was also used to enhance specific gene
expression in the heart or in skeletal muscles.224,225 Computational
approaches have also been used to assemble libraries of completely
synthetic promoters that are active in specific cell types.226 This tech-
nology has already allowed identification of new tissue-specific pro-
moters of short length and high strength compared with natural pro-
moter sequences that would be useful for AAV-mediated gene
therapy in different tissues, including liver, muscle, retina, and
brain.227–229 In addition to tissue specificity, such synthetic promoters
can be selected to be constitutive, or inducible or repressible by chem-
ical stimuli, as recently reported using liver as the target tissue 230.

AAV terminal repeats

In the process of screening promoter specificity and strength, it is crit-
ical to select the final candidates in an AAV vector context; i.e., in the
presence of AAV terminal repeats in cis. Indeed, it is well known that
AAV-2 inverted terminal repeat (ITR) sequence displays some pro-
moter activity,231 which was shown to interfere with drug-inducible
promoter regulation and was mapped within the A/D sequence
element.232 Several putative transcription factor binding motifs have
been found within the AAV-2 ITR sequence through bioinformatic
analysis, and, substituting theD sequence in one, the ITRwas reported
to change transgene expression levels from the same promoter, both
in vitro and in vivo.233,234 Substitution of AAV-2 terminal repeats
with ITR from other serotypes was also shown tomodify gene transfer
efficiency, as shown using vectors with serotype 2 or serotype 3 ITRs
packaged into an AAV-3 capsid.235 It is theoretically possible to en-
capsidate AAV vector genomes having ITR from any serotype into
any AAV capsid serotype provided that the appropriate Rep proteins
are used,236,237 so changing the ITR sequence depending on the pro-
moter and the target tissue might have to be considered in the future.

RNA processing elements

Beyond promoter choice, other aspects of the transgene expression
cassette design need to be considered to improve expression and,
thus, increase vector potency.

First, it is now obvious that an intronic sequence must be included for
optimal transgene RNA processing and mRNA export. A number of
intronic sequences of varying length have been described and used in
combination with different promoters (hybrid beta-actin/beta-
globin,238 hybrid adenovirus/immunoglobin,239 hybrid beta-globin/
Ig heavy chain or minute virus of mice (MVM)240). The addition of
processing sequences at the 30 end of the transgene has also been
shown to improve transgene expression, such as theWoodchuck hep-
atitis virus posttranscriptional regulatory element (WPRE), which
can promote mRNA export to the cytoplasm,241–243 or short UC-
rich elements, which can improve mRNA stability through PCPB1
protein binding.244 The addition of an S/MAR sequence can also
improve transgene expression, and it has been shown to allow
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episomal vector persistence in proliferating cells with integration-
deficient lentiviral vectors (IDLV),245,246 and, more recently, with
AAV,247 which could be an advantage in differentiating or renewing
tissues, such as the liver or the damaged muscle.

Selection of the polyadenylation signal can also affect transgene expres-
sion levels. The choice of a very short poly(A) signal is sometimes
dictated by transgene size but can have a negative impact on expression
levels. For example, short synthetic or shortened versions of the SV40
poly(A) signals were shown to decrease transgene expression from
AAV vectors compared with bGH or SV40 larger sequences.242

In addition to the poly(A) signal required for transgene expression, a
second poly(A) signal placed in the reverse orientation relative to the
transgene sequence should be considered. Indeed, a recent study has
shown that transcription of antisense RNA from the 30 ITR can
induce an innate immune response triggered by cellular double-
stranded RNA sensors, resulting in IFN-b expression and lower
transgene levels, and this was prevented by the addition of a reverse
poly(A) signal close to the 30 ITR to stop antisense transcription.204

Apart from sequences that act to increase transgene expression, other
elements acting at the RNA level can also be used to modulate or
restrict expression. Indeed, the addition of microRNA target se-
quences within the 30 untranslated region can be used to inhibit trans-
gene expression in some cell types where it is undesirable. This can be
particularly useful in the case of systemic administration, for example
to limit expression in the liver (where large amounts of vector are
often found), through addition of miR122a target sequences.248,249

Similarly, the addition of miR142-3b target sequences has been shown
to prevent immune response against the transgene by inhibiting
expression in hematopoietic APCs from an AAV vector,250 as initially
shown with lentivectors.251 Another interesting example is the addi-
tion of miR208a target sequences to prevent expression in the heart in
case of transgene-induced cardiac toxicity, as shown with an AAV
vector expressing calpain 3 under a muscle-specific promoter.252

The addition of miRNA target sequences was also shown to allow
cell-type-specific transgene expression in the retina while using
AAV vectors with ubiquitous cytomegalovirus (CMV) promoter.253

Coding sequence optimization

Optimization of the transgene coding sequence in AAV vectors can
cover several aspects, including enhanced gene expression and reduced
transgene immunogenicity. One aspect involves optimization of codon
usage to improve translation efficiency based on codon adaptation in-
dex or, more recently, on tRNA adaptation index (tAI), which relies on
codons/tRNA pool co-adaptation. Indeed, tAI has been correlated to
both translation efficiency and importance of the gene function.254

Reduction of secondary structures is also another approach to improve
ribosome processivity on transgene.255 Codon optimization was shown
to improve expression of engineered microdystrophin transgene from
an AAV8 vector in muscular dystrophy X-linked (mdx) mice256 and
has been widely used to enhance gene transfer efficiency in the liver
for various indications.195,221,257,258 An interesting example is the
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optimization of the complex RPGR coding sequence through codon
adaptation index, together with reduction of repeated sequences and
secondary structures, which was shown to improve both transgene
expression and vector stability following AAV-mediated retinal gene
transfer in mice and dog models of X-linked retinitis pigmentosa
(XLRP).259,260

In addition, a suitable codon optimization algorithm needs to avoid
the addition of unwanted sequences such as alternative translation
initiation codons, splicing donor and acceptor, or polyadenylation
signals. Hence, the design of an ideal coding sequence to achieve
both high expression and low immunogenicity appears difficult,
and, in most cases, several sequences optimized with different algo-
rithms need to be tested to select the optimal one.

Vector genome size

Beyond vector genome optimization for improved transgene expres-
sion, another parameter must be considered when designing an AAV
vector. Genome size of wild-type AAV is around 4.7–4.8 kb, and the
packaging limit of the AAV capsids has been shown to be around 5.0–
5.1 kb. Oversized vectors exceeding this packaging capacity result in
the encapsidation of fragmented genomes. These fragmented vectors
are still able to mediate transgene expression through reconstitution
of full-length vectors by homologous recombination between over-
lapping fragments in the target cells, but the vector preparations
contain more heterogenous particle populations with a higher ratio
of empty capsids, which is undesirable for a clinical product.261–266

Several strategies have been explored to overcome this packaging lim-
itation and to allow gene transfer of large coding sequences by split-
ting the transgene sequence into two or even three AAV vectors. The
trans-splicing vectors is the first strategy and was described 20 years
ago by different groups.267–270 This strategy consists of one AAV vec-
tor containing the 50 half of the transgene cassette ending with an in-
tronic splicing donor sequence and a second vector carrying the 30

half of the transgene starting with an intronic splicing acceptor site.
The full-length transgene is reconstituted through intermolecular
recombination between the ITR of both vectors in the target cell,
and the ITR-ITR junction is removed from the mature mRNA by
intron splicing. This allows, for example, delivery of a split minidy-
strophin gene in mdx mice.271

The second described strategymakes use of overlapping AAV vectors,
which share a common sequence from the middle of the transgene,
allowing full-length transgene reconstitution through homologous
recombination in the target cells.272,273 This has been used, for
example, to deliver the 6.7-kb MYO7A cDNA in the mouse retina,274

or a 6.2-kb cDNA coding for minidystrophin or for Dysferlin in
mouse muscles.275,276

More recently, hybrid dual vectors combining both the trans-splicing
and overlapping strategies have been developed and have been shown
to be more efficient and potentially adaptable to any transgene
sequence.277,278 This strategy further evolved and was used in dual
AAV vectors carrying cDNA for MYO7A or ABCA4, which were
shown to be effective in both the mouse and pig retina.279–281 This
dual vector strategy allows delivery of transgene sequences of about
9 kb, and a similar design was used to develop triple AAV vectors
able to deliver larger transgenes of up to 14 kb. Feasibility of the triple
vector strategy was demonstrated through expression of a full-length
dystrophin protein in themdxmouse muscle,282 and through delivery
of CDH23 and ALMS1 transgenes in the mouse retina.283

An alternative strategy to trans-splicing and overlapping vectors has
also been described, which makes use of split inteins to reconstitute
the full-length transgene product at the protein level, through protein
trans-splicing (see Aranko et al.284 for review). This was first tested in
dual AAV vectors for expression of full-length coagulation factor VIII
protein in hemophilic mice285and, very recently, for ABCA4 and
CEP290 transgene delivery in the retina of STGD1 and LCA10 mouse
models and in human iPSC-derived retinal organoids.286

While many efforts have beenmade to adapt AAV vectors for delivery
of large transgenes, little is known about strategies to adapt vector size
in the case of small transgenes. Indeed, it has been shown that empty
particles are impaired in the ability to expose the VP1 N-terminal
domain outside, a critical step for vector infectivity.287,288 Similarly,
AAV particles containing small genomes of 3.4 and 4.1 kb have
been found to be more stable than particles containing wild-type
size genomes, which was correlated with reduced ability to release
vector DNA.289 Thus, lower size vectors may have lower potency
than wild-type size vectors independently of transgene cassette design
due to reduced transgene delivery in the target cell nucleus.

In addition, some experimental data have highlighted that sequences
from the vector backbone flanking the ITRs outside the AAV cassette
could be co-packaged during vector assembly in the producer cells.
This was shown by the detection of ITR-backbone junctions in purified
AAV particles by both PCR and next-generation sequencing,290 and
both length and relative quantities of these co-packaged sequences
were found to be inversely related to AAV vector size.291 Taken
together, all these findings indicate that vector genome size should be
ideally adjusted to 4.7 ± 0.1 kb for a single-stranded AAV to match
wild-type viral genome size. Several strategies could be considered to
achieve this in case of small transgenes. The first obvious strategy is to
select transgene regulatory elements that reach the target size when
added together. However, this can be challenging given the limited
number of available and characterized regulatory elements, and the
wide range of coding sequence sizes. To better adjust the vector size
once all regulatory elements have been selected, the most straightfor-
ward strategywould be to use stuffer (or spacer) DNA sequences, which
could theoretically be located upstreamor downstream of the transgene
expression cassette, and/or between some of the regulatory elements.
The addition of stuffer DNA sequence has been investigated for the
helper-dependent adenoviral vectors, for which it is mandatory to
match the wild-type viral genome size to achieve packaging. First gen-
eration HD-Ad vectors used bacteriophage lambda DNA as a stuffer,
but this was shown to induce an innate immune response upon mice
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injection,292 which was not seen when replacing lambda DNA with
non-coding DNA sequences from human origin.292,293 Thus, choice
of the stuffer DNA sequence must be carefully considered since it can
dramatically influence transgene expression, and an ideal sequence
would be biologically neutral. To achieve this, the following features
should be avoided in the stuffer sequence design:

� Transcription factor binding sites that could interfere with trans-
gene expression or promote transcription of antisense RNA.

� Target sequences for microRNA expressed in the target cells or tis-
sues that would promote transgene extinction.

� Splice acceptor and donor sites that may interfere with accurate
transgene splicing.

� Strong secondary structures that would impede vector DNA repli-
cation and packaging.

� ATG or alternative translation initiation codon not followed by an
in-frame stop codon, to prevent expression of any unwanted peptide.

� CpG motifs that could promote immune response.

Besides these, the ideal stuffer sequence should not share any homol-
ogy with prokaryotic or viral DNA, or with human DNA, since pres-
ence of non-therapeutic human sequences in gene therapy vectors
could potentially raise some safety concerns. To design such a perfect
stuffer DNA, a dedicated bioinformatic pipeline would be welcome.
PRODUCTION METHODS FOR rAAV
The following methods have been established for the production of
rAAVvectors: transient plasmidDNA transfection inmammalian cells,
adenovirus infection of stable mammalian cell lines, infection of insect
cells with recombinant baculoviruses, and infection ofmammalian cells
with recombinant herpes simplex viruses (rHSVs).294

Transient transfection of mammalian cells with plasmids carrying the
necessary components for the assembly of the vector is one of the
most popular and straightforward methods to produce AAV.295

HEK293 cells constitutively expressing adenovirus E1a and E1b genes
are transfected with a helper plasmid containing other Adenovirus
(AdV) genes (required for replication, mRNA processing, and trans-
lation), a trans-plasmid expressing rep and cap gene, and a cis-
plasmid to be packaged in the AAV capsid (which usually contains
an expression cassette with the gene of interest flanked by two
ITRs).296 A GMP-compatible two-plasmid cotransfection system, in
which rep and cap genes and Ad helper genes are on the same
plasmid, is also available.297 These HEK293 cells have been adapted
for growth in suspension to allow for scale-up and increased produc-
tion yields.298 Advantages of transient transfection are that new
rAAV constructs can be produced and tested quickly, as well as the
absence of residual helper virus contaminants.296

One concern associated with such a process is the packaging of
plasmid backbone sequences, which can lead to activation of the
innate immune system, and to dissemination of antibiotic resistance
genes.299,300 To avoid this problem, alternative DNA production sys-
tems have been developed.
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One alternative to standard plasmids is the use of minicircles, for
which the sequence of interest is separated from the plasmid back-
bone through inducible expression of a recombinase in the bacterial
cells,301–303 and, indeed, this system has been shown to improve vec-
tor purity.304 However, both the fermentation process and the purifi-
cation methods used for minicircle production are quite complex to
set up.

Another possible alternative is using plasmids devoid of an antibiotic
resistance gene and contain minimal bacterial sequences. Such a sys-
tem, called nanoplasmid, has been developed using a sacB-targeted
antisense RNA that has the selection marker and an R6K origin for
replication.305 These plasmids are propagated in a bacterial host
strain expressing the sacB gene for sucrose selection, and the pir
Rep protein for replication. Thus, they are devoid of antibiotic selec-
tion and the R6K origin restricts replication to bacterial host express-
ing the pir protein. In addition, the resulting short bacterial backbone
has been shown to prevent negative effect on transgene expression
seen with standard plasmids, even when inserted within an AAV
transgene cassette.306 However, this technology still requires fermen-
tation for DNA production.

A third alternative is now also available, which involves production of
DNA completely devoid of bacterial plasmid backbone through an
entirely in vitro synthesis approach.307 Briefly, the starting DNA is
a plasmid with the sequence of interest flanked by the target se-
quences for the bacteriophage N15 protelomerase TelN.308,309 This
plasmid is used as a template for DNA amplification by the phi29
DNA polymerase through rolling circle replication. The plasmid
backbone is then separated from the sequence of interest by the
TelN enzyme, and the final product, called doggybone DNA, is linear
double-stranded DNA with covalently closed ends. In addition to
providing DNA free of bacterial sequence, except the remaining short
prototelomer sequences, such a process does not require fermenta-
tion, which results in reduced quality controls and production time-
lines, and it has been shown to be effective for AAV production.307

Mammalian HeLa-based stable cell lines infected with Ad were actu-
ally the first system to provide a scalable upstream process for
manufacturing of purified rAAV particles.295 This methodology is
based on HeLa cells stably transfected with copies of the AAV rep-
cap genes and the rAAV vector genome with flanking ITRs, where
production is initiated by the introduction of AdV.310 A process for
a 250-L production has been designed.311 This approach has two
main limitations: a new cell line has to be generated for each combi-
nation of capsid and gene of interest to be delivered, and the need to
deal with the introduced AdV.295 The establishment and screening of
stable and high-producer clones is an arduous and time-consuming
step which has limited the rate of adoption of this technology.294

Infection of insect cells with recombinant baculovirus (BEV) has been
developed as an alternative to the rAAV production in mammalian
cells.312 The baculovirus-Sf9 platform has been notably established
as a GMP-compatible and scalable system.313,314 AAV production
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has been scaled-up to 200 L in bioreactors, resulting in a yield
exceeding 1016 viral genomes (VG).315 In terms of specific yields,
mammalian cell systems are comparable with the baculovirus expres-
sion vector system (BEVS), with 103 to 106 AAV particles/cell.316 This
is about to change, as a newmethod to improve the baculovirus-based
AAV production using Thermo Fisher Scientific’s ExpiSf Baculovirus
Expression System was recently developed.317 Using a chemically
defined medium for suspension culture of high-density ExpiSf9 cells,
baculovirus-infected ExpiSf9 produced up to 5� 1011 genome copies
of highly purified AAV vectors per 1 mL of suspension culture, which
is up to a 19-fold higher yield than the titers obtained from the con-
ventional Sf9 cell-based systems.317 This methodology will increase
the overall appeal of baculovirus-based AAV production. Sf9 cells
do not require additional helper viral genes beyond those provided
by the recombinant baculovirus.318 BEV-Sf9 systems exhibit reduced
encapsidation of contaminating DNAs.295 Baculovirus-Sf9 and hu-
man manufacturing platforms can produce vector lots exhibiting
chemical and functional differences,60 which include different capsid
PTMs, insect and baculoviral impurities, and potentially poorer pack-
aging percentages than human-produced vector as human-produced
rAAVs can be more potent than baculovirus-Sf9 vectors in vitro and
in vivo.60

AAV can also be produced by infecting mammalian cells (HEK293
cells or BHK cells) with replication-deficient herpes simplex virus
(HSV).319,320 Usually two HSV are used; one carries the expression
cassette for the gene of interest flanked by the two ITRs and the other
virus carries the rep and cap genes regulated by their endogenous pro-
moter.296,320 This methodology appears to produce rAAV stocks of
improved viral potency.320,321 The main limitation of the HSV system
is the presence of contaminating HSV and its derived products.296

Other rAAV production methodologies have been proposed. A
method based on dual infection of HeLa-S3 cells with one vaccinia
vector and one Ad-AAV hybrid vector consistently produce
�1 � 1015 genome containing rAAV vectors per liter of suspension
cells.322 The capsids obtained by this method differ from those ob-
tained by traditional systems because VP1 is produced more abun-
dantly than VP2 (19:1 ratio), which appears to improve the transduc-
tion levels in vitro and in vivo.322 As the vaccinia virus replicates in the
cytoplasm, the rep-cap sequence and rAAV genome are in different
sub-cellular compartments, which eliminates the contamination
with replication-competent AAV.294 rAAV2 infectious particles can
be generated in Saccharomyces cerevisiae after transformation with
four plasmids.323–325 These plasmids allow the expression of rep78/
52, VP1–3, and assembly activating protein (AAP) under the control
of galactose-inducible promoters. The vector loading efficiency is
lower than in the other methods,294,323–325 but yeast offer great pos-
sibilities for scale-up and reduced cost, so it is very probable that
we will see more development on this methodology in the near future.

Despite these potential alternatives and the significant improvements
made with the transient production systems, development of stable
mammalian AAV producer cell lines is still a relevant objective, in
particular when thinking about commercial production of high-qual-
ity vectors. Although production through adenovirus infection of sta-
ble cell lines containing the AAV rep-cap genes and the recombinant
vector genomes was shown to be effective, the ultimate goal is to
establish cell lines that also contain the helper virus components;
i.e., adenovirus E1, E4, E2A, and VA RNA genes. To achieve this, a
tightly regulated and strongly inducible expression system must be
implemented. Such stable producer cells have been recently devel-
oped using E1-immortalized amniocytes,326,327 into which AAV2
Rep, adenovirus E2A, E4, and VA RNA, and finally AAV Cap se-
quences, have been added, under control of a doxycycline-inducible
expression system.328 These cells are reported to efficiently produce
AAV once the recombinant vector genome has also been integrated,
but, in addition to AAV and adenovirus components, such a system
also requires expression of an inducer or a repressor into the cells. The
use of promoters that can be induced by small molecules or by simply
modulating the cell culture conditions would be an advantage. For
example, temperature-inducible promoters have been proposed to
control AAV rep and cap expression.329 Using computational ap-
proaches, the design of synthetic promoters that can be controlled
by chemical compounds or cell culture parameters to mimic expres-
sion kinetics of the natural AAV life cycle could be considered for
optimal vector production.230

rAAV AT CLINICAL
Recombinant adeno-associated viral vectors have been used in more
than 200 ongoing clinical studies with a positive safety profile and sig-
nificant clinical benefit in a variety of genetic diseases. Based on its
increasingly promising clinical trial results, AAV gene therapy is
proving to be a potent treatment option with the potential to achieve
long-term correction addressing unmet medical needs.

In 2012, the first AAV1-based drug, Glybera, was approved by the Eu-
ropean Medicines Agency (EMA) to treat lipoprotein lipase defi-
ciency,330 a rare monogenic genetic disorder characterized by accu-
mulation of triglycerides in plasma due to mutations in lipoprotein
lipase.331 However, while promising to be a viable treatment option,
the drug ended up a commercial failure 332due to a combination of
the low demand for this treatment and its high cost. Glybera was sub-
sequently withdrawn from the market, highlighting that a major chal-
lenge for rare disease treatments is the availability of appropriate
funding and reimbursement mechanisms within the healthcare
system.333

Luxturna, an AAV2 vector for the treatment of blindness has become
the first viral-based drug approved by the Food and Drug Administra-
tion (FDA) in 2017. Luxturna is a one-time gene therapy treatment
used to improve vision in patients with established genetic vision
loss due to Leber congenital amaurosis or retinitis pigmentosa. Pa-
tients with confirmed biallelic RPE65 mutation-associated retinal
dystrophy will be treated with Luxturna and are expected to have their
vision restored within several months.334 After the approval of Lux-
turna, another rare genetic eye disease AAV-based drug is expected
to be released in the near future as a treatment for choroideremia.
Molecular Therapy Vol. 30 No 12 December 2022 3531
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This X-linked inherited retinal dystrophy is caused by mutations in
Rab escort protein 1 (REP1). REP1 is a protein involved in lipid modi-
fication of Rab proteins and has been implicated as a cause of choroi-
deremia disease. Patients that received AAV-REP1 therapy showed a
significant increase in their visual acuity.335

Recently, Zolgensma, also known as AVXS-101, was approved by the
FDA to treat SMA. SMA is caused by amutation in the survival motor
neuron 1 (SMN1) gene,336,337 occurs in approximately 1 in 10,000 live
births, and is the leading genetic cause of infant mortality.338,339 This
AAV9-based drug consists of double-stranded DNA and is used to
treat pediatric patients less than 2 years of age with bi-allelic muta-
tions in the SMN1 gene.338 A clinical trial, START, enrolled 15 infants
(six male and nine female) with infantile-onset SMA, three in a low-
dose cohort and 12 in a high-dose cohort. The 15 patients were
treated with Zolgensma and all survived at 24 months post-treatment
without any events recorded. None required permanent ventilation.
Out of the 12 children in the high-dose cohort, 11 achieved a Chil-
dren’s Hospital of Philadelphia infant test of neuromuscular disorders
(CHOP-INTEND) score of 40 or greater, 10 reached 50 or greater,
and two of the children were able to sit without assistance for at least
30 s. All 15 children are currently part of a long-term study with the
goal to further observe their development annually for another 15
years.340

Conclusions

There are still many questions unanswered regarding AAV vector re-
ceptors in different tissues, the mechanism of endosomal escape and
nucleus delivery, rAAV-mediated immune responses, and what reg-
ulates the duration and efficacy of delivered gene expression. Results
from in vivo experiments in small animals does not easily translate to
humans. Required rAAV doses are still high and production is
extremely expensive. A significant percentage of patients are being
excluded from current clinical trials due to pre-existing NAbs. In
this work, we reviewed different approaches aimed at overcoming
AAV’s limitations as a gene delivery system. We are confident in
the success of gene therapy and believe we are witnessing the birth
of a new kind of medicine, with rAAVs as protagonists.
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