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* AAV-based gene therapy are on increasing demand to cover the needs in the
patient communities with inherited genetic disorders.

» Single AAV vectors delivering functional gene copy are the most popular
approach in RnD pipeline.

* Multiple split vectors, inteins and trans-splicing strategy so far underperform
monovector AAV-delivery.

* Neural networks guided by protein fitness data facilitate de novo protein design
to fit into AAV capsid.
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Abstract

Adeno-associated virus (AAV)-based therapies are recognized as one of the most
potent next-generation treatments for inherited and genetic diseases. However,
several biological and technological aspects of AAV vectors remain a critical
issue for their widespread clinical application. Among them, the limited capac-
ity of the AAV genome significantly hinders the development of AAV-based
gene therapy. In this context, genetically modified transgenes compatible with
AAV are opening up new opportunities for unlimited gene therapies for many
genetic disorders. Recent advances in de novo protein design and remodelling
are paving the way for new, more efficient and targeted gene therapeutics. Using
computational and genetic tools, AAV expression cassette and transgenic DNA
can be split, miniaturized, shuffled or created from scratch to mediate efficient
gene transfer into targeted cells. In this review, we highlight recent advances in
AAV-based gene therapy with a focus on its use in translational research. We
summarize recent research and development in gene therapy, with an emphasis
on large transgenes (>4.8 kb) and optimizing strategies applied by biomedical
companies in the research pipeline. We critically discuss the prospects for AAV-
based treatment and some emerging challenges. We anticipate that the continued
development of novel computational tools will lead to rapid advances in basic
gene therapy research and translational studies.

KEYWORDS
exons remodelling, gene editing, gene therapies, inteins, minigenes, protein design, rare
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1 | INTRODUCTION

Recent advances in gene therapy approaches have revolu-
tionized the way to treat inherited genetic disorders, cancer
and autoimmune pathologies."” The ability to restore the
activity of malfunctioned genes is a key paradigm of gene
therapeutics. The effector molecules for genetic manip-
ulation (DNA or RNA sequences [e.g. siIRNA, miRNA,
shRNA, g(guide) RNA]) could be used in a naked state
or more efficiently delivered in target cells and tissue
using viral or non-viral (e.g. liposomes, microvesicles and
nanoparticles) vehicles.>* Among the genetic carriers for
gene delivery, viral vectors occupy a dominant segment.
Viruses possess unique modular characteristics that are
suitable for (i) large-scale production; (ii) flexible genetic
manipulation; (iii) high-throughput analytical methods
and (iv) tunable cell or tissue-specific tropism.>® In the
meantime, non-viral carriers have also progressed from
simply structured nanoparticles to tissue-specific targeted
vehicles with programmable loading capacities.” Techno-
logical breakthroughs for non-viral deliveries make them
an attractive platform for large-scale manufacturing and
applications.® For a more detailed analysis of the advan-
tages and limitations of viral and non-viral vectors, we
recommend some comprehensive reviews, %113

In recent years, the Food and Drug Administra-
tion (FDA)-approved adeno-associated virus (AAV) has
become a blockbuster in gene therapy. AAV’s structural
simplicity, safety profile and versatility for molecular
manipulation have made AAV vectors one of the most
popular vehicles for gene delivery.'?

AAV is a small (25 nm) non-enveloped virus with
an icosahedral capsid carrying a single-stranded ~4.7-
4.8 long DNA genome that can be either plus or minus
polarity.'* AAV genome encodes rep (Rep78, Rep68, Rep52
and Rep40) and cap (VP1, VP2 and VP3) proteins essen-
tial for virus replication, genome packaging and capsid
assembly.'* AAV belongs to the genus Dependoparvovirus,
Parvoviridae family, and is discovered in various verte-
brate species without associations with any pathologies."
Several naturally occurring AAV serotypes have been iden-
tified that differ in tissue and cell tropism.'® To enhance
gene delivery by AAV and minimize ‘off-target’ transduc-
tion, multiple strategies have been employed to generate
novel chimeric or synthetic AAV serotypes.'”!® The wild-
type AAV life cycle is entirely dependent on the replication
machinery of a helper virus, such as adenovirus or her-
pes simplex virus. The gene therapy platform is based
exclusively on the recombinant AAV that encapsidates
only expression cassettes devoid of viral rep and cap
genes. Trans delivery of viral rep and cap genes enhanced
the safety profile of rAAV and minimized potential viral
genome integration in host DNA."

The number of clinical trials of AAV-based gene
therapies is skyrocketing, exceeding 200 in 2022. AAV
has been successfully used to deliver protein-coding
sequences,”?’ antibodies,”’ >} shRNA,>%0:%42> siRNA,%
editing tools?”*® and anti-sense oligos.”>*° Up to date,
AAV-based gene replacement approaches have been
granted approval from US FDA to treat Leber con-
genital amaurosis (LCA) (Luxturna), haemophilia A
(ROCTAVIAN),*! haemophilia B (Hemgenix),*> spinal
muscular atrophy (SMA) (Zolgensma), Duchenne mus-
cular dystrophy (DMD) (Elevidys)** and from European
Medical Agency (EMA) to treat adult patients diag-
nosed with familial lipoprotein lipase deficiency (LPLD)
(Glybera) (authorization has expired).”

Despite its tremendous popularity in clinical trials and
basic research, AAV suffers from a notoriously limited
packaging capacity. Due to its small capsid size (250
A in diameter), only genomes up to ~4.8 kb can be
efficiently packaged and produced. This inconvenient
drawback significantly hinders the wide use of AAV
vectors in gene delivery therapies, where the size of the
transgene may exceed the available capsid inner space.
Some studies suggest that different AAV serotypes can
encapsidate nucleotide sequences larger than 4.8 kb, but
the exact molecular mechanism of this phenomenon is
not well described.’*° Individual reports also suggest
that AAV’s close relative, human parvovirus-bocavirus,
has a larger capsid interior and can accommodate bigger
DNA (>4.8 kb).3:38

Considering AAV vectors as an indispensable tool
for gene delivery several elegant approaches have been
developed to circumvent the limited capsid capacity. In
this review, we describe the solutions and strategies that
have been proposed and/or used to mediate the trans-
fer of larger transgenes using AAV vectors. To unravel
the diversity of AAV-based approaches, we searched
for relevant information from registered clinical trials
(clinicaltrials.com), company websites, press releases,
patents and any open-source announcements. We also
searched PubMed for research articles, meta-analyses and
systematic reviews describing AAV-based gene therapy,
using the search terms (‘AAV’ OR ‘Adeno-associated
virus’ OR ‘gene therapeutics’ OR ‘Viral vector’) AND
‘gene therapy’, without language restrictions. As a further
matter, we focused our search on the translational use of
recent advances in AAV-mediated gene therapy used by
pharmaceutical companies.

Here, we review progress in the development of min-
imally functional copies of transgenes, the so-called
minigenes, using rational design and protein modelling
approaches. The key parameters and optimizing strate-
gies of AAV expression cassettes are discussed. In addition,
we summarize the results of AAV-based gene therapies in
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research and development (RnD) pipelines using multiple
AAV vectors carrying split transgenes, trans-splicing and
exon-skipping approaches with particular emphasis on
clinical applications. We resume the perspectives of neural
networks and computational approaches to design short
and functional transgenes compatible with AAV vectors.

2 | MINIGENES - MINIMAL
FUNCTIONAL GENE VARIANTS

Multiple protein-encoding sequences from human and
animal genomes exceed AAV vector packaging capacity.
Importantly, to make AAV vectors functional, gene-coding
sequences should be accompanied by expressing machin-
ery (i.e. AAV inverted terminal repeat sequences [ITRs],
promoter, poly(A) signal) to mediate gene transfer and
long-term expression. These requirements additionally
shorten potential transgene size for AAV gene therapy.
The empirically defined limit of an efficiently packaged
genome into an AAV capsid spans around 4.8 kb. The
current consensus is that rAAV optimally accommodates
transgenes that are up to 3.5 kb.

This boundary pushes forward the progress towards
the design of novel shorter gene variants while maintain-
ing their function. There is no blueprint for designing
minimal functioning copies of the genes available else-
where. Here, we highlighted some tools and main steps to
design desired protein, depending on the targeted protein
structure (Figure 1).

The main pillar for minigene design is structural bioin-
formatics methods and rational design involving protein
and gene databases. Available and well-defined 3D struc-
tures of protein of interest significantly facilitate protein
engineering. In addition, the reconstruction of proteins
accompanied by molecular dynamics simulations helps
to screen out thousands of unfitting variants and narrow
down the experimental pipeline.*

Several minigenes compatible with AAV vectors’
packaging capacity have been rationally designed and
functionally tested. Mini-otoferlins (OTOF) partially
restored the physiological functions of AAV8 transduced
auditory hair cells of OTOF knock-out mice.*’ The
AAV9-PHP.B was used to transfer mini-versions of the
protocadherin-15 (mini-PCDHI5) to rescue hearing loss in
the Myo15-Cre conditional knock-out mice showing great
potential as a future gene therapy for inherited deafness
(Usher syndrome type 1 F).*' Similarly, the minigene-4 is
a shortened variant of the USH2A gene that was proposed
for AAV-mediated gene therapy for hereditary vision
and hearing loss — Usher syndrome type 2.** Another
rational protein miniaturization was performed with cilia-
centrosomal protein encoded by CEP290 gene mutations
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which are frequently associated with autosomal recessive
childhood blindness disorder LCA. MiniCEP290 gene was
designed and delivered by the AAV2/8 vector and showed
a delay in retinal degeneration in the Cep290™'® mice.*
The compact form of tuberin encoded by the ‘condensed’
cTSC2 gene was proposed for gene therapy of tuberous
sclerosis complex.

A vivid example of the successful design of a minimal
functioning copy of a gene is the long-standing research of
multiple laboratories supported by biomedtech companies
to develop the dystrophin minigene (microdystrophin) for
DMD therapy.

Dystrophin is a humongous protein consisting of 79
exons and encoded by >2200 kb gene (protein-coding
sequence 11.05 kb).** The DMD gene encodes a cytoskele-
tal protein dystrophin, and its main function is acting as a
tether connecting intracellular actin filaments to the sar-
colemma membrane.*>** Deletion, duplication and point
mutations in hot spot exons lead to severe and progres-
sive muscle fibre degeneration and weakness. Importantly,
DMD is a result of out-of-frame mutations in the dys-
trophin gene that cause premature stop codon and as a
result block dystrophin protein translation. Because of its
size, the dystrophin gene for a long time remained an
unattainable target for gene therapy. Intriguingly, a similar
hereditary neuromuscular pathology called Becker mus-
cular dystrophy (BMD) is caused by defective truncated
dystrophin, which is only 46% of the full-length protein.
However, patients with BMD present moderate muscle
weakness and are still able to walk at older age.**"* This
factindicates a fairly mild progression of the disease. It was
concluded that even a truncated version of dystrophin can
restore protein functionality and this phenomenon could
be used to create short and functional genetic therapeu-
tics for patients with DMD. Since then, multiple studies
have shown that miniaturized DMD gene can be efficiently
packaged into AAV capsid with muscle cell-specific pro-
moters and delivered to targeted tissue.?’*>*” The recent
approval of Elevidys for DMD therapy has demonstrated
that a minigene approach is a viable and potent solution
for AAV-based drugs.

A similar minigene strategy has been applied for 2023
marketed Valoctocogene roxaparvovec (ROCTAVIAN)
from BioMarin Pharmaceutical Inc. for haemophilia A
treatment. ROCTAVIAN is an AAV5-based therapeutics
carrying human Factor VIII (FVIII) driven by tissue-
specific promoters to liver cells. FVIII is a large plasma
glycoprotein of 2332 amino acid residues organized in
six domains: A1-A2-B-A3-CI1-C2.*® The size of the FVIII
gene (7.05 kb) exceeds the capacity of the AAV. Notably,
the B domain occupies ~44% of FVIII, and mutations in
it are responsible for 15%-26% of severe haemophilia A.
Interestingly, the B domain has no known homologues
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FIGURE 1

Schematic representation of bioengineering approaches for adeno-associated virus (AAV)-based gene therapy targeting big

genes. Big transgenes exceeding AAV vector packaging capacity (>4.8 kb) can be redesigned as minigenes (A) or split in AAV vectors using
trans-splicing, hybrid approaches (B) or inteins (C). In other cases when the expression of big transgene should be regulated, antisense
oligonucleotide (ASO)-based therapy is applied (D). Gene editing using AAV vectors carrying ISPR-Cas9 tools also can be used to exclude
mutated exons from DNA sequence and provide a template for following alternative splicing and mature mRNA formation (D). C, carboxyl

terminus of a protein; CRISPR, Cas9 clustered regularly interspaced short palindromic repeats and CRISPR-associated protein 9; HR, highly

recombinogenic sequence; N, amino terminus of a protein; SA, splice acceptor site; SD, splice donor site.

and FVIII exerting coagulation function does not possess B
domain.*’

Most recently, FVIII, lacking most of the B domain
or entire FVIII-B, has been raised as a therapeutic can-
didate for AAV therapy. In addition to ROCTAVIAN,
Opti-Dys.delta.3978 from Pfizer Inc. is in Stage III of clini-
cal trials, 2 drugs for the treatment of haemophilia A from
Takeda/Spark Therapeutics are in stage II, and 1 drug from
Takeda is in stage I/1I of clinical trials (Table S1).

3 | MODIFICATIONS OF GENETIC
REGULATORY ELEMENTS OF AAV
EXPRESSION CASSETTES

Besides the size of a transgene, several biological aspects
of AAV vectors shape their development and applica-

tion of gene therapeutics. Genetic regulatory elements
of the AAV expression cassette, regardless of the AAV
serotype and capsid structure, such as ITR, enhancer,
promoter, introns, posttranscriptional regulatory elements
(PRE) and poly(A) signal, directly affect vector capacity,
transduction efficiency and transgene expression profile.*
Four key elements of AAV expression cassettes are essen-
tial for successful gene transfer and expression (ITRs,
promoter, transgene and polyA signal) (Figure 2). All
other accessory regulatory compounds may significantly
enhance or modulate the expression profiles of trans-
genes if AAV vector capacity allows. In this subsection,
we briefly review some critical aspects of ITRs, promoters
and polyA signal design and their biological significance.
In additional details of AAV genetic engineering and
expression cassettes optimization, readers may find in
recent reviews.”' >?
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FIGURE 2 Adeno-associated virus (AAV) expression cassette elements and modifications. Critical elements of the AAV expression

cassette are promoter, transgene and poly(A) sequence and inverted terminal repeat (ITR)’s flanking virus genome. Additional elements such
as CRM, enhancers, intron, WPRE, miRNA and others may enhance AAV transduction and modulate transgene expression. All elements of

the AAV expression cassette can be genetically modified and optimized. CpG, regions of DNA where a cytosine nucleotide is followed by a
guanine; CRM, cis regulatory module; miRNA, micro RNA; mRNA, messenger RNA; TF, transcription factors; WPRE, woodchuck hepatitis

virus (WHV) posttranscriptional regulatory element (WPRE).

Core elements of typical AAV expression cassettes are
promoters. Promoters are cis-acting regulatory elements
that drive, regulate and enable transcription of the trans-
gene (s) that they are linked with. Transgene transcription
mediated by RNA polymerase II is strictly defined by
the promoter accompanied by various cell-specific tran-
scription factors. The length of the promoters varies
from ~100 to —1500 nucleotides and may significantly
decrease the capacity of AAV vectors. Constitutive ubiq-
uitous and strong promoters are often used to control
the expression of any transgenes in AAV cassettes. The
most popular promoters in AAV expression cassettes are
human cytomegalovirus (hCMV), the short CMV early
enhancer/chicken f actin (sCAG), mouse phosphoglycer-
ate kinase (mPGK) and human synapsin (hSYN) promoter,
the human polypeptide chain elongation factor (EFla) and
the ubiquitin C (UbiC).>">*%

Nevertheless, constitutive promoters provide a high
expression level of a transgene that is not always needed
in physiological conditions. Moreover, overexpression of
AAV-delivered cargo may trigger an immune response
to the transgene that may eventually halt its functional-
ity. Tissue-specific promoters in this case are viable and

safe alternatives to minimize potential adverse effects of
AAV gene therapy. For instance, various muscle-specific
promoters (e.g. creatine kinase promoters (CK6, CK8 and
MHCK?7)), desmin promoters, human a-myosin heavy
chain gene («MHC) promoter, the myosin light-chain
promoter (MLC2v) and the cardiac troponin T promoter
(cTnT) are attractive options for AAV-based therapeutics to
treat inherited muscular dystrophies (i.e. SMA, DMD and
Pompe disease).”

Liver-specific promoter (LP1) was successfully used to
develop AAV-based therapeutics to treat factor IX (FIX)
deficiency in haemophilia B patients (Hemgenix).””
Another hybrid LP was implemented in an AAV expres-
sion cassette delivering B domain depleted human FVIII
gene (ROCTAVIAN).

Several small, the so-called micro-promoters, only 84
(MP-84) and 135 bp (MP-135) in length were designed and
demonstrated robust activity in cell lines from different
germ layers.”” The sequences of MP-84 and MP-135 pro-
moters originate from the human insulin and glucagon
promoters regions respectively and demonstrated
comparable activity with much larger CAG promoter
in human islet endocrine cells, hepatocytes, brain and
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muscle tissues.” Short promoters may be helpful to
accommodate large transgene in AAV expression cas-
settes and include additional regulatory elements (i.e.
enhancers, introns and miRNA).

Current advances in genetic engineering allow to design
and synthesize of any desirable promoter that could be
used in AAV expression cassettes. Due to the well-known
modular structure of promoters, they can be used to
produce personalized AAV expression vectors to treat
inherited disorders.

Finally, the role of the promoters in the AAV expression
cassette is invaluable, and supposedly, the ideal promoter
for AAV-based gene therapy should: (i) be short in length
(~300 bp); (ii) cell or tissue-specific; (iii) provide physi-
ological transgene expression level; (iv) be switchable or
tunable and (v) non-toxic or immune tolerant.

AAV ITRs (palindromic ~125(+20) bp sequence) are
genuine replication and packaging signals that also pro-
mote long-term genome persistence and as a result pro-
longed transgene expression. The canonical T-shaped hair-
pin loop of AAV ITRs is essential for AAV Rep protein bind-
ing and initiation of AAV genome concatemerization.®’
Most of the current AAV-based therapeutics rely on the
AAV2 ITRs; however, other AAV serotype-specific ITRs
have also been explored.°!

Modifications of AAV ITRs have been applied to
generate self-complementary AAV vectors (scCAAV)
with increased transduction efficiency and transgene
expression.®>%* scAAV expression cassettes have mutated
ITRs and double-stranded DNA genome (Figure 2)
that significantly speed up AAV genome replication
and transgene transcription as the requirement for
complementary-strand synthesis is satisfied and DNA
has already folded into transcriptionally active double-
stranded form through intra-molecular annealing.%*
Several studies indicate an increased efficiency of
transduction from scAAV vectors over conventional
FAAV,64-66

Shortened AAV ITRs with an 11-14 bp deletion can
also be used to produce functional AAV vectors.”” Two
ITRs flanking the AAV genome have a unique ability
of self-correction and tolerant relatively large deletions;
however, direct modification of structurally important
regions within ITRs (D-sequence, Rep protein binding
element, terminal resolution site [trs]) may significantly
reduce Rep binding activity and as a result AAV vector
assembly.®® For instance, modifications of the trs 7-bp
core sequence decreased Rep protein nicking activity by
20%-50% compared to the wild-type ITRs."

Despite the aforementioned advantages, sSCAAVs have
a decreased capacity to ~2.5 kb compared to conven-
tional single-stranded AAV that drastically limits their
wide application.®>%

Other components of AAV expression cassettes such as
PRE and poly(A) signals are also objects of optimization
to expand the capacity of AAV vectors. The SV40 virus,
human growth hormone and bovine growth hormone
polyadenylation signals are the most commonly used in
AAV expression cassettes.”””! The selection of the poly(A)
signal is often defined by the transgene size; however, the
shortened poly(A) sequence does not always fully recapit-
ulate the full-size analogue. A variety of shortened AAV
expression cassettes were generated by Choi et al.”> Focus-
ing on the Woodchuck hepatitis virus PREs and poly(A)
elements, the authors declared 399 bp reduction in the
CW3SL AAV vector without losing EGFP expression level
in AAV transduced DIV9 cultured hippocampal neurons
relative to the full-length CWB cassette. Moreover, the level
of green fluorescent protein (GFP) expression delivered by
the CW3SL vector in the hippocampal CAl region of mice
was similar (86.2%) to the parental CWB AAV expression
cassette.”?

Therefore, the optimization of the AAV expression
cassettes may also significantly increase AAV packag-
ing capacity, modulate transgene expression profile and
enhance transgene expression.

4 | EXON SKIPPING

Exon skipping is a molecular strategy aimed at remov-
ing specific exons, frequently associated with pathological
mutations in a gene of interest. Exon skipping can be
initiated by using antisense oligonucleotides (ASOs) or
clustered regularly interspaced short palindromic repeats
with Cas9 protein (CRISPR/Cas9) targeting exonic or
intronic sequences important for RNA splicing. As a result
of minimizing the number of exons in full-length genes, a
functional minigene variant is transcribed (Figure 1). The
ASO and CRISPR/Cas9 variants can be delivered to the
cells using viral vectors including AAV.”> Recent research
has focused on using CRISPR tools, including Casl2a,
Casl2fl and engineered guide RNAs, to enhance gene
delivery by AAV vectors. The development of compact
CRISPR systems and the remodelling of guide RNA struc-
tures have been shown to enable multiplexed and efficient
genome editing when delivered by AAV vectors. These
advancements have the potential to overcome the size lim-
itations and AAV vectors and expand their applications in
gene therapy.”

ASOs (or AON) are short DNA sequences that are com-
plementary to the target gene region. Hybridization of ASO
to the selected gene sequence leads to the exon shielding
which then becomes inaccessible for splicing machinery.
One of the first successful results with exon skipping
was generated in 1993, the function of the human beta-
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globin gene was replaced in vitro using a 2’O-methyl RNA
ASO.”>”> Along with advances in gene synthesis (high-
throughput and low-cost production), this area has begun
to strive rapidly, and nowadays, the large-scale libraries of
antisense oligos targeting different human genes are being
developed to treat a wide range of pathologies.”>”>"7% We
identified 14 products that use either ASO or RNA inter-
ference approaches with AAV vectors. The separate list of
AAV-delivered ASO and RNA-based drugs is summarized
in Table S2.

AAV vectors are frequently used for target delivery
of CRISPR-Cas9 systems for gene correction. AAV-based
CRISPR-Cas9 transfer has been applied to edit disease-
responsible mutations in several preclinical models of
human pathologies (DMD, hypercholesterolemia and urea
cycle disorders).””®! Due to the big size of the CRISPR-
Cas9 components (sgRNA and Cas9) and the limited
capacity of AAV capsid, such genetic cargo should be pack-
aged into individual AAVs. Promising data indicate that
a dual-AAV system enables gene editing in mouse mod-
els. Yang et al. tried to correct a metabolic liver disease
in mice (ornithine transcarbamylase [OTC] deficiency) by
intravenously infusing two AAVs, one expressing Cas9 and
the other expressing a guide RNA, and the donor OTC
DNA sequence.®” The authors demonstrated the reversion
of disease phenotype in 10% (6.7%-20.1%) of hepatocytes
and overall increased mice survival. In conclusion, the
authors cautiously address striking differences in clini-
cal outcomes following AAV-mediated gene correction via
homology-directed repair and worry that it may limit wide
applications of therapeutic genome editing.

Recent advances in genome editing methods enable to
customize and tune gene editing approaches for maximum
specificity, efficiency and tolerability. One of the peculiar
examples is a smaller Cas9 orthologue from Staphylo-
coccus aureus (SaCas9) that is 1 kb shorter than com-
monly used SpCas9.%*%* Successfully packaged SaCas9 and
gRNA into one AAVS vector demonstrated >40% of Pcsk9
gene modification in mouse liver, significant reduction
of serum Pcsk9 and decrease of total cholesterol level.*
Although no signs of vector and cargo-mediated toxicity
were observed, long-lasting studies are necessary to fully
assess the safety profile of AAV-mediated gene correction
with either Cas9 orthologue. The plethora of AAV cargos
(e.g. CRISPR/Cas9, base editors, sShRNA, siRNA and ASO)
and its application in gene therapy are briefly mentioned in
this review, and we refer readers to comprehensive articles
with more examples dedicated to this exciting topic.!*?"%

Editas Medicine designed an AAV-5 vector that deliv-
ers staphylococcus Cas9 and CEP290-specific guide RNA
(commercially named EDIT-101) by subretinal injection
for the treatment of LCA 10 (LCA10), by deleting the IVS26
CEP290 mutant allele. The CEP290 gene, also known as
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NPHP6, is 93.2 kb in length and contains 55 exons. It
encodes Centrosomal Protein 290, a 290 kDa protein of
2479 amino acids with multi-domain coiled-coil domains,
CEP290 found in the centrosome/basal bodies. Mutations
in the CEP290 also lead to Joubert syndrome associated
with severe congenital blindness or other forms of early
retinitis pigmentosa.

Mutation-specific gRNA recruits Cas9 for targeted
region excision, and natural splicing of CEP290 mRNA
is initiated. As a result, a functional CEP290 protein is
expressed. Maeder et al. have demonstrated the effective-
ness of AAV5-based gene editing of the CEP290 gene in a
humanized CEP290 mice model.?° Positive initial clinical
data from Phase 1/2 BRILLIANCE clinical trial of EDIT-101
demonstrated clinical proof of concept. Despite pioneer-
ing CRISPR in vivo trials, Editas reckoned the efficacy was
not strong enough to pursue the development of the ther-
apy on its own and is pausing BRILLIANCE, whereas it
looks for a development partner to take the programme
forward. It should be pointed out that EDIT-101 is the first
CRISPR-Cas9in vivo drugin clinical trials on patients; pre-
viously comparable therapy was performed only ex vivo.*’
It is also worth noting that an appropriate legal framework
for in vivo gene editing and the use of CRISPR-Cas drugs
in patients needs to be properly established to address
potential ethical issues.

AAV vectors carrying modified U7snRNA gene, from
which ASO could be transcribed, are alternative ther-
apeutic approaches for traditional AAV gene replace-
ment therapy, especially in a case where the size of a
gene exceeds AAV vector packaging capacity. U7snRNA
functions as a splicing modulator and together with
small nuclear ribonucleoprotein particles shields ASO
from degradation.®® Thereby, the AAV9 vector express-
ing U7 small nuclear RNAs targeting DMD exon 2
(scAAV9.U7snRNA.ACCA) has been successfully tested
in the Dup2 mouse model. The results of in vivo
studies demonstrate that a single neonatal injection
of scAAV9.U7snRNA.ACCA resulted in highly efficient
and long-term exon skipping, dystrophin production and
almost complete correction of the disease phenotype at
6 months.*” Similarly, the long-term efficacy of AAV9-
U7snRNA-mediated Exon 51 skipping in mdx52 mice
was confirmed with the restoration of dystrophin expres-
sion. However, the data indicate that the efficiency of
AAV-mediated exon-skipping could be dependent on the
targeted exon which could potentially limit its wide
application.”®

The exon-skipping mechanism makes it possible to
develop a wide range of mutation-specific therapeutic
agents for a variety of pathologies. Although exon skip-
ping can help restore the reading frame of a gene, it
may not fully restore the normal function of the gene.
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This can result in only partial restoration of targeted gene
re-expression and improvement of the disease phenotype.

Nevertheless, not all genetic pathologies can be success-
fully treated with ASO or CRISPR-Cas9 therapy, especially
when the mutations are equally distributed throughout the
gene. In this case, only complete gene addition therapy is
a viable option.

Likewise, ASOs must be selected individually for each
patient, depending on the mutation profile and the specific
exon that needs to be skipped. Thus, the costs of producing
such a type of therapy may be unbearable for every needed
patient. For example, Spinraza requires the administration
by a lumbar puncture into the cerebrospinal fluid, which is
undoubtedly associated with risks for the patient, because
of sedation, and requires certain hospital conditions and
surgical training. The efficacy of exon skipping can vary
among patients, and some patients may not respond to
treatment as effectively as others. This variability can make
it challenging to predict treatment outcomes.

Common side effects of ASOs-based drugs are neurotox-
icity, thrombocytopenia and blood clotting disorders.'®

5 | MULTIPLE AAV VECTORS

Dual or triple AAV vector delivery is a technology that
allows the division of cDNA fragments into multiple
parts and encoding each into its own AAV vector, thus
having advantages in capacity over a single AAV. This
technology was developed due to the properties of the
AAV genome to be concatemerized in the head-to-tail
direction.’*”! Dual AAV vectors have been extensively
studied for different experimental and disease modalities
(DMD, Usher syndrome, hearing loss, Stargardt disease
and dysferlinopathy).>"'%! Several approaches can be suc-
cessfully used to assemble large transgene in multiple AAV
vectors.

5.1 | Trans-splicing and overlapping

In trans-splicing strategy (TS), the SD (splice donor signal)
and SA (splice acceptor signal) are placed at the ends of the
split cDNA (Figure 1B) packaged in individual AAV cap-
sid. Upon co-transfection of cells with dual AAV vectors,
the ITRs are concatemerization according to the head-to-
tail orientation. The SD and SA are located at the ends of
cDNA in each AAV vector and are trans-spliced, followed
by the production of full-sized mRNA and protein.”*~'%?
The SD and SA sequences for trans-splicing AAV are vital
in promoting the correct trans-splicing process. The SD
and SA sequences should closely adhere to the consen-
sus sequences recognized by the splicing machinery in the

cell. For example, the canonical SD sequence typically con-
tains the nucleotide motif ‘AG’ at the 5’ end of the intron,
whereas the SA site contains the ‘AG’ dinucleotide at the
3’ end.'”® Bioinformatic tools are often employed to predict
potential SD and acceptor sites within the target genes. Fol-
lowing computational analysis, experimental validation is
conducted to confirm the efficacy of the selected splice
sequences in promoting trans-splicing.'*

Dual-AAV approach has been recently advanced
to UshTher clinical trials aiming to treat retinitis
pigmentosa.”” However, the results of clinical trials
have not been published yet.

An alternative to the TS is a design of overlapping
sequences (OV) at the 5’ end of one half of the cDNA and
the 3’ end of the second half of the cDNA (Figure 1); thus,
the two halves of the cDNA share one OV region, and these
overlaps are connected by homologous recombination,
which also results in a full-size gene product.'%>107

The maximum length of OV sequences is limited by the
size of the cDNA, and it needs to be experimentally tested
for the highest potential region for homologous recombi-
nation. The exact size of the OV area remains a matter
of debate. For example, Dongsheng Duan, the discoverer
of the OV approach, built a functional §-galactosidase
enzyme including a 1 kb overlap.!’® Nevertheless, shorter
(859 nt) overlap was also used to efficiently deliver the
6.2 kb dysferlin-coding sequence by AAV vector.'?’

Although OV presents several advantages, such as
enabling the delivery of larger genes than traditional
AAV vectors, there are also limitations associated with
this approach. The successful recombination and accu-
rate reassembly of the split gene segments within the
target cells may not always be more efficient than is
achieved with trans-splicing vectors, leading to suboptimal
or variable expression of the full-length gene.'*’

5.2 | Inteins

Intein-mediated splicing is another method of delivering
large genes, which does not fit into an AAV particle. Inteins
are genetic elements that can be transcribed and trans-
lated and participate in the splicing of exteins (external
proteins). Due to the removal of inteins, a site-specific
fusion of its flanking exteins occurs. Inteins are found in
many organisms, such as bacteria, fungi, as well as lower
plants. The inteins are typically around 200-300 amino
acids in length. To accomplish efficient trans-splicing in
the C-extein, the most important is an amino acid contain-
ing a thiol or hydroxyl group (Cys, Ser or Thr) as the first
residue.''? Overall, inteins are removed through a highly
specific and regulated process known as protein splicing,
resulting in the production of functional, mature proteins.
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Splicing with the help of inteins does not require energy
consumption, specific proteases or co-factors."''> Never-
theless, proper protein folding of both split fragments is
a critical prerequisite for efficient protein reconstitution.
There are several types of inteins: Full-sized inteins and
mini-inteins are cis-splicing inteins, and split-inteins are
trans-splicing inteins, which means that two subtypes of
split-inteins N-intein and C-intein are needed for trans-
splicing, each of which is fused with the opposite end of
the extein.!'>!3

In the 2019, Tornabene et al. provided a comparison
of the effectiveness of dual AAV vectors and AAV intein-
mediated reconstruction of large proteins, using EGFP,
ABCA4 and CEP290 genes as examples, both in vitro
and in vivo.">!"* In the experiments with HEK293 cells
transduction, it was shown that AAV intein-mediated
reconstruction of ABCA4, the accumulation of this pro-
tein is higher than with dual AAV vectors, and for CEP290,
the expression of the desired protein was observed only
with intein-mediated AAV delivery of the transgene.'* It
has also been shown in Albino Abca4 ~/~ and BXD24/TyJ-
Cep290rd16/J mice model that intein-mediated transgene
delivery by AAV is more than twice as efficient than
the dual AAV system. Full-length proteins were detected
in 10/11 of AAV-ABCA4 intein-injected eyes and 5/10 of
AAV-CEP290 intein-injected eyes. Conversely, full-length
protein expression was evident in 5/9 and in 0/5 eyes
injected with ABCA4 and CEP290 dual AAV vectors,
respectively.'*

Another example of FVIII gene delivery using the
inteins and AAV vector was attempted by Esposito et al.'"®
The authors used Npu dnaE split-inteins and FVIII-N6
variant with a size of 5 kB for packaging in dual AAVS.
The dual AAVS at the dose of 5 x 10'! genome copies was
retro-orbitally injected in C57Bl/6 mice. Dual AAVs effec-
tively expressed the full version of F8-N6 in the liver cells of
mice, thereby achieving the therapeutic level of the FVIII
protein.!>-113

A hybrid approach using recombination and TS has also
been applied for ‘big genes’ transfer with AAV (Figure 1).
In this approach, the expression cassette-coding trans-
gene is broken up and packaged into two independent
AAV vectors. A highly recombinogenic DNA sequence
introduced at the transgene’s termini mediates homol-
ogous recombination between split virus genomes in a
transgene-independent manner. In a work by Gosh et al.
(2008), a bridging DNA sequence from the human pla-
cental alkaline phosphatase (AP) gene accompanied by
SD and SA signals was used to deliver B-galactosidase
(LacZ) using AAV."® Minimal recombinogenic sequences
of AP (0.26 and 0.27 kb) were sufficient to mediate LacZ
reconstitution in M059K cells and in mouse myocytes
upon intramuscular injection of 1 x 10'© AAV-6 vg par-

ticles/muscle. The data suggest that the hybrid approach
showed remarkable transduction efficiency over tradi-
tional single trans-splicing and OV vectors.!”” Halbert et al.
also stated that the split AP gene packaged into two AAV-6
vectors could transduce mouse lung cells as efficiently as
did an intact (full-length) vector."'®

Trapani et al. compared different strategies of single
and dual AAV vectors for the delivery of large ABCA4
and MYO7A genes in vitro and in vivo to mouse and pig
retina.'’® In vitro experiments have shown that all dual
AAV vectors proved to be equally effective. However, in
vivo results have demonstrated that dual AAV vectors with
OV sequences had limited efficiency. The hybrid approach
and trans-splicing are devoid of such problems, as the
reconstruction of the complete coding sequence can occur
due to ITR-mediated head-to-tail rejoining.'%%1°

In a follow-up study, the authors have reported the
results of hybrid approach efficacy, pharmacokinetics and
safety in mice and primates injected with AAV8.MYO7A
dual hybrid vector for the treatment of retinitis pigmen-
tosa associated with USHI1B. Three doses of AAV8.MYO7A
in mice showed MYO7A protein expression between 40%
and 67%.""°

TS requires careful splicing sites design and sequence
optimization for effective transgene reassembly into a full-
size transgene. Despite the well-confirmed feasibility of
large gene delivery in basic research, the multiple AAV
vectors approach is not favourably accepted for future com-
mercial products. Translation of truncated proteins from
non-trans-spliced polypeptides and their role in cellular
metabolism remain to be thoroughly explored. It has been
found that cells transduced by an AAV vector loaded with
only one part of a transgene with appropriate genetic regu-
latory elements can initiate gene expression.'”> Moreover,
the therapeutic efficiency of dual AAV vectors carrying a
transgene could correlate with virus load. As was shown
by Yan et al. the level of expression of Epo protein deliv-
ered by dual AAV2 and TS was higher (9.4-fold) in the high
dosage (4 x 10" vg/muscle) mouse group than in the low
(6 x 10'° vg/muscle) group at 110 days post treatment.'?°

Inteins operate at the protein level and are consid-
ered to facilitate the protein splicing process and full-
length protein synthesis without interfering with the
protein structure. However, being of non-mammalian ori-
gin, inteins may hold cryptic immunogenic epitopes and
trigger unwanted immune reaction.'?! This safety concern
is particularly relevant if split inteins are combined with
Cas-based systems, as the co-expression could increase
undesirable immune response and eventually compromise
gene therapy.'?>!?* Finding a proper and efficient spit site
in a transgene might be laborious and time-consuming
work, not always successful. Further, the need to produce
multiple AAV vectors for one gene target is associated with
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higher costs which may hold back the progress of clinical
application and drug development.

For the OV and hybrid strategies, the homology
sequence is an essential element in determining a split-
gene reconstitution. In the OV strategies, sequences are
gene-specific with only a few variables like overhang
length and sequence optimization amenable to modifi-
cations. For hybrid approaches, the discovery of better
homology sequences could help improve reconstitution
levels and efficiency.

Additional aspects of dual AAV efficiency such as viral
load, immunogenicity and efficiency of splicing are also
critically discussed in the manuscript.

6 | CIRCULAR PERMUTATION FOR
MINIGENES DESIGN

Rational protein design is an extremely targeted and
powerful approach, but a laborious and time-consuming
process with sometimes unpredicted outcomes. Tradi-
tionally, consecutive or massive parallel (DNA libraries)
substitution of amino acids is a method of choice to alter
protein functionality or alleviate its function. Circular per-
mutation (CP) is a relatively novel method for protein
engineering that has been adapted from nature by scien-
tists. Schematically, CP is a directed evolutionary process
of a protein based on the covalent peptide linkage of amino
and carboxyl termini of a peptide chain in order to intro-
duce new termini elsewhere in the protein (Figure 3).
Structural proximity of the N and C termini of a protein
plays a crucial role in efficient permutation.'**

Circularly permuted proteins often retain conserved
three-dimensional structures and functions. That unique
feature may be used for various research and bioengineer-
ing applications (e.g. study protein stability, crystallization
and de novo protein design).'?

Circularly permuted proteins have been discovered in
nature'”® and have emerged via gene rearrangements.'?’
Artificial CP has been embraced by genetic engineers to
create novel protein sequences with similar 3D structures
and some beneficial characteristics and properties.'?® Tak-
ing into account that the amino acid sequence of a protein
orchestrates its corrective folding, CP has become a popu-
lar technique to discover conformational rearrangements
and mobility of the proteins.”®'?° Fluorescent proteins
(i.e. GFP and RFP) are one the most studied objects for
CP. The development of a new bright fluorescent permu-
tant has great potential in basic and translational research
including biosensors (Ca2+, Zn2+, Cu2+, NH4+ and volt-
age probes), optogenetics and in vivo imaging.”*%>~130
Examples of circularly permuted proteins are not lim-
ited by fluorescent proteins that hold promises in their

broad application in protein engineering and biotechnol-
ogy (phosphoribosyl anthranilate isomerase from yeast,'?’
aspartate transcarbamoylase,”®! the SH3 domain of a-
spectrin,'*> chymotrypsin inhibitor,'** and thiol/disulfide
oxidoreductase DsbA from Escherichia coli'*>'3*; and sev-
eral other proteins). CP is used to reduce proteolytic
susceptibility, improve catalytic activity, improve ther-
mostability, identify protein folding dynamics and modify
quaternary structure.'?*!

In our opinion, CP may help to design novel minigens
for targeted gene therapy. Performing conformational rear-
rangements of the sensory domain associated with ligand
interaction may create a functional short permutant copy
(miniprotein) of a large gene. Circularly permuted protein
libraries can be created, and their viability can be sub-
sequently tested by potency tests using relevant cellular
models.

Repeated domains arranged in a linear protein molecule
(i.e. the Ankyrin repeats, Laminin domains and the
Leucine-rich repeats) also seem to be an appropriate target
for the CP application.'®

Examples from Yao-Ming Huang et al. demonstrate that
several split versions of GFP can be created using CP
to reconstitute protein function.*® A similar approach
might be applied for minigenes/miniprotein design to get
insight into the crucial structural elements of a protein.
Recent advances in computational biology and bioinfor-
matics may significantly facilitate the analysis and design
of circularly permuted proteins. The tools and algorithms
for CP are summarized in topic-related reviews, and we
refer the readers to seek the information in Refs. [90, 127,
137, 138] (Figure 2).

Rational protein design can be substantially shaped and
boosted by computational approaches. Software-designed
miniproteins with target-specific binding capacity have
been proposed by many groups.**'*° Until now, most of
them represent nanobinders (antibody-like structures) to
a specific region on a protein surface.'*-14?

The defined crystal structure of a protein of interest
and its binding partners is a key component for effi-
cient computational docking of miniproteins and still has
a tremendous effect on the rapid design of a minimal
functional copy of large genes that do not fit AAV capacity.

Rational design or directed evolution is based on
genetic manipulations and sequential in vitro screening of
potential candidates with desired functions. Alternatively,
machine learning approaches may be used to discover
the protein fitness landscape.'**> New variants of desired
protein can be created using preliminary experimental
data with subsequent neural network training to predict
the functionality of not discovered yet protein variants.'**
Using GFP, as a model, and machine learning-driven pro-
tein design, Gonzalez Somermeyer et al. discovered that
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understanding the protein fitness landscape heterogene-
ity has clear practical application for protein engineering.
The combinatorial approach has allowed for a design of a
fluorescent protein that differed from parental GFP by 48
mutations. An incredible advantage of machine learning
over the evolutionary approach is to speed up the pro-
cess of protein design and minimize the unpredictability
of manually introduced mutations.'#*14>

Another example of the translational application of
CP is found in optogenetic engineering. Circularly per-
mutated light-oxygen-voltage sensing domain 2 (cpLOV2)
from oat phototropin 1 was generated as a potential photo-
switchable module for biotechnological research.'*® Novel
cpLOV2 possessed unique caging capabilities and enabled
the design of light-inducible necroptosis via mixed lineage
kinase domain-like protein. Moreover, cpLOV2 was used to
construct optoCAR T cells by incorporating photosensory
components into an engineered split CD19. Photoindu-
cable activation of primary human CD4% T cells and
increased expression of CD69 marker was registered after
T cells optoCAR transduction. The study suggests that
the cpLOV2 can be used in various clinical and transla-
tional settings to effectively modulate T-cell proliferation,
cytokine production and induce tumour cells killing.'*
It is also worth noting that AAV vectors are compati-
ble with optogenetic modules delivery,'*” and some of
them have already entered clinical trials (NCT02556736,
Allergan; NCT03326336, GenSight Biologics).'*®

Although we could not find any direct application of
circularly permutated proteins in AAV-based gene thera-
peutics yet, we project that AAV vehicles would be an ideal
transfer platform to deliver novel designer proteins.

Protein design is a rapidly evolving field indeed and has
gained tremendous progress over a few recent years. This
review does not go into the latest methods of protein engi-
neering, albeit we would like to highlight their importance
for gene therapy RnD. It has been shown that artificial
intelligence (i.e. machine learning, deep learning and neu-
ral networks) demonstrates great potential in solving bio-
logical problems including protein bioengineering,'**:>°
The protein structure prediction algorithm, AlphaFold2,
pushed the boundaries of Al-driven protein design to the
next level.™! It is worth noting that Al-based computa-
tional tools can craft entirely novel proteins that have
never existed in nature. Nevertheless, its biological signif-
icance as well as stability and functionality remain a hard
task.>?

We do foresee that machine-learning approaches will be
more frequently used for the determination of a protein
function and binding sites based on its structure (Figure 3).

Exciting examples of de novo miniprotein design using
(<70 amino acid residues) postulate the feasibility of
desirable protein engineering from scratch. Baker’s lab

demonstrated the accurate prediction and design of small
beta-barrel topologies using the Rosetta energy base-based
method.>?

There is no doubt that computational power will soon
allow us to generate massive miniprotein libraries. There-
fore, the bottleneck is production and protein potency
testing. Hopefully, available technological platforms for
AAV vector production may serve as a way to overcome
these hurdles and develop next-generation therapeutics.

7 | GENE THERAPY RND LANDSCAPE
AAV-based vectors are widely used for basic and transla-
tional research to transfer genetic materials into the target
cells.'? Optogenetics, chemogenetics, genome editing, vac-
cine developments, immuno- and gene therapy are not
an exhaustive list of all AAV applications.>* Nonetheless,
only a few fundamental research studies are translated into
commercialized products. A recent meta-analysis of gene
therapy research has beautifully summarized major areas
of interest and status of viral-based therapeutics.'>* Here,
we have attempted to screen and diversify a current gene
therapy research landscape with a focus on the biomedi-
cal companies’ pipelines (Figure 4). In particular, we were
interested in the projects and strategies used to deliver
large transgenes with AAV vectors (Table S3). We catego-
rized AAV therapeutics based on the developer, transgene
of interest, country, AAV vector type, dose and phase of
research for the reader’s convenience (Table S1).

By November 2023, we found 321 AAV vector-based
products designed to treat inherited genetic diseases in var-
ious stages of development (Table S1). Among them, 154
products (48%) (Phase I — 27 products (17.5%), Phase I/II -
97 products (63%), Phase I/II/III - 2 products (1.3%), Phase
II - 9 products (5.8%), Phase II/III - 3 (1.9%) and Phase
III - 16 products (10.4%) have already entered different
phases of clinical trials (Figure 5). However, most of the
AAV-based drugs (52%) are still in early stage of develop-
ment, and preliminary results are not fully disclosed. Only
eight products were approved for treatment by the FDA or
EMA which is 2.5% of the total number of drugs in devel-
opment. Despite having a relatively low approval rate, it
is important to keep in mind that AAV-based therapy is
a novel approach, and highly probable that the growing
number of clinical trials will result in more gene therapeu-
tics in the clinical market soon. It is also worth noting that
not all information regarding the vector type, dose, route
of administration or transgene structure was available
from open sources at the time of this manuscript writing.
Several AAV-based gene therapy clinical trials have been
terminated or paused by the developers. Thus, Ultragenyx
Pharmaceutical terminated Phase 3 NCT04088734 due to



12 of 21 CLINICAL AND TRANSLATIONAL MEDICINE

KOLESNIK ET AL.

(A) Circular permutation

(B) Phage display
090 g
A \‘\\ m U
vyyPhyo e
mRNA Yeast
dISP|ay Directed {::::‘,, .
e evolution :
Ribosomal )
display

FIGURE 3

display
Yeast fwo-hybrid system
'S

Rational design (A and B) and computational approaches (C) for minimizing protein structures. Circular permutation (A)

(C) Protein fitness landscape

Neural network

1

Enhanced protein

technique allows screening out non-essential protein domains and selecting alternative protein structures with desired functionality. The

spectrum of rational design tools (B) including library screening with phage, yeast, ribosome and RNA display is a powerful approach to

identify protein—protein interaction sites that should be maintained in de novo protein design. Computational approaches for minigene
engineering (C) may use fitness landscape experimental data for neural network training to predict de novo protein sequences with enhanced

characteristics.

the lack of efficacy of the AAV9 vector carrying SGSH gene
in patients with advanced mucopolysaccharidosis type III.
Another Ultragenyx Pharmaceutical trial (NCT02618915)
aimed to treat haemophilia B with AAVrh10 was closed
by the sponsor’s decision. Similarly, Spark Therapeutics
(NCT01620801), FreeLine Therapeutics (NCT05164471),
Avigen (NCT00076557), Takeda (NCT04394286) and Sang-
amo Therapeutics (NCT 02695160) have decided to not
further pursue the research to develop AAV-based thera-
peutics with coagulation FIX for haemophilia B. According
to the results of the aforementioned clinical trials, the
reasons for pausing are undisclosed. Business or finan-
cial reasons for clinical trial termination are frequently
announced by multiple developers regardless of the effi-
cacy of the AAV gene therapy (Table S1).

Overall, a meta-analysis of 255 clinical trials done in
2022 counted 30 clinical trials on hold, where 18 were due
to toxicity.!>> Resonating and tragic death of four boys in
ASPIRO clinical trial aiming to treat patients with X-linked
myotubular myopathy (XLMTM) with AT-132 (resamiri-
gene bilparvovec) put on hold NCT03199469 initiated by
Astellas Pharma. Among the 17 participants who received
high dose of the AAVS vector (3.5 x 10" vg/kg body-
weight), three boys succumbed to fatal liver dysfunction.

Among the seven participants injected with a lower dose
(1.4 x 10" vg/kg bodyweight), one death was registered.'*®
Despite prior favourable efficacy data for XLMTM gene
therapy in murine and canine models, the results of the
ASPIRO trial emphasize the importance of understanding
the immune mechanisms that may significantly contribute
to the safety and efficacy of AAV-based therapy for indi-
vidual patients. Moreover, preclinical settings should be
taken into consideration for accurate dosing and safe AAV
serotype administration.

We anticipate that novel AAV recombinant vectors
with induced transduction efficiency or enlarged genome
capacity will be discovered and applied. In addition, novel
targets for AAV-based therapy are being announced every
week, and the proposed list of AAV therapeutics is con-
tinuously expanding. Nevertheless, some gene therapy
research has been put on hold despite being accepted for
the research portfolio.

Transgene-wise, the gene therapy landscape is cau-
tiously limited. Thousands of potential gene targets are
discovered and suggested for gene therapy, but not all of
them seem suitable or attractive for commercialization. We
identified 140 genes that were selected by pharmaceuti-
cal companies around the world as perspective transgenes.
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FIGURE 4 Research and development (RnD) landscape of
adeno-associated virus (AAV)-based gene therapeutics. AAV vectors
are most commonly used for gene therapy of neurological,
neuromuscular, metabolic and inherited retinal disorders. The
circular diagram shows the number of RnD projects using AAV as a
vehicle to deliver therapeutic molecules.

Most of the products (62%) in the research and clinical
pipelines are aimed at novel targets to be ‘first-in-class’
drugs that offer a new therapeutic approach to treating
a disease. The results of any of the research are highly
anticipated and extremely demanding.

As was mentioned throughout the review, one of the
major hurdles for AAV-based therapy is the length of a
transgene that can fit in the virus capsid. We wondered if
there are any approved AAV-based products or drugs in the
research pipelines that address this issue. We summarized
all discovered solutions in Table S1.

By the time when the manuscript was written, we
found 55 AAV drugs targeting ‘big genes’ (>4.4-4.8 kb)
that are currently at different development stages (15
targets are in pipelines, 24 are in clinical trials, and 2 are
FDA-approved) for 38 companies. Intriguingly, the DMD
gene, despite being one of the biggest genes in the human
genome, is a primary target for commercialization chosen
by many biotech developers. This fact is partly associated
with the results of decades long basic research dedicated
to the DMD gene structure and functions. Moreover, the
recent approval of Elevidys (Sarepta Therapeutics) has
triggered additional interest for alternative competitive
products. The second popular target for gene addition is
an AAV vector carrying a short version of blood FVIII,
which was found in nine research pipelines (eight in
clinical trials and one is FDA-approved). Inherited retinal
disorders are believed to be a desirable target for gene
therapy. We registered that ABCA4 minigene is of interest
to at least two companies (five projects in the preclinical
phase) focusing on Stargardt disease (inherited retinal

degeneration). Dysferlinopathy (caused by mutations in
the DYSF gene) is a focused disease for three projects led
by three companies (two in clinical trial phase I/II, one in
the preclinical phase). We registered three companies that
develop therapy for Wilson’s disease with the addition
of ATP7B gene (two in the clinical phase, one in the
preclinical phase). Cystic fibrosis (CFTRAR gene) is a
focus of development for the 4D Molecular Therapeutics
with two projects in the pipeline.

Autosomal dominant diseases are also a potential target
for AAV-based gene therapy albeit a therapeutic strategy
is greatly different. In order to restore, the function of a
mutated gene AAV vectors can be adapted to transfer other
effector molecules (e.g. siRNA, shRNA or miRNA). It is
worth noting that this method can apply to various genetic
targets, not just to large genes that go beyond the capac-
ity of the AAV vector. We registered three research projects
where AAV vehicles are used to treat Huntington’s disease.
Huntington’s disease is caused by mutations (repetition of
the CAG triplet) in the HTT gene. Accumulation of toxic
mHTT in striatal medium spiny neurons leads to substan-
tial neuronal dysfunction and death occurs in the cerebral
cortex. The expression level of malfunctioned mHTT pro-
tein can be modulated by either miRNA delivered by AAV-
5 vector (AMT130, UniQure) or siRNA incorporated AAV
(VY-HTTO1, Voyager Therapeutics).””” Proposed solutions
have already entered Phases I and II clinical trials with
expected outcomes in 2024 (NCT04120493, NCT04885114).
Passage Bio, Inc. has also announced an interest in Hunt-
ington disease gene therapy. Detailed information about
the methods of delivery and transgene structure is not
provided. Astellas has now halted the development and
clinical trials of three drugs based on the ASO and AAV for
DMD treatment.'*® The reasons for research termination
are not disclosed.

Across the AAV-based therapeutics in RnD pipelines, we
spotted three main approaches that are applied by pharma-
ceutical companies to circumvent AAV capsid limitations:
(i) multiple transduction with two or three AAV vectors;
(ii) mini-version of a functional gene (minigene) that can
be packaged in viral capsid and (iii) alternatively, muta-
tions in big genes can be corrected by genome editors or
silenced with ASOs or RNA interference.

In this review, we have highlighted several available
approaches to target ‘big genes’ for AAV gene addition
therapy. The data from the RnD pipelines suggest that
transfer of full-size gene of interest or minimal func-
tional copy is primarily a method of choice for most
companies. Delivering a gene that restores the function of
full-length protein and fits into the AAV vector seems a
straightforward approach that can bring desired transduc-
tion efficiency and minimize vector production costs. We
counted on 25 projects that are under development using a
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The status and progress of research pipelines from the research and development (RnD) companies using adeno-associated

virus (AAV) as a vector for gene delivery are summarized. The approval rate and intermediate statistics in different clinical phases are

presented.

miniaturized version of transgenes. MicroDMD is a trans-
gene of interest for 10 projects, B-domain depleted blood
FVIIIis used in 5 projects, miniATP7B is used in 3 projects,
CFTR without regulatory domain is used in 2 projects, and
miniABCA4 and miniUSH2A minigenes are announced in
individual pipelines (Table S3).

Multiple AAV vectors carrying split transgene can
also efficiently deliver large genes. Utilizing cellular
trans-splicing or homologous recombination machinery,
fragmented AAV genomes are capable of reassembly
followed by gene expression. Nowadays, there are three
drugs in research pipelines using this approach for
ABCA4-associated Stargardt diseases, dysferlinopathy
associated with the DYSF gene, Usher syndrome type 2
B caused by mutations in MYO7A gene and hearing loss
due to OTOF malfunction (Table S3). In 2024, promising
results of a single-arm trial involving six children treated
with dual-AAV vectors carrying parts of the OTOF gene
showed no dose-limiting toxicity and significant speech
perception improvement and partial hearing recovery up
to week 26.1%

Despite being an attractive strategy, some technologi-
cal aspects may limit the large-scale production of two or
three viral vectors in the same production plant. Efficient
delivery of multiple split fragments in target cells by AAV
vector also may possess some difficulties in terms of dose
calculation and further validation.

8 | PERSPECTIVES

AAV vectors have been known for decades but their trans-
lational potential has been rediscovered relatively recently
thanks to the first global approval of Alipogene tiparvovec
(2012) to treat LPLD, followed by Voretigene neparvovec-
rzyl (Luxturna, 2017) for Leber’s congenital amaurosis
type 2 and Onasemnogene abeparvovec (Zolgensma, 2019)
to treat SMA.'°%-161 Multiple unique genetic and antigenic
characteristics of AAV make it a number one vector of
choice for gene delivery: (i) neither wild-type AAV nor
recombinant AAV vectors are pathogenic to humans;
(ii) simple and flexible genomic organization allows to
generate library of molecular AAV variants; (iii) long-term
transgene expression in dividing and non-dividing cells;
(iv) moderate immunogenicity of viral capsid and (v) large-
scale production and technological platforms are available
for massive cGMP-grade AAV production. A recent sys-
tematic review counted more than 200 ongoing clinical
trials in gene therapy with AAV vectors as a carrier.">*
Despite being an attractive and extensively studied viral
vector, several obstacles hurdle its clinical applications
(Figure 6). In this review, we critically reviewed limited
AAV genome capacity (>4.8 kb) and emphasized the
approaches that have been developed to address this issue.
However, several additional factors should be taken into
consideration for the next generation of AAV-based gene



KOLESNIK ET AL.

AAV

o B e

non-pathogenic
low-immunogenicity

versatile genetic platform
long-term expression

low rick of genome integration

CLINICAL AND TRANSLATIONAL MEDICINE

pre-existing anti-AAV Ab
limited vector capacity
high-dosage regime
transgene induced immunity
«off-target» transduction

FIGURE 6 Advantages and limitations of adeno-associated virus (AAV)-based gene therapy. Pros and cons are summarized. AAV
vectors are one of the most advanced vehicles for translational research. AAV may cargo various genetic materials and molecules and deliver
them to the targeted tissue. Nevertheless, several biological and technological limitations should be considered in the research and

development (RnD) process of AAV therapeutics.

therapy: (i) pre-existing AAV antibodies, (ii) high-dosage
regimen to achieve high transduction efficiency; (iii)
uncontrollable transgene expression; (iv) ‘off-target” AAV
transduction; (v) transgene-induced immunity in case
of gene addition therapy; (vi) capsid composition and
(vii) route of administration. Although we have briefly
discussed recent advantages and drawbacks of AAV gene
therapy, we refer readers to the most recent topic-specific
articles describing risk factors and limitations of AAV
therapy.!62163

Clinical durability of therapeutic effect from a transgene
delivered by AAV vector is an important characteristic of
gene therapy potency. In the best case scenario, a low
dose of AAV vector should provide a life-long expression
of a therapeutic gene in a physiological range. In fact,
transgene expression supported by AAV genome concate-
merization and episomal circulation has been detected for
more than 10 years. FDA-approved A. tiparvovec and later
V. neparvovec demonstrated the durability of response up
to 6 and 4 years after drug administration.'**% Excitingly,
sustained therapeutic effect after V. neparvovec treatment
has been recorded after 7.5 years. However, loss of ther-
apeutic response after AAV-based therapy has also been
well documented in animals and humans.'*% It is worth
noting that several immunological (innate and adaptive
immune response) and non-immunological (cell turnover
in target cells, cellular stress and epigenetic transgene

silencing) may drastically affect the therapeutic modality
of AAV therapy.'>'%8

To achieve high efficiency of gene delivery to targeted
cells by AAV vectors, the dosing regimen should be care-
fully established. There is no doubt that low doses of AAV
cannot provide a sustained level of gene expression and
barely may transduce a clinically relevant number of cells
to change disease progression. On the other hand, a high
dosage regimen of AAV may lead to transduction-related
toxicities.'” Moreover, administration of high amounts
AAV particles increases the risk of ‘off-target’ transduc-
tion of neighbouring cells causing ‘bystander effects’.!’%'7!
In a recent meta-analysis of AAV clinical applications,
Au et al. have reviewed the AAV dosing regimen for tar-
geted (local) and systemic administration.”* The lowest
dosages for targeted injection were found around 5.8 X 109
and 3.5 X 10713 vg for systemic administration. Despite
the growing number of clinical trials with AAYV, it is still
hard to conclude any reasonable effective therapeutic dose.
Targeted administration, when possible, is a preferable
way to deliver therapeutic molecules (i.e. transgene, ASO
and CRISPR/Cas9) and help to minimize viral dose and
mitigate the risk associated with AAV exposure to the
immune system and neighbouring cells.

One of the potential clinical limitations of AAV-based
gene therapy is innate and adaptive immune responses
to viral elements of a vector. Pre-existing AAV-antibodies
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raise a safety and efficiency concern for gene trans-
fer therapy based on AAV vectors. Recently, three fatal
cases among children treated with AAV-8 expressing the
MTMI gene for XLMTM were recorded (NCT03199469),
and the clinical trial was put on hold till the identifica-
tion of the cause of death.”” Systemic administration of
AAV vectors inevitably triggers antiviral innate immune
response (e.g. IFN type I and IFN type II) that eventu-
ally modulate antibody production by B cells. Neutralizing
antibodies (NAbs) can significantly decrease the effi-
ciency of AAV vector transduction and, more importantly,
lead to immune pathologies due to immune complex
formation.!”*!'” Intriguingly, non-neutralizing antibodies
may promote AAV transduction, but the exact mechanism
is not fully discovered yet,'”> and perhaps, other co-factors
enhance the transduction of AAV vectors, all of these are
still subjects of further research.

Several screening studies indicate that anti-AAV anti-
bodies are frequently detected among the adult population
and its serotype prevalence varies in different countries
around the world.'7*1”7

Nowadays, the identification of total or neutralizing
anti-AAV antibodies is an obligatory prerequisite of
efficient and safe gene therapy with AAV vectors.””® In
case when gene therapy is prescribed but AAV-serotype-
specific antibodies are detected, several approaches
(e.g. plasmapheresis and enzymatic IgG degradation)
have been developed to circumvent this limitation.!7%80
Clinically relevant antibody thresholds (total Ab or
only NAbs) and protocols for quantifications should
be clearly defined to avoid adverse effects for newly
developed AAV-based therapeutics. Nevertheless, due
to the potential risk of pre-existing anti-AAV antibodies,
seropositive (naive) gene therapy patients have to be
informed about associated risks and where possible
plasmapheresis should be recommended before vector
administration.

We project that the optimization of an AAV dose regi-
men is a critical step towards mitigation of adverse effects
from gene therapy. Gene transfer research should explore
the possibilities of delivering a low-copy (low-dose) AAV
vector to provide a life-long expression of a therapeutic
gene in a physiological range. Artificial intelligence,
machine learning and neural network expansion in
translation research are inevitable, and we believe that
computationally designed transgenes or modified AAV
capsids will be proposed soon to help avoid unfavourable
immune responses against vectors and facilitate AAV
transduction. We foresee that AAV-based gene therapy
will be also more customized and personalized, espe-
cially for inherited genetic disorders. Indeed, AAV gene
silencing approaches or gene editing with CRISPR-Cas9
is already patient-oriented and mutation-specific. Gene

addition technology based on either minigenes or full-
length proteins when applicable may be developed for a
broader patient community with a particular pathology.
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