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ABSTRACT

The development of gene therapy in the 215 century is largely based on application of viral vectors, which have shown their
effectiveness along with a fairly high safety profile. Among the vector systems, one of the leading places was taken by
adeno-associated viruses (AAV), on the basis of which drugs were created for the treatment of severe hereditary monogenic
diseases, including spinal muscular atrophies (SMA). Their use, on the one hand, is justified by the flexibility of AAV as
a platform for the creation of gene therapy drugs, and on the other hand, it is often perceived as a kind of trend that has
significant limitations. In this review, the focus is on two main aspects: AAV as a vector for the treatment of diseases from the
SMA group and possible directions of development in this area and in gene therapy in general.

The review operates with recent data published after clinical trials and experimental studies during last decade, and also
critically examines the possibilities of gene therapy using AAV, mentioning other existing approaches, incl. medical therapy
for SMA.

Attention is also paid to the situation in the field of using AAV for the treatment of other hereditary diseases and the most acute
problems faced by the use of drugs created on the basis of this promising vector system.
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AHHOTALMA

PasButune reHHon Tepanuu B XXI BeKe B 3HaUMTeNIbHOM CTENEHM ONMPAeTCA Ha UCMONb30BaHWE BUPYCHbIX BEKTOPOB, KOTO-
pble MOKa3anu He TONbKO CBOI0 3IGGEKTUBHOCTb, HO M [OCTATOYHO BbICOKUI Npodmib besonacHocTi. Cpean BEKTOPHbIX CU-
CTEM 0JIHO U3 BEeAYLLMX MECT 3aHANM afieHoaccoLMmnpoBaHHble Bupychl (AAB), Ha ocHoBe KoTopbIX 6binM CO3AaHbI Npenapa-
Thl [I/1A IEYEHUA TAKENEWLIMX HAaCNeACTBEHHbIX MOHOTEHHBIX 3a60/1eBaHNI, B TOM YMCIIE CIMHAMBHBIX MbILLEYHBIX aTpoduin
(CMA). Ucnonb3oBaHne AAB, ¢ 0HOM CTOPOHBI, 060CHOBAHO MX MMOKOCTLIO Kak NnaTtdopMbl AnA CO3[aHMA reHoTepanes-
TMYECKMX MPEenapaTto., a C ApYroi 3a4acTylo BOCIPUHUMAETCA KaK CBOE0OpasHbIl TPEHA, Y KOTOPOro ecTb CYLLECTBEHHbIE
orpaHuyeHus. B gaHHoM 0630pe aKLeHT chenaH Ha [Ba OCHOBHbIX acnekta: AAB KaK BEKTOp A/isl ieYeHnn 3aboneBaHuii
u3 rpynnsl CMA v BO3MOXHbIe HanpaBfeHUA PasBUTUA B 3TO 0611aCTU U B TEHHO Tepanum B LIENIOM.

0630p onepupyeT aKTyanbHbIMU JaHHBIMM, OMY6IMKOBAHHBIMM B XOA€ KITMHUYECKUX U SKCNEePUMEHTaNbHbIX paboT nocnea-
HUX NET, @ TaKKe KPUTUYECKMU PaccMaTpMBaET BO3MOKHOCTU MEHHOM Tepanum ¢ nomolubio AAB ¢ ynoMuHaHWeM U opyrux
CYLLLECTBYIOLLMX MOAXO0A0B, B TOM YMACNE MeAMKaMeHTO3HOM Tepanun CMA.

BHUMaHMe TaKKe yaeneHo cuTyaumm B obnactu ucnonb3oBaHusa AAB anA neyeHus MHbIX HacneLCTBEHHbIX 3aboneBaHUM
“ Haubonee ocTpbIM NpobiieMaMm, ¢ KOTOpLIMU MeLVKM CTaNKMBAIOTCA B NPOLLECCe NPUMEHEHWA MPenapaToB, CO3M4aHHbIX
Ha OCHOBE 3TOW NMEepCreKTUBHOW BEKTOPHON CUCTEMBI.

KnioueBble cnoBa: reHHas Tepanus; afeHoaccoLMMpoBaHHble BUPYCHI; HEMpPOMbILLEYHaA AUCTPOGUA; CriMHabHaA Mbl-
LeYyHan aTpodums.
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INTRODUCTION

To date, the majority of effective gene therapy (GT)
drugs for monogenic, oncologic, neurodegenerative, and
blood system diseases use recombinant vectors produced
by genetic engineering methods using various viruses.
The resulting vectors of GT lack genes associated with or
directly determining the pathogenicity of wild-type viruses
and their ability to replicate, which ensures the safety of
viral GT drugs. Although the use of genome-integrating
retroviruses, lentiviruses, and genome-editing technologies
in GT is gaining attention, it will remain outside the focus of
present review.

Gene therapy using recombinant adeno-associated
viruses (AAVs) is a rapidly developing field with promising
successes and challenges discussed in this report.
Application of AAVs in GT of monogenic hereditary diseases,
including neuromuscular disorders is of particular interest.
Recently AAVs have become an efficient and flexible aspect
for gene delivery to human cells.

STRUCTURE AND TISSUE TROPISM
OF ADENO-ASSOCIATED VIRUSES
AND PROMOTER SELECTION

FOR TARGET-GENE EXPRESSION

AAV genome structure

Adeno-associated virus is a small virus (20-25 nm)
that belongs to the Parvoviridae family. Its genome is
represented by a single-stranded DNA of approximately
4.7 kb in length and includes several obligatory elements
that ensure replication in the normal life cycle in coinfection
with adenovirus. The term “adeno-associated” was coined
due to this coinfection required for wild-type AAVs to
replicate [1]. These elements include:

« replication (Rep) genes encoding four non-structural
proteins (Rep78, Rep68, Rep52, and Rep40) involved
in replication, transcription control, integration, and
encapsulation;

 viral cofactor gene, which encodes an assembly-
activating protein;

« structural capsid genes (Cap or Vpl, Vp2, and Vp3).
Recombinant AAVs are generated by deleting all

open reading frames from the viral genome, resulting

in their transformation into a replication-defective virus
or vector. This approach significantly enhances safety

and provides vector capacity which is limited to 4.5-

4.7 thousand nucleotide pairs because of the small size

of AAV capsids.

The only genomic fragments that remain in AAVs after
vector creation are two inverted terminal repeats (ITRs)
crucial for viral DNA or transgene replication. Minimal ITRs
contain a binding site for the viral Rep protein, which aids
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in the integration of the vector genome into the preformed
capsid particle.

AAV capsid and its contribution to tropism of
the resulting vectors

The capsid envelope of AAVs provides protection against
nucleases and recognition by the innate immune system
and determines the virion's tropism. There are 13 known
serotypes of AAVs with differing expressed surface antigens
and amino acid sequences [1, 2]. These serotypes are
characterized by a pronounced tissue tropism. Regarding
GT drug development selection of a vector with a specific
tropism enables transduction in cells of a particular tissue
and reduces delivery to nontarget organs.

Of the 11 major serotypes cloned to date, AAV2 is
the most well-characterized. It is known for its safety and
efficacy and its high packing and transducing capacity. AAV2
is often used as a basis for creating hybrid vectors, in which
the ITRs of one serotype are packaged into the capsid of
another serotype to modify its tropism in tissues. The
promising new AAV variants AAVrh10 and AAVrh74 have
been isolated from rhesus macaques. Compared with AAV2,
these serotypes have a higher transduction efficiency,
and preexisting immunity against these serotypes is less
common in humans [3, 4].

Adeno-associated virus transduction occurs through
the interaction of the capsid with glycans and proteoglycans,
such as heparan sulfate, expressed in various tissues.
Primary binding is followed by interaction with more
specific membrane receptors, and the virus is internalized.
Fibroblast growth factor receptor 1 is the receptor for AAV2
[5], hepatocyte growth factor receptor is for AAV2 and AAV3
[6], and platelet-derived growth factor receptor is for AAVS
[7], and the universal AAVR receptor [8] is known.

The AAV2 serotype is commonly used for developing GT
drugs, whereas the AAV9 and AAV8 vectors are used for
treating nervous system diseases. Furthermore, clinical
trials are underway for drugs with new capsids, such as
AAV-LK03, SPK-100, and AAV-HSC15; however, their safety
has not yet been fully characterized.

Promoter variants for transgene expression
and their efficiency

Promoters commonly used include cytomegalovirus
(CMV) promoter, chicken beta-actin (CBA) promoter, and
CAG (synthetic promoter consisting of CMV enhancer, CBA
promoter, and rabbit beta-globin splicing acceptor). The
recipient organism’s native promoters are used for more
specific gene delivery [9, 10]. Administration of high doses
of vectors with native promoters does not result in serious
adverse events, even at doses up to 2x10' viral particles
per kilogram. However, studies on animal models have
shown that several copies of the AAV9 vector can cause
serious toxicity [11]. How the presence of a native promoter
affects the final number of viral particles in transducted
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tissue and the safety of the vector remains unknown. The
development of BIIB089 for the treatment of spinal muscular
atrophy (SMA) was discontinued because of its high toxicity
and insufficient efficacy. Unfortunately, information on
the structure of the vector used is not available [12, 13].

Cytomegalovirus and CAG promoters are commonly
used to treat diseases of the central nervous system (CNS).
However, studies have shown that two other promoters,
mPGK and hSYN, provide stronger transgene expression in
the brain and spinal cord than CAG and CMV [14]. Despite
this, their introduction into the clinic has been slow. The
GAD gene encoding glutamic acid decarboxylase was
administered in patients with Parkinson’s disease in clinical
trials using the first neuron-specific NSE promoter in 2005.
However, it took more than 15 years to progress to phase Il
by early 2021 [13, 15].

ADENO-ASSOCIATED VIRUSES
AS A TOOL FOR GENE THERAPY

Current status of gene therapy using AAVs

The first drug for GT that delivered the target gene using
AAVs was Glybera (alipogene tiparvovec*!, Uniqure NV,
the Netherlands). It received marketing authorization from
the European Medicines Agency (EMA) in 2012 [16]. Although
intended for the treatment of hereditary lipoprotein lipase
deficiency, it was withdrawn from the market in 2017 owing
to low demand and high production costs [17].

The approval of voretigene neparvovec* (Luxturna;
Spark Therapeutics, USA) [18] by the US Food and Drug
Administration (FDA) in 2017, based on modified AAV2,
and of onasemnogene abeparvovec (Zolgensma; Novartis,
Switzerland) [19] in 2019, based on AAV9Y, has significantly
increased interest in GT by recombinant AAVs. These drugs are
currently approved in the USA, EU, UK, Australia, Canada, and
South Korea. Additionally, Zolgensma is approved in Israel,
Taiwan, Brazil, and Japan. In 2022, eladocagene exuparvovec*
(Upstaza; PTC Therapeutics, USA) received approval from
the EMA [20]. The drug is an AAV2 vector carrying the gene
that encodes L-decarboxylase of aromatic amino acids
and used for the treatment of conditions associated with
hereditary deficiency of this enzyme. In 2022, etranacogene
dezaparvovec (Hemgenix; Uniqure NV, The Netherlands),
an AAV5-based drug carrying the gene for clotting factor
IX and intended for GT of hemophilia B, was approved for
the treatment of hemophilia in the USA [21]. Furthermore, in
2023, FDA approved valoctocogene roxaparvovec (Roctavian;
BioMarin Pharmaceutical, USA), which uses AAV2 as a vector
carrying blood clotting factor VIII for hemophilia A treatment
[22]. Moreover, delandistrogene moxeparvovec-rokl (Elevidys;
Sarepta Therapeutics, USA) has been approved for Duchenne
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muscular dystrophy treatment. The drug is a recombinant AAV
vector carrying the microdystrophin gene [23].

Two drugs are in the registration stage and were developed
for the treatment of genetic disorders. First, lenadogene
nolparvovec* (Jonathon, GenSight Biologics S.A., France)
is based on AAV2 with the ND4 gene and is intended for
the treatment of Leber's hereditary optic neuropathy [24].
Second drug, resamirigene bilparvovec* (AT132; Astellas
Gene Therapies, USA) was developed for X-linked myotubular
myopathy treatment and carries the myotubularin 1 (MTM1)
gene using AAV8. In ASPIRO trial [25], 2 of 17 boys who received
AT132 intravenously at a dose of 3x10' viral genomes per
kilogram of body weight developed fatal hepatic failure. These
two boys received a much higher dose (4.80x10°-7.74x10"
viral genomes total) because of their higher body weight.
Whether the hepatic failure was caused by concomitant diseases
or a higher dose of AAV was unclear [25]. In the second quarter
of 2023, drug developers met with the US FDA and decided to
carry on with ongoing clinical trials [24].

Immunogenicity and oncogenicity of AAV-based
vectors

Mechanisms of the immune response to AAVs and
approaches to reduce immunogenicity. A primary issue
with the use of viral vectors is their immunogenicity, which
makes it unsafe to reintroduce preparations based on
them. The development of the immune response to AAV
involves both humoral and cellular links of innate immunity.
The activation of humoral immunity results in the formation of
capsid-specific antibodies, including neutralizing antibodies.
Preexisting antibodies, including those resulting from previous
exposure to wild-type AAV, can diminish or completely impede
transduction by the therapeutic vector, thereby reducing
treatment efficacy. Antibodies that are generated in response
to the initial administration of a genetic vector do not affect
transduction; however, they prevent the reuse of AAV of
a specific serotype. Furthermore, cross-reactivity of antibodies
to AAV of other serotypes may occur.

The cellular immune response includes the activation of
cytotoxic T-cells approximately 4—12 weeks after the genetic
vector is introduced. Studies on animal models indicate that
Toll-like receptors mediate the development of the T-cell
response by recognizing AAV capsid antigens [26, 27].

Cellular immunity activation upon recognition of AAV
capsids is a crucial factor that affects the safety and efficacy of
GT. A possible outcome of such a response is hepatotoxicity,
which was observed in a clinical study that used AAV of
several serotypes, including AAV2, AAV8, AAV10 [28],
and AAVY. In vitro studies have indicated that the immune
response in the liver is triggered by a liver-specific population
of macrophages called Kupffer cells [29]. The strong affinity
of AAV9 to liver cells poses a significant risk of hepatotoxicity,
and a dose-dependent effect of adverse events may be

! All marked * drugs are not registered in the State Register of Medicines of the Russian Federation. Available from: https://grls.rosminzdrav.ru/GRLS.aspx.
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observed in some patients. Clinical studies [30-32] have
shown that prophylactic administration of prednisolone
prevented onasemnogene abeparvovec hepatotoxicity.
The current protocol for onasemnogene abeparvovec includes
prophylactic administration of prednisolone at the lowest
doses and for the shortest duration possible. This treatment
has no significant effect on pediatric patients.

Adeno-associated virus has an advantage over other
viruses as a vector for GT because it elicits a minimal cellular
and humoral immune response. The main immune response
to AAV is in the form of neutralizing antibodies (nAbs) to
the capsid, which prevent AAV from binding to the receptor and
entering the cell upon reintroduction. However, the presence
of nAbs does not affect the safety of the initial administration
of AAV, but significantly reduces its efficacy.

The prevalence of acquired immunity to serotypes AAV2
and AAV3 is high, with 30-80% of people exposed to AAV2 in
early childhood and a similar prevalence observed for AAV3.
In contrast, nAbs to AAV5 and AAVé are less common, found
in 10-20% and up to 30% of the population, respectively.
Infection with AAV7 and AAV8 is rare, affecting no more than
5-6% of individuals. Therefore, nAbs in one or more serotypes
of AAVs in a certain number of individuals in the population
is possible [33, 34]. This may reduce the effectiveness of GT
using this virus, considering possible cross-immunity.

Moreover, transplacental transmission of nAbs from
the mother is notable. For instance, nAbs to AAV9 (mainly
immunoglobulins of class G) can be detected in the first 6
weeks after birth. Typically, their titer becomes undetectable
after 4—6 months. In a clinical study investigating the use of
onasemnogene abeparvovec based on AAVY in patients with
SMA, 5.6% of children exhibited an increased level of nAbs to
AAV9 (>1:50) upon retesting. Thus, in actual clinical practice,
the nAb titer is assessed before administering AAV-based
GT drugs [35].

Patients with nAbs are typically excluded from AAV
clinical trials. However, the blood-brain and blood-retinal
barriers protect the CNS and vision organs from systemic
immunity, making it unnecessary to exclude such patients.
Therefore, the development and optimization of methods
for local administration of GT drugs into the CNS and other
immunoprivileged organs are relevant. However, systemic
leakage of AAV from the CNS may also occur depending on
the delivery route. This was observed in a phase Il clinical
trial of a drug designed for intracerebroventricular (ICV)
delivery of the GDNF gene using AAV2. Dissemination of
the vector into the cerebrospinal fluid resulted in adverse
events and low therapeutic efficacy [36, 37].

Low oncogenicity as a key advantage of AAVs

One advantage of selecting AAVs for delivering therapeutic
genes is that they are not typically integrated into the host
genome, except in a few cases observed in animals, and instead
exist in the cell as episomes. This characteristic significantly
decreases the mutagenicity of these vectors [2, 38].
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No direct oncogenic effects of AAVs in humans have
been reported [39]. However, rare cases of AAV transgene
integration into the genome of other mammals have
been documented [40, 41]. In a study involving systemic
administration of AAV2 and AAV9 to newborn MPSVII mice
with hereditary combined deficiency of hexosaminidase A
and B (Sandhoff disease model), increased incidence of
hepatocellular carcinoma was observed as the animals
matured. Analysis of the tumor genetic material showed that
the AAV genome was inserted into the Rian locus of mouse
chromosome 12, leading to dysregulation of neighboring
genes. This finding is significant regarding AAV-induced
mutagenesis; however, this locus is only present in rodents.
Therefore, this discovery does not contradict the current
understanding of the safety of AAVS in humans [42, 43].

SPINAL MUSCULAR ATROPHY
AS A KEY INDICATION FOR GENE
THERAPY

Characteristics and etiology of diseases
from the group of SMAs

Spinal muscular atrophy are a group of inherited
diseases of the peripheral nervous system characterized
by damage to motor neurons of the brain and spinal cord.
Amyotrophic lateral sclerosis (ALS) is a similar disease
in pathogenesis and clinical manifestations, affecting
both upper and lower motor neurons, leading to paralysis
and muscle atrophy [44]. The molecular and genetic
mechanisms of ALS are unclear.

Most SMA cases are caused by mutations or deletions
in the survival of motor neuron 1 (SMNT) gene and are
inherited in an autosomal recessive manner. This gene is in
chromosome 5q and encodes a survival motor neuron (SMN)
protein [45, 46]. The SMNT gene has a paralog, SMNZ that
differs by splicing in exon 7. SMN2 also encodes SMN protein,
but SMN production is deficient when SMNT is completely
deleted. SMA severity is determined by the number of copies
of the SMN2 gene. The more copies of the gene, the milder
the symptoms of the disease.

Rare cases of SMA are caused by lesions in the following
genes: VAPB (chromosome 20), DYNC1H1 (chromosome 14),
BICD2 (chromosome 9), and UBAT (X chromosome).

Similar to other neuromuscular diseases that affect
motor neurons, SMAs are incurable monogenic diseases
caused by loss-of-function mutations (resulting in reduced
or absent protein function) in a specific gene (or its deletion),
making them potential targets for GT.

The following types of SMAs are distinguished [47].
 Type 0 manifests itself in the prenatal period in the form

of decreased fetal activity; newborns experience heart

defects and areflexia, and death occurs due to respiratory
failure during the first 6 months of life.
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« Type | (infantile SMA or Werdnig—Hoffman disease) is
intrauterine or manifests in the first 6 months of life;
muscle hypotonia, hyporeflexia, and difficulty sucking
and swallowing are observed, and without treatment,
most patients do not survive to 2 years of age.

» Type Il (intermediate form or Dubowitz syndrome) first
appears at 6—18 months of age. Children are unable to
sit, stand, or walk unaided, and respiratory problems
often lead to early death.

« Type lll (Kugelberg—Welander disease) usually occurs
between 18 months and adolescence. Children can walk
independently but have difficulty running and climbing
stairs. The disease progresses slowly, life expectancy is
longer (sometimes up to normal) compared with other
types and depends on the development of respiratory
complications or other conditions that include scoliosis
and contractures.

« Type IV develops in adulthood and manifests as slowly
progressive weakness and proximal muscle atrophy.

Marketed approaches for the treatment of SMAs

The pathogenetic treatment of SMA is based on increasing
SMN protein levels with the goal of reducing symptoms,
improving motor function, and preventing life-threatening
complications.

Currently, the following drugs have been approved by
the FDA and EMA:

1. Nusinersen (Spinraza; Biogen, USA) is the first approved
drug for the treatment of all types of SMA in pediatric
and adult patients. It is an antisense oligonucleotide
that inhibits the splicing of exon 7 of the SMNZ mRNA,
resulting in the synthesis of a longer, more functional
form of the SMN protein [48]. Spinraza is administered
intrathecally, and the first four doses (after the first dose
on day 0) are administered every 2 weeks (second and
third dose) and on day 63 from the time of the first dose
(fourth dose). Maintenance therapy consists of a single
injection of the drug every 4 months [49].

2. Risdiplam (Evrisdi; Genentech, USA) is an oral drug used
for the treatment of SMA. Similar to nusinersen, it is an
SMNZ splicing modifier [50]; however, it uses a small
molecule rather than an oligonucleotide as the active
ingredient. Risdiplam is indicated for patients with SMA
type |, Il, or Il or for patients with up to four copies of
the SMN2 gene (EMA). FDA has approved the drug for
use in all patients with SMA regardless of the number of
copies of the SMNZ gene.

3. Onasemnogene abeparvovec (Zolgensma; Novartis,
Switzerland) is a GT drug for SMA that uses an AAV9-
based vector to carry the SMNT gene. It is administered
through a single intravenous infusion. FDA and EMA
approved the therapy in 2019, but with different indications.
Zolgensma has been approved by both EMA and FDA for
use in patients with inherited mutations in the SMNT gene.
This includes patients with type | SMA or up to three copies
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of the SMNZ gene and pediatric patients below 2 years old
with biallelic mutations in the SMNT gene [51, 52].

AAV9 as an optimal vector for SMA treatment

As previously stated, SMA is caused by a mutation in
a specific gene, and GT is the etiotropic treatment. A further
advantage of GT in SMA is that AAV-mediated transduction
of neural tissue can result in long-term gene expression.
This is because mature neurons are nondividing cells,
and therefore, there is no mitosis in them, resulting in no
associated drop in expression from episomal sequences
delivered by AAV.

The sole registered viral preparation for GT of SMA with
Zolgensma is an AAV9-based vector that carries the SMNT
gene. Gene expression is driven by a CMV enhancer and
a hybrid CBA promoter. AAV9-based vectors have unique
characteristics [53] that enable them to cross the blood—
brain barrier (BBB), making them suitable for gene delivery
to the CNS using relatively minimally invasive intravenous
administration in other diseases.

Systemic administration of AAV9 transduces astrocytes in
adult mice and neurons and lower motor neurons in newborn
animals [54]. The systemic administration of the AAV9 vector
in SMA is justified by the fact that mutation in the SMNT
gene leads to damage in various parts of the body, including
motoneurons of spinal ganglia, the nervous system, heart
[55], pancreas [56], and skeletal muscles [57].

The AAV9 vector used in Zolgensma is self-
complementary, resulting in improved efficacy after
a single injection. Currently, data on the efficacy and safety
of onasemnogene abeparvovec therapy are available
at an average of 7.1 years after treatment initiation. In
the START study (NCT02122952), all 10 patients who
received the therapeutic dose of the drug were alive, did
not require constant ventilation, and continued to show
efficacy in preserving previously acquired or achieving new
motor skills [58—60]. The clinical study [61] reported adverse
events caused by drug administration, limited to an increase
in serum hepatic aminotransferases levels approximately
3 weeks after treatment initiation, without other clinical
manifestations. Administration of prednisolone effectively
mitigated this increase of hepatic enzyme activity.

The phase 3 clinical trial (STR1VE) results showed
that onasemnogene abeparvovec was more effective than
the control group (a group of patients in a study that examined
the natural course of SMA) in terms of the ability to sit
unsupported for 30 s. At 18 months of age, 59% of patients
demonstrated this ability compared with 0% in the control
group (p <0.0001). In the clinical trials, 90.9% of patients
were alive after 14 months and did not require continuous
ventilation, compared with only 25% of the controls. The trials
involved 54 patients below 6 months old, and 2 patients died
of causes unrelated to the drug [62, 63].

The SPRINT study investigated the use of
onasemnogene abeparvovec in patients with preclinical
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SMA. All 29 participants survived, did not require
continuous ventilation, and exhibited age-appropriate
motor development [64, 65].

Problematic aspects of using AAV9
in the treatment of SMA

The long-term effects of onasemnogene abeparvovec
administration are still being studied in the 15-year follow-up
of patients who participated in a clinical trial [66]. Currently,
the oldest patient included in the START study is 8.5 years
old (8 years after drug administration) [62]. Some scientists
have shown that the efficacy of the therapy may decrease
in certain patients. This may be attributed to a decrease in
the expression of the target gene in transduced cells due to
their rapid division in a growing organism [67].

AAV9 can transduce various cells and tissues throughout
the body when administered systemically. To achieve more
targeted delivery to the CNS, it is advisable to use neuro-
or astrocyte-specific promoters. Besse et al. [68] tested
this concept. The researchers created an AAV9 vector that
expresses SMN, controlled by the human synapsin (SYN)
promoter, called AAV9-SYN-SMN. Then, they investigated
the impact of ICV administration of AAV9-SYN-SMN on
the survival and neuromuscular functions of SMN knockout
(SMNA?7) mice. The AAV9-PGK-SMN vector, which encodes
SMN under the phosphoglycerate kinase (PGK) promoter,
was used as a control. Both intravenous and ICV injections
were administered, with the latter resulting in maximal SMN
expression in CNS tissues. The SMN level in the brain and
spinal cord of SMNA7 mice was 6-9 times higher when
injected with AAV9-SYN-SMN vector intracerebroventricularly
or with AAV9-PGK-SMN vector intravenously. The maximum
dose of AAV9-SYN-SMN induced SMN expression in
the spinal cord and brain at a level comparable to that of
AAV9-PGK-SMN administered intravenously. However,
the efficacy of AAV9-SYN-SMN was inferior to that of AAV9-
PGK-SMN administered by different routes. SMN levels in
peripheral tissues were similar when administered both
intracerebroventricularly and intravenously.

Accumulated clinical data demonstrate the safety of
AAVs, justifying their use for therapeutic gene delivery.
One promising direction is the development of novel
methods to enhance the efficiency of delivery and GT for
CNS diseases.

POSSIBLE DIRECTIONS
FOR DEVELOPMENT OF GT USING
ADENO-ASSOCIATED VIRUSES

Approaches for the modification of AAV vectors

Altering the sequence of AAV capsid proteins can
significantly affect transduction efficiency, enabling
modifications to control transduction and tissue tropism.
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Currently, the following techniques and approaches appear
to be the most promising:

1. Insertion of specific peptide ligands into capsids
to deliver therapeutic genes to targeted cells and
tissues. The inclusion of these peptides in the capsid
ensures the recognition and binding of the vector to specific
proteins on the cell surface. Some modifications of peptide
ligands also enhance the penetration of the virus into the cell
[69]. Peptides enhance AAV transduction in skeletal muscle
cells [70], lungs [71], blood vessels [72-74], pancreatic islets
[75], and various tumor cells [76, 771.

Although the insertion of ligands and peptides into
the capsid can promote specific hinding of the vector to
cellular receptors and increase transduction efficiency, these
modifications have limitations. The insertion site is restricted
to specific locations on the capsid, and modifying these
sites could adversely affect receptor-mediated viral entry.
Therefore, designing peptide insertions rationally requires
identifying capsid sites that are resistant to modification.
Additionally, the specificity of many peptides or ligands
depends on their conformation. Disrupting the correct three-
dimensional structure during insertion may result in reduced
efficiency compared with an unmodified vector. Finally,
the modified capsid may be neutralized by preexisting
antibodies.

2. Using the natural diversity of open AAV
serotypes to create mosaic/chimeric capsids. Mosaic
vectors consist of capsid proteins from multiple AAV
serotypes. Chimeric AAVs are created through directed
evolution or genetic engineering, which alters the amino
acids in the capsid. Directed evolution involves either error-
prone PCR or DNA shuffling. Error-prone PCR is performed
under specific conditions that increase the polymerase error
rate, resulting in capsid variants with random mutations.
DNA shuffling involves restriction enzymes to fragment
the cap genes of selected serotypes. These fragments are
then randomly recombined into full-length capsid genes,
followed by amplification of the variants. Chimeric capsids
are obtained, and selective screening with the preferred cell
type is performed to select variants with the most suitable
characteristics [69, 78].

The genetic engineering approach uses capsid structure
and sequence information to create new chimeric viruses.
This is achieved by transferring specific capsid residues or
domains from one serotype to another to achieve the desired
phenotype.

Changing the ratio of proteins of each serotype can
achieve the necessary efficiency of transduction for a specific
cell type. For instance, Rabinowitz et al. [79] demonstrated
that creating a capsid based on serotypes AAV3 and AAV5
in a 3:1 ratio enables the viral particle to bind to both
heparin and mucin on the cell surface. In contrast, AAV3
binds only to heparin, and AAV5 has tropism only to mucin
[79]. To maintain high transduction efficiency while achieving
tropism to a specific tissue type, it is advisable to create
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chimeric vectors that include part of the capsid proteins from
the wild-type virus and part from the capsid modified with
a peptide ligand [80].

3. Exogenous modification of the capsid. These
approaches range from the use of bispecific antibodies to
bind the virus to receptors and specific cellular capture [81]
to biotinylation followed by conjugation of targeting ligands
[82, 83]. Furthermore, specific enveloping agents are used to
coat the capsid for conjugation with ligands and can prevent
viral neutralization by antibodies [84, 85]. Encapsulating
AAV2/9 vectors in cationic lipids significantly improves their
transduction [86].

4. Use of tissue-specific promoters. To achieve
the expression of the therapeutic gene in a specific cell type,
tissue-specific promoters can be selected. For instance,
synapsin or CamKIl promoters can be used for specific
transgene expression in neurons [87-89], GFAP or ALDH1/1
promoters for expression in astrocytes [90, 91], and myelin
basic protein promoters for oligodendrocytes [92, 93].

AAB9 modification as an approach
to the development of new-generation drugs
for GT of SMA

A critical discovery in CNS vector transduction was
the identification of the AAV9 serotype due to its high
tropism in nervous system tissues [54]. A single intravenous
or intrathecal injection of an AAV9-based vector has been
shown to result in effective and extensive transduction of
the spinal cord and CNS, which has spurred research and
development of GT using this serotype. AAV9 is currently
considered the preferred vector for delivery to the CNS
through systemic administration. It is extensively used
in clinical trials with minimal indications of peripheral or
central toxicity [94].

As previously stated, onasemnogene abeparvovec AAB9
has tropism in various tissues, particularly liver cells, which
can result in increased hepatic transaminases. In a study by
Pulicherla et al. [95], a vector with reduced liver tropism was
obtained using the error-prone PCR method while efficiently
transducing cardiac and skeletal muscles. Modifications
were made to the GH-loop (amino acids 390-627), which is
a capsid region required for receptor binding and influencing
the tropism and immunogenicity of the vector.

Using the rational engineering approach, researchers
obtained a variant of the AAB9.HR capsid. This vector
maintains AAV9's ability to penetrate the BBB when
administered intravenously to newborn mice, while reducing
peripheral tissue transduction [96].

The CREATE method, which uses Cre-induced
recombination, produced the AAV-PHP.B vector. This
vector demonstrated a 40-fold increase in the transduction
efficiency of adult mouse CNS cells after intravenous
injection compared with AAV9. In addition to astrocytes,
this vector transduced CC1* oligodendrocytes and several
subtypes of neurons [97]. However, the obtained serotype is
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only effective in animals possessing the LyéA receptor and
is not suitable for primates or clinical use [98].

Gene therapy for other neuromuscular diseases

Gene therapy is being used in preclinical and clinical
studies to study various neuromuscular disorders of
monogenic origin.

For instance, familial ALS is caused by a mutation in
the SOD1 superoxide dismutase gene. This mutation leads
to the accumulation of misshapen SOD1 protein, which
damages cells. A possible treatment for ALS involves
the use of AAV carrying a microRNA that targets SOD].
The initial use of this vector in two ALS patients resulted in
reduced SOD1 levels in spinal cord tissue after intrathecal
infusion [99], but did not lead to any clinical improvement.
Thus, further studies are required.

Spinal muscular atrophy with respiratory distress
syndrome type 1 (SMARD1) is an autosomal recessive
motor neuron disease caused by mutations in the IGHMBP2
gene (11q13). Unfortunately, SMARD1 currently has no cure
and primarily affects children. In a mouse model, GT with
AAV9 restored the level of target protein, motor function,
and neuromuscular physiology and increased the lifespan of
animals [100]. This finding has led to the initiation of clinical
trials for this drug.

Duchenne muscular dystrophy is caused by mutations in
the DMD gene, which encodes the subsarcolemmal protein
dystrophin. The DMD gene is relatively large, at 11,500 bp,
making it challenging to package into an AAV-based vector.
However, studies have shown that disease symptoms can
be alleviated using shorter forms of the dystrophin protein
[101, 102]. Several clinical trials are currently underway
using AAVs of different serotypes (AAVrh74, AAVS, and
AAV9) encoding micro/mini-dystrophin [103, 104]. In 2023,
Elevidys was approved by FDA based on recombinant
AAVrh74 capsid [23].

Pompe disease, also called glycogen storage disease
Il, is a muscle disease caused by acid alpha-glucosidase
(GAA) gene mutations. Enzyme replacement therapy has
been used to treat the disease for many years; however, its
effectiveness has been limited. It is inherited in an autosomal
recessive pattern and affects various organs, including
the heart and CNS. As an alternative, GT has been proposed
because it has shown efficacy in animal models by reducing
glycogen accumulation in the myocardium and motoneurons
[105]. Currently, several clinical trials are underway for
gene replacement therapy using AAV vectors of different
serotypes (AAV1, AAV2/8, AAV9) carrying the GAA gene for
intramuscular or intravenous administration [104].

X-linked myotubular myopathy is another neuromuscular
disease candidate for GT. In dogs, the administration of AAV
with the myotubularin gene (MTMT) resulted in a significant
improvement in muscle strength and survival [106]. However,
a clinical trial revealed severe hepatotoxicity in patients
receiving high doses of AAV8 with the MTM1 gene, resulting
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in two deaths. The mechanisms that caused these adverse
events are not fully understood. It is possible that the presence
of antibodies in patients with AAV or comorbidities may have
influenced the development of adverse events [107].

Development of direct GT methods with delivery
to the CNS

Delivery of genes to the CNS and organs responsible for
hearing and vision presents a significant challenge owing to
physiological barriers such as the BBB. To overcome this
limitation, various methods, including intraocular, intravitreal,
and subconjunctival injections, have been applied to target
the visual and auditory organs and treat neurosensory
disorders. Direct infusion of AAV is the most commonly used
method for delivering therapeutic genes to the brain. However,
other delivery strategies, such as ICV, intracisternal, and
intrathecal routes into the cerebrospinal fluid or bloodstream,
may be useful for treating multifocal diseases.

The administration of drugs directly into the CNS requires
a surgical procedure that involves the insertion of a needle or
a flexible fused-silica catheter into the parenchyma through
trepanation holes drilled in the skull. The patient is anesthetized
and held inside a stereotactic frame during the procedure.
Intracerebral injection of AAV was the first vector delivery
method and is still commonly used in clinical trials because
of its generally well-tolerated nature [94, 108-111].

Intranasal delivery is a noninvasive alternative that can
restore therapeutic lysosomal enzyme levels. These enzymes
can diffuse into the CNS after secretion. Additionally,
intramuscular or intraspinal injections of AAV are used to
treat certain motor neuron diseases [94].

Local administration of the vector has significant
advantages over systemic administration. First, it allows
for the maximum concentration of the vector in the target
tissues. Second, it reduces the extent of biodistribution and
associated risks of immunogenicity and toxicity.

Multilevel injections into the spinal cord parenchyma
have been successfully applied in preclinical conditions in
mouse models of ALS [112-114] in motor neuron diseases.
However, the translation of such approaches to larger
mammals and clinical trials is challenging because of
the high risks of surgical intervention. In addition to the risk
of viral or bacterial infection, bleeding, and edema inherent in
any neurosurgical intervention, the main limitation associated
with stereotactic AAV injection is the vector’s limited diffusion
into the parenchyma. To enhance vector diffusion in animal
models, a convection-enhanced delivery technique has
been used, or the vector is coinjected with heparin [115] or
mannitol [116]. In animal models, researchers have studied
the administration of vectors through intraventricular,
intracisternal, and intrathecal routes.

As previously stated, the BBB is a complex biological
barrier composed of layers of brain endothelial cells
connected by tight contacts, pericytes, and astrocytes.
Attempts to compromise its integrity to facilitate the delivery
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of therapeutic agents, such as mannitol, have been linked to
significant side effects [116, 117].

Importantly, the injected transgene is expressed in
different cell types depending on the age of the organism.
For instance, in newborn mice, the transgene is expressed
in neurons, whereas in adults, it is expressed in astroglia
[54]. Similar results were obtained in rhesus macaques.
Neurons were observed to be transduced after intravenous
infusion of AAV9 into newborn animals, whereas glia was
predominantly transduced when the vector was administered
to young monkeys [54, 118, 119].

Another serotype of AAV that can penetrate the BBB
during intravenous administration is the AAVrh10 variant.
According to Tanguy et al. [120], AAVrh10 has a higher
transduction efficiency than AAV9 in most of the central and
peripheral nervous systems. Interestingly, the distribution
of AAVrh10 did not alter with increasing vector dose,
whereas a dose-dependent effect was observed for AAV9
transduction, indicating that the two vectors have different
transduction mechanisms.

CONCLUSIONS

Vectors based on AAVs are the leading platform for
gene delivery and treatment of various human diseases. The
progress in this field of GT has been significantly boosted by
novel biotechnological methods for the rational development
of AAV capsids and optimization of genome design. Preclinical
and clinical studies have demonstrated the efficacy of GT
using AAV which are now considered an optimal therapeutic
vector which is supported by their efficacy and safety profiles.
The natural properties of various AAV serotypes and targeted
modifications of the capsid allow efficient transduction
of various cells and organs in the organism, including
nervous tissue. Marketing authorisarion of onasemnogene
abeparvovec — a GT drug for the treatment of SMA was
a crucial step in the development of similar therapies for
other neuromuscular diseases.

The long-term effects regarding efficacy and safety
of AAVs are still being studied. Current directions in
the development of GT mediated by these viruses include
creating new capsid modifications, modifying promoters and
enhancers, and exploring new routes and delivery methods
to achieve specific tissue tropism, improve safety, and
enable highly- effective treatments for neuromuscular and
neurodegenerative disease.

ADDITIONAL INFORMATION

Funding source. The search and analytical work and
the preparation of the article were carried out within
the framework of the state assignment of the Lomonosov
Moscow State University. The publication of the article in
the journal carried out by order the “Eco-Vector” publishing
house.

93



94

HAYYHbI/ 0B30P

Competing interests. The authors declare that they have no
competing interests.

Authors' contribution. All authors confirm that their authorship
meets the international ICMJE criteria (all authors have made
a significant contribution to the development of the concept,
research and preparation of the article, read and approved
the final version before publication). E.A. Slobodkina —
literature review, collection and analysis of literary sources,
writing and editing the article; Jh.A. Akopyan — literature
review, collection and analysis of literary sources, writing
and editing the article; P.I. Makarevich — literature review,
collection and analysis of literary sources, writing and editing
the article.

AO0NOJIHUTE/IbHAA UHOOPMALIUA

WUcTouHnk ¢uHaHcmpoBaHmA. [101CKOBO-aHaNUTUYECKYIO
paboTy M MOArOTOBKY CTaTbM OCYLLECTBAAAM B paMKax

REFERENCES

1. Drouin LM, Agbandje-Mckenna M. Adeno-associated virus
structural biology as a tool in vector development. Future Virol.
2013;8(12):1183-1199. doi: 10.2217/fv1.13.112

2. Mitchell AM, Nicolson SC, Warischalk JK, Samulski RJ.
AAVs anatomy: roadmap for optimizing vectors for trans-
lational success. Curr Gene Ther. 2010;10(5):319-340.
doi: 10.2174/156652310793180706

3. Mendell JR, Sahenk Z, Lehman K, et al. Assessment of sys-
temic delivery of rAAVrh74.MHCK7.micro-dystrophin in chil-
dren with duchenne muscular dystrophy: a nonrandomized
controlled trial. JAMA Neurol. 2020;77(9):1122-1131. doi:
10.1001/jamaneurol.2020.1484

4. Thwaite R, Pages G, Chillon M, Bosch A. AAVrh.10 immuno-
genicity in mice and humans. Relevance of antibody cross-reac-
tivity in human gene therapy. Gene Ther. 2015;22(2):196-201. doi:
10.1038/gt.2014.103

5. Qing K, Mah C, Hansen J, et al. Human fibroblast growth factor
receptor 1 is a co-receptor for infection by adeno-associated virus 2.
Nat Med. 1999;5(1):71-77. doi: 10.1038/4758

6. LingC, LuY, Kalsi JK, et al. Human hepatocyte growth factor re-
ceptor is a cellular coreceptor for adeno-associated virus serotype 3.
Hum Gene Ther. 2010;21(12):1741-1747. doi: 10.1089/hum.2010.075
7. Srivastava A. In vivo tissue-tropism of adeno-asso-
ciated viral vectors. Curr Opin Virol. 2016;21:75-80. doi:
10.1016/j.coviro.2016.08.003

8. Pillay S, Meyer NL, Puschnik AS, et al. An essential receptor for
adeno-associated virus infection. Nature. 2016;530(7588):108—112.
Corrected and republished from: Nature. 2016 Nov 17;539(7629):456.
doi: 10.1038/nature16465

9. Nieuwenhuis B, Laperrousaz E, Tribble JR, et al. Improving ad-
eno-associated viral (AAV) vector-mediated transgene expression

Tom 19 N 1, 2024

DOl https://doi.org/1017816/9c516537

[eHbl 1 KNeTKK

rocyaapcTBeHHoro 3agaHuAa MY mmenn M.B. JloMoHocoBa.
MybnnKauma cTaTby B KypHane npoBefeHa no 3akasy u3fa-
TenbCTBa «3IKo-BeKTop».

KoHnuKT MHTepecoB. ABTOpbI JeKNapupyioT OTCYTCTBYE AB-
HbIX M MOTEHUMANbHBIX KOHPAMKTOB MHTEPECOB, CBA3AHHbIX
C NybnMKaLmen HacToALLIEN CTaTbu.

Bknap aBTopoB. Bce aBTOpbl MOATBEPHOAIOT COOTBETCTBUE
CBOEro aBTOPCTBa MeayHapoaHsiM Kputepuam ICMJE (sce
aBTOPbI BHEC/IN CYLLECTBEHHBIN BKNA B pa3paboTKy KoHLen-
Ly, NpOBeAeHNe MCCNeA0BaHUA M MOAraTOBKY CTaTby, MPOUK
W opjobpun GrHanbHYIo Bepcuio neped Nybnvkauvei). Ham-
bonbLUMI BKNaJ pacnpedenéH cnemytolwmm obpasom: EA. Cro-
boOK1Ha — 0630p nMTEpaTypbl, CHOp U aHanM3 NUTepaTypHbIX
MCTOYHWMKOB, HamWCaHWe TEKCTa WM pefaKTVMpOBaHWe CTaTb;
H.A. AkonAH — o630p uTepatyphl, cbop W aHanu3 nuTepa-
TYPHbIX MCTO4YHMKOB, MOAFOTOBKA U HaMMCaHWe TeKCTa CTaTby;
M.11. MaKapeBny — 0630p nmTepaTypbl, C6op 1 aHanu3 nuTe-
PaTypPHbIX MCTOYHMKOB, MOArOTOBKA W HAMKCaHWE TEKCTa CTaTbul.

in retinal ganglion cells: comparison of five promoters. Gene Ther.
2023;30(6):503-519. doi: 10.1038/s41434-022-00380-z

10. Georgiadis A, Duran Y, Ribeiro J, et al. Development of an op-
timized AAV2/5 gene therapy vector for Leber congenital amau-
rosis owing to defects in RPE65. Gene Ther. 2016;23(12):857-862.
Corrected and republished from: Gene Ther. 2018;25(6):450.
doi: 10.1038/gt.2016.66

11. Hinderer C, Katz N, Buza EL, et al. Severe toxicity in nonhuman
primates and piglets following high-dose intravenous administration
of an adeno-associated virus vector expressing human SMN. Hum
Gene Ther. 2018;29(3):285-298. doi: 10.1089/hum.2018.015

12. Kuzmin DA, Shutova M, Johnston NR, et al. The clinical land-
scape for AAV gene therapies. Nat Rev Drug Discov. 2021;20(3):173-
174. doi: 10.1038/d41573-021-00017-7

13. Au HKE, Isalan M, Mielcarek M. Gene therapy advances: a me-
ta-analysis of AAV usage in clinical settings. Front Med (Lausanne).
2022;8:809118. doi: 10.3389/fmed.2021.809118

14. Nieuwenhuis B, Haenzi B, Hilton S, et al. Optimization of ade-
no-associated viral vector-mediated transduction of the corticos-
pinal tract: comparison of four promoters. Gene Ther. 2021;28(1-
2):56=74. doi: 10.1038/s41434-020-0169-1

15. https://investors.meiragtx.com/ [Internet]. MeiraGTx. Mei-
raGTx announces acquisition of vector neurosciences, gains phase
2 gene therapy program for Parkinson's disease. 2018. Available
from: https://investors.meiragtx.com/news-releases/news-re-
lease-details/meiragtx-announces-acquisition-vector-neuroscienc-
es-gains-phase/

16. https://www.ema.europa.eu/ [Internet]. EMA. European Medi-
cines Agency recommends first gene therapy for approval. 2012.
Available from: https://www.ema.europa.eu/en/news/europe-
an-medicines-agency-recommends-first-gene-therapy-approval



https://doi.org/10.2217/fvl.13.112
https://doi.org/10.2174/156652310793180706
https://doi.org/10.1001/jamaneurol.2020.1484
https://doi.org/10.1038/gt.2014.103
https://doi.org/10.1038/4758
https://doi.org/10.1089/hum.2010.075
https://doi.org/10.1016/j.coviro.2016.08.003
https://doi.org/10.1038/nature16465
https://doi.org/10.1038/s41434-022-00380-z
https://doi.org/10.1038/gt.2016.66
https://doi.org/10.1089/hum.2018.015
https://doi.org/10.1038/d41573-021-00017-7
https://doi.org/10.3389/fmed.2021.809118
https://doi.org/10.1038/s41434-020-0169-1
https://investors.meiragtx.com/
https://investors.meiragtx.com/news-releases/news-release-details/meiragtx-announces-acquisition-vector-neurosciences-gains-phase/
https://investors.meiragtx.com/news-releases/news-release-details/meiragtx-announces-acquisition-vector-neurosciences-gains-phase/
https://investors.meiragtx.com/news-releases/news-release-details/meiragtx-announces-acquisition-vector-neurosciences-gains-phase/
https://www.ema.europa.eu/
https://www.ema.europa.eu/en/news/european-medicines-agency-recommends-first-gene-therapy-approval
https://www.ema.europa.eu/en/news/european-medicines-agency-recommends-first-gene-therapy-approval

REVIEW

17. https://www.ema.europa.eu/ [Internet]. EMA. Glybera. Ex-
piry of the marketing authorisation in the European Union. 2017.
Available from: https://www.ema.europa.eu/en/documents/pub-
lic-statement/public-statement-glybera-expiry-marketing-authori-
sation-european-union_en.pdf

18. https://www.fda.gov/ [Internet]. FDA. FDA approves novel gene
therapy to treat patients with a rare form of inherited vision loss.
2017. Available from: https://www.fda.gov/news-events/press-an-
nouncements/fda-approves-novel-gene-therapy-treat-patients-ra-
re-form-inherited-vision-loss

19. https://www.fda.gov/ [Internet]. FDA. FDA approves innovative
gene therapy to treat pediatric patients with spinal muscular atro-
phy, a rare disease and leading genetic cause of infant mortality.
2019. Available from: https://www.fda.gov/news-events/press-an-
nouncements/fda-approves-innovative-gene-therapy-treat-pediat-
ric-patients-spinal-muscular-atrophy-rare-disease

20. https://www.ema.europa.eu/ [Internet]. EMA. Upstaza. 2022.
Available from: https://www.ema.europa.eu/en/medicines/human/
EPAR/upstaza

21. https://www.fda.gov/ [Internet]. FDA. HEMGENIX. 2023. Availa-
ble from: https://www.fda.gov/vaccines-blood-biologics/vaccines/
hemgenix

22. https://www.fda.gov/ [Internet]. FDA. FDA Approves First Gene
Therapy for Adults with Severe Hemophilia A. 2023. Available
from: https://www.fda.gov/news-events/press-announcements/
fda-approves-first-gene-therapy-adults-severe-hemophilia#:~:-
text=The FDA granted approval of Roctavian to BioMarin Phar-
maceutical Inc

23. Hoy SM. Delandistrogene moxeparvovec: first approval. Drugs.
2023;83(14):1323-1329. doi: 10.1007/s40265-023-01929-x

24, The American Society of Gene and Cell Therapy (ASGCT). ASGCT/
Citeline Quarterly Report: Q1 2023. 2023.

25. Shieh PB, Bdnnemann CG, Miiller-Felber W, et al. Re: “maving
forward after two deaths in a gene therapy trial of myotubular my-
opathy” by wilson and flotte. Hum Gene Ther. 2020;31(15-16):787.
doi: 10.1089/hum.2020.217

26. Martino AT, Suzuki M, Markusic DM, et al. The genome
of self-complementary adeno-associated viral vectors increases
Toll-like receptor 9—dependent innate immune responses in the liver.
Blood. 2011;117(24):6459—6468. doi: 10.1182/blood-2010-10-314518
27. Hosel M, Broxtermann M, Janicki H, et al. Toll-like receptor
2-mediated innate immune response in human nonparenchymal
liver cells toward adeno-associated viral vectors. Hepatology.
2011;55(1):287-297. doi: 10.1002/hep.24625

28. Pipe S, Leebeek FWG, Ferreira V, et al. Clinical considerations
for capsid choice in the development of liver-targeted AAV-Based
gene transfer. Mol Ther Methods Clin Dev. 2019;15:170-178. doi:
10.1016/j.omtm.2019.08.015

29. Carestia A, Kim SJ, Horling F, et al. Modulation of the liver im-
mune microenvironment by the adeno-associated virus serotype 8

Vol. 19 (1) 2024

DOl https://doi.org/1017816/9c516537

Genes & cells

gene therapy vector. Mol Ther Methods Clin Dev. 2021;20:95-108.
doi: 10.1016/j.0mtm.2020.10.023

30. Chand D, Mohr F, McMillan H, et al. Hepatotoxicity follow-
ing administration of onasemnogene abeparvovec (AVXS-101) for
the treatment of spinal muscular atrophy. J Hepatol. 2021;74(3):560—
566. doi: 10.1016/}.jhep.2020.11.001

31. Valavi E, Aminzadeh M, Amouri P, et al. Effect of prednisolone on
linear growth in children with nephrotic syndrome. J Pediatr (Rio J).
2020;96(1):117-124. doi: 10.1016/j.jped.2018.07.014

32. Mushtaq T, Ahmed SF. The impact of corticosteroids on growth and
bone health. Arch Dis Child. 2002;87(2):93-96. doi: 10.1136/adc.87.2.93
33. Boutin S, Monteilhet V, Veron P, et al. Prevalence of serum IgG
and neutralizing factors against adeno-associated virus (AAV) types
1,2, 5, 6,8 and 9 in the healthy population: implications for gene
therapy using AAV vectors. Hum Gene Ther. 2010;21(6):704-712.
doi: 10.1089/hum.2009.182

34. Calcedo R, Vandenberghe LH, Gao G, et al. Worldwide epidemi-
ology of neutralizing antibodies to adeno-assaciated viruses. J Infect
Dis. 2009;199(3):381-390. doi: 10.1086/595830

35. Day JW, Finkel RS, Mercuri E, et al. Adeno-associated virus se-
rotype 9 antibodies in patients screened for treatment with onase-
mnogene abeparvovec. Mol Ther Methods Clin Dev. 2021;21:76-82.
doi: 10.1016/j.0omtm.2021.02.014

36. Salvatore MF, Ai Y, Fischer B, et al. Paint source concentration
of GDNF may explain failure of phase Il clinical trial. Exp Neurol.
2006;202(2):497-505. doi: 10.1016/j.expneurol.2006.07.015

37. Richardson RM, Kells AP, Rosenbluth KH, et al. Interventional
MRI-guided putaminal delivery of AAV2-GDNF for a planned clin-
ical trial in parkinson's disease. Mol Ther. 2011;19(6):1048—1057.
doi: 10.1038/mt.2011.11

38. Douglas JT. Adenoviral vectors for gene therapy. Mol Biotechnol.
2007;36(1):71-80. doi: 10.1007/s12033-007-0021-5

39. Sabatino DE, Bushman FD, Chandler RJ, et al. Evaluating
the state of the science for adeno-associated virus integration:
an integrated perspective. Mol Ther. 2022;30(8):2646-2663. doi:
10.1016/j.ymthe.2022.06.004

40. Nguyen GN, Everett JK, Kafle S, et al. A long-term study of AAV
gene therapy in dogs with hemophilia A identifies clonal expansions
of transduced liver cells. Nat Biotechnol. 2021:39(1):47-55. doi:
10.1038/s41587-020-0741-7

41. Nakai H, Montini E, Fuess S, et al. AAV serotype 2 vec-
tors preferentially integrate into active genes in mice. Nat Genet.
2003;34(3):297-302. doi: 10.1038/ng1179

42. Donsante A, Miller DG, Li Y, et al. AAV vector integration sites in
mouse hepatocellular carcinoma. Science. 2007;317(5837):477. doi:
10.1126/science.1142658

43. Wang L, Xiao R, Andres-Mateos E, Vandenberghe LH. Single
stranded adeno-associated virus achieves efficient gene transfer to
anterior segment in the mouse eye. PLoS One. 2017;12(8):e0182473.
doi: 10.1371/journal.pone.0182473



https://www.ema.europa.eu/
https://www.ema.europa.eu/en/documents/public-statement/public-statement-glybera-expiry-marketing-authorisation-european-union_en.pdf
https://www.ema.europa.eu/en/documents/public-statement/public-statement-glybera-expiry-marketing-authorisation-european-union_en.pdf
https://www.ema.europa.eu/en/documents/public-statement/public-statement-glybera-expiry-marketing-authorisation-european-union_en.pdf
https://www.fda.gov/
https://www.fda.gov/news-events/press-announcements/fda-approves-novel-gene-therapy-treat-patients-rare-form-inherited-vision-loss
https://www.fda.gov/news-events/press-announcements/fda-approves-novel-gene-therapy-treat-patients-rare-form-inherited-vision-loss
https://www.fda.gov/news-events/press-announcements/fda-approves-novel-gene-therapy-treat-patients-rare-form-inherited-vision-loss
https://www.fda.gov/
https://www.fda.gov/news-events/press-announcements/fda-approves-innovative-gene-therapy-treat-pediatric-patients-spinal-muscular-atrophy-rare-disease
https://www.fda.gov/news-events/press-announcements/fda-approves-innovative-gene-therapy-treat-pediatric-patients-spinal-muscular-atrophy-rare-disease
https://www.fda.gov/news-events/press-announcements/fda-approves-innovative-gene-therapy-treat-pediatric-patients-spinal-muscular-atrophy-rare-disease
https://www.ema.europa.eu/
https://www.ema.europa.eu/en/medicines/human/EPAR/upstaza
https://www.ema.europa.eu/en/medicines/human/EPAR/upstaza
https://www.fda.gov/
https://www.fda.gov/vaccines-blood-biologics/vaccines/hemgenix
https://www.fda.gov/vaccines-blood-biologics/vaccines/hemgenix
https://www.fda.gov/
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapy-adults-severe-hemophilia#:~:text=The
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapy-adults-severe-hemophilia#:~:text=The
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapy-adults-severe-hemophilia#:~:text=The
https://doi.org/10.1007/s40265-023-01929-x
https://doi.org/10.1089/hum.2020.217
https://doi.org/10.1182/blood-2010-10-314518
https://doi.org/10.1002/hep.24625
https://doi.org/10.1016/j.omtm.2019.08.015
https://doi.org/10.1016/j.omtm.2020.10.023
https://doi.org/10.1016/j.jhep.2020.11.001
https://doi.org/10.1016/j.jped.2018.07.014
https://doi.org/10.1136/adc.87.2.93
https://doi.org/10.1089/hum.2009.182
https://doi.org/10.1086/595830
https://doi.org/10.1016/j.omtm.2021.02.014
https://doi.org/10.1016/j.expneurol.2006.07.015
https://doi.org/10.1038/mt.2011.11
https://doi.org/10.1007/s12033-007-0021-5
https://doi.org/10.1016/j.ymthe.2022.06.004
https://doi.org/10.1038/s41587-020-0741-7
https://doi.org/10.1038/ng1179
https://doi.org/10.1126/science.1142658
https://doi.org/10.1371/journal.pone.0182473

96

HAYYHbI/ 0B30P

44, Feldman EL, Goutman SA, Petri S, et al. Amyotrophic lat-
eral sclerosis. Lancet. 2022;400(10360):1363-1380. doi:
10.1016/S0140-6736(22)01272-7

45. Brzustowicz LM, Lehner T, Castilla LH, et al. Genetic map-
ping of chronic childhood-onset spinal muscular atrophy to
chromosome 5q11.2-13.3. Nature. 1990;344(6266):540-541.
doi: 10.1038/344540a0

46. Biirglen L, Lefebvre S, Clermont O, et al. Structure and organi-
zation of the human survival motor neurone (SMN) gene. Genomics.
1996;32(3):479-482. doi: 10.1006/geno.1996.0147

47. https://www.ninds.nih.gov/ [Internet]. National Institute of Nei-
rological Disorders and Stroke. Spinal muscular atrophy. Available
from: https://www.ninds.nih.gov/health-information/disorders/spi-
nal-muscular-atrophy

48. Singh NN, Howell MD, Androphy EJ, Singh RN. How the discov-
ery of ISS-N1 led to the first medical therapy for spinal muscular
atrophy. Gene Ther. 2017;24(9):520-526. doi: 10.1038/gt.2017.34
49. https://investors.biogen.com/ [Internet]. Biogen Inc. Spinraza
prescribing information. 2016. Available from: https://investors.
biogen.com/news-releases/news-release-details/new-data-cure-
sma-highlight-potential-benefit-spinrazar

50. Ratni H, Ebeling M, Baird J, et al. Discovery of Risdiplam, a se-
lective survival of motor neuron-2 (SMN2) gene splicing modifier
for the treatment of spinal muscular atrophy (SMA). J Med Chem.
2018;61(15):6501-6517. doi: 10.1021/acs.jmedchem.8b00741

51. https://www.novartis.com/ [Internet]. Novartis Gene Therapies
Inc. Zolgensma prescribing information. 2023. Available from: https://
www.novartis.com/us-en/sites/novartis_us/files/zolgensma.pdf
52. https://www.ema.europa.eu/ [Internet]. Novartis Europharm
Limited. Zolgensma. Onasemnogene abeparvovec. 2020. Available
from: https://www.ema.europa.eu/en/medicines/human/EPAR/
zolgensma

53. Cearley CN, Wolfe JH. Transduction characteristics of ad-
eno-associated virus vectors expressing cap serotypes 7, 8, 9,
and Rh10 in the mouse brain. Mol Ther. 2006;13(3):528-537. doi:
10.1016/j.ymthe.2005.11.015

54. Foust KD, Nurre E, Montgomery CL, et al. Intravascular AAV9
preferentially targets neonatal neurons and adult astrocytes. Nat
Biotechnol. 2009;27(1):59-65. doi: 10.1038/nbt.1515

55. Rudnik-Schoneborn S, Heller R, Berg C, et al. Congenital heart
disease is a feature of severe infantile spinal muscular atrophy.
J Med Genet. 2008;45(10):635—638. doi: 10.1136/jmg.2008.057950
56. Bowerman M, Swoboda KJ, Michalski JP, et al. Glucose me-
tabolism and pancreatic defects in spinal muscular atrophy. Ann
Neurol. 2012;72(2):256-268. doi: 10.1002/ana.23582

57. Hamilton G, Gillingwater TH. Spinal muscular atrophy: going
beyond the motor neuron. Trends Mol Med. 2013;19(1):40-50. doi:
10.1016/j.molmed.2012.11.002

58. Mendell JR, Al-Zaidy SA, Lehman KJ, et al. Five-year extension
results of the phase 1 START trial of onasemnogene abeparvovec

Tom 19 N 1, 2024

DOl https://doi.org/1017816/9c516537

[eHbl 1 KNeTKK

in spinal muscular atrophy. JAMA Neurol. 2021;78(7):834-841. doi:
10.1001/jamaneurol.2021.1272

59. Erdos J, Wild C. Mid- and long-term (at least 12 months) fol-
low-up of patients with spinal muscular atrophy (SMA) treated with
nusinersen, onasemnogene abeparvovec, risdiplam or combination
therapies: a systematic review of real-world study data. Eur J Pae-
diatr Neurol. 2022;39:1-10. doi: 10.1016/].ejpn.2022.04.006

60. Mendell J, Wigderson M, Alecu |, et al. Long-term follow-up
of onasemnogene abeparvovec gene therapy in patients with spi-
nal muscular atrophy type 1. Neurology. 2023;100(17 Suppl. 2). doi:
10.1212/WNL.0000000000202549

61. Mendell JR, Al-Zaidy S, Shell R, et al. Single-dose gene-re-
placement therapy for spinal muscular atrophy. N Engl J Med.
2017;377(18):1713-1722. doi: 10.1056/NEJM0a1706198

62. Mercuri E, Muntoni F, Baranello G, et al. Onasemnogene ab-
eparvovec gene therapy for symptomatic infantile-onset spinal
muscular atrophy type 1 (STR1VE-EU): an open-label, single-arm,
multicentre, phase 3 trial. Lancet Neurol. 2021;20(10):832—-841. doi:
10.1016/S1474-4422(21)00251-9

63. Day JW, Finkel RS, Chiriboga CA, et al. Onasemnogene abep-
arvovec gene therapy for symptomatic infantile-onset spinal mus-
cular atrophy in patients with two copies of SMN2 (STRTVE): an
open-label, single-arm, multicentre, phase 3 trial. Lancet Neurol.
2021;20(4):284-293. doi: 10.1016/S1474-4422(21)00001-6

64, Strauss KA, Farrar MA, Muntoni F, et al. Onasemnogene abe-
parvovec for presymptomatic infants with two copies of SMN2 at
risk for spinal muscular atrophy type 1: the phase Il SPRINT trial.
Nat Med. 2022;28(7):1381-1389. doi: 10.1038/s41591-022-01866-4
65. Strauss KA, Farrar MA, Muntoni F, et al. Onasemnogene abe-
parvovec for presymptomatic infants with three copies of SMN2 at
risk for spinal muscular atrophy: the phase Il SPRINT trial. Nat Med.
2022;28(7):1390-1397. doi: 10.1038/s41591-022-01867-3

66. Darras B, Mercuri E, Strauss K, et al. Intravenous and intrath-
ecal onasemnogene abeparvovec gene therapy in symptomatic
and presymptomatic spinal muscular atrophy: Long-Term Fol-
low-Up Study (S34.002). Neurology. 2023;100(17 Suppl. 2). doi:
10.1212/WNL.0000000000202555

67. Reilly A, Chehade L, Kothary R. Curing SMA: are we there yet?
Gene Ther. 2023;30(1-2):8-17. doi: 10.1038/s41434-022-00349-y
68. Besse A, Astord S, Marais T, et al. AAV9-mediated expression
of SMN restricted to neurons does not rescue the spinal muscular
atrophy phenotype in mice. Mol Ther. 2020;28(8):1887-1901. doi:
10.1016/j.ymthe.2020.05.011

69. Muzyczka N, Warrington KH Jr. Custom adeno-associat-
ed virus capsids: the next generation of recombinant vectors
with novel tropism. Hum Gene Ther. 2005;16(4):408-416. doi:
10.1089/hum.2005.16.408

70. Yu CY, Yuan Z, Cao Z, et al. A muscle-targeting peptide displayed
on AAV2 improves muscle tropism on systemic delivery. Gene Ther.
2009;16(8):953-962. doi: 10.1038/gt.2009.59



https://doi.org/10.1016/S0140-6736(22)01272-7
https://doi.org/10.1038/344540a0
https://doi.org/10.1006/geno.1996.0147
https://www.ninds.nih.gov/
https://www.ninds.nih.gov/health-information/disorders/spinal-muscular-atrophy
https://www.ninds.nih.gov/health-information/disorders/spinal-muscular-atrophy
https://doi.org/10.1038/gt.2017.34
https://investors.biogen.com/
https://investors.biogen.com/news-releases/news-release-details/new-data-cure-sma-highlight-potential-benefit-spinrazar
https://investors.biogen.com/news-releases/news-release-details/new-data-cure-sma-highlight-potential-benefit-spinrazar
https://investors.biogen.com/news-releases/news-release-details/new-data-cure-sma-highlight-potential-benefit-spinrazar
https://doi.org/10.1021/acs.jmedchem.8b00741
https://www.novartis.com/
https://www.novartis.com/us-en/sites/novartis_us/files/zolgensma.pdf
https://www.novartis.com/us-en/sites/novartis_us/files/zolgensma.pdf
https://www.ema.europa.eu/
https://www.ema.europa.eu/en/medicines/human/EPAR/zolgensma
https://www.ema.europa.eu/en/medicines/human/EPAR/zolgensma
https://doi.org/10.1016/j.ymthe.2005.11.015
https://doi.org/10.1038/nbt.1515
https://doi.org/10.1136/jmg.2008.057950
https://doi.org/10.1002/ana.23582
https://doi.org/10.1016/j.molmed.2012.11.002
https://doi.org/10.1001/jamaneurol.2021.1272
https://doi.org/10.1016/j.ejpn.2022.04.006
https://doi.org/10.1212/WNL.0000000000202549
https://doi.org/10.1056/NEJMoa1706198
https://doi.org/10.1016/S1474-4422(21)00251-9
https://doi.org/10.1016/S1474-4422(21)00001-6
https://doi.org/10.1038/s41591-022-01866-4
https://doi.org/10.1038/s41591-022-01867-3
https://doi.org/10.1212/WNL.0000000000202555
https://doi.org/10.1038/s41434-022-00349-y
https://doi.org/10.1016/j.ymthe.2020.05.011
https://doi.org/10.1089/hum.2005.16.408
https://doi.org/10.1038/gt.2009.59

REVIEW

71. Liqun Wang R, McLaughlin T, Cossette T, et al. Recombinant
AAV serotype and capsid mutant comparison for pulmonary gene
transfer of a-1-antitrypsin using invasive and noninvasive delivery.
Mol Ther. 2009;17(1):81-87. doi: 10.1038/mt.2008.217

72. Work LM, Biining H, Hunt E, et al. Vascular bed-targeted in vivo
gene delivery using tropism-maodified adeno-associated viruses. Mol
Ther. 2006;13(4):683-693. doi: 10.1016/j.ymthe.2005.11.013

73. Miiller 0J, Kaul F, Weitzman MD, et al. Random peptide li-
braries displayed on adeno-associated virus to select for targeted
gene therapy vectors. Nat Biotechnol. 2003;21(9):1040-1046. doi:
10.1038/nbt856

74. White SJ, Nicklin SA, Bining H, et al. Targeted gene deliv-
ery to vascular tissue in vivo by tropism-modified adeno-as-
sociated virus vectors. Circulation. 2004;109(4):513-519. doi:
10.1161/01.CIR.0000109697.68832.5D

75. Loiler SA, Conlon TJ, Song S, et al. Targeting recombinant
adeno-associated virus vectors to enhance gene transfer to pan-
creatic islets and liver. Gene Ther. 2003;10(18):1551-1558. doi:
10.1038/sj.9t.3302046

76. Grifman M, Trepel M, Speece P, et al. Incorporation of tu-
mor-targeting peptides into recombinant adeno-associated virus
capsids. Mol Ther. 2001;3(6):964-975. doi: 10.1006/mthe.2001.0345
77. Perabo L, Blning H, Kofler DM, et al. In vitro selection of viral
vectors with modified tropism: the adeno-associated virus display.
Mol Ther. 2003;8(1):151-157. doi: 10.1016/S1525-0016(03)00123-0
78. Grimm D, Lee JS, Wang L, et al. In vitro and in vivo gene ther-
apy vector evolution via multispecies interbreeding and retargeting
of adeno-associated viruses. J Virol. 2008;82(12):5887-5911. doi:
10.1128/jvi.00254-08

79. Rabinowitz JE, Bowles DE, Faust SM, et al. Cross-dress-
ing the virion the transcapsidation of adeno-associated. J Virol.
2004;78(9):4421-32. doi: 10.1128/vi.78.9.4421-4432.2004

80. Gigout L, Rebollo P, Clement N, et al. Altering AAV tropism
with mosaic viral capsids. Mol Ther. 2005;11(6):856—865. doi:
10.1016/j.ymthe.2005.03.005

81. Bartlett JS, Kleinschmidt J, Boucher RC, Samulski RJ. Target-
ed adeno-assaciated virus vector transduction of nonpermissive
cells mediated by a bispecific F(ab'y)2 antibody. Nat Biotechnol.
1999;17(2):181-186. Corrected and republished from: Nat Biotech-
nol. 1999;17(4):393. doi: 10.1038/6185

82. Stachler MD, Chen |, Ting AY, Bartlett JS. Site-specific modifi-
cation of AAV vector particles with biophysical probes and targeting
ligands using biotin ligase. Mol Ther. 2008;16(8):1467-1473. doi:
10.1038/mt.2008.129

83. Amold GS, Sasser AK, Stachler MD, Bartlett JS. Metabolic bioti-
nylation provides a unique platform for the purification and targeting
of multiple AAV vector serotypes. Mol Ther. 2006;14(1):97-106. doi:
10.1016/j.ymthe.2006.02.014

84. Carlisle RC, Benjamin R, Briggs SS, et al. Coating of adeno-as-
sociated virus with reactive polymers can ablate virus tropism,

Vol. 19 (1) 2024

DOl https://doi.org/1017816/9c516537

Genes & cells

enable retargeting and provide resistance to neutralising antisera.
J Gene Med. 2008;10(4):400-411. doi: 10.1002/jgm.1161

85. Lee GK, Maheshri N, Kaspar B, Schaffer DV. PEG conjugation mad-
erately protects adeno-associated viral vectors against antibody neu-
tralization. Biotechnol Bioeng. 2005;92(1):24-34. doi: 10.1002/bit.20562
86. Fein DE, Limberis MP, Maloney SF, et al. Cationic lipid formu-
lations alter the in vivo tropism of AAV2/9 vector in lung. Mol Ther.
2009;17(12):2078-2087. doi: 10.1038/mt.2009.173

87. Jackson KL, Dayton RD, Deverman BE, Klein RL. Better targeting,
better efficiency for wide-scale neuronal transduction with the syn-
apsin promoter and AAV-PHP.B. Front Mol Neurosci. 2016;9:116.
Corrected and republished from: Front Mol Neurosci. 2016;9:154.
doi: 10.3389/fnmol.2016.00116

88. McLean JR, Smith GA, Rocha EM, et al. Widespread neuron-spe-
cific transgene expression in brain and spinal cord following synapsin
promoter-driven AAV9 neonatal intracerebroventricular injection.
Neurosci Lett. 2014;576:73-78. doi: 10.1016/j.neulet.2014.05.044
89. Watakabe A, Ohtsuka M, Kinoshita M, et al. Comparative anal-
yses of adeno-associated viral vector serotypes 1, 2, 5, 8 and 9
in marmoset, mouse and macaque cerebral cortex. Neurosci Res.
2015;93:144-157. doi: 10.1016/j.neures.2014.09.002

90. Dashkoff J, Lerner EP, Truong N, et al. Tailored transgene ex-
pression to specific cell types in the central nervous system af-
ter peripheral injection with AAV9. Mol Ther Methods Clin Dev.
2016;3:16081. doi: 10.1038/mtm.2016.81

91. Koh W, Park YM, Lee SE, Lee CJ. AAV-mediated astro-
cyte-specific gene expression under human ALDHIL1 promot-
er in mouse thalamus. Exp Neurobiol. 2017;26(6):350-361. doi:
10.5607/en.2017.26.6.350

92. Georgiou E, Sidiropoulou K, Richter J, et al. Gene therapy target-
ing oligodendrocytes provides therapeutic benefit in a leukodystro-
phy model. Brain. 2017;140(3):599-616. doi: 10.1093/brain/aww351
93. Kennedy LH, Rinholm JE. Visualization and live imaging of oli-
godendrocyte organelles in organotypic brain slices using adeno-as-
sociated virus and confocal microscopy. J Vis Exp. 2017;(128):56237.
doi: 10.3791/56237

94. Hudry E, Vandenberghe LH. Therapeutic AAV gene transfer to
the nervous system: a clinical reality. Neuron. 2019;101(5):839-862.
Corrected and republished from: Neuron. 2019;102(1):263. doi:
10.1016/j.neuron.2019.02.017

95. Pulicherla N, Shen S, Yadav S, et al. Engineering liver-detargeted
AAV9 vectors for cardiac and musculoskeletal gene transfer. Mol
Ther. 2011;19(6):1070-1078. doi: 10.1038/mt.2011.22

96. Wang D, Li S, Gessler DJ, et al. A rationally engineered cap-
sid variant of AAV9 for systemic CNS-directed and peripheral tis-
sue-detargeted gene delivery in neonates. Mol Ther Methods Clin
Dev. 2018;9:234-246. doi: 10.1016/j.omtm.2018.03.004

97. Deverman BE, Pravdo PL, Simpson BP, et al. Cre-dependent se-
lection yields AAV variants for widespread gene transfer to the adult
brain. Nat Biotechnol. 2016;34(2):204—209. doi: 10.1038/nbt.3440



https://doi.org/10.1038/mt.2008.217
https://doi.org/10.1016/j.ymthe.2005.11.013
https://doi.org/10.1038/nbt856
https://doi.org/10.1161/01.CIR.0000109697.68832.5D
https://doi.org/10.1038/sj.gt.3302046
https://doi.org/10.1006/mthe.2001.0345
https://doi.org/10.1016/S1525-0016(03)00123-0
https://doi.org/10.1128/jvi.00254-08
https://doi.org/10.1128/jvi.78.9.4421-4432.2004
https://doi.org/10.1016/j.ymthe.2005.03.005
https://doi.org/10.1038/6185
https://doi.org/10.1038/mt.2008.129
https://doi.org/10.1016/j.ymthe.2006.02.014
https://doi.org/10.1002/jgm.1161
https://doi.org/10.1002/bit.20562
https://doi.org/10.1038/mt.2009.173
https://doi.org/10.3389/fnmol.2016.00116
https://doi.org/10.1016/j.neulet.2014.05.044
https://doi.org/10.1016/j.neures.2014.09.002
https://doi.org/10.1038/mtm.2016.81
https://doi.org/10.5607/en.2017.26.6.350
https://doi.org/10.1093/brain/aww351
https://doi.org/10.3791/56237
https://doi.org/10.1016/j.neuron.2019.02.017
https://doi.org/10.1038/mt.2011.22
https://doi.org/10.1016/j.omtm.2018.03.004
https://doi.org/10.1038/nbt.3440

98

HAYYHbI/ 0B30P

98. Huang Q, Chan KY, Tobey |G, et al. Delivering genes across the blood-
brain barrier: LY6A, a novel cellular receptor for AAV-PHP.B capsids.
PLoS One. 2019;14(11):e0225206. doi: 10.1371/journal.pone.0225206
99. Mueller C, Berry JD, McKenna-Yasek DM, et al.  SOD1 sup-
pression with adeno-associated virus and microRNA in familial ALS.
N Engl J Med. 2020;383(2):151-158. doi: 10.1056/NEJM0a2005056
100. Nizzardo M, Simone C, Rizzo F, et al. Gene therapy rescues
disease phenotype in a spinal muscular atrophy with respiratory dis-
tress type 1 (SMARD1) mouse model. Sci Adv. 2015;1(2):e1500078.
doi: 10.1126/sciadv.1500078

101. Le Guiner C, Servais L, Montus M, et al. Long-term mi-
crodystrophin gene therapy is effective in a canine model
of Duchenne muscular dystrophy. Nat Commun. 2017;8:16105.
doi: 10.1038/ncomms16105

102. Hakim CH, Wasala NB, Pan X, et al. A five-repeat micro-dystro-
phin gene ameliorated dystrophic phenotype in the severe DBA/2J-
mdx model of duchenne muscular dystrophy. Mol Ther Methods Clin
Dev. 2017;6:216—230. doi: 10.1016/j.omtm.2017.06.006

103. Goedeker NL, Dharia SD, Griffin DA, et al. Evaluation
of rAAVrh74 gene therapy vector seroprevalence by measurement
of total binding antibodies in patients with Duchenne muscular dys-
trophy. Ther Adv Neurol Disord. 2023;16:17562864221149781. doi:
10.1177/17562864221149781

104. Gomez Limia C, Baird M, Schwartz M, et al. Emerging per-
spectives on gene therapy delivery for neurodegenerative and
neuromuscular disorders. J Pers Med. 2022;12(12):1979. doi:
10.3390/jpm12121979

105. Lim JA, Yi H, Gao F, et al. Intravenous injection of an AAV-
PHP.B vector encoding human acid a-glucosidase rescues both
muscle and CNS defects in murine pompe disease. Mol Ther Meth-
ods Clin Dev. 2019;12:233-245. doi: 10.1016/j.0mtm.2019.01.006
106. Mack DL, Poulard K, Goddard MA, et al. Systemic AAV8-me-
diated gene therapy drives whole-body correction of myotu-
bular myopathy in dogs. Mol Ther. 2017;25(4):839-854. doi:
10.1016/j.ymthe.2017.02.004

107. Wilson JM, Flotte TR. Moving forward after two deaths in
a gene therapy trial of myotubular myopathy. Hum Gene Ther.
2020;31(13-14):695-696. doi: 10.1089/hum.2020.182

108. Colle MA, Piguet F, Bertrand L, et al. Efficient intracerebral de-
livery of AAV5 vector encoding human ARSA in non-human primate.
Hum Mol Genet. 2010;19(1):147-158. doi: 10.1093/hmg/ddp475
109. https://classic.clinicaltrials.gov/ [Internet]. ClinicalErials.gov
archive. Study NCT01801709. A Phase I/1l, Open Labeled, Monocen-
tric Study of Direct Intracranial Administration of a Replication De-
ficient Adeno-associated Virus Gene Transfer Vector Serotype rh.10
Expressing the Human ARSA cDNA to Children With Metachromatic
Leukodystrophy. 2014. Available from: https://clinicaltrials.gov/ct2/
show/NCT01801709

Tom 19 N 1, 2024

DOl https://doi.org/1017816/9c516537

[eHbl 1 KNeTKK

110. https://clinicaltrials.gov/ [Internet]. A Phase |, Dose-Escalating
Study to Assess the Safety and Tolerability of CERE-110 [Adeno-As-
sociated Virus (AAV)-Based Vector-Mediated Delivery of Beta-Nerve
Growth Factor (NGF)] in Subjects With Mild to Moderate Alzheimer's
Disease. 2004. Available from: https://clinicaltrials.gov/ct2/show/
NCT00087789

111. Rafii MS, Tuszynski MH, Thomas RG, et al. Adeno-asso-
ciated viral vector (serotype 2)-nerve growth factor for patients
with alzheimer disease: a randomized clinical trial. JAMA Neurol.
2018;75(7):834-841. doi: 10.1001/jamaneurol.2018.0233

112. Azzouz M, Hottinger A, Paterna JC, et al. Increased moto-
neuron survival and improved neuromuscular function in trans-
genic ALS mice after intraspinal injection of an adeno-associated
virus encoding Bcl-2. Hum Mol Genet. 2000;9(5):803-811. doi:
10.1093/hmg/9.5.803

113. Franz CK, Federici T, Yang J, et al. Intraspinal cord delivery
of IGF-I mediated by adeno-associated virus 2 is neuroprotective in
a rat model of familial ALS. Neurobiol Dis. 2009:33(3):473-481. doi:
10.1016/j.nbd.2008.12.003

114. Hardcastle N, Boulis NM, Federici T. AAV gene delivery to
the spinal cord: serotypes, methods, candidate diseases, and
clinical trials. Expert Opin Biol Ther. 2018;18(3):293-307. doi:
10.1080/14712598.2018.1416089

115. Mastakov MY, Baer K, Kotin RM, During MJ. Recombinant ad-
eno-associated virus serotypes 2- and 5-mediated gene transfer in
the mammalian brain: quantitative analysis of heparin co-infusion.
Mol Ther. 2002;5(4):371-380. doi: 10.1006/mthe.2002.0564

116. Carty N, Lee D, Dickey C, et al. Convection-enhanced de-
livery and systemic mannitol increase gene product distribution
of AAV vectors 5, 8, and 9 and increase gene product in the adult
mouse brain. J Neurosci Methods. 2010;194(1):144-153. doi:
10.1016/j.jneumeth.2010.10.010

117. McCarty DM, DiRosario J, Gulaid K, et al. Mannitol-facilitated
CNS entry of rAAV2 vector significantly delayed the neurological dis-
ease progression in MPS IlIB mice. Gene Ther. 2009;16(11):1340-
1352. doi: 10.1038/gt.2009.85

118. Gray SJ, Matagne V, Bachaboina L, et al. Preclinical differ-
ences of intravascular aav9 delivery to neurons and glia: a com-
parative study of adult mice and nonhuman primates. Mol Ther.
2011;19(6):1058-1069. doi: 10.1038/mt.2011.72

119. Rahim AA, Wong AM, Hoefer K, et al. Intravenous administra-
tion of AAV2/9 to the fetal and neonatal mouse leads to differential
targeting of CNS cell types and extensive transduction of the nervous
system. FASEB J. 2011;25(10):3505-3518. doi: 10.1096/fj.11-182311
120. Tanguy Y, Biferi MG, Besse A, et al. Systemic AAVrh10 pro-
vides higher transgene expression than AAV9 in the brain and
the spinal cord of neonatal mice. Front Mol Neurosci. 2015;8:36. doi:
10.3389/fnmol.2015.00036



https://doi.org/10.1371/journal.pone.0225206
https://doi.org/10.1056/NEJMoa2005056
https://doi.org/10.1126/sciadv.1500078
https://doi.org/10.1038/ncomms16105
https://doi.org/10.1016/j.omtm.2017.06.006
https://doi.org/10.1177/17562864221149781
https://doi.org/10.3390/jpm12121979
https://doi.org/10.1016/j.omtm.2019.01.006
https://doi.org/10.1016/j.ymthe.2017.02.004
https://doi.org/10.1089/hum.2020.182
https://doi.org/10.1093/hmg/ddp475
https://classic.clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT01801709
https://clinicaltrials.gov/ct2/show/NCT01801709
https://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT00087789
https://clinicaltrials.gov/ct2/show/NCT00087789
https://doi.org/10.1001/jamaneurol.2018.0233
https://doi.org/10.1093/hmg/9.5.803
https://doi.org/10.1016/j.nbd.2008.12.003
https://doi.org/10.1080/14712598.2018.1416089
https://doi.org/10.1006/mthe.2002.0564
https://doi.org/10.1016/j.jneumeth.2010.10.010
https://doi.org/10.1038/gt.2009.85
https://doi.org/10.1038/mt.2011.72
https://doi.org/10.1096/fj.11-182311
https://doi.org/10.3389/fnmol.2015.00036

REVIEW

CMUCOK JIUTEPATYPbHI

1. Drouin LM., Agbandje-Mckenna M. Adeno-assaciated virus
structural biology as a tool in vector development // Future Virol.
2013. Vol. 8, N 12. P. 1183-1199. doi: 10.2217/fv1.13.112

2. Mitchell AM,, Nicolson S.C., Warischalk J.K., Samulski R.J.
AAV's anatomy: roadmap for optimizing vectors for translation-
al success // Curr Gene Ther. 2010. Vol. 10, N 5. P. 319-340. doi:
10.2174/156652310793180706

3. Mendell JR, Sahenk Z, Lehman K, et al. Assessment of sys-
temic delivery of rAAVrh74.MHCK7.micro-dystrophin in children
with duchenne muscular dystrophy: a nonrandomized controlled
trial // JAMA Neurol. 2020. Vol. 77, N 9. P. 1122-1131. doi:
10.1001/jamaneurol.2020.1484

4. Thwaite R., Pages G., Chillon M., Bosch A. AAVrh.10 immuno-
genicity in mice and humans. Relevance of antibody cross-reactivity
in human gene therapy // Gene Ther. 2015. Vol. 22, N 2. P. 196-201.
doi: 10.1038/gt.2014.103

5. Qing K., Mah C,, Hansen J,, et al. Human fibroblast growth fac-
tor receptor 1 is a co-receptor for infection by adeno-associated
virus 2 // Nat Med. 1999. Vol. 5, N 1. P. 71-77. doi: 10.1038/4758
6. Ling C, LuY, Kalsi JK, et al. Human hepatocyte growth factor
receptor is a cellular coreceptor for adeno-associated virus sero-
type 3 // Hum Gene Ther. 2010. Vol. 21, N 12. P. 1741-1747. doi:
10.1089/hum.2010.075

7. Srivastava A. In vivo tissue-tropism of adeno-associat-
ed viral vectors // Curr Opin Virol. 2016. Vol. 21. P. 75-80. doi:
10.1016/j.coviro.2016.08.003

8. Pillay S., Meyer N.L,, Puschnik AS,, et al. An essential recep-
tor for adeno-assaciated virus infection // Nature. 2016. Vol. 530,
N 7588. P. 108-112. Corrected and republished from: Nature. 2016.
Vol. 539, N 7629. P. 456. doi: 10.1038/nature16465

9. Nieuwenhuis B., Laperrousaz E., Tribble J.R,, et al. Improving
adeno-associated viral (AAV) vector-mediated transgene expression
in retinal ganglion cells: comparison of five promoters // Gene Ther.
2023. Vol. 30, N 6. P. 503-519. doi: 10.1038/s41434-022-00380-z
10. Georgiadis A., Duran Y., Ribeiro J., et al. Development of an op-
timized AAV2/5 gene therapy vector for Leber congenital amaurosis
owing to defects in RPE65 // Gene Ther. 2016. Vol. 23, N 12. P. 857-
862. Corrected and republished from: Gene Ther. 2018. Vol. 25, N 6.
P. 450. doi: 10.1038/gt.2016.66

11. Hinderer C., Katz N., Buza E.L., et al. Severe toxicity in non-
human primates and piglets following high-dose intravenous
administration of an adeno-associated virus vector expressing
human SMN // Hum Gene Ther. 2018. Vol. 29, N 3. P. 285-298.
doi: 10.1089/hum.2018.015

12. Kuzmin D.A,, Shutova M.V, Johnston N.R., et al. The clinical
landscape for AAV gene therapies // Nat Rev Drug Discov. 2021.
Vol. 20, N 3. P. 173-174. doi: 10.1038/d41573-021-00017-7

13. AuHKE, Isalan M., Mielcarek M. Gene therapy advances: a me-

Vol. 19 (1) 2024

DOl https://doi.org/1017816/9c516537

Genes & cells

ta-analysis of AAV usage in clinical settings // Front Med (Laus-
anne). 2022. Vol. 8. P. 809118. doi: 10.3389/fmed.2021.809118

14. Nieuwenhuis B., Haenzi B., Hilton S., et al. Optimization of ade-
no-associated viral vector-mediated transduction of the corticospi-
nal tract: comparison of four promoters // Gene Ther. 2021. Vol. 28,
N 1-2. P. 56-74. doi: 10.1038/s41434-020-0169-1

15. https://investors.meiragtx.com/ [uHTepHeT]. MeiraGTx. MeiraGTx
announces acquisition of vector neurosciences, gains phase 2 gene
therapy program for Parkinson’s disease. New York, 2018. [octyn
no ccoinke: https://investors.meiragtx.com/news-releases/news-
release-details/meiragtx-announces-acquisition-vector-neurosci-
ences-gains-phase/

16. https://www.ema.europa.eu/ [mHTepHeT]. EMA. European Med-
icines Agency recommends first gene therapy for approval. 2012.
Hoctyn no ccoinke: https://www.ema.europa.eu/en/news/europe-
an-medicines-agency-recommends-first-gene-therapy-approval
17. https://www.ema.europa.eu/ [uHTepHet]. EMA. Glybera. Ex-
piry of the marketing authorisation in the European Union. 2017.
Hoctyn no ccoinke: https://www.ema.europa.eu/en/documents/
public-statement/public-statement-glybera-expiry-marketing-au-
thorisation-european-union_en.pdf

18. https://www.fda.gov/ [mHTepHet]. FDA. FDA approves novel
gene therapy to treat patients with a rare form of inherited vision
loss. 2017. Joctyn no ccwinke: https://www.fda.gov/news-events/
press-announcements/fda-approves-novel-gene-therapy-treat-pa-
tients-rare-form-inherited-vision-loss

19. https://www.fda.gov/ [uHTepHet]. FDA. FDA approves innovative
gene therapy to treat pediatric patients with spinal muscular atrophy,
a rare disease and leading genetic cause of infant mortality. 2019.
Hoctyn no cceinke: https://www.fda.gov/news-events/press-an-
nouncements/fda-approves-innovative-gene-therapy-treat-pediat-
ric-patients-spinal-muscular-atrophy-rare-disease

20. https://www.ema.europa.eu/ [uHTepHet]. EMA. Upstaza. 2022.
Hoctyn no cceinke: https://www.ema.europa.eu/en/medicines/hu-
man/EPAR/upstaza

21. https://www.fda.gov/ [uHTepHet]. FDA. HEMGENIX. 2023.
Hoctyn no cebinke: https://www.fda.gov/vaccines-blood-biologics/
vaccines/hemgenix

22. https://www.fda.gov/ [uHTepHeT]. FDA. FDA approves first
gene therapy for adults with severe hemophilia A. 2023. Joctyn no
cebinke: https://www.fda.gov/news-events/press-announcements/
fda-approves-first-gene-therapy-adults-severe-hemophilia#:~:tex-
t=The FDA granted approval of Roctavian to BioMarin Pharmaceu-
tical Inc

23. Hoy S.M. Delandistrogene moxeparvovec: first approval // Drugs.
2023. Vol. 83, N 14. P. 1323-1329. doi: 10.1007/s40265-023-01929-x
24. The American Society of Gene and Cell Therapy (ASGCT). ASGCT/
Citeline Quarterly Report: Q1 2023. 2023.



https://doi.org/10.2217/fvl.13.112
https://doi.org/10.2174/156652310793180706
https://doi.org/10.1001/jamaneurol.2020.1484
https://doi.org/10.1038/gt.2014.103
https://doi.org/10.1038/4758
https://doi.org/10.1089/hum.2010.075
https://doi.org/10.1016/j.coviro.2016.08.003
https://doi.org/10.1038/nature16465
https://doi.org/10.1038/s41434-022-00380-z
https://doi.org/10.1038/gt.2016.66
https://doi.org/10.1089/hum.2018.015
https://doi.org/10.1038/d41573-021-00017-7
https://doi.org/10.3389/fmed.2021.809118
https://doi.org/10.1038/s41434-020-0169-1
https://investors.meiragtx.com/
https://investors.meiragtx.com/news-releases/news-release-details/meiragtx-announces-acquisition-vector-neurosciences-gains-phase/
https://investors.meiragtx.com/news-releases/news-release-details/meiragtx-announces-acquisition-vector-neurosciences-gains-phase/
https://investors.meiragtx.com/news-releases/news-release-details/meiragtx-announces-acquisition-vector-neurosciences-gains-phase/
https://www.ema.europa.eu/
https://www.ema.europa.eu/en/news/european-medicines-agency-recommends-first-gene-therapy-approval
https://www.ema.europa.eu/en/news/european-medicines-agency-recommends-first-gene-therapy-approval
https://www.ema.europa.eu/
https://www.ema.europa.eu/en/documents/public-statement/public-statement-glybera-expiry-marketing-authorisation-european-union_en.pdf
https://www.ema.europa.eu/en/documents/public-statement/public-statement-glybera-expiry-marketing-authorisation-european-union_en.pdf
https://www.ema.europa.eu/en/documents/public-statement/public-statement-glybera-expiry-marketing-authorisation-european-union_en.pdf
https://www.fda.gov/
https://www.fda.gov/news-events/press-announcements/fda-approves-novel-gene-therapy-treat-patients-rare-form-inherited-vision-loss
https://www.fda.gov/news-events/press-announcements/fda-approves-novel-gene-therapy-treat-patients-rare-form-inherited-vision-loss
https://www.fda.gov/news-events/press-announcements/fda-approves-novel-gene-therapy-treat-patients-rare-form-inherited-vision-loss
https://www.fda.gov/
https://www.fda.gov/news-events/press-announcements/fda-approves-innovative-gene-therapy-treat-pediatric-patients-spinal-muscular-atrophy-rare-disease
https://www.fda.gov/news-events/press-announcements/fda-approves-innovative-gene-therapy-treat-pediatric-patients-spinal-muscular-atrophy-rare-disease
https://www.fda.gov/news-events/press-announcements/fda-approves-innovative-gene-therapy-treat-pediatric-patients-spinal-muscular-atrophy-rare-disease
https://www.ema.europa.eu/
https://www.ema.europa.eu/en/medicines/human/EPAR/upstaza
https://www.ema.europa.eu/en/medicines/human/EPAR/upstaza
https://www.fda.gov/
https://www.fda.gov/vaccines-blood-biologics/vaccines/hemgenix
https://www.fda.gov/vaccines-blood-biologics/vaccines/hemgenix
https://www.fda.gov/
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapy-adults-severe-hemophilia#:~:text=The
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapy-adults-severe-hemophilia#:~:text=The
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapy-adults-severe-hemophilia#:~:text=The
https://doi.org/10.1007/s40265-023-01929-x

100

HAYYHbI/ 0B30P

25. Shieh P.B., Bonnemann C.G., Miiller-Felber W., et al. Re: “mov-
ing forward after two deaths in a gene therapy trial of myotubular
myopathy” by wilson and flotte // Hum Gene Ther. 2020. Vol. 31,
N 15-16. P. 787. doi: 10.1089/hum.2020.217

26. Martino A.T., Suzuki M., Markusic D.M., et al. The genome
of self-complementary adeno-associated viral vectors increas-
es Toll-like receptor 9-dependent innate immune respons-
es in the liver // Blood. 2011. Vol. 117, N 24. P. 6459-6468. doi:
10.1182/blood-2010-10-314518

27. Hosel M., Broxtermann M., Janicki H., et al. Toll-like receptor 2—
mediated innate immune response in human nonparenchymal liver
cells toward adeno-associated viral vectors // Hepatology. 2011.
Vol. 55, N 1. P. 287-297. doi: 10.1002/hep.24625

28. Pipe S., Leebeek FW.G., Ferreira V., et al. Clinical considera-
tions for capsid choice in the development of liver-targeted AAV-
based gene transfer // Mol Ther Methods Clin Dev. 2019. Vol. 15.
P. 170-178. doi: 10.1016/j.omtm.2019.08.015

29. Carestia A, Kim S.J., Horling F., et al. Modulation of the liver
immune microenvironment by the adeno-associated virus serotype
8 gene therapy vector // Mol Ther Methods Clin Dev. 2020. Vol. 20.
P. 95-108. doi: 10.1016/j.0mtm.2020.10.023

30. Chand D., Mohr F., McMillan H., et al. Hepatotoxicity follow-
ing administration of onasemnogene abeparvovec (AVXS-101) for
the treatment of spinal muscular atrophy // J Hepatol. 2021. Vol. 74,
N 3. P. 560-566. doi: 10.1016/j.jhep.2020.11.001

31. Valavi E., Aminzadeh M., Amouri P., et al. Effect of prednisolone
on linear growth in children with nephrotic syndrome // J Pediatr
(Rio J). 2020. Vol. 96, N 1. P. 117-124. doi: 10.1016/j.jped.2018.07.014
32. Mushtaq T., Ahmed S.F. The impact of corticosteroids on growth
and bone health // Arch Dis Child. 2002. Vol. 87, N 2. P. 93-96. doi:
10.1136/adc.87.2.93

33. Boutin S., Monteilhet V., Veron P., et al. Prevalence of serum igg
and neutralizing factors against adeno-associated virus (AAV) types
1,2, 5, 6,8 and 9 in the healthy population: implications for gene
therapy using AAV vectors // Hum Gene Ther. 2010. Vol. 21, N 6.
P. 704-712. doi: 10.1089/hum.2009.182

34. Calcedo R., Vandenberghe L.H. Gao G., et al. Worldwide
epidemiology of neutralizing antibodies to adeno-associated
viruses // J Infect Dis. 2009. Vol. 199, N 3. P. 381-390. doi:
10.1086/595830

35. Day JW,, Finkel R.S., Mercuri E., et al. Adeno-associated virus
serotype 9 antibodies in patients screened for treatment with
onasemnogene abeparvovec // Mol Ther Methods Clin Dev. 2021.
Vol. 21. P. 76-82. doi: 10.1016/j.omtm.2021.02.014

36. Salvatore M.F,, Ai Y., Fischer B, et al. Point source
concentration of GDNF may explain failure of phase I
clinical trial // Exp Neurol. 2006. Vol. 202, N 2. P. 497-505.
doi: 10.1016/j.expneurol.2006.07.015

37. Richardson R M., Kells A.P., Rosenbluth K.H., et al. Interventional
MRI-guided putaminal delivery of AAV2-GDNF for a planned clinical

Tom 19 N 1, 2024

DOl https://doi.org/1017816/9c516537

[eHbl 1 KNeTKK

trial in parkinson’s disease // Mol Ther. 2011. Vol. 19, N 6. P. 1048-
1057. doi: 10.1038/mt.2011.11

38. Douglas J.T. Adenoviral vectors for gene therapy // Mol Biotechnal.
2007. Vol. 36, N 1. P. 71-80. doi: 10.1007/s12033-007-0021-5

39. Sabatino D.E., Bushman F.D., Chandler R.J., et al. Evaluating
the state of the science for adeno-associated virus integration: an
integrated perspective // Mol Ther. 2022. Vol. 30, N 8. P. 2646—2663.
doi: 10.1016/j.ymthe.2022.06.004

40. Nguyen G.N., Everett JK, Kafle S., et al. A long-term study
of AAV gene therapy in dogs with hemophilia A identifies clonal
expansions of transduced liver cells // Nat Biotechnol. 2021. Vol. 39,
N 1. P. 47-55. doi: 10.1038/s41587-020-0741-7

41. Nakai H., Montini E., Fuess S., et al. AAV serotype 2 vectors
preferentially integrate into active genes in mice // Nat Genet. 2003.
Vol. 34, N 3. P. 297-302. doi: 10.1038/ng1179

42. Donsante A, Miller D.G., Li Y., et al. AAV vector integration
sites in mouse hepatocellular carcinoma // Science. 2007. Vol. 317,
N 5837. P. 477. doi: 10.1126/science.1142658

43. Wang L., Xiao R., Andres-Mateos E., Vandenberghe L.H. Single
stranded adeno-associated virus achieves efficient gene transfer to
anterior segment in the mouse eye // PLoS One. 2017. Vol. 12, N 8.
P. e0182473. doi: 10.1371/journal.pone.0182473

4k, Feldman E.L., Goutman S.A,, Petri S, et al. Amyotrophic lateral
sclerosis // Lancet. 2022. Vol. 400, N 10360. P. 1363—1380. doi:
10.1016/S0140-6736(22)01272-7

45, Brzustowicz LM, Lehner T, Castilla LH., et al. Genetic map-
ping of chronic childhood-onset spinal muscular atrophy to chro-
mosome 5q11.2-13.3 // Nature. 1990. Vol. 344, N 6266. P. 540-541.
doi: 10.1038/344540a0

46. Biirglen L., Lefebvre S., Clermont 0., et al. Structure and organi-
zation of the human survival motor neurone (SMN) gene // Genom-
ics. 1996. Vol. 32, N 3. P. 479-482. doi: 10.1006/gen0.1996.0147
47. https://www.ninds.nih.gov/ [mHTepHet]. National Institute
of Neirological Disorders and Stroke. Spinal muscular atrophy.
Hoctyn no cewinke: https://www.ninds.nih.gov/health-information/
disorders/spinal-muscular-atrophy

48. Singh N.N., Howell M.D., Androphy E.J., Singh R.N. How the dis-
covery of ISS-N1 led to the first medical therapy for spinal mus-
cular atrophy // Gene Ther. 2017. Vol. 24, N 9. P. 520-526. doi:
10.1038/gt.2017.34

49. https://investors.biogen.com/ [uHTepHeT]. Biogen Inc. Spinraza
prescribing information. 2016. Joctyn no cebinke: https://investors.
biogen.com/news-releases/news-release-details/new-data-cure-
sma-highlight-potential-benefit-spinrazar

50. Ratni H., Ebeling M., Baird J,, et al. Discovery of Risdiplam, a se-
lective survival of motor neuron-2 (SMN2) gene splicing modifier for
the treatment of spinal muscular atrophy (SMA) // J Med Chem. 2018.
Vol. 61, N 15. P. 6501-6517. doi: 10.1021/acs.jmedchem.8b00741
51. https://www.novartis.com/ [uHtepHeT]. Novartis Gene Therapies
Inc. Zolgensma prescribing information. 2023. octyn no ccbinke:



https://doi.org/10.1089/hum.2020.217
https://doi.org/10.1182/blood-2010-10-314518
https://doi.org/10.1002/hep.24625
https://doi.org/10.1016/j.omtm.2019.08.015
https://doi.org/10.1016/j.omtm.2020.10.023
https://doi.org/10.1016/j.jhep.2020.11.001
https://doi.org/10.1016/j.jped.2018.07.014
https://doi.org/10.1136/adc.87.2.93
https://doi.org/10.1089/hum.2009.182
https://doi.org/10.1086/595830
https://doi.org/10.1016/j.omtm.2021.02.014
https://doi.org/10.1016/j.expneurol.2006.07.015
https://doi.org/10.1038/mt.2011.11
https://doi.org/10.1007/s12033-007-0021-5
https://doi.org/10.1016/j.ymthe.2022.06.004
https://doi.org/10.1038/s41587-020-0741-7
https://doi.org/10.1038/ng1179
https://doi.org/10.1126/science.1142658
https://doi.org/10.1371/journal.pone.0182473
https://doi.org/10.1016/S0140-6736(22)01272-7
https://doi.org/10.1038/344540a0
https://doi.org/10.1006/geno.1996.0147
https://www.ninds.nih.gov/
https://www.ninds.nih.gov/health-information/disorders/spinal-muscular-atrophy
https://www.ninds.nih.gov/health-information/disorders/spinal-muscular-atrophy
https://doi.org/10.1038/gt.2017.34
https://investors.biogen.com/
https://investors.biogen.com/news-releases/news-release-details/new-data-cure-sma-highlight-potential-benefit-spinrazar
https://investors.biogen.com/news-releases/news-release-details/new-data-cure-sma-highlight-potential-benefit-spinrazar
https://investors.biogen.com/news-releases/news-release-details/new-data-cure-sma-highlight-potential-benefit-spinrazar
https://doi.org/10.1021/acs.jmedchem.8b00741
https://www.novartis.com/

REVIEW

https://www.novartis.com/us-en/sites/novartis_us/files/zolgens-
ma.pdf

52. https://www.ema.europa.eu/ [mHTepHeT]. Novartis Europharm
Limited. Zolgensma. Onasemnogene abeparvovec. 2020. [Joctyn no
cebinke: https://www.ema.europa.eu/en/medicines/human/EPAR/
zolgensma

53. Cearley C.N., Wolfe J.H. Transduction characteristics of ade-
no-associated virus vectors expressing cap serotypes 7, 8, 9, and
Rh10 in the mouse brain // Mol Ther. 2006. Vol. 13, N 3. P. 528-537.
doi: 10.1016/j.ymthe.2005.11.015

54. Foust K.D., Nurre E., Montgomery C.L, et al. Intravascular AAV9
preferentially targets neonatal neurons and adult astrocytes // Nat
Biotechnol. 2009. Vol. 27, N 1. P. 59-65. doi: 10.1038/nbt.1515

55. Rudnik-Schoneborn S., Heller R., Berg C., et al. Congeni-
tal heart disease is a feature of severe infantile spinal muscu-
lar atrophy // J Med Genet. 2008. Vol. 45, N 10. P. 635-638. doi:
10.1136/jmg.2008.057950

56. Bowerman M., Swoboda K.J., Michalski J.P., et al. Glucose me-
tabolism and pancreatic defects in spinal muscular atrophy // Ann
Neurol. 2012. Vol. 72, N 2. P. 256-268. doi: 10.1002/ana.23582

57. Hamilton G., Gillingwater T.H. Spinal muscular atrophy: going
beyond the mator neuron // Trends Mol Med. 2013. Vol. 19, N 1.
P. 40-50. doi: 10.1016/j.molmed.2012.11.002

58. Mendell J.R., Al-Zaidy S.A., Lehman K.J., et al. Five-year exten-
sion results of the phase 1 START trial of onasemnogene abeparvo-
vec in spinal muscular atrophy // JAMA Neurol. 2021. Vol. 78, N 7.
P. 834-841. doi: 10.1001/jamaneurol.2021.1272

59. Erdos J., Wild C. Mid- and long-term (at least 12 months)
follow-up of patients with spinal muscular atrophy (SMA) treat-
ed with nusinersen, onasemnogene abeparvovec, risdiplam
or combination therapies: a systematic review of real-world
study data // Eur J Paediatr Neurol. 2022. Vol. 39. P. 1-10.
doi: 10.1016/j.6jpn.2022.04.006

60. Mendell J., Wigderson M., Alecu I, et al. Long-term follow-up
of onasemnogene abeparvovec gene therapy in patients with spinal
muscular atrophy type 1// Neurology. 2023. Vol. 100, N 17 Suppl. 2.
doi: 10.1212/WNL.0000000000202549

61. Mendell JR., Al-Zaidy S., Shell R,, et al. Single-dose gene-re-
placement therapy for spinal muscular atrophy // N Engl J Med.
2017. Vol. 377, N 18. P. 1713-1722. doi: 10.1056/NEJMoa1706198
62. Mercuri E., Muntoni F., Baranello G., et al. Onasemnogene
abeparvovec gene therapy for symptomatic infantile-onset spinal
muscular atrophy type 1 (STR1VE-EU): an open-label, single-arm,
multicentre, phase 3 trial // Lancet Neurol. 2021. Vol. 20, N 10.
P. 832-841. doi: 10.1016/S1474-4422(21)00251-9

63. Day JW., Finkel R.S., Chiriboga C.A, et al. Onasemnogene
abeparvovec gene therapy for symptomatic infantile-onset spinal
muscular atrophy in patients with two copies of SMN2 (STR1VE): an
open-label, single-arm, multicentre, phase 3 trial // Lancet Neurol.
2021.Vol. 20, N 4. P. 284-293. doi: 10.1016/S1474-4422(21)00001-6

Vol. 19 (1) 2024

DOl https://doi.org/1017816/9c516537

Genes & cells

64, Strauss KA., Farrar MAA, Muntoni F., et al. Onasemno-
gene abeparvovec for presymptomatic infants with two copies
of SMN2 at risk for spinal muscular atrophy type 1: the phase |l
SPRINT trial // Nat Med. 2022. Vol. 28, N 7. P. 1381-1389. doi:
10.1038/s41591-022-01866-4

65. Strauss KA., Farrar M.A, Muntoni F., et al. Onasemnogene abep-
arvovec for presymptomatic infants with three copies of SMN2 at risk
for spinal muscular atrophy: the phase IIl SPRINT trial // Nat Med.
2022.Vol. 28,N 7. P. 1390-1397. doi: 10.1038/s41591-022-01867-3
66. Darras B., Mercuri E., Strauss K., et al. Intravenous and intrath-
ecal onasemnogene abeparvovec gene therapy in symptomatic and
presymptomatic spinal muscular atrophy: Long-Term Follow-Up
Study (534.002) // Neurology. 2023. Vol. 100, N 17 Suppl. 2. doi:
10.1212/WNL.0000000000202555

67. Reilly A, Chehade L., Kothary R. Curing SMA: are we
there yet? // Gene Ther. 2023. Vol. 30, N 1-2. P. 8-17. doi:
10.1038/s41434-022-00349-y

68. Besse A, Astord S., Marais T., et al. AAV9-mediated expression
of SMN restricted to neurons does not rescue the spinal muscular
atrophy phenotype in mice // Mol Ther. 2020. Vol. 28, N 8. P. 1887-
1901. doi: 10.1016/j.ymthe.2020.05.011

69. Muzyczka N., Warrington K.H. Jr. Custom adeno-associated vi-
rus capsids: the next generation of recombinant vectors with nov-
el tropism // Hum Gene Ther. 2005. Vol. 16, N 4. P. 408-416. doi:
10.1089/hum.2005.16.408

70.Yu CY., Yuan Z, Cao Z, et al. A muscle-targeting peptide dis-
played on AAV2 impraves muscle tropism on systemic delivery //
Gene Ther. 2009. Vol. 16, N 8. P. 953-962. doi: 10.1038/gt.2009.59
71. Liqun Wang R., McLaughlin T., Cossette T,, et al. Recombinant
AAV serotype and capsid mutant comparison for pulmonary gene
transfer of a-1-antitrypsin using invasive and noninvasive delivery //
Mol Ther. 2009. Vol. 17, N 1. P. 81-87. doi: 10.1038/mt.2008.217
72. Work LM, Biining H., Hunt E. et al. Vascular bed-target-
ed in vivo gene delivery using tropism-modified adeno-asso-
ciated viruses // Mol Ther. 2006. Vol. 13, N 4. P. 683-693. doi:
10.1016/j.ymthe.2005.11.013

73. Miiller 0.J,, Kaul F., Weitzman M.D,, et al. Random peptide li-
braries displayed on adeno-associated virus to select for targeted
gene therapy vectors // Nat Biotechnol. 2003. Vol. 21, N 9. P. 1040-
1046. doi: 10.1038/nbt856

74. White S.J., Nicklin S.A,, Biining H., et al. Targeted gene delivery
to vascular tissue in vivo by tropism-modified adeno-associated
virus vectors // Circulation. 2004. Vol. 109, N 4. P. 513-519. doi:
10.1161/01.CIR.0000109697.68832.5D

75. Loiler S.A, Conlon T.J, Song S, et al. Targeting recombinant ad-
eno-associated virus vectors to enhance gene transfer to pancreatic
islets and liver // Gene Ther. 2003. Vol. 10, N 18. P. 1551-1558. doi:
10.1038/sj.gt.3302046

76. Grifman M., Trepel M., Speece P. et al. Incorporation
of tumor-targeting peptides into recombinant adeno-associated



https://www.novartis.com/us-en/sites/novartis_us/files/zolgensma.pdf
https://www.novartis.com/us-en/sites/novartis_us/files/zolgensma.pdf
https://www.ema.europa.eu/
https://www.ema.europa.eu/en/medicines/human/EPAR/zolgensma
https://www.ema.europa.eu/en/medicines/human/EPAR/zolgensma
https://doi.org/10.1016/j.ymthe.2005.11.015
https://doi.org/10.1038/nbt.1515
https://doi.org/10.1136/jmg.2008.057950
https://doi.org/10.1002/ana.23582
https://doi.org/10.1016/j.molmed.2012.11.002
https://doi.org/10.1001/jamaneurol.2021.1272
https://doi.org/10.1016/j.ejpn.2022.04.006
https://doi.org/10.1212/WNL.0000000000202549
https://doi.org/10.1056/NEJMoa1706198
https://doi.org/10.1016/S1474-4422(21)00251-9
https://doi.org/10.1016/S1474-4422(21)00001-6
https://doi.org/10.1038/s41591-022-01866-4
https://doi.org/10.1038/s41591-022-01867-3
https://doi.org/10.1212/WNL.0000000000202555
https://doi.org/10.1038/s41434-022-00349-y
https://doi.org/10.1016/j.ymthe.2020.05.011
https://doi.org/10.1089/hum.2005.16.408
https://doi.org/10.1038/gt.2009.59
https://doi.org/10.1038/mt.2008.217
https://doi.org/10.1016/j.ymthe.2005.11.013
https://doi.org/10.1038/nbt856
https://doi.org/10.1161/01.CIR.0000109697.68832.5D
https://doi.org/10.1038/sj.gt.3302046

102

HAYYHbI/ 0B30P

virus capsids // Mol Ther. 2001. Vol. 3, N 6. P. 964-975.
doi: 10.1006/mthe.2001.0345

77. Perabo L., Biining H., Kofler D.M,, et al. In vitro selection
of viral vectors with modified tropism: the adeno-associat-
ed virus display // Mol Ther. 2003. Vol. 8, N 1. P. 151-157. doi:
10.1016/S1525-0016(03)00123-0

78. Grimm D., Lee J.S,, Wang L., et al. In vitro and in vivo gene
therapy vector evolution via multispecies interbreeding and retar-
geting of adeno-associated viruses // J Virol. 2008. Vol. 82, N 12.
P. 5887-5911. doi: 10.1128/jvi.00254-08

79. Rabinowitz J.E., Bowles D.E., Faust S.M,, et al. Cross-dressing
the virion the transcapsidation of adeno-associated // J Virol. 2004.
Vol. 78, N 9. P. 4421-4432. doi: 10.1128/}vi.78.9.4421-4432.2004
80. Gigout L., Rebollo P., Clement N., et al. Altering AAV tropism
with mosaic viral capsids // Mol Ther. 2005. Vol. 11, N 6. P. 856—865.
doi: 10.1016/j.ymthe.2005.03.005

81. Bartlett J.S., Kleinschmidt J., Boucher R.C., Samulski R.J. Tar-
geted adeno-assaciated virus vector transduction of nonpermissive
cells mediated by a bispecific F(ab'y)2 antibody // Nat Biotechnol.
1999. Vol. 17, N 2. P. 181-186. Corrected and republished from: Nat
Biotechnol. 1999. Vol. 17. P. 393. doi: 10.1038/6185

82. Stachler M.D,, Chen I, Ting A.Y., Bartlett J.S. Site-specific mod-
ification of AAV vector particles with biophysical probes and tar-
geting ligands using biotin ligase // Mol Ther. 2008. Vol. 16, N 8.
P. 1467-1473. doi: 10.1038/mt.2008.129

83. Arnold G.S., Sasser AK., Stachler M.D,, Bartlett J.S. Metabolic
biotinylation provides a unique platform for the purification and tar-
geting of multiple AAV vector serotypes // Mol Ther. 2006. Vol. 14,
N 1. P. 97-106. doi: 10.1016/j.ymthe.2006.02.014

84. Carlisle R.C., Benjamin R, Briggs S.S., et al. Coating of ade-
no-associated virus with reactive polymers can ablate virus tropism,
enable retargeting and provide resistance to neutralising antisera //
J Gene Med. 2008. Vol. 10. N 4. P. 400-411. doi: 10.1002/jgm.1161
85. Lee G.K., Maheshri N., Kaspar B., Schaffer D.V. PEG conjugation
moderately protects adeno-associated viral vectors against antibody
neutralization // Biotechnol Bioeng. 2005. Vol. 92, N 1. P. 24-34. doi:
10.1002/bit.20562

86. Fein D.E., Limberis M.P., Maloney S.F., et al. Cationic lipid for-
mulations alter the in vivo tropism of AAV2/9 vector in lung // Mol
Ther. 2009. Vol. 17, N 12. P. 2078-2087. doi: 10.1038/mt.2009.173
87. Jackson K.L., Dayton R.D., Deverman B.E., Klein R.L. Better tar-
geting, better efficiency for wide-scale neuronal transduction with
the synapsin promoter and AAV-PHP.B // Front Mol Neurosci. 2016.
Vol. 9. P. 116. Corrected and republished from: Front Mol Neurosci.
2016. Vol. 9. P. 154. doi: 10.3389/fnmol.2016.00116

88. McLean J.R, Smith G.A,, Rocha EM,, et al. Widespread neu-
ron-specific transgene expression in brain and spinal cord fol-
lowing synapsin promoter-driven AAV9 neonatal intracerebroven-
tricular injection // Neurosci Lett. 2014. Vol. 576. P. 73-78. doi:
10.1016/j.neulet.2014.05.044

Tom 19 N 1, 2024

DOl https://doi.org/1017816/9c516537

[eHbl 1 KNeTKK

89. Watakabe A., Ohtsuka M., Kinoshita M., et al. Comparative anal-
yses of adeno-associated viral vector serotypes 1, 2, 5, 8 and 9 in
marmoset, mouse and macaque cerebral cortex // Neurosci Res.
2015. Vol. 93. P. 144-157. doi: 10.1016/].neures.2014.09.002

90. Dashkoff J., Lerner E.P., Truong N., et al. Tailored transgene
expression to specific cell types in the central nervous system after
peripheral injection with AAV9 // Mol Ther Methods Clin Dev. 2016.
Vol. 3. P. 16081. doi: 10.1038/mtm.2016.81

91. Koh W., Park YM,, Lee SEE., Lee CJ. AAV-mediated astro-
cyte-specific gene expression under human ALDH1L1T promoter in
mouse thalamus // Exp Neurobiol. 2017. Vol. 26, N 6. P. 350-361.
doi: 10.5607/en.2017.26.6.350

92. Georgiou E., Sidiropoulou K., Richter J., et al. Gene therapy
targeting oligodendrocytes provides therapeutic benefit in a leu-
kodystrophy model // Brain. 2017. Vol. 140, N 3. P. 599-616.
doi: 10.1093/brain/aww351

93. Kennedy L.H., Rinholm J.E. Visualization and live imaging of oli-
godendrocyte organelles in organotypic brain slices using adeno-as-
sociated virus and confocal microscopy // J Vis Exp. 2017. N 128.
P. 56237. doi: 10.3791/56237

94. Hudry E., Vandenberghe L.H. Therapeutic AAV gene transfer to
the nervous system: a clinical reality // Neuron. 2019. Vol. 101, N 5.
P. 839-862. Corrected and republished from: Neuron. 2019. Vol. 102,
N 1. P. 263. doi: 10.1016/j.neuron.2019.02.017

95. Pulicherla N., Shen S., Yadav S., et al. Engineering liv-
er-detargeted AAV9 vectors for cardiac and musculoskeletal
gene transfer // Mol Ther. 2011. Vol. 19, N 6. P. 1070-1078.
doi: 10.1038/mt.2011.22

96. Wang D., Li S., Gessler D.J,, et al. A rationally engineered capsid
variant of AAV9 for systemic CNS-directed and peripheral tissue-de-
targeted gene delivery in neonates // Mol Ther Methods Clin Dev.
2018. Vol. 9. P. 234-246. doi: 10.1016/j.omtm.2018.03.004

97. Deverman B.E., Pravdo P.L., Simpson B.P., et al. Cre-depend-
ent selection yields AAV variants for widespread gene transfer to
the adult brain // Nat Biotechnol. 2016. Vol. 34, N 2. P. 204-209.
doi: 10.1038/nbt.3440

98. Huang Q., Chan K.Y., Tobey I.G., et al. Delivering genes across
the blood-brain barrier: LY6A, a novel cellular receptor for AAV-
PHP.B capsids // PLoS One. 2019. Vol. 14, N 11. P. e0225206.
doi: 10.1371/journal.pone.0225206

99. Mueller C., Berry J.D., McKenna-Yasek D.M., et al. SOD1
suppression with adeno-associated virus and microRNA in fa-
milial ALS // N Engl J Med. 2020. Vol. 383, N 2. P. 151-158.
doi: 10.1056/NEJM0a2005056

100. Nizzardo M., Simone C., Rizzo F., et al. Gene therapy rescues
disease phenotype in a spinal muscular atrophy with respiratory
distress type 1 (SMARD1) mouse model // Sci Adv. 2015. Vol. 1, N 2.
P. 1500078. doi: 10.1126/sciadv.1500078

101. Le Guiner C,, Servais L., Montus M., et al. Long-term microd-
ystrophin gene therapy is effective in a canine model of Duchenne



https://doi.org/10.1006/mthe.2001.0345
https://doi.org/10.1016/S1525-0016(03)00123-0
https://doi.org/10.1128/jvi.00254-08
https://doi.org/10.1128/jvi.78.9.4421-4432.2004
https://doi.org/10.1016/j.ymthe.2005.03.005
https://doi.org/10.1038/6185
https://doi.org/10.1038/mt.2008.129
https://doi.org/10.1016/j.ymthe.2006.02.014
https://doi.org/10.1002/jgm.1161
https://doi.org/10.1002/bit.20562
https://doi.org/10.1038/mt.2009.173
https://doi.org/10.3389/fnmol.2016.00116
https://doi.org/10.1016/j.neulet.2014.05.044
https://doi.org/10.1016/j.neures.2014.09.002
https://doi.org/10.1038/mtm.2016.81
https://doi.org/10.5607/en.2017.26.6.350
https://doi.org/10.1093/brain/aww351
https://doi.org/10.3791/56237
https://doi.org/10.1016/j.neuron.2019.02.017
https://doi.org/10.1038/mt.2011.22
https://doi.org/10.1016/j.omtm.2018.03.004
https://doi.org/10.1038/nbt.3440
https://doi.org/10.1371/journal.pone.0225206
https://doi.org/10.1056/NEJMoa2005056
https://doi.org/10.1126/sciadv.1500078

REVIEW

muscular dystrophy // Nat Commun. 2017. Vol. 8. P. 16105.
doi: 10.1038/ncomms16105

102. Hakim C.H., Wasala N.B., Pan X, et al. A five-repeat micro-dys-
trophin gene ameliorated dystrophic phenatype in the severe DBA/2J-
mdx model of duchenne muscular dystrophy // Mol Ther Methods
Clin Dev. 2017. Vol. 6. P. 216-230. doi: 10.1016/j.omtm.2017.06.006
103. Goedeker N.L., Dharia S.D., Griffin D.A, et al. Evaluation
of rAAVrh74 gene therapy vector seroprevalence by meas-
urement of total binding antibodies in patients with Duchenne
muscular dystrophy // Ther Adv Neurol Disord. 2023. Vol. 16.
P. 17562864221149781. doi: 10.1177/17562864221149781

104. Gomez Limia C., Baird M., Schwartz M., et al. Emerging per-
spectives on gene therapy delivery for neurodegenerative and neu-
romuscular disorders // J Pers Med. 2022. Vol. 12, N 12. P. 1979.
doi: 10.3390/jpm12121979

105. Lim J.A, Yi H,, Gao F., et al. Intravenous injection of an AAV-
PHP.B vector encoding human acid a-glucosidase rescues both mus-
cle and CNS defects in murine pompe disease // Mol Ther Methods
Clin Dev. 2019. Vol. 12. P. 233-245. doi: 10.1016/j.omtm.2019.01.006
106. Mack D.L., Poulard K., Goddard M.A,, et al. Systemic AAV8-me-
diated gene therapy drives whole-body correction of myotubular
myopathy in dogs // Mol Ther. 2017. Vol. 25, N 4. P. 839-854. doi:
10.1016/j.ymthe.2017.02.004

107. Wilson J.M,, Flotte T.R. Moving forward after two deaths in
a gene therapy trial of myotubular myopathy // Hum Gene Ther.
2020. Vol. 31, N 13-14. P. 695-696. doi: 10.1089/hum.2020.182
108. Colle M.A,, Piguet F., Bertrand L., et al. Efficient intracere-
bral delivery of AAV5 vector encoding human ARSA in non-human
primate // Hum Mol Genet. 2010. Vol. 19, N 1. P. 147-158. doi:
10.1093/hmg/ddp475

109. https://classic.clinicaltrials.gov/ [mHTepHeT]. ClinicalErials.gov
archive. Study NCT01801709. A Phase I/1l, Open Labeled, Monocen-
tric Study of Direct Intracranial Administration of a Replication De-
ficient Adeno-associated Virus Gene Transfer Vector Serotype rh.10
Expressing the Human ARSA c¢DNA to Children With Metachromatic
Leukodystrophy. 2014. Hoctyn no ccbinke: https://clinicaltrials.gov/
ct2/show/NCT01801709

110. https://classic.clinicaltrials.gov/ [uHTepHet]. A Phase |,
Dose-Escalating Study to Assess the Safety and Tolerability
of CERE-110 [Adeno-Associated Virus (AAV)-Based Vector-Mediated
Delivery of Beta-Nerve Growth Factor (NGF)] in Subjects With Mild
to Moderate Alzheimer's Disease. 2004. Joctyn no cceifke: https://
clinicaltrials.gov/ct2/show/NCT00087789

Vol. 19 (1) 2024

DOl https://doi.org/1017816/9c516537

Genes & cells

111. Rafii M.S,, Tuszynski M.H., Thomas R.G., et al. Adeno-associ-
ated viral vector (serotype 2)-nerve growth factor for patients with
alzheimer disease: a randomized clinical trial // JAMA Neurol. 2018.
Vol. 75, N 7. P. 834-841. doi: 10.1001/jamaneurol.2018.0233

112. Azzouz M., Hottinger A., Paterna J.C, et al. Increased moto-
neuron survival and improved neuromuscular function in transgenic
ALS mice after intraspinal injection of an adeno-associated virus
encoding Bcl-2 // Hum Mol Genet. 2000. Vol. 9, N 5. P. 803-811.
doi: 10.1093/hmg/9.5.803

113. Franz CK., Federici T., Yang J., et al. Intraspinal cord delivery
of IGF-I mediated by adeno-associated virus 2 is neuroprotective
in a rat model of familial ALS // Neuraobiol Dis. 2009. Vol. 33, N 3.
P. 473-481. doi: 10.1016/}.nbd.2008.12.003

114. Hardcastle N., Boulis N.M., Federici T. AAV gene delivery to
the spinal cord: serotypes, methods, candidate diseases, and clinical
trials // Expert Opin Biol Ther. 2018. Vol. 18, N 3. P. 293-307. doi:
10.1080/14712598.2018.1416089

115. Mastakov M.Y,, Baer K., Kotin R.M., During M.J. Recombinant
adeno-associated virus serotypes 2- and 5-mediated gene transfer in
the mammalian brain: quantitative analysis of heparin co-infusion //
Mol Ther. 2002. Vol. 5, N 4. P. 371-380. doi: 10.1006/mthe.2002.0564
116. Carty N, Lee D, Dickey C., et al. Convection-enhanced delivery
and systemic mannitol increase gene product distribution of AAV
vectors 5, 8, and 9 and increase gene product in the adult mouse
brain // J Neurosci Methods. 2010. Vol. 194, N 1. P. 144-153. doi:
10.1016/j.jneumeth.2010.10.010

117. McCarty D.M., DiRosario J., Gulaid K., et al. Mannitol-facilitat-
ed CNS entry of rAAV2 vector significantly delayed the neurological
disease progression in MPS [lIB mice // Gene Ther. 2009. Vol. 16,
N 11. P. 1340-1352. doi: 10.1038/gt.2009.85

118. Gray S.J., Matagne V., Bachabaina L., et al. Preclinical differ-
ences of intravascular AAV9 delivery to neurons and glia: a compar-
ative study of adult mice and nonhuman primates // Mol Ther. 2011.
Vol. 19, N 6. P. 1058-1069. doi: 10.1038/mt.2011.72

119. Rahim AA, Wong AM.,, Hoefer K., et al. Intravenous admin-
istration of AAV2/9 to the fetal and neonatal mouse leads to differ-
ential targeting of CNS cell types and extensive transduction of the
nervous system // FASEB J. 2011. Vol. 25, N 10. P. 3505-3518. doi:
10.1096/f).11-182311

120. Tanguy Y., Biferi M.G., Besse A, et al. Systemic AAVrh10
provides higher transgene expression than AAV9 in the brain and
the spinal cord of neonatal mice // Front Mol Neurosci. 2015. Vol. 8.
P. 36. doi: 10.3389/fnmol.2015.00036



https://doi.org/10.1038/ncomms16105
https://doi.org/10.1016/j.omtm.2017.06.006
https://doi.org/10.1177/17562864221149781
https://doi.org/10.3390/jpm12121979
https://doi.org/10.1016/j.omtm.2019.01.006
https://doi.org/10.1016/j.ymthe.2017.02.004
https://doi.org/10.1089/hum.2020.182
https://doi.org/10.1093/hmg/ddp475
https://classic.clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT01801709
https://clinicaltrials.gov/ct2/show/NCT01801709
https://classic.clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT00087789
https://clinicaltrials.gov/ct2/show/NCT00087789
https://doi.org/10.1001/jamaneurol.2018.0233
https://doi.org/10.1093/hmg/9.5.803
https://doi.org/10.1016/j.nbd.2008.12.003
https://doi.org/10.1080/14712598.2018.1416089
https://doi.org/10.1006/mthe.2002.0564
https://doi.org/10.1016/j.jneumeth.2010.10.010
https://doi.org/10.1038/gt.2009.85
https://doi.org/10.1038/mt.2011.72
https://doi.org/10.1096/fj.11-182311
https://doi.org/10.3389/fnmol.2015.00036

104

HAYYHbI/ 0B30P

AUTHORS' INFO

* Pavel |. Makarevich, MD, Cand. Sci. (Medicine);
address: 27 bldg 10 Lomonosovsky avenue, 119192 Moscaw,
Russia;

ORCID: 0000-0001-8869-5190;

eLibrary SPIN: 7259-9180;

e-mail: makarevichpi@my.msu.ru

Zhanna A. Akopyan, MD, Cand. Sci. (Medicine);
ORCID: 0000-0002-0989-7825;

eLibrary SPIN: 4450-0324;

e-mail: akopyanza @my.msu.ru

Ekaterina A. Slobodkina, Cand. Sci. (Biology);
ORCID: 0000-0003-4390-1864;

eLibrary SPIN: 5387-9096;

e-mail: slobodkinaea@my.msu.ru

* Corresponding author / ABTop, 0TBETCTBEHHbI 3@ NEPenMCcKy

DAl hitp

Tom 19 N 1, 2024

Ob ABTOPAX

* Makapeswuy aBen Uropesuu, kaHA. Meq. Hayk;
agpec: Paccma, 119192, Mocksa,

JlomoHocoBckwi np-T, 4. 27, k. 10;

ORCID: 0000-0001-8869-5190;

eLibrary SPIN: 7259-9180;

e-mail: makarevichpi@my.msu.ru

Axonan anHa AneKceeBHa, KaH[. Me[l. HayK;
ORCID: 0000-0002-0989-7825;

eLibrary SPIN: 4450-0324;

e-mail: akopyanza@my.msu.ru

[eHbl 1 KNeTKK

Cno6oakuHa ExatepuHa AneKcaHapoBHa, KaHf. 610f. HayK;

ORCID: 0000-0003-4390-1864;
eLibrary SPIN: 5387-9096;
e-mail: slobodkinaea@my.msu.ru

s://doiorg/1017816/gc516537


https://orcid.org/0000-0001-8869-5190
https://www.elibrary.ru/author_profile.asp?spin=7259-9180
mailto:makarevichpi@my.msu.ru
https://orcid.org/0000-0002-0989-7825
https://www.elibrary.ru/author_profile.asp?spin=4450-0324
mailto:akopyanza@my.msu.ru
https://orcid.org/0000-0003-4390-1864
https://www.elibrary.ru/author_profile.asp?spin=5387-9096
mailto:slobodkinaea@my.msu.ru
https://orcid.org/0000-0001-8869-5190
https://www.elibrary.ru/author_profile.asp?spin=7259-9180
mailto:makarevichpi@my.msu.ru
https://orcid.org/0000-0002-0989-7825
https://www.elibrary.ru/author_profile.asp?spin=4450-0324
https://orcid.org/0000-0003-4390-1864
https://www.elibrary.ru/author_profile.asp?spin=5387-9096
mailto:slobodkinaea@my.msu.ru

	Adeno-associated viruses in gene therapy for spinal muscular atrophies: trend or triumph?
	Abstract
	To cite this article: 


	Аденоассоциированные вирусы в генной терапии спинальных мышечных атрофий: тренд или триумф?
	Аннотация
	Как цитировать:

	Introduction
	Structure and tissue tropism of adeno-associated viruses and promoter selection for target-gene expression
	AAV genome structure 
	AAV capsid and its contribution to tropism of the resulting vectors
	Promoter variants for transgene expression and their efficiency

	ADENO-ASSOCIATED VIRUSES as a tool for gene therapy
	Current status of gene therapy using AAVs 
	Immunogenicity and oncogenicity of AAV-based vectors
	Low oncogenicity as a key advantage of AAVs

	Spinal muscular atrophy as a key indication for gene therapy 
	Characteristics and etiology of diseases from the group of SMAs
	Marketed approaches for the treatment of SMAs 
	AAV9 as an optimal vector for SMA treatment
	Problematic aspects of using AAV9 in the treatment of SMA

	Possible directions for development of GT using ADENO-ASSOCIATED VIRUSES
	Approaches for the modification of AAV vectors
	AAB9 modification as an approach to the development of new-generation drugs for GT of SMA  
	Gene therapy for other neuromuscular diseases
	Development of direct GT methods with delivery to the CNS

	Conclusions
	Additional information
	References
	Дополнительная информация
	Список литературы
	Authors' info
	Об авторах


