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Abstract: The Central Nervous System (CNS) is vulnerable to a range of diseases, including neu-
rodegenerative and oncological conditions, which present significant treatment challenges. The
blood-brain barrier (BBB) restricts molecule penetration, complicating the achievement of therapeutic
concentrations in the CNS following systemic administration. Gene therapy using recombinant
adeno-associated virus (rAAV) vectors emerges as a promising strategy for treating CNS diseases,
demonstrated by the registration of six gene therapy products in the past six years and 87 ongoing
clinical trials. This review explores the implementation of rAAV vectors in CNS disease treatment,
emphasizing AAV biology and vector engineering. Various administration methods—such as intra-
venous, intrathecal, and intraparenchymal routes—and experimental approaches like intranasal and
intramuscular administration are evaluated, discussing their advantages and limitations in different
CNS contexts. Additionally, the review underscores the importance of optimizing therapeutic efficacy
through the pharmacokinetics (PK) and pharmacodynamics (PD) of rAAV vectors. A comprehensive
analysis of clinical trials reveals successes and challenges, including barriers to commercialization.
This review provides insights into therapeutic strategies using rAAV vectors in neurological diseases
and identifies areas requiring further research, particularly in optimizing rAAV PK/PD.
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1. Introduction

The central nervous system (CNS), particularly the brain, is at risk of developing sev-
eral diseases of various etiologic origins. Limited access of pharmacological agents to the
cerebral parenchyma, or the absence of drugs dedicated to specific causes, categorizes cer-
tain brain disorders as prognostically fatal and significantly diminishes the patient’s quality
of life [1]. The unique biological characteristics of neural tissue, coupled with its limited
capacity for self-regeneration, further exacerbate the difficulties of treatment. In addition,
disorders of brain physiology are not restricted by age, as they can affect individuals across
all age groups, including the youngest [2]. Among these disorders, neurodegenerative and
neoplastic diseases pose the greatest difficulties in terms of treatment [3,4].

The CNS is protected by the blood-brain barrier (BBB), characterized by tight adhesion
of endothelial cells. This barrier controls brain homeostasis and exhibits metabolic and
transport functions. However, it also serves as a barrier to the transport of substances,
including drugs, prompting numerous efforts to develop methods to modulate or bypass
the BBB [5].

Gene therapy has been explored for various CNS diseases, including neurodegenera-
tive and neurodevelopmental disorders, gliomas, and epileptic conditions [6-8]. Engineered
gene therapy products offer diverse mechanisms of action that can be tailored to the specific
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pathophysiology of diseases, enabling the silencing, modulation, or even replacement of
dysfunctional genes through gene editing.

Gene therapy techniques are primarily based on in vivo or ex vivo techniques [9].
The in vivo technique involves using a suitable viral or nonviral carrier to introduce the
therapeutic gene directly into the patient’s body. While intravenous delivery is the most
convenient and common route for in vivo gene therapy;, its effectiveness for CNS diseases is
limited by the ability of delivery systems to cross the BBB. Recombinant adeno-associated
vectors (rAAVs) have emerged as the vectors of choice for CNS therapy [10]. These vectors
have been extensively utilized due to their safety profile, stable gene expression, and some
degree of neuronal tropism. In addition, certain rAAV serotypes, such as rAAV9 and
rAAVPHP.B, have been identified for their ability to cross the BBB following intravenous
administration [11]. Notably, a clinical report in 2020 on gene therapy for SMA type I
demonstrated the safety and efficacy of intravenous application of rAAV9 vectors carrying
the therapeutic gene (Zolgensma) [12].

Adeno-associated viruses (AAVs) from the Parvoviridae family are small viruses with-
out a lipid envelope, containing single-stranded DNA as their genetic material. With a
virion diameter of about 25 nm, AAV vectors are considered among the smallest animal
viruses. The small size of AAV capsids restricts the size of transgene cassettes that can be
packaged to about 4.7 kb, which is often cited as a major drawback of rAAV carriers. This
limitation theoretically excludes the use of AAVs as gene vectors in therapies for diseases
caused by mutations in large genes such as dystrophin (Duchenne dystrophy) or factor
VII (hemophilia type A). However, a strategy involving viral DNA dimerization has been
developed to overcome this limitation, known as the “split vector” method, which takes
advantage of AAV vectors developing an episomal form [13].

AAVs possess several favorable properties that make them potential and attractive
transgene carriers for human gene therapy. Unlike many other viruses considered for
human use, wild-type AAV is nonpathogenic and exhibits low immunogenicity. Recom-
binant AAV vectors lack nucleotide sequences encoding viral proteins, unlike adenoviral
carriers, and do not induce an inflammatory response; thus, they do not interfere with the
efficiency of therapeutic gene expression. Furthermore, recombinant AAV vectors do not
integrate into the host genome, instead adopting an episomal form, thus eliminating the
risk of insertional mutagenesis associated with retroviruses [14]. Another advantageous
characteristic of rAAV carriers is their ability to infect both non-dividing and dividing
cells, making them suitable for use in brain gene therapy. AAV vectors can be produced
in high concentrations and are stable during storage. With more than a dozen serotypes
characterized by tissue tropism, the simple capsid structure of AAV allows for modification
to target specific cells [15,16].

The efficacy of gene therapy using rAAV vectors depends not only on the appropriately
selected therapeutic gene but also on the technique used to introduce the vectors into the
patient’s body [17]. For CNS therapy, systemic or BBB-passing administrations, such
as administration into the cerebrospinal fluid or directly into the brain parenchyma, are
utilized. The tropism or direction of transport of rAAV vectors is dependent on the chosen
administration technique.

2. Biology of AAV

The use of viral vectors for gene therapy is a valuable strategy [18]. Commonly used
vectors include modified lentiviruses, adenoviruses, retroviruses, or adeno-associated
viruses (rAAV) [19]. These vectors are chosen for their high efficiency in delivering genes
to specific tissues or organs, long-lasting expression of introduced genes, and overall safety
and tolerability. rAAV in particular meets these criteria.

The success of rAAV in gene therapy is evident from the large number of clinical
trials conducted. As of March 2023, there had been 366 clinical trials involving rAAVs,
accounting for 9.4% of trials in the gene therapy field. Successful trials have led to the
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development of gene drugs using AAVs as transgene carriers. As of March 2024, there are
several formulations on the market containing rAAVs as shown in Figure 1.

Hemgenix
etranacogene dezaparvovec-drlb
Luxturna rAAV5
voretigene neparvovec-rzyl
rAAV2 Upstaza (EU)
eladokagen eksuparvovec
rAAV2
Elevidys
delandistrogene moxeparvovec-rokl
rAAVrh74
Zolgensma
onasemnogene abeparvovec-xio Roctavian
rAAV9 valoctocogene roxaparvovec-rvox
rAAVS

Figure 1. Currently registered gene preparations using rAAV. Created with BioRender.com.

AAVs have been recognized in the scientific world since 1965 when Bob Atkinson
discovered small, antigenically distinct “impurities” while studying Adenovirus (Ad).
It was noted that replication of these particles only occurs in the presence of Ad [20].
Subsequent studies confirmed this relationship and showed that coinfection with other
viruses, such as Herpes simplex virus (HSV) and Cytomegalovirus (CMV), is necessary for
the synthesis of AAV antigens [21,22]. This characteristic is also reflected in the taxonomic
classification of AAV, which is included in the family Parvoviridae, genus Dependovirus [23].

The presence of antibodies against AAV in humans has been reported to be around
40-70% [24]. AAV can infect both dividing and nondividing cells [25]. These small viruses
lack an envelope and have a size of about 26 nm, with a single-stranded genetic material
consisting of 4.7 kb [26-28]. The AAV genome comprises sections including the promoter,
polyA, replication-responsive genes (Rep), capsid structural genes (Cap), and assembly
activation protein (AAP) genes [29-31]. At both ends of the genome, there are terminal
repeats consisting of 125 nucleotides, known as inverse terminal repeats (ITRs) [29,32].

Recent discoveries by the group of Odgen et al. have revealed the existence of an
additional gene with an open reading frame (ORF) shift of +1 in the VP1 region. The
expression of this gene leads to the production of a membrane protein called MAAP
(Membrane-associated accessory protein), which functions as a viral exit protein [33,34].
The sequences encoding the nonstructural proteins responsible for replication are located
in a common ORF with p5 and p19 promoters. The resulting Rep 78, 68, 52, and 40 proteins
vary in size but contain a common amino acid stretch with a helicase/ ATPase domain and
a nuclear localization signal [35]. These proteins also contain a DNA-binding domain, an
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endonuclease, and a zinc finger domain, playing an essential role in packaging the viral
genetic material into the capsid and thus facilitating efficient transfection of host cells [36].

The viral capsid is composed of approximately 60 proteins, with an estimated ratio of
1:1:10, formed by VP1, VP2, and VP3 units, respectively [37,38]. Alternative translation start
sites and alternative splicing of the mRNA resulting from Cap gene expression allow for
the formation of numerous capsid variants, leading to differences in the viral envelope [39].
The sequence encoding VP3 is shared by the other VPs and represents the largest pool
of VPs that build the capsid, determining its icosahedral symmetry [40]. The other VPs,
VP1 and VP2, which form the virus envelope, contribute to its unique structure and
efficiency in transfection [41,42]. Understanding the biology and functions of individual
capsid elements is crucial in developing appropriately modified viral envelopes to make
gene therapy more effective and safer. When designing efficient constructs, attention is
paid to the proper proportions of individual capsid protein subunits. For instance, in
a baculovirus-based system, it has been observed that the efficacy of rAAV5 depends
on the initiation of VP1 translation. An excess of VP3, as well as a low VP1/VP2 ratio,
results in decreased vector efficacy [43]. In designing viral vectors, modifications are
made to individual subunits. It has been demonstrated that the VP1/VP2 motif, similar to
PLA2, is important for the limiting step in effective viral transduction, which is the escape
from endosomes to the nucleus. In designing new capsid variants, Han et al. introduced
changes to AAV8 and AAVS3, involving the attachment of PLA2-like motifs located in
VP1, as well as modifications to the N-glycosylation sites in VP3, which are important for
binding to cellular receptors. These changes resulted in higher transduction efficiency with
reduced sensitivity to antibodies [44]. Modifications within VP3 result in different receptor
affinities. It has been shown, using AAV2, that insertions within I-587 allow for changes
in the capsid affecting its binding to cellular receptors. In studies by Girod et al., genetic
modification was performed by introducing a ligand peptide into the viral capsid, thereby
changing the affinity of AAV2 from its primary cellular receptor, HSPG, to an integrin
receptor [42]. Work on ORF capsid mutagenesis has identified critical sites, including those
involved in rAAV binding to receptors. It has been demonstrated that substitution of the
serpin receptor ligand in the N-termini of VP1 and VP2 can change the tropism of the
studied AAV2. The resulting vectors showed greater infectivity (insertion in VP2) and
higher activity (insertion in VP1) compared to the wild type in IB3 cells [45]. Another
example of VP2 modification is the incorporation of cell-specific ligands, such as DARPins
(designed ankyrin repeat proteins) on the capsid surface. These are specific structures with
antibody-like affinity, directing the vector to a specific receptor. In studies by Munch et al.,
functionality was given to specific cell types, such as Her2/neu [46]. It has been shown that
proteins on the AAV capsid surface undergo phosphorylation, leading to ubiquitination
and eventually viral degradation by proteasomes [47]. For AAV2, the introduction of
mutated tyrosine and serine residues on its surface prevents phosphorylation, resulting
in improved transduction. Another example is the substitution of threonine residues
with valine, which also enhances transduction efficiency [48]. In studies by Kanaan et al.,
researchers made minor changes to the tyrosine residues of the AAV2 capsid, improving the
vector’s transduction in the striatum and hippocampus. Additionally, modifications to the
heparan sulfate receptors increased vector distribution [49]. An intriguing illustration of an
AAV vector that exhibits modified distribution patterns is rAAV-2 retro. The majority of
AAVs exhibit limited efficacy in facilitating retrograde transduction. Researchers, aiming to
enhance the efficiency of rAAV vector transduction, have focused on retrograde transport
from axons to projection neurons. This method is characterized by high cellular specificity
and increased safety and broad distribution within the CNS [50]. AAV2-retro includes the
insertion of LADQDYTKTA + V708I + N382D in the segment responsible for binding the
heparin coreceptor in AAV2 [51]. The new AAV2-retro variant was compared in primates,
specifically macaques, by introducing the vector into the caudate nucleus and putamen; it
was demonstrated to have a significantly broader transduction potential than the original
AAV?2 variant, which was limited to the injection sites of the vector [52]. AAV2-retro is used,
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for instance, in the transduction of lower motor neurons after intramuscular administration
(See Section 3.3). Encouraged by the work on AAV2-retro, researchers Lin et al. decided to
construct a vector also characterized by retrograde transport. They introduced a 10-mer
segment derived from AAV2-retro into the AAV9 capsid. Its efficacy was evaluated as
comparable to AAV2-retro after intracranial and intravenous injections, while maintaining
the ability to cross the BBB [53]. The taxonomic division of AAVs takes into account
differences in the proteins of the icosahedral capsid [54], leading to the distinction of
13 major AAV serotypes [55,56]. The various tropisms of these serotypes result from
differences in the structure of the structural proteins, allowing them to bind to specific
cell surface receptors, such as glycans or proteoglycans. For example, the presence of
n-linked sialic acid is necessary for the binding of AAV serotypes 1, 4, 5, and 6, while
O-linked sialic acid is required for AAV5 binding [57,58]. Other receptors include heparan
sulfate proteoglycans, which are necessary for the attachment of AAV serotypes 2, 3, 6, and
13 [59-62], as well as galactose, which is suitable for AAV9 attachment [63].

Primary receptors mediate access to specific protein coreceptors, such as AAVR (AAV
1,2,3,5,6,8,9) [64], GPR108 (all AAV serotypes except AAV5) [65], TM9f2 (AAV1], 2,
5,6,7,8,9) [65], LamR (AAV2, 3, 8, 9) [66], «V[35 integrin and «531 (AAV2) [67,68],
FGFR1 (AAV2, 3) [69,70], CD9 (AAV2) [71], HGFR (AAV2 and 3) [72], PDGFR (AAV5) [73],
and EGFR (AAV6) [74]. A particularly important receptor is AAVR, also known as the
KIAAO0319L transmembrane protein. AAVR binds AAV via the Ig-like polycystic kidney
disease (PKD) repeat domain (PKD2), facilitating rapid endocytosis from the cell membrane
and movement into the Golgi apparatus [64,75]. It has been demonstrated that AAVR is
involved in the transduction of most AAV serotypes. Another critical entry factor is a
conserved protein identified as GPR108, which belongs to the G protein-coupled receptor
superfamily. Knockout studies of the GPR108 gene have shown that serotype 5 transduction
is independent of this receptor [76]. GPR108 is primarily located in the Golgi apparatus [65].

The internalization of the viral vector can occur through various pathways. The clathrin-
dependent or caveolin-dependent endocytosis pathway was the first to be described. Escape
from endosomes, as demonstrated for AAV2, occurs under an acidic environment [23,77].
Another pathway for AAV virus internalization is the CLIC/GEEC pathway.

It has been shown that the entry of AAV2 into the cell requires the rearrangement
of membrane cholesterol and the actin cytoskeleton, resulting in an endosome rich in
GEEK protein, which is then transported to the Golgi apparatus [78]. Additionally, the
virus can enter the cell interior via macropinocytosis. AAV2, after binding to HSPG and
integrin «V35, activates the Racl and PI3 kinase cascade, facilitating its migration to the
cell nucleus along the cytoskeletal network [79]. Upon entry into the cell, AAVs move
toward the nucleus with the involvement of early, late, and recycling endosomes [80]. One
study by Ding et al. showed that AAV2 is transported in a dose-dependent manner via
recycling endosomes (Rab11) or late endosomes (Rab?7) [81]. Transport into the nucleus
may involve the Golgi apparatus [82]. Madigan et al. showed that disrupting the calcium
gradient, through knockout of the calcium ATPase pump-building protein located in the
Golgi apparatus, reduces the AAV transduction of various serotypes. This highlights the
role of calcium in the intracellular transport of viruses and the conformational changes in
capsids required for the efficient transduction of host cells [83].

In the next step, AAV must leave the endosome or Golgi apparatus and enter the
cell cytoplasm. This process is facilitated by phospholipase A2 [42,84], which creates
pores on the surface of membranes through its lipolytic action. Studies of the GPR108
protein indicate its role in AAV escape from the endosome [76]. AAVs accumulated in
the perinuclear space enter the cell nucleus through nuclear pores, facilitated by the small
GTPase Ran and cell karyopherins [85]. Various papers suggest that AAVs enter the nucleus
before capsid removal [23,86], binding to nuclear importers such as IMP« [87]. Research by
Grieger et al. suggests that basic regions (BRs) present on the capsid contain elements of
nuclear localization signals (NLS). Among the four core regions, BR3 and BR4 are significant
for infectivity and viral assembly [88].
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Successful transcription requires the conversion of single-stranded viral DNA to its
double-stranded form. This step is rate-limiting and can occasionally lead to ineffective
infection [89]. In the absence of helper viruses, the processes from entry into the nucleus to
the synthesis of the second strand are limited. Host factors such as the PHD5 finger domain
protein and U2 snRNP-related proteins are involved in this process, and their silencing
leads to an increase in AAV genome expression [90]. AAVs with ITR and Rep segments can
integrate into the human genome at a site known as AAVS]1 on chromosome 19 [91-93].

3. Routes of rAAV Administration in Nervous System Therapy

There are several routes of administration for therapeutic rAAV products targeting
the CNS. The choice of rAAV vector delivery method depends on the type and location
of the disease, patient age, adverse effects associated with the route of administration
(ROA), adverse effects related to rAAV, and the serotype-specific properties of the vectors.
Intravenous administration of rAAV vectors represents a convenient method for delivering
therapeutics, especially in young patients suffering from spinal-cord-localized diseases
such as SMA. Serotypes 9 and rh.10 are preferred vectors due to their ability to penetrate
the BBB. In contrast, intramuscular administration is chosen for treating neuromuscular
diseases, primarily those affecting the peripheral nervous system such as ALS. Serotypes
predisposed to this type of administration include vectors characterized by their ability
for retrograde transport, such as AAV2-retro. Clinical studies evaluating the efficacy of
intraparenchymal administration of rAAV vectors primarily focus on neurodegenerative
diseases with localized etiology, such as Parkinson’s disease (PD). The most commonly
chosen serotype for this route of administration is rAAV2, which exhibits limited diffusion
from the injection site, thereby minimizing the risk of off-target transduction. Intracer-
obrospinal fluid administration is a method that allows for the evasion of neutralizing
antibodies targeted against rAAV vectors. This route of administration reduces the risk of
adverse events associated with off-target transduction. Depending on the site of vector
administration (intraparenchymal, intracerebroventricular, or intrathecal), it is associated
with varying risks of route of administration-related complications The most commonly
utilized serotypes for this route of administration are the neurotropic serotypes rAAV9
and rAAVrh.10.

3.1. Systemic Administration (Intravenous Administration)

The presence of the BBB presents a significant challenge to clinicians and researchers,
as it limits the penetration of therapeutic agents into the brain, thereby limiting the ef-
fectiveness of systemic CNS therapy. Developing therapeutic agents that can overcome
the BBB or increase its permeability is crucial for optimizing CNS therapy. rAAVs have
shown promise as gene carriers for treating CNS diseases. The identification of a rAAV9
vector capable of overcoming the BBB, along with the development of protein engineering
techniques (such as directed evolution), has led to the construction of several rAAV vectors.
These vectors, when administered intravenously, can overcome the BBB and transduce
CNS cells (See Table 1). Here are several strategies to enhance the effectiveness of CNS
gene therapy using intravenously administered rAAV gene therapy products.

3.1.1. Natural BBB-Crossing AAV

Intravenous administration is considered the most attractive route for drug delivery
due to its high patient acceptance, low cost, and low risk of complications. However,
systemic administration of viral vectors for CNS gene therapy is challenging because
most vectors cannot penetrate the BBB. The discovery of a specific serotype among rAAV
vectors that can effectively penetrate the BBB after intravenous administration has sparked
numerous studies on CNS gene therapy using rAAV.

The neurotropic serotype rAAV9 has been identified as capable of transducing cells
within the CNS, with studies considering the impact of the BBB on transduction [11].
Evaluations have involved intravenous administration of AAV9-Gfp vectors to neonatal
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and adult mice with fully formed BBBs, yielding different results that suggest the BBB’s
role in limiting substances delivered to the CNS. In neonates, where the BBB is not fully
developed, AAV9 preferentially transduced neurons, particularly motoneurons. In contrast,
in mature individuals, the transduction profile was directed toward astrocytes, which
mainly constitute the structural component of the BBB.

The mechanism by which rAAV vectors exit the BBB is not yet fully understood.
Coadministration of rAAV vectors with an osmotically active compound, which increases
BBB permeability, did not enhance barrier penetration. This suggests that transporters
on the BBB facilitate active transport rather than passive diffusion [94]. Transporters like
GLUT1 and MCT]1, present on the BBB, are being investigated as potential binding sites
for AAV9 [95]. The receptor for laminin (LamR) [66] has also been identified as important
for efficient cell transduction by the rAAV9 vector. Laminins and their receptors are
predominantly found in the CNS, with receptors localized in astrocytes, pericytes, neurons,
endothelial cells, and progenitor cells [96].

The expression of laminin receptors in the CNS may indeed explain the efficiency
of transduction achieved with the rAAV9 vector. However, results from intravenous
administration of rAAV9 vectors at age-dependent times in primates did not align with
those obtained in rodents. In primates, the transduction profile was found to persist
over time and was notably more efficient in glial cells. The authors detected transgene
expression, including in brain glial cells and spinal cord motor neurons, suggesting a
potential application for diseases like spinal muscular atrophy (SMA) [97].

In 2019, the FDA approved the first gene therapy for children under 2 years old
with SMA. This therapy, called Zolgensma, uses an intravenously administered gene
preparation with the rAAV9 vector as a carrier for a fully functional SMN1 gene. This
approach efficiently delivers a correct copy of the gene to spinal cord motor neurons. A
single dose of Zolgensma has been shown to improve muscle function and survival in SMA
patients [98].

To date, rAAV9 is the primary unmodified viral vector considered for CNS targeting
after intravenous drug application. It effectively transduces spinal cord motor neurons,
leading to a significant reduction in clinical symptoms, improvement in quality of life, and
prolongation of life in SMA patients. Among the vectors noted for their use in clinical trials
due to their ability to penetrate or bypass the endothelium are AAVrh.10, in addition to
AAV9 [99]. Studies by Zhang et al. and Yang et al. evaluated CNS transduction following
the intravenous application of several serotypes of rAAV vectors in newborn and adult
mice. The authors indicate that rAAVrh.10, rAAVrh.39, and rAAVrh .43 serotypes, when
administered intravenously, exhibit CNS transduction capacity and cell tropism comparable
to rAAV9 [100,101]. Additionally, Tanguy et al. highlighted the higher efficiency of the
AAVrh.10 vector in CNS transduction after systemic administration [102]. Their study in
a newborn mouse model showed that AAVrh.10 achieved similar or higher transduction
than AAV9 in all brain areas tested. Statistically significant, higher transduction efficiency
using AAVrh.10 compared to AAV9 was observed in the medulla oblongata and cerebellum.
AAVrh.10 was more efficient in transducing the dorsal spinal cord and lower motor neurons.
Interestingly, the differences between the serotypes appeared mainly at low doses, and
increasing the dose did not improve the distribution of AAVrh.10 in the spinal cord, unlike
AAVI.

Yang et al. conducted a study to evaluate the AAVrh.10 vector using a nonhuman
primate [101]. They found that intravenous administration of rAAVrh.10-eGfp in adult
marmosets led to the transduction of motor neurons throughout the spinal cord, oculomotor
nucleus, and neurons in the dorsal root ganglia.

Although published data from clinical trials involving AAVrh.10 mainly involve routes
of administration other than intravenous [99], a phase I clinical trial based on intravenous
delivery of AAVrh.10-GLB1 is currently underway (NCT04693598). However, the results of
this trial have not yet been published.
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3.1.2. BBB-Crossing AAV9 Variants

Six approved gene therapy products are based on naturally occurring AAV serotypes:
Glybera (AAV1), Luxturna (AAV2), Zolgensma (AAVY), Upstaza (AAV2), Hemgenix
(AAV5), and Roctavian (AAV5) [103-107]. Published data indicate the significant potential
of directed molecular evolution or Rational Design Strategies in developing synthetic rAAV
capsid variants [108,109]. In 2016, Sourav R Choudhury et al. developed a new vector,
AAV-AS [110], by inserting a polyalanine peptide at the N-terminus of the VP2 protein of
the rAAV9 vector. Systemic administration of this new variant to adult mice demonstrated
higher CNS transduction efficiency compared to the starting vector, with AAV-AS being
6-fold and 15-fold more effective in the spinal cord and brain, respectively.

Despite identifying several factors that may be involved in the transportation of
rAAV9 across the BBB, the precise mechanism by which AAV9 crosses this barrier remains
undetermined. The authors conducted a study on CHO cells and found that the binding
mode of AAV-AS and AAV9Y is identical, suggesting that the polyalanine peptide does
not affect the interaction with receptors. However, the paper also notes that the impact
of polyalanine residues on the interaction of the AAV-AS capsid with coreceptors on the
luminal surface of brain microvascular endothelial cells or other cells along the BBB and
cerebrospinal fluid barrier is currently unknown, and further studies are required.

In 2016, another AAV9 variant with increased affinity for the CNS was developed.
AAV-PHP.B was created using the CREATE method [111], enriching the VP1 protein of the
AAV9 capsid with a seven amino acid sequence (7-mer) in a randomized sequence. Studies
showed that AAV-PHP.B transduces the entire CNS region of C57BL/6 strain mice, includ-
ing neurons and glial cells, after intravenous administration. The transduction efficiency of
AAV-PHPSB is approximately 40-fold to 92-fold higher than that of AAV9, depending on the
area analyzed. This higher transduction efficiency was also confirmed in human neurons
and glial cells in vitro. However, in a large animal model (NHPs), the evaluation of CNS
transduction following intravascular administration of the AAV-PHP.B vector appeared
to be less efficient. Matsuzaki et al. indicated that the only noticeable difference between
AAV-PHP.B and AAV?Y is the markedly higher transduction of peripheral dorsal root gan-
glion neurons, while the CNS transduction efficiency of AAV-PHP.B is comparable to AAV9
vectors [112]. Juliette Hordeaux et al. indicates that the neurotropism of the AAV-PHP.B
vector is restricted to the C57BL/7 mouse strain on which it was evaluated [113]. Attempts
to transduce the CNS using a different mouse strain, such as Balb/c, proved ineffective.
This phenomenon was clarified in 2019 when the receptor for AAV-PHP.B, Ly6a, a GPI
motif-anchored protein, was discovered to be expressed at the BBB in C57BL/6 mice but
not in the Balb/c strain. Ly6a is responsible for transporting the modified vector across the
BBB [114].

Subsequently, the CREATE method used to create AAV-PHP.B was used a year later to
create a more efficient variant, AAV-PHP.eB [115]. While both vectors comparably transduce
glial cells, the AAV-PHP.eB variant shows a 55% and 69% higher efficiency against cortical
and striatal neurons, respectively. The modified variant also requires the presence of the
Lyé6a receptor protein. AAV-PHP.B and AAV-PHP.eB have been characterized as the most
efficient CNS transducing vectors after intravenous administration, based on studies in
mouse models.

Another variant of the rAAV9 vector with targeted CNS transduction and reduced
affinity for peripheral tissues and organs is AAV9.HR [116]. This variant’s vector capsid
differs from the parent vector by only two amino acid residues.

In 2019, the AAV-F vector, also a variant of AAV9, was developed [117]. The trans-
duction efficiency of astrocytes and cortical neurons using AAV-F is 65-fold and 171-fold
higher, respectively than that obtained with the initial AAV9. Transduction was found
to be independent of mouse gender and strain (C57BL/6 and BALB/c), making AAV-F a
very useful capsid for mouse CNS transduction. It is worth noting that the transduction
efficiency was compared with that obtained with AAV9-PHP.B, which was found to be
slightly higher.
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In 2021, further AAV9 variants created by the rational design method appeared [118].
The authors developed AAV.CPP.16 and AAV.CPP.21, which expresses cell-penetrating
peptides on the capsid surface. Systemic administration of these new variants resulted
in a 6-fold to 249-fold increase in CNS cell transduction efficiency in four strains of mice
and a 5-fold increase in cynomolgus macaques compared to the parental AAV9 vector.
AAV.CPP.16 retains tropism in juvenile and adult macaques and has been shown to have
the potential to deliver antitumor cargo in a mouse model of glioblastoma [118].

3.1.3. BBB Crossing Other than AAV9 Variants

Serotypes rAAVrh.8, rAAVrh.10, rAAVrh.39, and rA AVrh.43 are prominent among the
vectors that efficiently transduce CNS after intravenous administration [100,101]. Among
these, rAAVrh.8 stands out for its ability to globally transduce glial and neuronal cells
in clinically relevant CNS regions, including the cerebral cortex, caudate nucleus, hip-
pocampus, corpus callosum, and black matter [101]. The rAAVrh.10 vector has shown
promise in traversing the BBB. Researchers have utilized this property to create a variant
known as rAAV1/rh.10 [119], which efficiently transduces the CNS while reducing liver
transduction with systemic administration. This modification has increased the safety of
systemic application and reduced the risk of hepatotoxicity [119].

In 2016, researchers developed AAV2-BR1, a vector with high specificity and efficient
transduction for the endothelial blood vessels of the brain and spinal cord [120]. This
vector demonstrated transgene expression levels in the brain that were significantly higher
(1000-fold) than in the liver, 100-fold higher than in the heart. Compared to wild-type
rAAV2, the same dose of the AAV-BR1 vector induced 650-fold higher transgene expression
in the brain [120].

Another notable vector is rAAV-B1, developed around the same time, which, when
administered systemically to adult mice and cats, resulted in gene transfer to the CNS,
transducing multiple subpopulations of neuronal cells. This chimeric vector, containing the
VP3 capsid gene primarily derived from AAVS8 or AAVrh.43, is considered more efficient
than AAV9 in delivering genes to the mouse brain and spinal cord. Additionally, it shows
reduced sensitivity to neutralization by antibodies present in human sera [121].

In 2019, Cia-HinLau et al. developed a novel variant of rAAV1 by introducing the
amino acid sequence PHP.B to enhance its ability to cross the BBB (rAAV1-PHP.B). Intra-
venous administration of a single dose of AAV1-PHP.B expressing CRISPR resulted in
targeted transgene activation in the brains of mice [122]. The utilization of AAV vectors
alongside CRISPR tools is justified by their complementary attributes and capacities in
gene therapy and genome editing. AAV vectors are renowned for their proficiency in
delivering genes to target cells, encompassing both somatic tissues and the nervous system.
Integration with CRISPR/Cas9 enables precise genome editing, affording specific modifica-
tions to DNA sequences with heightened precision and mitigated risk of off-target effects.
This amalgamation not only introduces novel therapeutic avenues for addressing genetic
diseases, cancers, and previously intractable conditions but also fosters exploration into
gene function and biological mechanisms. Such endeavors contribute significantly to the
ongoing evolution of biotechnology and molecular medicine.

Additionally, several potential shuttle peptides (molecular vectors) capable of trans-
porting cargo to the brain without compromising BBB integrity have been identified [123].
These peptides significantly enhanced brain transduction after systemic administration
of AAVS, with the best-performing peptide being THR. The enhancement of AAVS trans-
duction in the brain by THR was found to be dose-dependent, with neurons being the
main target. THR directly binds to the AAVS8 virion, enhancing its ability to cross the BBB.
Further experiments showed that THR binding to the AAV virus did not affect the biology
of AAVS infection [123,124].
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Table 1. rAAV serotypes, target specificity, and their advantages in CNS treatment following sys-
temic administration.

Advantages/Disadvantages

AAV Origin  AAV Serotype Receptors Tra_lr}sduced Animal Model vs. Parenteral Vector References
arget
or AAV9
LamR. MCT1 Brain glial cells,
AAV9 GLUTT, DRG neurons, NHPs [97]
Natural galactose Pneurons
Glial and neuron : Reduced peripheral tissue
AAVrh.8 LamR cells of CNS Mice (C57BL/6) tropism vs. AAV9 [101]
. Distribution remained
AAVrh.10 Unknown Spinal cord NHP (Mermoset unchanged with increasing [101]
motor neurons monkeys)
dose vs. AAV9
Glial and neuron : Reduced peripheral tissue
rAAVrh.39 Unknown cells of CNS Mice (C57BL/6) tropism vs. AAV9 [100,101]
Glial and neuron : Reduced peripheral tissue
rAAVrh.43 Unknown cells of CNS Mice (C57BL/6) tropism vs. AAV9 [100,101]
Neurons, glial, 6- and 15-fold more efficient
AAV-AS Unknown and endothelial ~ Mice (C57BL/6) (spinal cord and brain, [110]
cells of CNS respectively)
Neurons and . 40-fold to 92-fold higher
AAV-PHP.B Ly6a glial cells of CNS Mice (C57BL/6) transduction (only in mice) [111]
a Neurons and . Higher efficiency than
AAV-PHFeB Ly6a glial cells of CNS Mice (C57BL/6) AAV-PHP.B (only in mice) [115]
AAVY Brain glial cells,
variant AAV9.HR Unknown Elljigarllilgt)gsl Mice (C57BL/6) Lower transduction [116]
neurons
AAV-F Neurons and Mlce (C57BL/6 65- to 171-fold higher [117]
glial cells of CNS and BALB/c) transduction
Mice (C57BL/6],
?:%TEE{\%] ’ 6- to 249-fold transduction
Neurons and increase (mice)
AAV.CPP16 glial cells of CNS 1298&{_15Iyim] ) 5-fold transduction increase [118]
(cynomolgus (NHPs)
macaques)
Endothelial 650-fold higher brain
AAV2 AAV2-BR1 Unknown blood vessels of Mice (C57BL/6) expression, liver [120]
variant CNS de-targeting
Brain neurons Rats (Crl:SD) No Cgegiﬁssécsgﬁ nin [125]
DNA
;}Xi/f{lu;g 4 Neurons, glial Sensitivity to antibodies
5( 689 the rAAV-B1 Unknown and endothelial ~ Mice (C57BL/6]) reduced, 5.8- to 14.5-fold [121]
A0 th.39. cells of CNS higher transduction
rh.43)
AAV1 Brain tissue (cell
variant rAAV1-PHP.B Unknown type not C57BL/6] More efficient transduction [122]
indicated)

3.2. Intranasal Delivery

Traditionally, the intranasal route has been used to deliver targeted drugs for treating
respiratory diseases. This route has also been used in clinical trials involving cystic fibrosis
patients for delivering rAAV vectors [126]. Interestingly, this noninvasive method of
administration is also being investigated for treating CNS disorders. The motivation
behind this approach is the direct connection between the nasal cavity and the brain, which
allows molecules to bypass the BBB. Absorption of molecules occurs in the olfactory and
respiratory epithelia. The routes of transfer of compounds through the olfactory area to the
olfactory bulb via sustentacular cells or exposed olfactory sensory neurons. Alternatively,
compounds can reach the brain through the nasal respiratory epithelium via the trigeminal
nerve [127].

Therapeutic targets for intranasal AAV vector application include depression. Liu et al.
used AAV vectors to deliver the gene encoding NAP, an eight-amino-acid peptide derived
from the neuroprotective protein ADNP, which has shown neuroprotective effects in various
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neurological disorders [128]. After intranasal administration of NT4-NAP/AAV to isolated
C57BL/6 mice, a significant decrease in immobility time in the forced swim test (FST) was
observed. This suggests a promising therapeutic strategy for depressive disorders. Around
the same time, another study was published on intranasal therapy for depression using
brain-derived neurotrophic factor (BDNF) [129]. A fusion gene, BDNF-HA2TAT / AAV, was
constructed for intranasal delivery of BDNF to the CNS through the nose-brain pathway.
Intranasal application of BDNF-HA2TAT /AAV to mice subjected to chronic mild stress
reduced depression, as indicated by the FST results. This treatment was associated with
increased BDNF levels in the hippocampus. A follow-up study in rats with poststroke
depression showed that intranasal administration of BDNF-HA2TAT / AAV increased BDNF
mRNA and protein levels in the prefrontal cortex, leading to improvements in neurological
function after intranasal gene therapy [130].

Intranasal gene transfer has also been used to treat Mucopolysaccharidosis type
1 (MPSI). Adult IDUA-deficient mice were intranasally infused with AAV9-IDUA vec-
tors [131]. IDUA enzyme activity in the olfactory bulb of these mice was 50 times higher
than that of wild-type mice. Intranasal treatment with AAV9-IDUA also reduced gly-
cosaminoglycan deposits in the brain. Immunofluorescence analysis showed no evidence
of vector spread to areas of the brain other than the olfactory bulb. The reduction in storage
materials is believed to be due to the diffusion of enzymes from the olfactory bulb and
nasal epithelium to deeper brain areas.

At 8 months of age, IDUA-deficient mice treated with gene therapy were indistin-
guishable from normal control animals, while untreated IDUA-deficient mice exhibited
significant deficits in learning and navigation. A study conducted in 2021 compared the
efficacy of gene therapy using rAAV9 vectors administered via different routes in a mouse
model of mucopolysaccharidosis type I [132]. The vectors were administered by direct
injection into the cerebral ventricles (ICV), intrathecal infusion (IT), or intranasal application
(IN). Animals treated via ICV and IT administration showed IDUA enzyme levels that were
3- to 1000-fold higher than wild-type animals in all brain regions examined. Intranasally
treated animals exhibited IDUA levels that were 100-fold higher in the olfactory bulb,
with levels in other parts of the brain similar to wild-type levels. Glycosaminoglycan
levels normalized in ICV-treated and I'T-treated mice, while in IN-treated mice, they were
normalized in the olfactory bulb or reduced in other brain regions. Treated animals, includ-
ing those treated IN, were indistinguishable from heterozygous animals, while untreated
IDUA-deficient animals showed significant deficits in learning and spatial navigation [132].

In another study using neurogenotherapy with AAV, there was an attempt to in-
tranasally apply serotype 2 AAV. The authors developed AAV/NT4 TAT CBD3 to evaluate
the effect of calcium ion-dependent modulation of NMDA receptors on the therapeutic
effect of Alzheimer’s disease (AD) [133]. The study utilized the APP/PS1 mouse model of
AD, which exhibits strong pathophysiologies, including A31-42 deposition, impaired tau
protein levels (an indicator of AD progression), and reduced cognitive function. Based on
biochemical, cellular, and behavioral studies, the researchers observed reduced levels of
AP1-42 and phosphorylated tau protein, a decreased percentage of apoptotic cells in the
hippocampus, and reduced cognitive decline compared to untreated animals.

Physical methods, such as ultrasound, are also being explored in studies of particle
delivery to the brain to overcome the BBB. The Focused Ultrasound-Mediated Intranasal
Brain Drug Delivery Technique (FUSIN) is a method that uses the intranasal route to deliver
drugs directly from the nose to the brain, bypassing the BBB [134]. In 2022, Ye et al. utilized
this method for the intranasal introduction of rAAV5-eGfp into the brains of Cr.NIH (Swiss)
strain mice [135].

The authors compared several routes of administration as follows: intranasal (IN), in-
tranasal with ultrasound targeted at the cortex or brainstem (FUSIN), intravenous followed
by FUS treatment targeted at the cortex (FUS-BBBD), and intraparenchymal injection into
the cerebral cortex (DI). FUSIN resulted in more than a 2000-fold higher efficiency of AAV5-
eGfp delivery to the cortex compared to IN delivery. FUSIN also achieved transduction
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levels comparable to DI in the brain areas studied, indicating similar efficacy with a much
less invasive application. Additionally, the comparison between FUSIN and FUS-BBBD
showed that the intranasal route was more effective in delivering rAAV5-eGfp than the
intravenous route using a localized ultrasound technique.

3.3. Intramuscular Injection—Spinal Cord Delivery

Recombinant adeno-associated viruses have shown promise in treating motor neu-
ron diseases in animal models [136-141]. Intramuscular administration is often used to
deliver the therapeutic transgene. While direct injection into the CNS is necessary for CNS
disorders, less invasive techniques such as delivery into muscle and peripheral nerves are
being explored for diseases involving the spinal cord, like amyotrophic lateral sclerosis
and spinal muscular atrophy. This strategy is supported by the axonal transport of viral
carriers into the cell bodies of motoneurons [142], possibly facilitated by vector binding to
dynein-dependent cytoplasmic microtubules [143,144].

Intramuscular administration is appealing for gene therapy due to its simplicity
and low invasiveness. Viral vectors can be taken up by peripheral nerve endings and
retrogradely transported along axons to motor and sensory neurons, potentially reaching
cells in the spinal cord and brain. Nicholas M. Boulis et al. compared the effects of rAAV
and adenoviral vectors injected into sciatic nerves in rats. After 21 days, the rAAV-treated
group showed significantly higher transgene expression in the spinal cord compared to the
adenovirus group. In addition, the green fluorescent protein (GFP) reporter gene expression
was detected 21 days after unilateral sciatic nerve injection in dorsal root ganglion neurons
and the spinal cord [136]. Transduction of motoneurons and the spinal cord was also
achieved after the intramuscular application of rAAV vectors. A single intramuscular
injection of AAV-GDNF resulted in significant GDNF expression that persisted for at least
10 months in transduced gastrocnemius muscle, concentrated mainly at neuromuscular
junction sites (NM]s). Moreover, transgenic GDNF was detected in motoneurons projecting
axons into the muscle, indicating retrograde axonal transport [140].

Li-Jun Wang et al. conducted a similar study, demonstrating that bilateral intramus-
cular injection of the AAV-GDNF vector delayed disease onset by ~13% and prolonged
the survival of ALS transgenic mice by ~14%. However, all mice eventually developed
skeletal muscle weakness and atrophy after the onset of motor symptoms. Disease duration,
assessed as the number of days from onset to end-stage, did not differ between ALS mice
treated with the AAV-GDNF vector and controls [141].

Research on the intramuscular application of rAAV vectors has explored different
serotypes, primarily 1, 2, 6, 8, and 9. Edmund R. Hollis 2nd et al. compared the efficiency
of intramuscular administration of rAAV1 to rAAV6 serotypes. They found that rAAV1
was the most efficient vector in transducing motoneurons after both intramuscular and
intranasal applications. Serotype 1 showed the highest level of retrograde transport, as
evidenced by the transduction of motoneurons projecting axons to the muscles receiving
the vector. For single-stranded AAV1 injected into the sciatic nerve, ten times the number of
viral particles was required for detectable transgene expression compared to scAAV1 [139].

In primates, spinal cord transduction after intramuscular application of rAAV6 was
evaluated [138]. Cells expressing eGfp were observed in an area of approximately 1 cm of the
spinal cord 4 weeks after intramuscular injection. A significant proportion of motor neurons
were eGFP-positive, with some spinal cord sections showing over 50% transduction.

For nervous system transduction through transmuscular application, serotypes 8 and 9
have been prominent. Zheng et al. evaluated the nervous system transduction efficiency of
AAVS in adult mice by intramuscular injection [145]. AAV8 demonstrated axonal transport
ability, with efficient gene transfer to the white matter of the spinal cord, dorsal root
ganglion neurons, and peripheral nerves, along with a small number of transduced spinal
cord gray matter cells. In the case of dorsal root ganglion neurons, transduction was more
expressed on the side of vector administration. In contrast, Benkhelifa-Ziyyat et al. showed
that a single injection of scAAV9 into the gastrocnemius muscle of adult mice resulted in
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extensive transduction of motoneurons along the entire spinal cord, without restriction to
MNs connected to the injected muscle. Spinal cord astrocytes and peripheral organs were
also transduced, indicating vector distribution from the injected muscle to both the CNS
and periphery. Intramuscular injection of scAAV9 vectors carrying the SMN gene in mice
with spinal muscular atrophy led to high levels of transgene expression in both the CNS
and periphery, increasing survival length from 12 days to 163 days [137]. In 2016, serotypes
6, 8, and 9 were compared in terms of transgene delivery efficiency and promoter effects on
transgene expression [146].

The serotypes carried a transgene encoding green fluorescence protein (eGfp) under
the control of a cytomegalovirus (cmv) or human synapsin (h1SYN) promoter. Vectors
were applied by injection into the biceps muscle of the hind limb of adult C57BL/6] mice.
The viral genome was mainly detected in the biceps muscle (no statistically significant
differences between serotypes) and the adjacent sciatic nerve on the same side of the body
(AAV6 > AAV9). Lower levels of eGfp mRNA were detected in the dorsal root ganglia
(AAV8 > AAV6, AAVY) and lumbar spinal cord (no statistically significant differences
between serotypes) on the same side of the body. Sparse eGfp fluorescence was observed
in the lumbar spinal cord on both sides of the body, especially with rAAV6 and rAAV9.
There were no differences shown between the promoters used. The differences in transgene
delivery efficiency after intramuscular administration of rAAV vectors into the spinal cord
are likely due to differences in axonal transport, which depends on the serotype of the
rAAV vector [147].

The natural serotypes of rAAV vectors delivered intramuscularly mainly transduce
the motoneuron projecting to the muscle where the vector is applied. rAAV2-retro was
effective in transducing lower motor neurons in the ventral horn of the spinal cord and
motor nuclei of the brainstem with a single injection into a single muscle in neonatal
mice [148]. Intramuscular injection of rAAV2-retro into lower motor neurons resulted
in high transduction efficiency (57.04% =+ 4.01%). Through a spinal cord injury model
test, it was confirmed that rAAV2-retro injected through the muscle diffuses through the
cerebrospinal fluid pathway to achieve extensive transduction of lower motor neurons.
Zhilong Ch. et al. used a modified rAAV2-retro vector to assess the transduction of mouse
motoneurons and compared it with rAAV1, rAAV2, rAAV5, rAAV6, rAAV7, rAAVS, and
rAAV9 serotypes. rAAV2-retro showed the highest efficiency of retrograde transduction of
lower motor neurons in the spinal cord compared to the other rAAV serotypes tested. It
enables extensive transduction of lower motor neurons in the spinal cord and brainstem
after a single injection in a single muscle (forelimb), reaching 57.04% =+ 4.01%, and is not
limited to lower motor neurons associated with the injected muscle. Efficient transduction
of lower motor neurons is achieved by diffusion into the cerebrospinal fluid [148].

3.4. Intraparenchymal Injection

Injection of preparations into the brain parenchyma represents a technique for by-
passing the BBB. Initially, was considered a convenient way to administer gene vectors
to locally restricted disease-affected areas, such as Parkinson’s disease (PD) [149]. Ad-
ministration of interstitial injection into the brain parenchyma has also been evaluated
in disease models affecting a widespread area, such as brain storage diseases [149,150].
Interstitial injection of rAAV vectors is an effective means of administration into the CNS,
as rAAV vectors are susceptible to axonal transport. The direction and extent of trans-
port are serotype-dependent [147]. The use of serotype 2 is associated with anterograde
transport [151], while serotype 6 is retrogradely transported along axons. Long-distance
and retrograde axonal transport of some AAV serotypes (AAV1, -6, -8, and -9) have been
reported, which may promote the spread of viral particles in anatomically connected areas
of the brain [142,152,153]. AAV9 and AAVrh.10 are leading candidates for parenchymal
infusion, not only because of vector distribution but also because they can be transported
along axons with high efficiency [154-156]. The dose of viral vectors is lower concerning
titers administered intravenously or into the cerebrospinal fluid [157]. Another positive
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aspect of IP administration is that it reduces the occurrence of a response from the patient’s
immune system, which can significantly affect the safety and efficacy of gene therapy.
The introduction of gene preparations into an immunologically privileged site (brain and
cerebrospinal fluid) significantly reduces the risk of anti-AAV antibodies affecting the
applied treatment [158,159]. In recent years, there have been several preclinical and clin-
ical studies demonstrating the potential of interstitial rAAV injection for the treatment
of CNS disorders. Most of the ongoing clinical studies on the use of rAAV in CNS gene
therapy have been based on the interstitial administration of vectors. Animal models have
included mice [160], rats [161], cats [162], dogs [163], and primates [157]. Arnaud Cres-
sant et al. conducted a study in a mouse model of mucopolysaccharidosis type IIIB [164].
Interstitial administration of rAAV2 or rAAV5 vectors encoding NaGLU resulted in high
enzyme activity, exceeding physiological values. Improved behavior was observed in the
animals. Enzyme activity was observed outside the vector injection areas for both serotypes.
NaGLU activity was higher, and distribution was wider after using AAV5-NaGLU vec-
tors than from AAV2-NaGLU vectors [164]. Haiyan Fu et al. confirmed the effective and
long-lasting activity of recombinant human NaGLU in all brain structures/areas of mice
injected with the rAAV2 vector [165]. The interstitial administration of rAAV5-NaGLU
was also evaluated in a canine model of MPS III. Animals received eight AAV serotype
5 vector deposits that induced x-N-acetylglucosaminidase production. Information on
reproducibility, tolerability, appropriate vector type, and dose was provided [163]. The
results supported clinical trial designs to evaluate interstitial gene therapy in Sanfilippo
syndrome. An uncontrolled phase I/1I clinical trial is investigating interstitial administra-
tion of rAAV5-hNaGLU in four patients with MPS IIIB (NCT03300453) [152]. Evaluation
30 months after vector injection indicated safety and good tolerance of the treatment used.
The level of x-N-acetylglucosaminidase assessed in the cerebrospinal fluid is 15-20% of that
in healthy children. Neurocognitive functions improved in all patients, with the youngest
patient showing functions comparable to healthy children [166]. Direct access to the brain
parenchyma offers the possibility of delivering the appropriate dose and titer of vectors
that systemic administration requires to be increased. The method of direct interstitial
injection has been under development for several years [167-169].

One technique that ensures adequate drug distribution and prevents backflow through
the cannula is convection-assisted delivery (CED). CED is a direct method of delivering
drugs to the brain through microcoils [170]. This method allows for control over the rate
and volume of infusion, which, along with the number of infusions inserted, determines
the volume of distribution [171]. Another technique used to aid in the delivery of rAAV
viral vectors to the brain parenchyma is magnetic resonance imaging (MRI)-based neuron-
avigation [172]. MRI enables the control of cannula position and the ongoing diffusion of
the vector.

3.5. Intracerebrospinal Fluid Administration

An alternative route to interstitial administration of rAAV vectors is administration
into the cerebrospinal fluid (CSF). This route of administration is gaining traction in neu-
rodegenerative disease research involving broader brain regions [173]. The introduction of
the preparation into the CSF can be achieved by administration into the cerebral ventricles
(ICV) [174], into the cisterna magna (ICM) [175], or the spinal canal (IT) [159]. Studies on
the administration of viral vectors into the cerebrospinal fluid are justified, among other
reasons, by the greater distribution of the vector compared to intraparenchymal adminis-
tration. Studies on AAV application to the cerebrospinal fluid confirming the effectiveness
of gene transfer to cells in different areas of the brain and throughout the spinal cord
were conducted in different animal species such as rodents, pigs, dogs, and non-human
primates (NHPs) [176-180]. One of the papers mentioned above evaluates the effect of the
administration of an rAAV vector encoding human interferon-f3 (AAV-hIFN-f3) on glioma
growth. Peritumor parenchymal transduction with AAV-hIFN-3 was extremely effective
in eliminating GBM brain tumors [179]. The infiltrative nature of glioma cells can lead
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to tumor cells remaining outside the local therapeutic zone created by the parenchymal
delivery of AAV vectors. A study in a mouse model of GBM by ICV infusion of AAV-IFN-(3
completely prevents tumor growth [181]. The data presented by the authors suggest that
ICV injection of rAAV vectors encoding antitumor proteins is a promising approach deserv-
ing further consideration for the treatment of GBM. Distribution of AAV vectors into the
cerebral cortex or spinal cord can be achieved by intracerebral ventricular (ICV) or lumbar
(IT) injection, respectively. The lumbar intrathecal route allows only moderate transgene
expression in the upper spinal cord and brain [180].

Studies in primates indicate that intra cisterna magna (ICM) injection results in the
more efficient delivery of the transgene to the brain as well as the spinal cord [159,182,183].
However, intra cisterna magna delivery can be difficult to use in humans. The use of in-
tracisternal delivery, especially when injecting free-hand (the use of head-mounted devices
on infants is inadvisable), can lead to the risk of not delivering into the cerebrospinal fluid,
but more importantly, can cause spinal cord injury and often fatal complications [184].
Methods have been developed as an alternative to direct delivery of gene therapy to the
CM. A technique adapting an intravascular microcoil, which can be safely delivered in-
trathecally under fluoroscopy, has been used to treat two patients with Tay-Sachs disease
(aged 30 months and 7 months) with AAV gene therapy. This delivery technique is a safe
and minimally invasive alternative to direct infusion into the CM to achieve wide distri-
bution of AAV gene transfer into the CNS [185]. Two clinical trials using cisterna magna
infusions based on the rAAV9 vector have recently been initiated (RGX-111 gene therapy,
rAAV9—IDUA, NCT03580083, RGX-121 gene therapy, rAAV9—IDS, NCT03566043). In
clinical trials, the use of administration of rAAV vectors into the cerebrospinal fluid is
down to rAAV9 and rAAVrh.10 serotypes. Sorrentino et al. evaluated the transduction
profile obtained after intra cisterna magna injection of eight different serotypes of rAAV
vectors (1, 2, 5,7,9, rh.10, rh.39, and rh.43) in pigs [186]. The rAAV9 was characterized as
the vector most efficiently transducing the entire CNS, including transduction of neurons
and glial cells of various layers of the cerebral cortex, basal nuclei, midbrain and brainstem
areas, and motor neurons of the spinal cord. For other serotypes, a pattern of cell trans-
duction was indicated, e.g., rAAVrh.10 manifested tropism to Purkinje cells. Bey K. et al.
showed that delivery of AAV9 to the lumbar spinal cord leads to transduction of spinal
cord motor neurons and neurons and glial cells of several brain areas. In contrast, the use
of AAVrh.10 is associated with a low yield of transduced motor neurons [187]. Rosenberg
et al. showed that the CNS transduction efficiency of an AAVrh.10 vector administered into
the cerebrospinal fluid is site-dependent. The delivery of AAVrh.10 through the ICM leads
to better distribution compared to ICV and IP [188]. In conclusion, the biodistribution of
rAAV vectors after introduction into the CSF is dependent on the serotype and tropism
of the vector. The site of the application and the chosen animal model are also important,
affecting the pattern and efficiency of transduction.

4. A Review of CNS Gene Therapy Clinical Trials

A total of 643 studies were extracted from the ClinicalTrials.gov database. “AAV,” “adeno-
associated”, “AAV1”, “AAV2”, “AAV5”, “AAV6”, “AAVE8”, “AAVY9”, and “AAVrh” were used
as keywords. No time cutoff was applied. Studies unrelated to CNS therapy were excluded,
totaling 490 trials. Duplicate search results were removed, totaling 55. During selection,
observational, historical, and follow-up studies were excluded, totaling 10 studies. Additionally,
one study on Rett syndrome was excluded due to its nature as an in vitro analysis using
biological material from patients. Ultimately, 87 CNS gene therapy trials using rAAV vectors as
gene carriers were identified. Information was collected on the route of administration of the
gene product, the serotype of the rAAV vector used, the transgene carried, the vector dose, and
disease categories/disease indications. In cases where clinical trial data availability was limited,
data were obtained from published research papers, including previous preclinical studies using
the same vector, presentations, and results published at scientific conferences, press releases,
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and websites of the responsible parties. Missing data have been marked as “N/A” Detailed
data can be found in Table 2.

Table 2. Clinical trials for CNS disorders involving AAV viral vectors.

Administration Disease Serotype Transgene Dose NCT Number
Route
AADC AAV2 AADC 1.3 x 101-1.6 x 10'? gc NCT02852213
AADC AAV2 AADC 1.81 x 10M gc NCT01395641
AADC AAV2 AADC 1.81 x 10'1-2.37 x 10! gc NCT02926066
AADC AAV9 AADC N/A NCT05765981
AD AAV2 NGF 2.0 x 10! gc NCT00876863
AD AAV2 NGF 1.2 x 10'9-1.2 x 10! gc NCT00087789
AD AAV2 BDNF N/A NCT05040217
CD AAVOIig001 ASPA 3.7 x 1013 gc NCT04833907
FTD AAV9 GRN N/A NCT06064890
GD2 AAV9 GBAI N/A NCT06272149
HD AAV5 miHTT 6.0 x 1012-6.0 x 10'3 gc NCT04120493
HD AAV5 miHTT 6.0 x 1012-6.0 x 10'3 gc NCT05243017
HD AAVrh10 CYP46A1 4.0 x 108-1.1 x 10? ge/puL NCT05541627
LINCL AAV2 CLN2 3.0 x 10'2 gc NCT00151216
LINCL AAVrh10 CLN2 2.85 x 1011-9.0 x 10!! gc NCT01414985
LINCL AAVrh10 CLN2 2.85 x 10'1-9.0 x 10 gc NCT01161576
MLD AAVrh10 ARSA 1.0 x 10'2-4.0 x 10'? gc NCT01801709
MPS IIIA AAVrh10 SGSH N/A NCT03612869
MPS IIIA AAVrH10 SGSH, SUMF1 N/A NCT01474343
MPS I11B AAV5 NAGLU 4.0 x 102 gc NCT03300453
P MSA AAV2 GDNF N/A NCT04680065
NGLY1 AAV9 NGLY1 N/A NCT06199531
PD AAV2 GDNF 9.0 x 101°-3.0 x 10'2 gc NCT01621581
PD N/A N/A N/A NCT05822739
PD AAV2 GAD 1.0 x 10'2 gc NCT00643890
PD AAV2 AADC 9.0 x 109-3.0 x 10! gc NCT00229736
PD AAV2 AADC 3.0 x 1011-9.0 x 10! gc NCT02418598
PD AAV2 GDNF N/A NCT04167540
PD AAV2 NTN 54 x 10! gc NCT00400634
PD AAV2 NTN 9.4 x 10'1-2.4 x 10'2 gc NCT00985517
PD AAV2 AADC 7.5 x 101-4.7 x 1012 gc NCT01973543
PD AAV2 AADC 9.4 x 102 gc NCT03065192
PD AAV2 GAD 1.0 x 10'1-1.0 x 10'2 gc NCT00195143
PD AAV2 AADC 3.6 x 1012 gc NCT03562494
PD AAV2 GAD N/A NCT05603312
PD AAV2 GDNF N/A NCT06285643
PD AAV2 NTN 1.3 x 10'1-5.4 x 10! gc NCT00252850
RS AAV9 MECP2 1.0 x 10" gc NCT05898620
TLE AAV9 miGRIK2 N/A NCT06063850
AD AAVrh10 APOE2 1.4 x 10 gc/mL CSF-1.4 x 104 gc ~ NCT03634007
ALS AAVrh10 miSOD1 N/A NCT06100276
AMN AAV9 ABCD1 N/A NCT05394064
CLN3 BD AAV9 CLN3 6.0 x 1013-1.2 x 10" gc NCT03770572
CLN6 BD AAV9 CLNé6 1.5 x 1013 gc NCT02725580
CLN7 BD AAV9 CLN7 5.0 x 101-1.0 x 10% gc NCT04737460
GAN AAV9 GAN 3.5 x 101335 x 10 gc NCT02362438
IT IGHMBP2 AAV9 IGHMBP2 N/A NCT05152823
GM2 AAV9 HEXA, HEXB N/A NCT04798235
RS AAV9 miniMECP2 N/A NCT06152237
RS AAV9 miniMECP2 N/A NCT05606614
SMA AAV9 SMN 6.0 x 1013-2.4 x 10 gc NCT03381729
SMA AAV9 SMNI1 2.4 x 1014-4.8 x 10 gc NCT05824169
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Table 2. Cont.

Administration Disease Serotype Transgene Dose NCT Number
Route

- SMA AAV9 SMN1 1.2 x 10'44.8 x 10" gc NCT05901987

SP50 AAV9 AP4M1 N/A NCT05518188

FTD AAV9 GRN N/A NCT04408625

FTD AAV1 GRN 3.3 x 1010-2.2 x 10! gc/g* NCT04747431

GD2 AAV9 GBA1 N/A NCT04411654

ICM GM1 AAVhu68 GLB1 3.3 x 1019-2.2 x 10 gc/g* NCT04713475

GM1 AAVrh10 GLB1 8.0 x 102 gc/kg NCT04273269

MPS1 AAV9 IDUA 1.0 x 1019-5.0 x 10'% gc/g * NCT03580083

PD AAV9 GBAI N/A NCT04127578

CD AAV9 ASPA N/A NCT04998396

GM1 AAV9 GLBI1 1.5 x 1013-4.5 x 10’3 gc/kg NCT03952637

KD AAVrh10 GALC 3.0 x 1013 gc/kg—N/A NCT04693598

KD AAVrh10 GALC 1.6 x 1013 gc/kg—N/A NCT05739643

MPS IIIA AAV9 SGSH 5.0 x 10'2-3.0 x 10'® gc/kg NCT02716246

MPS IIIB AAV9 NAGLU 2.0 x 1013-1.0 x 10 gc/kg NCT03315182

OTC AAV8 OTC 2.0 x 10'2-1.0 x 10'® gc/kg NCT02991144

PKA AAV5 PAH N/A NCT04480567

PKA AAVSNY001 PAH N/A NCT05972629

PKA AAVHSC15 PAH N/A NCT03952156

v SMA AAV9 SMNT1 1.1 x 10 ge/kg NCT03461289

SMA AAV9 SMN1 1.1 x 10 gc/kg NCT03505099

SMA AAV9 SMN1 1.1 x 10" ge/kg NCT03306277

SMA AAV9 SMNI1 1.1 x 10 ge/kg NCT03837184

SMA AAV9 SMN1 N/A NCT05614531

SMA AAV9 SMN1 N/A NCT06191354

SMA AAV9 SMN1 N/A NCT05747261

SMA N/A SMN1 N/A NCT06288230

SMA AAV9 SMNI1 1.1 x 10" ge/kg NCT03955679

SMA AAV9 SMN1 6.7 x 101%-3.3 x 10" gc/kg NCT02122952

ICM/ICV MPS II AAV9 IDS 1.3 x 101929 x 10! gc/g * NCT03566043

MPS II AAV9 IDS 6.5 x 1010 gc/g * NCT04571970

ICV/IVT CLN5 BD AAV9 CLN5 N/A NCT05228145

IP/ICM/IT GM2 AAVrh8 HEXA/HEXB N/A NCT04669535

IV/IT AD N/A TERT N/A NCT04133454

N/A MS AAV9 ATP7A 1.0 x 10'2-1.0 x 10 gc/kg NCT05507996

Abbreviation: *, gc/g of estimated brain mass; AADC, Aromatic L-amino Acid Decarboxylase Deficiency; AD,
Alzheimer’s Disease; ALS, Amyotrophic Lateral Sclerosis; AMN, Adrenomyeloneuropathy; BD, Batten Disease;
CD, Canavan Disease; CSF, Cerebrospinal Fluid; FTD, Frontotemporal Dementia; GAN, Giant Axonal Neuropathy;
gc, Genome Copies; GD2, Gaucher disease Type 2; GM1, GM1 Gangliosidosis; GM2, GM2 Gangliosidosis; HD,
Huntington disease; ICM, Intracisternal; ICV, Intracerebroventricular; IGHMBP2, IGHMBP?2 related diseases; IP,
Intraparenchymal; IT, Intrathecal; IV, Intravenous; IVT, Intravitreal; KD, Krabbe disease; LINCL, Late Infantile
Neuronal Ceroid Lipofuscinosis; mi, miRNA targeting the gene; MLD, Metachromatic Leukodystrophy; MPS,
Mucopolysaccharidosis; MS, Menkes Syndrome; MSA, Multiple System Atrophy; N/A, the data are not available;
NGLY1, N-glycanase 1 deficiency; OTC, Ornithine Transcarbamylase Deficiency; PD, Parkinson’s disease; PKA,
Phenylketonuria; RS, Rett syndrome; SMA, Spinal Muscular Atrophy; SP50, Spastic Paraplegia type 50; TLE,
Temporal Lobe Epilepsy.

Eighty-seven clinical trials on the administration of rAAV for the treatment of CNS
diseases were analyzed. In clinical studies involving rAAV vectors, a wide range of diseases
has been considered, many of which are genetic, neurodegenerative, or storage disorders.
Among the genetic diseases mentioned are Adrenomyeloneuropathy (AMN), Canavan
Disease (CD), Giant Axonal Neuropathy (GAN), IGHMBP2 Related Diseases (IGHMBP2),
Late Infantile Neuronal Ceroid Lipofuscinosis (LINCL), Menkes Syndrome (MS), and
Spastic Paraplegia type 50 (SP50). These disorders are characterized by mutations in genes
leading to various neurological and motor function disorders. Another group comprises
neurodegenerative diseases, which are characterized by progressive degeneration of nerve
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cells, resulting in a gradual deterioration of cognitive and motor functions. Clinical studies
focus on Alzheimer’s disease (AD), Frontotemporal Dementia (FID), Huntington disease
(HD), Parkinson’s disease (PD), Amyotrophic Lateral Sclerosis (ALS), and Multiple System
Atrophy (MSA). Among the storage diseases mentioned are Gaucher Disease Type 2
(GD2), GM1 Gangliosidosis (GM1), GM2 Gangliosidosis (GM2), and Krabbe disease (KD).
These disorders involve the accumulation of abnormal substances in nerve cells, leading
to their damage and dysfunction. Additionally, other neurological disorders such as
Spinal Muscular Atrophy (SMA), Rett Syndrome (RS), and Temporal Lobe Epilepsy (TLE)
have been considered in the studies. Below, selected disorders, which represent the most
significant portion of clinical trials, will be discussed.

The largest number of clinical experiments focused on the treatment of PD (18.4%),
spinal muscular atrophy (14.9%), and mucopolysaccharidoses (9.2%). Other studies using
rAAV included Alzheimer’s disease (5.7%) and Aromatic L-amino acid decarboxylase
deficiency (4.6%) (see Table 2). The data collected indicate that the main routes of adminis-
tration used in clinical trials included direct interstitial administration (44.8%), intravenous
administration (23.0%), and intrathecal administration (25.3%) (Figure 2). The most com-
monly used interstitial administration allows precise application to specific structures, such
as the striatum, which is used in the treatment of PD, accounting for almost 38.5% of cases
treated by this route.

Intraparenhymal
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Figure 2. Routes of rAAV administration in CNS diseases along with the most common diseases
found in clinical trials. Created with BioRender.com.

PD is a neurodegenerative disease, and currently, available therapies focus on alleviat-
ing symptoms rather than eliminating causes. A variety of approaches are emerging in gene
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therapy, such as administering growth factors or inserting genes that encode correct ver-
sions of proteins. Overall, 6 of the 16 clinical trials for PD focus on introducing transgenes
encoding growth factors, such as the neuritic trophic factor gene (NTN) or glial-cell-derived
neurotrophic factor (GDNF) [189]. This strategy aims to regenerate, protect, and strengthen
dopaminergic neurons in the nigrostriatal pathway.

In contrast, the remaining 10 therapies involve the insertion of transgenes containing
a correct copy of genes encoding key enzymes associated with the development of PD. At-
tempts are being made to introduce a gene encoding aromatic L-amino acid decarboxylase
(AADC) to restore normal dopamine biosynthesis, a glutamic acid decarboxylase (GAD)
gene to regulate GABA production, and a GBA gene encoding glucocerebrosidase, which
plays a role in sphingolipid metabolism. Patients with a mutation within GBA have been
shown to have a higher likelihood quotient of rapid disease progression depending on the
variant, ranging from 2.2 to 30 [190].

One of the strategies mentioned above for marginalizing motor dysfunction in PD is
based on the insertion of additional copies of the normal gene encoding L-amino acid aro-
matic decarboxylase (AADC), which aims to restore normal biosynthesis of the neurotrans-
mitter dopamine. In 2022, the gene therapy medicinal product eladocagene exuparvovec
(Upstaza) received marketing authorization effective in the European Union. Upstaza
delivers 2.8 x 10!! genome copies of rAAV2, containing the cDNA of the human gene
encoding the enzyme DOPA-decarboxylase (DDC) under the control of the immediate-early
cytomegalovirus gene promoter. Serotype 2 of rAAV vectors has been used in more than
56% of clinical trials based on interstitial administration (Figure 3).

14.3% 14.3%

W aav2 I AAVIHI0 [ AAVothers [l AAVE

M AAvVO B AAV5 B AAVhue8

Figure 3. Participation of rAAV serotypes in CNS disease clinical trials. (A) Percentage distribution
of rAAV vector serotypes used in clinical trials. (B) Percentage distribution of rAAV vector serotypes
depending on ROA. IP, intraparenchymal; ICM, intra cisterna magna; IT, intrathecal; IV, intravenous
administration, *, Serotypes not listed. Created with BioRender.com.

The proportion of other serotypes does not exceed 20%. Serotype rh.10 and serotype 9
were used in more than 15% of clinical trials. Other serotypes, such as AAV5, accounted
for single clinical trials of intraparenchymal administration. Serotype 2 (AAV2) has been
predominantly used for CNS disease studies due to its efficient neuronal transduction,
longevity of transgene expression, and clinical safety [191]. AAV2’s affinity for HSPG,
widely expressed in the brain parenchyma, limits the spread of the vector beyond the site
of administration [192]. In contrast, AAV serotypes, including AAV9, which do not bind to
HSPG, show increased spread after direct administration to the brain. rAAV2 appears to be
an effective vector for local CNS gene therapy.

Parenchymal delivery requires specialized stereotactic neurosurgery procedures under
controlled aseptic conditions. However, the direct introduction of drugs into the brain
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parenchyma offers significant advantages. This approach does not require consideration of
the BBB, which limits the delivery of particles to the parenchyma and allows for precise
delivery of the transgene to the target structure, potentially modifying or reducing the ther-
apeutic dose. The doses used in the clinical trials analyzed span four orders of magnitude,
ranging from 5.0 x 10° to 6.0 x 103 gc in Parkinson’s disease and Huntington’s disease,
respectively. Only available data and those expressed in gc/dose were considered, while
data accounting for individual variability (e.g., gc/mass brain) were omitted. As previ-
ously mentioned (Section 3), the introduction of gene preparations into immunologically
privileged sites, such as the brain or cerebrospinal fluid, significantly reduces the risk of
anti-AAV antibodies affecting the treatment.

Intravenous administration of CNS-targeted gene therapy formulations is the second
most common method used in clinical trials. It is characterized by a low degree of invasive-
ness, and high patient acceptance, and does not require specialized medical equipment,
which is important from the perspective of clinical practice. However, there are drawbacks,
including the need for the rAAV serotype to effectively penetrate the BBB and deliver the
transgene to the targeted CNS area, as well as the risk of peripheral tissue transduction
generating side effects such as liver toxicity. rAAV9 is distinguished by its ability to ef-
fectively pass through the BBB, allowing it to penetrate the CNS. Therefore, rAAVY is the
most commonly selected serotype for the design of intravenous therapy for neurological
diseases (65% of clinical trials), such as spinal muscular atrophy. Studies involving rAAV9
delivering a correct copy of the SMN1 gene account for 50% of the clinical trials analyzed.
The effectiveness of the vector in delivering the transgene to the CNS is evidenced by the
formulation registered in May 2019 with the trade name Zolgensma, an onasemnogen
abeparvovide delivering 1.1 x 10 gc/kg patient weight by intravenous infusion [107].
The proportion of SMA-related therapies in clinical trials is about 14.9%. In all trials, the
carrier is serotype 9 of rAAV vectors. A total of 3 of the 13 SMA-related trials use intrathecal
administration. The doses of the intravenous formulations analyzed are in the range of
7.0 x 10" to0 3.3 x 10'* gc (only available data and those expressed in gc/dose were consid-
ered, data accounting for individual variability, e.g., gc/kg, was omitted). The dose range
is three orders of magnitude and is relatively high compared to interstitial administration.
It has been shown that intravenous administration of a higher dose is associated with
increased efficiency of effective CNS transduction compared to lower doses, where the area
of transduction is limited to blood vessels and perivascular regions [193]. The relationship
between dose level and route of administration is evident in clinical trials targeting therapy
of mucopolysaccharidoses, among others. Mucopolysaccharidoses (MPS) are a group
of rare metabolic diseases caused by deficits in enzymes involved in the degradation of
glycosaminoglycans (GAGs). There are several different types of MPS, each caused by a
defect in a different enzyme. Depending on the type of disease in the clinical trials analyzed,
the genes encoding IDUA (iduronidase) conditioning the degradation of heparan sulfate
(HS) and heparan dermatan (DS) was administered, SGSH (sulfamidase) conditioning
the degradation of heparan sulfate (HS), NAGLU (N-«a-acetylglucosaminidase) condition-
ing the degradation of heparan sulfate (HS) in the treatment of MPSI, MPSIIIA, MPSIIIB,
respectively. Clinical trials for this disease account for 9.2% of the studies presented in
Table 2. The predominant carrier in the highlighted clinical trials was rAAV9. Clinical trials
involving the treatment of mucopolysaccharidoses using direct administration into the
brain parenchyma involved lower doses, on the order of 1.0 x 101°-1.0 x 10! gc compared
to intravenous administration (1.0 x 10'2-1.0 x 104 gc).

The third most common method in terms of clinical trials for intervention in CNS
diseases is intrathecal administration. The main targets for therapy are diseases such as
SMA, Batten disease, and Rett syndrome. Most of the trials that have been undertaken
have used the rAAV9 serotype, with two studies looking at the rAAVrh.10 serotype.
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5. AAV Gene Therapy in the Nervous System: Clinical Trials and Barriers
to Commercialization

As mentioned earlier, two gene therapy products based on rAAV vectors are registered
for the treatment of Central Nervous System monogenic diseases—Zolgensma (onasemno-
gene abeparvovec) for treating SMA and Upstaza (eladocagene exuparvovec) for treating
AADC [106,107]. The reason why only two rAAV-based gene therapy products for the CNS
are registered is discussed below (see Figure 4). Diseases ideally suited for gene therapy
are those that are monogenic and easily accessible for treatment. The CNS, particularly the
brain, is prone to the development of numerous diseases with various etiological factors.
Among them, neurodegenerative diseases and gliomas pose the greatest therapeutic chal-
lenges. The etiology of most CNS diseases is characterized by a combination of intricate
genetic susceptibility and environmental factors [194,195].

clinical trials
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Figure 4. Missing aspects of AAV-mediated gene therapy to the nervous system in clinical trials.
Created with BioRender.com.

Challenges in treating CNS diseases are exacerbated by limited access to brain tissue
due to the physiological BBB [5]. The introduction of gene therapy products into the CNS
can occur through local administration (intraparenchymal and intracerebrospinal fluid
delivery) or systemic administration. Both routes of administration have disadvantages
that limit the effectiveness and safety of therapy.

The most common route of rAAV administration in CNS gene therapy is intraparenchy-
mal delivery, which bypasses the BBB. Parenchymal delivery requires specialized stereo-
tactic neurosurgery procedures under controlled aseptic conditions, but allows for precise
transgene delivery to target structures and potentially modifying therapeutic doses. Craft-
ing a clinical protocol for delivering substances into the brain parenchyma is immensely
significant and requires careful consideration of multiple factors (such as the region, pres-
ence of vital anatomical structures, number of injections, their volume, and infusion rate,
potential side effect associated with ROA) (See Table 3). Tailoring these parameters from
large animal brains to the human brain involves specific anatomical adaptations, includ-
ing adjustments for brain size, cerebrospinal fluid volume, ventricular size. Additionally,
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pathological changes induced by disease can also impact alterations in vector biodistribu-
tion [196]. As mentioned earlier clinical trial doses range from 5.0 x 10° to 6.0 x 1013 gc
across Parkinson’s disease and Huntington’s disease (Table 2). Introducing of gene therapy
product into the brain or cerebrospinal fluid, significantly reduces the risk of anti-AAV
antibodies affecting the treatment [158,159]. Factors influencing the effectiveness of admin-
istration include barriers to transport after direct injection into the brain, such as diffusion
through the extracellular matrix and availability of primary virus receptors at the site of
injection [63,197]. Even in the case of local, targeted intraparenchymal rAAV delivery, it is
important to consider the possibility of off-target adverse effects. The phenomena of vector
diffusion and serotype-dependent axonal transport can influence the expected transduction
efficiency at the site of administration as well as the average viral transduction volume (see
Section 3) [53,197,198]. To mitigate the blood-brain barrier restrictions, neurotropic rAAV
vector serotypes and intravenous administration are employed. As mentioned in Section 4,
the second most common method used in clinical trials for administering CNS-targeted
gene therapy formulations is intravenous administration. This method is characterized
by a low degree of invasiveness, high patient acceptance, and does not require special-
ized medical instrumentation, which is important from the perspective of clinical practice.
However, there are drawbacks associated with this method, such as the need for the rAAV
serotype to effectively penetrate the BBB and deliver the transgene to the targeted CNS area,
as well as the risk of peripheral tissue transduction generating side effects such as liver
toxicity (see Table 3). rAAV9 and rAAVrh.10 are distinguished by their ability to effectively
pass through the BBB, allowing them to penetrate the CNS (see Section 3 and Table 2).
The intravenous dose of rAAV ranges from 7.0 x 10! to 3.3 x 10'* gc/kg for CNS gene
therapy clinical trials This dose range spans three orders of magnitude and is relatively
high compared to interstitial administration. Higher doses administered intravenously are
associated with greater efficiency in effectively transducing the CNS compared to lower
doses, which result in limited transduction to blood vessels and perivascular regions [180].
Because the main target of intravenous delivery is the liver, the limitation of intravenous
delivery is an immune response and hepatotoxicity after systemic exposure [199,200]. Also,
other non-target organs, including muscle and heart, will undergo off-target transduction
and potentially experience toxicities [201]. Immunogenicity and toxicity of rAAV represent
substantial hurdles in the clinical advancement of rAAV gene therapies [201]. Weiran
Shen et al. in a study analyzing 255 trials, indicate that there was a total of 11 patient
deaths across eight trials, and 18 out of 30 clinical holds were due to toxicity findings
in clinical studies. Additionally, 30.6% (n = 78) of trials had treatment-emergent serious
adverse events (TESAEs), with hepatotoxicity and thrombotic microangiopathy (systemic
delivery) and neurotoxicity (CNS delivery) being the most prominent [202]. Another aspect
worth considering in the case of intravenous administration of rAAV is the decreasing
permeability of the BBB with the patient’s age. For example, the efficacy of Zolgensma
was evaluated in children up to 2 years of age or not exceeding a weight of 21 kg [107].
In adults, the neuronal transduction in the spinal cord and brain ranges from mild to
nonexistent [157,203]. The transduction efficiency was significantly lower compared to
intracerebroventricular or intrathecal administration, predominantly affecting glial cells,
though the reasons for this remain unclear [94,101].

Intrathecal administration allows vectors to bypass the blood-brain barrier and re-
quires a lower dose compared to intravenous administration (see Table 2). IT administration
also carries a lower risk of triggering an immune response in patients to the gene therapy
product. However, the primary concern associated with delivery to the CSF or via in-
trathecal injection is dorsal root ganglia (DRG) toxicity. This side effect has been repeatedly
described in animal models [177], and DRG toxicity has also been observed in humans [204].
The toxicity induced by AAV in DRGs of non-human primates appears to be primarily
driven by the AAV modality itself rather than by any specific therapeutic target. Moreover,
neuronal degeneration/necrosis and nerve fiber degeneration have been observed in the
trigeminal and autonomic ganglia of AAV-treated rats and cynomolgus monkeys, indicat-
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ing widespread effects across various ganglia in the body [205]. Intrathecal administration
in the lumbar region primarily targets the spinal cord and dorsal root ganglia [178]. To
reach the brain target via the CSF stream, a larger dose volume is required [159]. When
considering the technical aspects of administration, IT is easier for clinicians compared
to ICV and ICM—it does not necessitate general anesthesia or an operating room [206].
However, it carries a higher risk of complications compared to intravenous administration
(refer to Table 3).

Another key obstacle to the successful registration of a gene therapy product is es-
tablishing the appropriate vector dosing. The doses of vector delivered vary based on the
route of administration. Range of doses used in nervous system gene therapy is 10° to
103 gc, 10 to 10'* gc and 1013 to 10! gc for intraparenchymal, intravenous and intrathecal
administration, respectively (Table 2). There is a noticeable significant difference, even up
to 4 orders of magnitude within one route of administration. To determine dose levels
for clinical trials in humans, biodistribution data are typically generated during preclin-
ical development and are required prior to conducting a first-in-human trial [207,208].
Animal models provide initial estimates of the safety margin and dosing parameters for
human drug candidates. The transition from preclinical to clinical stages is complicated
by anatomical and biological differences between species, as well as the absence of appro-
priate pharmacokinetic (PK) and pharmacodynamic (PD) models (see Section 6). These
interspecies variations impede the translation and extrapolation of gene therapy prod-
uct responses from animals to humans. Contributing factors include species specificity,
immunogenicity, and differences in the regulation of transcription and translation of the
transgene, all of which affect transduction efficiency [17,209,210].

Another factor that may potentially limit the registration of gene therapy medicinal
products based on rAAV vectors is the occurrence of adverse events. Understanding the
long-term outcomes and potential side effects of rAAV-based gene therapy is crucial for
evaluating its overall efficacy and safety. While the short-term successes of rAAV vectors
in gene therapy are well-documented, there is limited information on the durability of
therapeutic effects and the occurrence of delayed adverse reactions. This section aims to
provide a comprehensive overview of the available data on these important aspects, which
pose challenges in treating CNS diseases.

Delayed adverse events refer to undesirable effects of medications, medical procedures,
or therapies that do not immediately manifest after administration but appear after a period
following the initiation of treatment or procedure [211]. Among various types of adverse
events, thrombotic microangiopathy (TMA) is particularly noteworthy. For instance, Chand
et al. documented a case series where three infants developed TMA following infusion
with onasemnogene abeparvovec (Zolgensma). TMA manifested approximately a week
after infusion, highlighting its delayed onset as an adverse reaction [212]. Recent studies
suggest that thrombotic microangiopathy occurring after systemic administration of AAV
is dependent on antibodies (through the classical pathway) and is exacerbated by the
alternative complement pathway [212]. The underlying disease itself may contribute to
such occurrences. Research indicates that children with spinal muscular atrophy (SMA) may
exhibit coagulation abnormalities [213]. Factors that could potentially trigger such reactions
include also concurrent infection with encapsulated bacteria, recent vaccination and prior
administration of other gene therapy products [214]. It remains uncertain whether previous
exposure to nusinersen poses any additional risks to onasemnogene abeparvovec [215].

The variability regarding how long the therapeutic benefits of rAAV vectors last after
treatment, and the factors that influence this duration, pose challenges in treating CNS
diseases. The longevity of the therapeutic response is crucial for the sustained success
of long-term treatment, particularly considering that immune responses to rAAV vectors
could hinder re-administration of the same therapy. Emerging evidence suggests that the
effects of rAAV gene therapy can endure for extended periods. The reported durability of
response for the first two approved human rAAV gene therapies, Glybera and Luxturna,
extends to 6 and 7.5 years, respectively [216,217]. Behavioral recovery was observed in
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a monkey model of Parkinson’s disease 15 years after the administration of rAAV-based
gene therapy to the putamen [191]. Similarly, stable therapeutic expression of factor IX
was documented in individuals with severe hemophilia B for up to 8 years following
systemic administration of an rAAVS vector [218,219]. The durability of gene therapy may
be influenced by two distinct decline mechanisms: rapid decline, possibly due to immune
responses, and gradual decline resulting from vector dilution. While sustained transgene
expression was achieved in most trials targeting the Central Nervous System (90.0%) and
muscle (73.3%), only 43.6% of trials aimed at ocular conditions demonstrated enduring
clinical efficacy [202]. The longevity of effectiveness varies significantly due to factors such
as disease indication, dosage, serotypes, patient-specific factors, and the distinct turnover
rates observed across different cell populations. Due to the host immune response to the
initial therapy, redosing through systemic delivery is currently not feasible [19,199,202,220].
Consequently, rAAV gene therapies are presently constrained to target long-lived cells.
Considering that episomes are unlikely to be inherited by daughter cells and are prone
to loss during mitosis, the durability of transgene expression in the target tissue will
be dictated by the rate of cell turnover. Myofibers undergo slow turnover, and muscle-
directed rAAV therapy for -1-antitrypsin deficiency in humans has shown stable transgene
expression for up to 5 years after vector administration [221]. Neurons also exhibit minimal
turnover rates, which is consistent with the Novartis presentation of new data showcasing
the transformative and enduring benefits of SMA gene therapy, Zolgensma. Even after
7.5 years, the treated children continued to maintain their motor milestones [222]. The
potential for vector genome integration also poses an uncertainty that could potentially
impact the effectiveness of registering rAAV-based products. To address concerns regarding
the efficacy and duration of transgene expression in liver-based adeno-associated virus
gene therapies, researchers examined the potential for vector integration [223]. Studies
have shown that in primate hepatocytes, AAV-mediated transgene expression occurs in two
distinct phases: an initial phase characterized by high expression from episomal genomes,
which is transient, followed by a subsequent phase with reduced yet stable expression,
likely attributable to integrated vectors [223]. Additionally, an intriguing aspect observed
in hepatotoxicity associated with AAV gene therapy is its delayed onset, typically occurring
4-8 weeks after dosing. This delay suggests the persistence of AAV capsid antigens in
certain tissues, potentially triggering the activation of capsid-specific CD8 T cells [224].

Further concerns have been raised regarding the potential for AAV vectors to induce
mutations upon insertion, which could potentially lead to cellular transformation [225].
Although most rAAV DNA typically remains episomal, a fraction integrates into genomic
DNA at a low rate. Studies in neonatal mice have shown that rAAV insertion can induce
tumor formation [226,227]. Currently, the risk of rAAV-mediated oncogenesis in humans is
largely theoretical, as no confirmed cases of genotoxic events have been reported. Despite
ongoing concerns about their potential genotoxic and carcinogenic risks associated with
insertional mutagenesis, regulatory bodies like the FDA and EMA classify AAV vectors as
non-integrating based on guidance documents. For instance, the FDA’s finalized long-term
follow-up guidance from January 2020 asserts that AAV vectors are unlikely to integrate,
thus minimizing the likelihood of adverse events associated with mutagenesis [228,229].

Prolonged presence of vector DNA in reproductive organs may raise concerns regard-
ing the potential transmission of vector DNA to offspring, adding to the list of potential
factors limiting the registration of rAAV-based products [230]. An essential aspect of
preclinical research in gene therapy involves evaluating how vector DNA and transgene
expression (in mRNA or protein form) are distributed among various tissues. This assess-
ment typically includes analyzing blood samples, vital organs, and reproductive organs
to monitor the presence and persistence of vector DNA and transgene expression. Addi-
tionally, preclinical studies often investigate whether the vector is excreted in biofluids like
semen, urine, feces, saliva, and tears.

In studies investigating the safety of rAAV administration for gene therapy in hemophilia
B, researchers assessed the potential for transmitting vector sequences to the germline after
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systemic delivery [231]. Using mouse, rat, rabbit, and dog models, they administered rAAV
through intramuscular and hepatic artery routes. In mouse and rat experiments, higher doses
of the vector correlated with an increased likelihood of detecting vector sequences in gonadal
DNA. In a separate rat study involving intramyocardial injection of 4 x 10! particles of AAV-
2-LacZ, significant transgene expression was observed in hepatocytes, renal cells, and testicular
tissue, with sustained expression noted in the cellular components of seminiferous tubules,
including Sertoli cells and spermatogonia-like cells, up to 6 months post-administration [232].
However, no vector sequences were found in dog semen. In rabbits, vector presence in gonadal
tissue decreased over time, and fluorescent in situ hybridization indicated localization of
AAYV signals to the testis basement membrane and interstitial space, without intracellular
signals. Clinical studies involving humans who received intramuscular AAV injections up to
doses of 2 x 10'? gc/kg showed no evidence of vector sequences in semen [233]. Overall, the
risk of transmitting vector sequences to germ cells following intramuscular or hepatic artery
administration of rAAV was found to be extremely low, which is critical for evaluating the
safety of rAAV-based gene therapy. Another study involving rabbits assessed the transmission
risk of genetic material to future generations using rAAV at doses ranging from 1 x 10" to
1 x 10'3 gc/kg. In all cases, semen samples from the rabbits contained vector sequences,
with clearance rates depending on dose and time but unaffected by the AAV type. Notably,
AAV-8 sequences were found in semen from vasectomized rabbits, indicating that both the
reproductive and urinary systems play roles in releasing vectors into semen. The authors
propose that host-specific factors partly regulate AAV dissemination into semen [234].

The culmination of the studies underscores that the likelihood of transmitting vector
sequences to the germline following administration of recombinant adeno-associated virus
via intravenous or intramuscular routes is extremely low. This conclusion is based on
findings across various animal models, including mice, rats, rabbits, dogs, and human
subjects, consistently showing no detectable vector sequences in seminal fluids or other
reproductive tissues post rAAV administration.

Table 3. Side effects of rAAV gene therapy based on route of administration.

ROA

rAAV-Linked Side Effects ROA-Linked Side Effects

P

Increased brain tissue extracellular fluid with potential buildup and
tissue displacement over time; higher agent concentration can

Off-target adverse effects (vector enhance molecular distribution, and anatomical precision is

diffusion and axonal transport) [147] necessary; backflow along the injection device; CNS injury or

hemorrhagic complications; diminished transduction extent;
general anesthesia required [235,236]

v

High immunogenicity risk; off-target
transduction [201]

High-dose vectors required; transfer across the BBB required [11]

1T DRG toxicity [177]

Extradural CSF leak; controlling vector quantity within the
intradural space is difficult; infection; epidural hematoma;
subarachnoid bleeding; targets limited to primarily spinal cord and
dorsal root ganglia (large dose volume to target the brain) [206]

Icv -

Parenchymal bleeding; Intraventricular bleeding; general
anesthesia required; infection; CSF leak; backflow of drug;
transduces primary ependymal cells in the choroid plexus [237]

ICM -

Bulbomedullary junction injury; general anesthesia required;
parenchymal bleeding; intraventricular bleeding; infection; CSF
leak; backflow of drug [237]

6. Role of PK/PD in Gene Therapy Optimization Using rAAV Vectors: A Clinical
Trials Perspective

Gene therapy using rAAVs has become an important treatment strategy for many
genetic diseases [104,105,107,238-240]. However, the effective and safe use of rAAVs in gene
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therapy requires in-depth knowledge of the pharmacokinetics (PK) and pharmacodynamics
(PD) of the vectors. This section will discuss the relevance of PK/PD studies of rAAV vectors
in the context of ongoing clinical trials, noting the variety of serotypes, doses, and routes of
administration used to treat various diseases (Table 2). Issues regarding the impact of the
vector serotype, the route of administration used, the formulation of the gene preparation,
and the personal characteristics of the patient on biodistribution processes, among others,
which may contribute to the further development of effective and safe therapeutic strategies,
will be summarized.

Conventional descriptions of pharmacokinetics (PK) refer to the processes of absorp-
tion, distribution, metabolism, and elimination (ADME) [241]. The concept of conventional
pharmacokinetics is valid for drugs introduced into the patient’s body in pharmacologically
active form. When considering the pharmacokinetics of products based on rAAV carriers
compared to traditional pharmacotherapy, the “in vivo synthesis” step of the product
exhibiting therapeutic activity should be taken into account. Section 2 highlights the com-
plexity and hierarchical nature of the processes that ultimately make up the expression of a
therapeutic transgene (protein). The sequence of events occurring after the introduction of
rAAV vectors into the patient’s body includes vector distribution, binding to target recep-
tors, vector internalization, cytoplasmic transport, escape from the endosome or lysosome,
vector decapsidation in the vicinity of the cell nucleus, transport across the karyolemma,
formation of an episomal form of DNA, transcription of the transgene and, finally, transla-
tion into a therapeutic protein. Therefore, the pharmacokinetics or biodistribution (BD) of
rAAV as a drug product can be assessed by analyzing the distribution of both rAAV capsids,
the transgene carried, and the protein generated (at the transcriptional and translational
levels). The evaluation of vector pharmacokinetics should take into account the phases of
distribution, persistence, and clearance at the site of administration and target tissues, as
well as nontarget tissues such as liver and biological fluids such as blood, cerebrospinal
fluid, and lymph [230,242]. According to EMA requirements for tracking potential vector
transmission to third parties, the analysis should also include urine, sweat, saliva, and
other physiological fluids that enable virus transmission [242].

By defining the concept of pharmacokinetics, which takes into account the intracel-
lular processes leading to therapeutic effects, it is possible to delineate potential factors
influencing rA AV biodistribution. These factors include the serotype-dependent tropism of
AAV to specific organs/tissues/cells, regulatory elements controlling DNA transcription,
the immunogenic potential of rAAV and the associated purity and method of obtaining the
product, the formulation and stability of gene products, and the route of administration
(ROA) and the dose.

6.1. Serotype-Dependent Factors

The first indispensable step in cell transduction by rAAV vectors is the interaction
between the vector capsid and cellular receptors, primary receptors, and coreceptors.
Known receptors for rAAV vector serotypes are indicated in Section 2. Serotypic variation
in binding to receptors and coreceptors may affect systemic pharmacokinetics. Varying
expression levels of individual receptors and coreceptors in tissues and organs [88] and
perhaps the Target-Mediated Drug Disposition (TMDD) phenomenon will be determining
factors. Putting aside the incompleteness of studies on receptor/coreceptor distribution in
tissues of different species, a factor that hinders the biodistribution analysis of rAAV vectors
is the lack of knowledge of the receptors for some serotypes (i.e., AAV7, AAV10, AAV11,
and AAV13) [243]. Without an adequate understanding of the receptor binding mechanism
and expression of this receptor in different tissues, predicting the biodistribution and
optimal therapeutic dose of rAAV may be difficult.

The concept of Target-Mediated Drug Disposition was first proposed by Levy in
1994 [244]. It was initially based on observations of the unusual nonlinear pharmacokinetics
of several small-molecule drugs. Since then, the concept has been extended to various
therapeutic molecules, including gene therapy products [245]. The binding of a drug to
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a large number of receptors in target tissues can lead to receptor saturation, altering the
dynamics of drug distribution and elimination in the body [244]. The TMDD phenomenon,
therefore, assumes that the pharmacokinetics of a drug is significantly modified by its
receptor binding, usually in target tissues, thus making the pharmacokinetics of the drug
dependent on drug-target interactions, which can lead to an unusual, nonlinear dose—effect
relationship. In the case of rAAV vectors, the effect is the expression of the transgene,
which can be indirectly assessed at the stages of intracellular transgene deposition and
mRNA levels and directly by assessing the level of therapeutic protein [230]. For gene
therapy products, TMDD can be defined as a nonlinear relationship between the MOI of
vectors, intracellular gc levels, and the level of the gene being expressed. An example is the
observed differences in transgene insertion efficiency using rAAV2 and rAAVD] serotypes
into mouse brain cells under ex vivo conditions. Differences in the assessed level of viral
genome copies (gc) lose statistical significance with increasing vector dose [246]. In addition
to the saturation of receptors for rAAYV, the efficiency of subsequent stages of cell infection,
among others, conversion of genetic material to episomal forms, may play an important
role. The stability of viral dsDNA is dependent on host cellular factors [247] and may be
related to the rate of rAAV viral capsid rejection, which in turn is serotype-dependent [248].
In summary, the nonlinearity between MOI and transgene levels may be due to the dose-
and serotype-dependent saturation of cellular factors by the introduced vector DNA [249].

6.2. Formulation Factors

The most well-established method of producing rAAV vectors is transient transfection
of human embryonic kidney cells, HEK293, using plasmids. Typically, HEK293 cells are
simultaneously transfected with two or three vector plasmids containing the therapeutic
gene (GOI), genes encoding Rep/Cap, and adenovirus helper proteins [250]. The Rep/Cap
sequences and adenovirus helper genes can be placed on one or two separate plasmids [251].
Alternatives for transient transfection include baculovirus expression vectors in Spodoptera
frugiperda insect cells (rBV/Sf9) and stably transfected packaging cell lines, producer cell
lines (PCLs), due to the simple scalability of culture to large volumes [252,253].

According to EMA requirements for gene therapy medicinal products intended for
clinical use, the rAAV batch must meet certain qualitative and quantitative standards
concerning product purity and safety criteria [242]. The initial assessment of rAAV vectors’
biodistribution is being evaluated in preclinical studies using animal models. Qualitative—
quantitative differences in the composition of gene therapy products for preclinical and
clinical studies can generate discrepancies in the pharmacokinetics of vectors in animals
and humans. Xin Chen et al. conducted a literature review of only preclinical studies on
the biodistribution of gene therapy products, where rAAVs were used as carriers when
administered to CSF [254]. The analysis showed significant differences in the biodistribution
profiles obtained already at the level of preclinical studies. The authors attribute the reasons
to a lack of consistency in methodology between studies, such as the use of different animal
models, and a lack of reporting of saturating data, such as the number of copies of the
vector, the ratio of empty to full capsids, and the quality of the inserted transgene. Table 4
indicates the most common differences in the evaluation of the rAAV batch intended for
preclinical and clinical studies.

The production and purification procedures of rAAV directly affect the quality of
the obtained gene therapy drug product and imply the PK/PD course. Analyses of the
quality of gene products obtained by methods that differ in the scale of production, among
others, are available in the literature [255]. Vectors derived from the same gene construct
that were produced using the rBV /Sf9 system showed a higher degree of unresolved and
truncated genomes compared to those produced in cells of the HEK293 lineage. Variation
was also noted in the number of empty capsids—methods using HEK293 and rBV /Sf9
are associated with 9.1% and 41.1% empty capsids, respectively. The presence of empty
AAV capsids can affect the purity and homogeneity of the product, generating batch-to-
batch variability, which in turn can affect PK/PD. Deirdre M. O’Connor et al. documented
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lot-to-lot differences in spinal cord gray matter transduction after intrathecal administra-
tion of rAAV9 [256]. The authors did not identify a cause responsible for the described
phenomenon but noted the need to develop improved manufacturing and quality control
methods to ensure consistency in vector power between batches.

Table 4. Current testing and specifications for AAV-based products’ purity and safety depend on the
type of study being conducted (clinical vs. preclinical).

Specifications Tests Research Grade rAAV  Clinical Grade rAAV
. . . Detection of therapeutic and regulator genes YES YES
Identity and integrity Analysil:s) of VP prote%ns ¢ YES
Vector genome titer (VG) YES YES
Infectious genome titer (IG) YES
Content Total vector particles YES YES
Ratio full/empty particles YES
Activity (expression assay) YES YES
Potency Assay Potencyy(funl:;tional activify) YES YES
Empty particles number YES
Product-Related Replication competent AAV YES
Impurities Vector aggregates YES
Host cell DNA YES
Helper plasmids or helper viruses DNA YES
Process-Related Impurities Host cell protein YES
Residual production reagents and raw materials YES
Sterility (Bacteria and fungi) YES
Bacterial endotoxins YES
Extraneous agents Mycoplasma YES
Adventitious viruses YES
SV40 large T antigen YES

The immunogenic potential of the preparation is one of the factors affecting the efficacy
of gene therapy with rAAV vectors. Activation of the recipient’s immune system can signif-
icantly affect the assumed rA AV serotype or tissue-specific promoter biodistribution [257].
Besides capsid-specific and viral genome factors, it is important to consider manufacturing-
related factors such as product-related impurities and process-related impurities [224,257].

Impurities related to the manufacturing process include those originating from cell
substrates (such as host cell proteins and DNA), components used in cell culture (such as
inducers, antibiotics, and media), or elements introduced during downstream processing
(related to purification processes) [242]. Product-related impurities, including precursors
and specific degradation products, are molecular variants that form during manufacturing
and/or storage. Although they are structurally similar to the desired product, these impu-
rities lack comparable activity, efficacy, and safety properties [242]. Table 4 outlines both
product-related and process-related impurities identified in AAV vector manufacturing.

AAV empty capsids possess a capsid shell that closely resembles that of the desired
product, yet they lack the presence of a packaged nucleic acid molecule within. As previ-
ously mentioned, the ratio of empty to full capsids depends on the rAAV vector production
method and can be as high as 42% [255]. A high ratio of empty to full capsids in clinical
products can cause unwanted immunologic reactions and reduce transduction efficiency.
Empty capsids can exacerbate adaptive immune responses to the viral capsid antigen and
compete for vector binding sites, further decreasing transduction efficiency [220,258]. The
guidelines regarding the ratio of empty to full capsids have been included in the regulatory
product specifications for virus-based gene therapies [242].

Capable of replicating with the assistance of a helper virus, rcAAV consists of an AAV
capsid particle housing AAV Rep and Cap genes flanked by ITRs. rcAAV present in the gene
therapy product constitutes product-related impurities [259]. One of the distinguishing
features of rAAV vectors in human gene therapy is their non-pathogenicity. Additionally,
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both wtAAV and rcAAV require the presence of helper viruses, such as adenovirus (Ad) or
herpes simplex virus (HSV), for their replication cycle [21]. Assuming a patient previously
subjected to gene therapy with a contaminated rAAV product is exposed to these helper
viruses, symptoms are more likely to be associated with exposure to pathogenic Ad or
HSV. However, it is conceivable that the presence of rcAAV could amplify the immune
response against vector-altered cells. Furthermore, in accordance with EMA requirements,
it is essential to monitor the potential transmission of vectors to third parties, particularly
focusing on replication-competent vectors or oncolytic viruses [242].

Aggregates and other size variants of rAAV pose a potential factor in increasing the
immunogenicity of gene therapy products following clinical administration. Like other
biological entities, rAAV has the capacity to produce various size variants and aggregated
structures [260]. Product-based gene therapy applications in humans should be evaluated
for vector aggregates (Table 4).

A prevalent impurity found in various viral preparations is residual nucleic acid, such
as cell-substrate DNA from the producer cell line or helper DNA sequences, which may
co-purify with the vector [261,262]. The World Health Organization (WHO) has established
a threshold for DNA contamination in recombinant protein products as a precaution against
oncogene transfer. This DNA limit, set at <10 ng/dose, is widely endorsed within the
biotechnology sector [263]. The choice of cell origin for rAAV generation, whether human
or non-human, introduces two theoretical risks: genotoxicity and immunotoxicity. Using
human cell lines for AAV manufacturing may lead to residual human genomic DNA within
the AAV vector product, posing a higher risk of genotoxicity [264]. In contrast, employing
insect cells may decrease this genotoxic risk but elevate the risk of immunotoxicity [265].

Host cell proteins, considered to be process-related impurities, present primary theo-
retical risks associated with immunogenicity concerns. However, these risks are expected
to be lower in gene therapy applications compared to therapeutic proteins because gene
therapy typically involves a single administration [266].

In conclusion, while the potential for rAAV-based gene transfer to address human
disease is significant, our understanding of the quality attributes associated with the vector
product and their implications for safety, efficacy, and the immune response in humans
remains limited. Formulation factors, such as the method of production and purification
of the gene therapy medicinal product, significantly influence the quality attributes of the
final product, which directly impact the PK/PD of rAAV.

The pharmaceutical form of drug formulation is also worth analyzing. The most
common forms used in clinical trials are infusion and injection. Jenny A Greig et al.
evaluated the effect of the infusion rate of intravenous AAVS vectors in cynomolgus
macaques on transgene expression, vector clearance, and the potential to activate the
innate immune system [267]. Mean vector levels in the blood, measured 1 min after the
end of infusion, were inversely proportional to infusion time. The half-lives of rAAVs
administered by intravenous injection and during a 10 min infusion were comparable
(~0.6 h). Increasing the infusion time to 90 min generated an almost 10-fold increase in the
half-life of rAAV in the blood (~5 h). The authors documented the effect of the form of the
gene-drug and the duration of the procedure on the pharmacokinetic parameter, which is
the half-life of the drug. It seems likely that administration of the same dose of rAAV to the
CNS using different infusion rates can generate a similar relationship.

6.3. Route of Application (ROD)

Gene therapy products are administered topically or systemically (Table 2). Admin-
istration of the drug directly into the target tissue is aimed at narrowing the target sites
for rAAV vectors, i.e., limiting biodistribution. In clinical practice, local administration of
selected brain regions has been successfully used [240]. This form of administration allows
for high vector titers at the site of action while minimizing exposure of nontargeted tissues
to the gene product, reducing the risk of side effects. In addition, local application can
reduce the potential negative impact of the immune response on vector biodistribution
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and therapy efficacy [158,159]. The course of rAAV pharmacokinetics will be different
for different routes of drug administration. David R Compton et al. evaluated IP and
intra CSF administration using Eladocagene Exuparvovec (Upstaza) [268]. The results
showed that all routes of administration induced comparable levels of the transgene in
cerebrospinal fluid (CSF). IP administration showed the highest levels of transgene mRNA
expression in the putamen, corpus callosum, and caudate nucleus, while expression levels
in the spinal cord and dorsal root ganglia (DRG) were undetectable. The ICV /IT routes
generated the highest levels of the transgene in the spinal cord and DRG, and low levels in
the putamen, corpus callosum, and caudate nucleus. Unlike ICV/IT, the IP route did not
result in transgene expression in the blood, suggesting less likelihood of biodistribution to
off-target sites. Evaluation of anti-AAV antibody levels identified the IP route as the least
immunogenic one.

Systemic drug administration is associated with high patient acceptance, low cost
(e.g., compared to stereotactic IP administration), and low risk of developing complica-
tions. IV administration for CNS therapy requires consideration of factors limiting the
biodistribution of the drug at the site of action. The presence of the BBB is an important
factor limiting access to the brain parenchyma, requiring the use of a carrier that effectively
penetrates the BBB. Studies of the pharmacokinetics of various rAAV serotypes conducted
in a mouse model using tail vein administration revealed significant differences in the
profiles analyzed [269]. It is noticeable that the differences in pharmacokinetics probably
correlate with the receptor-dependent mechanism of action of rAAV and with clearance
from the blood. Serum rAAV9 titers are 1-2 orders of magnitude higher 24 h after admin-
istration relative to other vectors [270]. Serum-dependent differences in the clearance of
rAAV vectors are also reported in studies using other laboratory animals [271].

6.4. Dose

Information on biodistribution is collected during preclinical studies. Based on these,
the adequate dose approved for clinical trials is estimated. As previously mentioned, the
gene therapy product for use in humans should be analogous to that used in preclinical
studies. The serotype, formulation, and manufacturing process with consideration of
factors determining the quality, purity, and safety of the product are important. Also, the
route of vector administration tested in clinical trials should be analogous to that analyzed
in the animal model. A review of clinical trials using rAAV in CNS gene therapy provides
information on the vector dose used. It is worth noting that it is characterized by a wide
range—5.0 x 10° to 3.0 x 10'° gc (Table 2). Leaving aside the need to determine the toxic
dose, it is worth remembering the previously described phenomenon of TMDD which has a
direct impact on the PK/PD of rAAV-based drug products. Analyzing the PK/PD of AAVs
assuming that the vector is not considered as a unity (capsid and transgene separately are
subject to intracellular regulation) this saturable cell transduction step by rAAV affects the
process of pharmacokinetics.

6.5. Patient-Dependent Factors

Typically, preclinical studies evaluate the biodistribution of a vector using a wild-
type animal model. The essence of clinical studies, on the other hand, is to evaluate
the efficiency, indirectly the distribution of gene preparations in patients with a specific
disease. Some studies are evaluating the impact of diseases on transduction efficiency.
Paula Garcia-Olloqui et al. found that myocardial infarction significantly increases the
transcriptional activity of rAAV8 genomes [272]. Yong Hong Chen et al. demonstrated the
effect of a lysosomal-storage-disease-specific increase in CNS sialic acid expression on CNS
transduction efficiency in a mouse model of MPSIII [273].

When designing a preclinical study, it is good practice to include individuals of both
sexes in the animal model used. Matthew Piechnik et al. investigated sex-dependent differ-
ences in the immune response to AAV gene therapy in mice with mucopolysaccharidosis
IVA (MPS IVA) [274]. Cardiac histology revealed a lack of normalization of vacuolization
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in females, in contrast to complete recovery in male mice. Casey A Maguire et al. showed
that intravenous injection of AAVY induces higher transgene expression in the brain of
females compared to male mice [275]. This observation was consistent across two strains of
mice (nude and C57BL/6) and correlated with a higher number of AAV genomes in the
brains of female mice.

In contrast, Albert M Maguire et al. evaluated visual function in 12 patients (aged
8-44 years) with Leber syndrome who received a single subretinal injection of the rAAV2-
hRPEG65 virus [276]. The patients showed a 2-logarithmic increase in pupillary response
to light. The results of the study highlighted an 8-year-old patient whose level of light
sensitivity was comparable to that of healthy peers. The greatest improvement in eye-motor
coordination was seen in the youngest patients. The authors pointed out the dependence
of PD rAAV on patient age.

Possible modifications of the rAAV vector in the time between administration into
the patient’s body and the achievement of the molecular target should also be considered.
Compared to pharmacokinetic considerations of small-molecule drugs, the possibility that
viral particles interact with blood components seems most intuitive. Wang et al. showed
that human serum albumin (HSA) directly interacts with the AAV capsid and increases
transduction efficiency [277]. Mechanism studies indicate that HSA increases AAV binding
to target cells and that the interaction of HSA with AAV does not affect the AAV infection
pathway. Acute phase protein CRP, Serum albumin, LDL, and transferrin are also indicated
as factors that modify the transduction potential of rAAV vectors [278,279].

6.6. Drug—Drug Interaction

In the realm of AAV studies, significant attention is directed towards strategies aimed
at augmenting AAV vector transduction efficiency. Some of these approaches involve
modifying cellular physiology using pharmacological agents. Numerous pharmacological
agents have been employed to enhance AAV transduction across different infection stages,
thereby implying potential interactions between pharmacotherapeutic and gene therapy
agents. Traditionally (referring to classical pharmacological products), interactions are
distinguished into pharmacological and pharmacokinetic phases. Pharmacodynamic inter-
actions arise when drugs compete at the target site or exhibit similar/opposing therapeutic
or adverse effects. Pharmacokinetic interactions primarily influence drug concentration
within the body and can occur during any phase of the LADME process (liberation, absorp-
tion, distribution, metabolism, excretion). However, the conventional PK/PD framework
may not directly apply to gene therapy products.

Complementary analytical experiments have demonstrated that human serum albu-
min (HSA) interacts directly with the rAAV capsid, thereby promoting rAAV transduction.
Mechanistic studies indicate that HSA facilitates rAAV binding to target cells without
interrupting the rAAV infection pathway. Moreover, this interaction with albumin does
not affect the efficacy of neutralizing antibodies [277]. In the context of vector targeting
hepatocytes, Xiaolei Pei et al. have shown competition for binding sites on the AAV8
virion surface among HSA, LDL, and transferrin [279]. Human serum albumin, the most
abundant protein in serum, is a monomeric, multi-domain macromolecule. HSA exhibits
remarkable ligand-binding capacity, serving as a reservoir and carrier for numerous en-
dogenous and exogenous compounds, including drugs [280]. There is a wide range of
pharmacological drugs that exhibit interactions associated with their degree of binding
to plasma proteins, including albumin. These drugs often have acidic properties, such as
warfarin [281]. It seems likely that different effects of gene therapy may occur in patients
concurrently using drugs that exhibit strong affinity for proteins, simultaneously displacing
other particles from these interactions.

The literature reveals many indications of how pharmacological agents impact the
efficacy of gene therapy protocols conducted in vivo. In the CUPID trial, patients treated
with high doses of AAV1/SERCA2a exhibited the most pronounced improvement in clinical
heart failure parameters compared to placebo. It is noteworthy that these patients received
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the lowest concomitant doses of beta blockers [282]. A study in a large animal model (pigs)
demonstrated that nitroglycerin enhances the efficiency of cardiomyocyte transduction by
viral vectors (Ad-Bgal, AAV-Bgal) [283]. The simultaneous intravenous administration of
nitroglycerin with coronary administration of AAV1/SERCA2a has been demonstrated to
improve gene transfer in pig hearts.

Several studies have documented increased efficiency in cell transduction by rAAV
vectors in vitro when pharmacological agents, particularly anticancer drugs, are present.
These may not fit the traditional definition of interactions, but presenting them as such
seems to be an accepted approach, as evaluating the pharmacokinetics of rAAV involves
analyzing both the capsids, the carried transgene, and the resulting protein expression. As
early as 1995, it was observed that DN A-damaging agents such as aphidicolin, hydroxyurea,
etoposide, and camptothecin increased the transduction of nondividing cells [284]. A
likely factor responsible for enhanced cell transduction by rAAV vectors in the presence
of drugs, which could trigger similar DNA repair functions, is the mobilization of host
DNA polymerases. These enzymes are necessary for converting single-stranded vector
genomes into double-stranded molecules. Several years later, Konkal-Matt R Prasad et al.
demonstrated the impact of topoisomerase inhibitors on accelerating AAV2-mediated gene
expression in the mouse heart [285].

In 2000, Dongsheng Duan et al. applied tripeptide proteasome inhibitors to enhance
rAAV gene delivery to differentiated human airway epithelia from their apical surfaces,
despite the absence of known AAV2 receptors or coreceptors [286]. In the airway, the
primary rate-limiting steps in rAAV transduction from the mucosal surface appear to
involve inefficient endosomal processing of the internalized virus. The proteasome system
plays a role in regulating endocytosis, hence the application of a proteasome inhibitor
stimulated viral trafficking to the nucleus [287,288].

A 2009 combination therapy study analyzed the effects of concomitant chemotherapy
and reovirus on B16-F10 cancer cells in vitro and in a mouse model. The combination
of cisplatin and reovirus exposure led to an increased population of cells undergoing
late apoptosis/necrosis. Cisplatin nearly completely abolished the reovirus-induced over-
expression of pro-inflammatory cytokine genes. This combination therapy significantly
delayed tumor growth and improved survival in vivo [289].

In 2013, Angela M. Mitchell et al. presented data supporting a model in which As;O3
(FDA-approved chemotherapeutic agent) increases rAAV transduction both in vitro and
in vivo. As;Oj also maintains perinuclear accumulations of capsids, thereby facilitating
productive nuclear trafficking [290].

In 2016, high-throughput screening identified small molecules that enhance cell trans-
duction with rAAV vectors. These molecules were classified into five groups: (1) Topoiso-
merase II inhibitors, such as Etoposide and Teniposide; (2) DNA strand damage-generating
agents, for example, Bleomycin; (3) DNA epigenetic change-inducing compounds, in-
cluding Nanaomycin A and Vorinostat; (4) Anthracyclines, which exert various effects
including inhibition of topoisomerase and proteasome activity; and (5) Non-anthracycline
compounds that inhibit the proteasome, such as Bortezomib. The authors emphasize that
these findings show that certain categories of medications improve adeno-associated virus
gene delivery through mechanisms that are presently unknown [291].

However, the likelihood of a patient concurrently taking cytotoxic drugs and a gene
therapy product is minimal. Attention should be given to immunosuppressive drugs,
which are widely used in patients undergoing gene therapy. Glucocorticoids, known for
their anti-inflammatory and immunosuppressive properties, are frequently used to prevent
liver toxicity following the systemic administration of high doses of AAV vectors in gene
therapy [218]. Zheng Chai et al. conducted an elegant study showing that dexametha-
sone transiently enhances transgene expression in the liver after adeno-associated virus
transduction [292]. The authors showed that prior administration of dexamethasone as
well as post rAAV administration increases the expression of therapeutic protein. The
authors propose that the transiently increased transgene expression may be related to the



Biomedicines 2024, 12, 1523

33 of 53

immunosuppressive function of dexamethasone. Dexamethasone administration did not
alter AAV genome copy number or transgene expression at the transcriptional level, but
did transiently reduce interferon beta (IFN-{3) and tumor necrosis factor alpha (TNF-«)
expression in mouse livers.

The impact of glucocorticosteroids on the intracellular distribution or stabilization of
viral DNA, rather than on quantitative changes in the AAV genome, is worth considering.
The steroid-mediated gene delivery strategy involves using glucocorticosteroid receptors
(GR) for gene delivery. In the studies, a dexamethasone derivative was used to deliver
reporter plasmids. Increased transgene expression was documented in dividing cells, as
well as enhanced nuclear accumulation of the transgene in GR-positive cells [293].

In vitro studies also demonstrate an increase in transduction efficiency when dex-
amethasone is present. The efficiency of transfection of human mesenchymal stem cells
(hMSCs) using a nonviral vector (Lipofectamine) is enhanced in the presence of glucocor-
ticoids. Glucocorticoids significantly improve transfection in hMSCs, showing a 3-fold
increase in efficiency and a 4-15-fold increase in transgene expression. These effects are
attributed to the binding of glucocorticoid receptors (GR), which preserve regular metabolic
activity and augment both cellular (5-fold) and nuclear (6-10-fold) DNA uptake in hM-
SCs compared to transfection without glucocorticoids [294]. Recent findings indicate that
glucocorticoids increase transgene expression through the transcriptional activation of
endogenous hMSC genes by the cytoplasmic glucocorticoid receptor [295]. Activation of
GR modifies the expression of endogenous hMSC genes, mitigating endoplasmic reticulum
stress, oxidative stress, apoptosis, and inflammatory responses induced by transfection.
This protective mechanism helps maintain hMSC metabolism and protein synthesis, ulti-
mately enhancing transgene expression after nonviral gene delivery to hMSCs. Numerous
publications have detailed the complex signal transduction pathways and unique gene
activation patterns induced by glucocorticoids and related drugs [296-298].

Considerable effort is focused on understanding the AAYV life cycle and the mecha-
nisms governing transduction and transgene expression. This includes identifying host
factors that may limit the efficiency of rAAV transduction [299]. In a genome-wide RNAi
screening conducted by Mano et al., a plethora of genes influencing rAAV vector trans-
duction efficiency were unveiled [300]. Among these host restriction factors implicated
in rAAV transmission are SETDS, CASP8A2, SOX15, TROAP, PAT, PHC3, HAF1A, SF3B,
RTBDN, and WWC2. Furthermore, as evidenced in our recent investigation, microRNAs
(miRNAs) also exert a significant impact on transduction efficiency [301]. The studies
mentioned suggest that the efficiency of rAAV transduction may also be influenced by
conventional drugs commonly used in human therapy. Figure 5 depicts a considerable
degree of interaction between genes associated with rAAV transmissibility (depicted as
red nodes) and genes modified by dexamethasone (depicted as blue nodes, DSigDB [298]).
These interactions may have implications for the efficiency of cell transduction by AAV.
Modulation of gene expression levels of “host factors” by pharmacotherapeutics such as
dexamethasone should be considered as a potential mechanism responsible for modifying
the efficiency of cell transduction by rAAV vectors. Simultaneously, this factor indirectly
affects the pharmacokinetics/pharmacodynamics of rAAV. It is noteworthy that treatment
with dexamethasone (DEX) increases cytosolic levels of HIF-1alpha [302]. According to
the STRING Database, there is co-expression between HIF1A and EGFR, which acts as a
co-receptor for AAV6 [303,304]. This raises concerns about potential drug interactions when
dexamethasone and a gene therapy product based on rAAV6 are administered concurrently.

6.7. Food—Drug Interaction

A drug—food interaction is a phenomenon whereby components of food influence the
pharmacokinetics or pharmacodynamics of a drug. Drug—food interactions are a signif-
icant aspect of pharmacotherapy, which can substantially impact the efficacy and safety
of treatment. Understanding and managing these interactions is crucial for optimizing
patient health outcomes. Data regarding the influence of ingested food on the efficacy of
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intravenously administered viral vector-based gene therapy are relatively limited. Despite
the growing interest in gene therapy, detailed investigations concerning the interactions
between food and gene therapy are scarce.

Presently, most studies focus on assessing the efficacy, safety, and potential adverse
effects of gene therapy, while the impact of food on these aspects may not be directly ad-
dressed. Nevertheless, there is some evidence suggesting that certain dietary components,
such as fatty acids, antioxidants, or plant compounds, may affect the immune response
and metabolic processes, theoretically influencing the effectiveness of gene therapy. The
potential impact of ingested food on the effectiveness and efficiency of viral vector-based
gene therapy could be multifaceted. Dietary components can potentially influence various
aspects of the pharmacokinetics and pharmacodynamics of gene therapy.

Viruses, including rAAV, utilize membrane rafts for attachment to the cell surface, as well
as for employing endocytic and non-endocytic mechanisms to enter host cells [78,305]. Mem-
brane rafts are small (10-200 nm), heterogenous, highly dynamic, sterol- and sphingolipid-
enriched domains that compartmentalize cellular processes. Small rafts can sometimes
be stabilized to form larger platforms through protein—protein and protein-lipid interac-
tions [306]. Overconsumption of long-chain polyunsaturated fatty acids over a period of
7 days resulted in alterations to the primary lipid components of hepatocytes membranes.
This included an elevation in total unsaturated fatty acids with long chains, incorporated into
acyl-carnitine or diacylglycerol components, alongside a reduction in total short-chain acyl-
carnitines, glycerophosphocholines, lysophosphatidylcholines, and sphingolipids associated
with the membrane [307]. Dietary fats could influence the circulation time or distribution of the
viral vectors in the bloodstream, potentially affecting their delivery to target tissues by altering
the composition of membrane rafts used for attachment to the cell surface. Similarly, modifica-
tion of membrane raft composition can be induced by consuming a diet rich in omega-3 fatty
acids [308]. Dietary omega-3 fatty acids have a direct effect on the metabolism of arachidonic
acid (a component of raft membranes) by displacing it from cellular membranes [309].

In the aforementioned study regarding the influence of serum proteins, a positive
effect of LDL on hepatocyte transduction efficiency was demonstrated [279]. Elevated
consumption of industrial trans fatty acids (iTFA) leads to an increase in circulating low-
density lipoprotein cholesterol, as is well known [296]. Changes in LDL levels in the blood
of patients eligible for treatment with rAAV-based products may potentially impact vector
pharmacokinetics/pharmacodynamics.

Another potential factor influencing vector biodistribution is the immune response,
which can be modulated indirectly through dietary components. The adverse effects
associated with the patient’s immune response to rAAV vectors are documented in the
literature [19,21,201,220,310]. Numerous dietary components, such as vitamins, minerals,
probiotics, and prebiotics, exhibit immunomodulatory properties. Nutrients play a cru-
cial role in innate immunity and inflammation by regulating Toll-like receptors (TLRs)
expression, as well as pro- and anti-inflammatory cytokines, thus modulating immune cell
communication and signaling pathways. Nutrients also contribute to adaptive immune
responses by influencing B and T lymphocyte differentiation, proliferation, activation, and
antibody production. Microbiota signaling affects cytokine expression, antiviral mediator
production, and DNA modifications in immune cells, including macrophages, effector T
helper cells, and regulatory T cells [311]. Certain dietary components, like fiber and fats,
can alter gut microbiota composition and inflammatory marker levels such as C-reactive
protein and interleukin-6 [312]. The inaugural investigation concerning the influence of
serum proteins on AAV vector transduction efficacy indicated that systemic transduction
of mice unequivocally exhibited a substantial enhancement in the transduction efficiency
of rAAV vectors 1 and 6 within skeletal muscles by over 10-fold, attributed to the binding
with mouse CRP (mCRP). The phenomenon is restricted in a serotype- and species-specific
manner. Human CRP does not interact with either rAAV-1 or rAAV-6. Therefore, the robust
efficiency of muscle transduction mediated by mCRP with these serotypes in mice cannot
be extrapolated to humans [278].
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RAD50

Figure 5. Correlation analysis between rAAV transmission genes (red nodes) and drug-modified
genes (blue) using a String database [304]. The hit score constitutes the combined score > 0.9, which
is computed by combining the probabilities from the different evidence channels and correcting for
the probability of randomly observing an interaction.

In studies on vitamin influence, carotenoids were found to regulate immune-related
gene expression, including Toll-like receptors (TLRs), heat shock proteins (HSP70 and
HSP90), thioredoxin-like protein (TRX), and peptidoglycan recognition receptor proteins
(PGRPs) [313]. Vitamin D, in turn, modulates T helper cell responses, showing strong anti-
inflammatory effects by suppressing Thl-mediated immune responses and reducing the
expression of proinflammatory cytokines like interleukin-2, interferon-gamma, interleukin-
6, tumor necrosis factor-alpha, and interleukin-17 in Th cells [314].

Trace elements, essential micronutrients present in small quantities within organisms,
play vital biological roles as cofactors of numerous enzymes and antioxidant molecules.
For example, selenium enhances cellular immunity by promoting T cell receptor-induced T
cell activation and ThO differentiation into Th1 cells in mice [315].

Drug-food interactions are an important aspect of pharmacotherapy that can signif-
icantly impact the effectiveness and safety of treatment. Understanding and managing
these interactions is crucial for optimizing patient health outcomes. Additionally, it should
be noted that they may also be a factor to consider in optimizing gene therapy treatments,
although as of now, there are no studies demonstrating a direct impact of diet on the
effectiveness and safety of gene therapy.

7. Conclusions and Future Directions

With the rapid advancement of rAAV-based gene therapy and the ongoing progress
in our comprehension of nervous system biology, numerous promising avenues for fu-
ture research and clinical applications emerge. Treatment of a disease with gene therapy
products involves identifying the causative gene, formulating an appropriate therapeutic
sequence, selecting a suitable vector, and devising an efficient method of administering the
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genetic material (ROA), while also determining the optimal dosage, taking into account the
pharmacokinetics /pharmacodynamics (PK/PD) of therapeutic particles. Various routes
of administration, including intraparenchymal, intracerebroventricular, intracisternal, in-
trathecal, and intravenous, are employed in clinical trials aimed at treating CNS diseases
with gene preparations based on rAAV vectors. Further efforts in developing minimally
invasive, effective, safe, and targeted gene transfer methods are necessary. Intravenous
administration deserves special attention due to its low risk of complications, high patient
acceptance, and the lack of necessity for specialized medical instrumentation or patient
sedation/anesthesia.

Numerous efforts in AAV capsid engineering have focused on discovering new cap-
sids that not only evade the host immune system but also enhance CNS delivery. These
efforts have utilized methods such as rational design, directed evolution, and in silico
design. AAV is extensively used as a delivery vector for in vivo gene therapy, as evidenced
by hundreds of clinical trials and six approved drugs, including two targeting CNS dis-
eases [103,104,106,316]. Its relatively low immunogenicity and toxicity, sustained efficacy,
and broad tropism make AAV a promising candidate for treating various conditions, par-
ticularly those affecting the CNS. However, the efficiency of delivery to the CNS due to
the BBB, remains a significant challenge for the broader clinical application of AAV gene
therapy [10]. Therefore, there is a pressing need for AAV engineering to develop next-
generation capsids with enhanced properties, such as improved BBB penetration, reduced
immunogenicity, and greater packaging efficiency. Examples of efforts on improved BBB
penetration include AAV-PHP-B and AAV-PHP.eB vectors, which exhibit the highest ef-
ficiency in transducing the CNS, especially in C57Bl/6 mice [17,174]. Unfortunately, this
is due to the strain-specific expression of the Ly6a receptor in these mice [114]. Other
examples of rAAV engineering vectors include AAV-AS, AAV-F, and AAV-B1 [110,117,121].
All of these are more efficient in transducing the CNS than the parental rAAV9 vector,
with increases ranging from 6- to even 171-fold higher. An interesting strategy for en-
hancing efficacy in crossing the blood-brain barrier involved employing a rational design
approach to incorporate BBB shuttle peptides (such as Bax-inhibiting peptides) that interact
with AAV. Additionally, cell-penetrating peptides (CPPs) were utilized, which are short
peptides capable of traversing biological membranes and facilitating the cellular uptake
of otherwise membrane-impermeable molecular cargoes [317]. This combined approach
resulted in increased BBB transcytosis and subsequent CNS transduction. In the cited study,
transduction efficiency increased 5-fold in cynomolgus macaques compared to the AAV9
parent vector.

Despite promising results obtained with BBB-crossing vectors such as rAAV9Y, its
variants and rAAVrh.10, further research on their efficacy and safety is needed. Studies
on the mechanisms of crossing the BBB are particularly important, which will enable
the development of an efficient and reproducible delivery system for transgenes to the
CNS. Considering interspecies differences, the challenge lies in extrapolating proof-of-
concept studies conducted using animal models to humans. Studies of rAAV vector
biodistribution conducted on small animal models require careful translation of the results
to larger organisms. It seems justified to expand research methodologies, certainly to
include additional species, but studies on biodistribution should also consider various
strains of laboratory animals. Such an approach will help avoid unintended categorization
of rAAV vector variants as BBB crossing, which may exhibit limited neurotropism to a
specific species or even strain.

Simultaneously, the immunotoxicity associated with intravenous administration of
high doses of rAAV must also be considered [201]. The activation of the patient’s immune
system by rAAV gene therapy depends on several factors, including the route of administra-
tion, dosage, vector serotype, carried transgene, and other components of the vector DNA.
Previous exposure to the virus is also crucial, as it results in elevated anti-AAV antibody
titers, which can disqualify (typically > 1:50) a patient from receiving rAAV-based treatment.
While intravenous administration of AAV vectors is characterized by high clinical utility
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and has shown remarkable success in treating spinal muscular atrophy, fatalities have oc-
curred due to liver, kidney, heart, or lung failure [201]. Local administration methods, such
as intra-CSF and intraparenchymal, are characterized by a lower risk of treatment-emergent
serious adverse events, including those associated with overactivation of the patient’s in-
nate and adaptive immune system [159,318]. Nonetheless, immune responses to the vector
significantly influence its toxicity. Upon administration of AAV vectors, the innate immune
system can detect foreign viral particles through interactions between the AAV capsid and
vector genome with pattern recognition receptors like Toll-like receptors. This recognition
can subsequently trigger the expression of major histocompatibility complex genes and
the secretion of pro-inflammatory cytokines or interferons [319]. The secreted interferons
and cytokines, in turn, induce the expression of genes that restrict viral replication and
stimulate adaptive and memory immune responses [320]. In addition, an innate immune
response involves the activation of the complement system [321]. The adaptive immune
system can respond by generating antibodies or cytotoxic T cells that target AAV capsid
and transgene proteins [322]. These antibodies can neutralize AAV vectors, preventing
them from effectively delivering therapeutic genes to target cells. AAV-specific T cells
can identify and destroy AAV-infected cells, involving both CD8+ cytotoxic T cells and
CD4+ helper T cells. In some cases, a strong T-cell response may lead to the elimination of
AAV-transduced cells [323].

Therefore, strategies to modulate and mitigate immune responses upon vector ad-
ministration should address both innate and adaptive immune response. Among the
strategies applied in clinical settings to address innate immune responses are those aimed
at evading the complement system [324]. One strategy involves using the C3 modulator
drug APL-9, which inhibits C3 activation and blocks all complement activation pathways.
When administered with rAAV, APL-9 effectively controlled complement activity within an
hour and maintained this effect for up to 12 h [325]. Another strategy to dampen the innate
immune response involves using a monoclonal antibody aimed to block the C5 component
of the complement system. The administration of eculizumab to patients with atypical
hemolytic uremic syndrome demonstrated an efficacy rate of 80% [326].

In clinical research, various strategies are being explored to mitigate the adaptive
immune response. One approach involves the use of immunomodulatory agents, such
as corticosteroids or immunosuppressants, to suppress the activity of T cells and reduce
inflammatory responses. Excluding patients with pre-existing neutralizing antibodies
(NADs) is employed to minimize immune responses. For example, the trials of the Novartis
AAV9-SMAT1 vector (Zolgensma), patients with Anti-AAV9 antibody titers greater than
1:50 were excluded (NCT03306277). Additionally, altering the route of administration of
AAYV vectors (NCT04133649) and reducing the therapeutic dose are being investigated as
means to reduce immune recognition and enhance therapeutic efficacy.

Several intriguing strategies in the preclinical research phase are worth noting, such
as the incorporation of TLR9-inhibitory (TLR9i) DNA sequences into the AAV genome,
which can reduce innate immune responses in mice and pigs [310]. Another approach
involves microRNA-mediated detargeting, which enables tissue and cell-specific transgene
expression by suppressing unwanted expression from non-target cells. By diminishing anti-
gen presentation by innate immune cells, this strategy can subsequently impede adaptive
immune responses to transgenes delivered by AAVs [327]. The development of neutralizing
antibodies (NAbs) poses a challenge to AAV gene therapy, leading to the implementation
of various strategies to overcome the humoral immune response. Research has demon-
strated encouraging outcomes in reducing NAb titers through B-cell depletion following the
administration of rituximab (anti-CD20 antibody) [328]. Nevertheless, systemic immuno-
suppression may elevate the susceptibility to infection and does not guarantee complete
remission of high-titer neutralizing antibodies [329]. The currently registered gene therapy
products indicated for the treatment of CNS disorders, such as Zolgensma and Upstaza,
involve the administration of a single dose [106,107]. This treatment regimen is based on
the low mitotic activity of CNS cells and the low risk of transgene loss [330]. Support-
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ing factors include long-term successes in treating other conditions, such as clinical trials
for Leber’s congenital amaurosis, where sustained results have been observed for up to
7.5 years in the full-field light sensitivity threshold test [217]. The potential need for AAV
vector re-administration in certain cases, such as children or neonatal patients who will
undergo growth and tissue proliferation, as well as patients with degenerative disorders,
presents a significant challenge. In light of the above, another noteworthy strategy to
mitigate adaptive immune responses is the utilization of an mTOR pathway inhibitor to
induce selective immune tolerance to a co-administered biologic drug. Tolerogenic Imm-
TOR nanoparticles containing rapamycin have been demonstrated to prevent the formation
of neutralizing anti-capsid antibodjies, thus allowing for vector re-administration [331].
Rapamycin suppresses effector T cell activation and is clinically used in chronic immuno-
suppressive regimens to prevent renal transplant rejection. Furthermore, adding ImmTOR
to AAV gene therapy vectors has recently been shown to effectively and specifically inhibit
adaptive antibody and T cell immune responses against the AAV capsid. This allows for
successful repeat administration of AAV vectors in mice and nonhuman primates [332].

With the reported presence of antibodies against AAV in humans ranging from 40-70%,
there is indeed an urgent need for utilizing AAV with improved properties, such as lower
immunogenicity. Capsid engineering provides an alternative method for reduced potential
for immune response [333]. The AAV biology within the realm of immunology is subject
to investigation. Increasingly, efforts are directed towards mapping antibody epitopes on
the capsid [334]. Neutralizing antibodies (NABs) often target conserved residues across
different AAV subtypes, particularly those near symmetry axes such as the three-fold axis.
Modifying these residues in AAV1 allowed the virion to evade specific antibody subsets,
as demonstrated in experiments with pre-immunized mice and non-human primates
(NHPs). Furthermore, the combination of multiple mutations led to a cumulative reduction
in neutralization [335,336]. Another approach involves chemical modifications of AAV
capsids, such as PEGylation and polymer encapsulation [337]. However, these alterations
may diminish gene delivery efficiency, decrease production yield, alter the distribution
of AAV vectors in the body, and induce the formation of antibodies against the modified
capsids [338]. Additionally, it has been demonstrated that AAVs enveloped in exosomes
can efficiently deliver genes to target cells, even in the presence of pre-existing immunity,
induce tolerance, and modify the targeting abilities of AAVs [339]. Understanding the
molecular basis of interactions, knowledge of specific receptors and co-receptors for all
serotypes of rAAV vectors are necessary to evaluate rAAV vector biodistribution. An
additional possible solution is a detailed explanation of the distribution of receptors and
coreceptors among different species. Striving to understand the precise mechanisms of
interaction between rAAV vectors and target cells receptors may lead to the development
of more precise and effective therapeutic strategies. Additionally, considering the genetic
diversity and expression of receptors and co-receptors may help tailor gene therapy to
individual patient needs.

Another future direction is the development of minimally invasive methods for de-
livering AAV vectors to the brain bypassing the BBB, such as intranasal administration.
Research on the mentioned ROA is privileged by the direct connection of the site of admin-
istration to the CNS. At the same time, local application can reduce the potential risk of
adverse events, such as the transduction of unintended tissues, and perhaps reduce the
dose of vectors used.

Finally, further research on rAAV vector gene therapy products should include anal-
yses of factors influencing PK/PD, such as serotypic variations, formulation differences,
administration routes, and dosages. This will be crucial for developing even more effective
and safer gene therapies. Among the formulation factors, we want to draw particular atten-
tion to the optimization of production processes. Variations in efficient and homogeneous
therapeutic preparations may arise from differences in the quality and purity of rAAV
products, which are dependent on the chosen method of vector production. Optimization
of production processes may improve pharmacokinetics and, consequently, therapy effec-
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tiveness. It is worth noting here the necessity for standardization of qualitative—quantitative
properties, including the purity of medicinal products for gene therapy, both in preclinical
and clinical studies. The consistent use of products with identical quality and purity across
preclinical and clinical studies will generate reliable data on the biodistribution and effi-
cacy of therapy using rAAV vectors. Further research on standardizing methodology and
improving the quality of data from preclinical studies may contribute to better predicting
the behavior of rAAV vectors in humans. Another factor also considered in traditional
pharmacokinetic analysis is the drug-binding coefficient with blood components, mainly
proteins. Pharmacokinetics of intravenously administered gene drugs depends on the
interaction of therapeutic particles with blood components. Hence, studies on the potential
impact of blood components, such as serum albumin or acute-phase proteins, can pro-
vide new insights into biodistribution mechanisms and potential factors modifying the
effectiveness of gene therapy. In summary, further research on the pharmacokinetics and
pharmacodynamics of rAAV vectors is crucial for the continued development of effective
and safe gene therapy strategies.
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