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Abstract 

Recombinant adeno-associated viruses (rAAVs) have emerged as an attractive tool for gene delivery, and demon-
strated tremendous promise in gene therapy and gene editing—therapeutic modalities with potential “one-and-
done” treatment benefits compared to conventional drugs. Given their tropisms for the central nervous system (CNS) 
across various species including humans, rAAVs have been extensively investigated in both pre-clinical and clinical 
studies targeting neurodegenerative disease. However, major challenges remain in the application of rAAVs for CNS 
gene therapy, such as suboptimal vector design, low CNS transduction efficiency and specificity, and therapy-induced 
immunotoxicity. Therefore, continuing efforts are being made to optimize the rAAV vectors from their “core” genetic 
payloads to their “coat” or capsid structure. In this review, we describe current approaches for rAAV vector design 
tailored for transgene expression in the CNS, summarize the development of CNS-targeting AAV serotypes, and high-
light recent advancements in AAV capsid engineering, aimed at generating a new generation of rAAVs with improved 
CNS tropism. Additionally, we discuss various administration routes for delivering rAAVs to the CNS and provide 
an overview of AAV-mediated gene therapies currently under investigation in clinical trials for the treatment of neuro-
degenerative diseases.
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Introduction
Adeno-associated virus (AAV) was first identified as a 
contaminant of rhesus monkey kidney cell cultures that 
were infected with adenovirus stocks in 1965 [1]. AAV 
was then characterized as an autonomously replication-
defective virus unless aided by co-infection of a helper 
virus, such as adenovirus, herpesvirus, or vaccinia virus 
[2, 3]. Subsequent studies classified AAV as a member of 
the Dependovirus genus within the Parvoviridae family. 
AAV comprises of a nonenveloped icosahedral viral cap-
sid of ~ 26  nm in diameter, which encapsulates a linear 
single-stranded DNA genome of ~ 4.7  kb [4]. AAV can 
transduce both dividing and non-dividing cell types for 
long-term expression of gene of interest (GOI), and has 
relatively low immunogenicity and high affinity to neu-
ronal or glial cells as compared with other viral vectors. 
Thus, AAV viral vectors provide valuable opportunities 
for clinical applications in the treatment of neurodegen-
erative diseases [5, 6].

Gene therapy holds huge potential for addressing many 
genetic and debilitating diseases through a one-time 
treatment. For central nervous system (CNS) diseases, a 
lack of efficient gene delivery vectors was a major chal-
lenge before the introduction of AAV [7]. Recently, 
AAV-mediated gene therapy has been galvanized by the 
marketing approval of Luxturna for RPE65-associated 
retinal dystrophy and Zolgensma for SMN1-linked spi-
nal muscular atrophy. In addition, AAV-based therapies 
are actively being investigated in preclinical studies and 
clinical trials for other neurodegenerative diseases such 
as Alzheimer’s disease (AD), Parkinson’s disease (PD), 
and Huntington’s disease (HD) [8]. Despite these notable 
successes, more efforts are required in designing AAV 
vectors and optimizing the therapeutic strategy in areas 
including: (1) Viral genome accommodation and optimi-
zation; (2) AAV capsid selection for ideal efficiency and 
specificity; (3) Need-driven proper selection of admin-
istration routes; and (4) Understanding mechanisms of 
potential toxicities.

In this review, we first delve into AAV fundamentals, 
exploring AAV vector components, as well as the optimi-
zation approaches for each regulatory element within the 
genome. Then, we discuss both naturally occurring AAV 
serotypes and novel engineered capsids for their CNS 
application. Lastly, we discuss all viable routes for AAV 
administration in the CNS and highlight current efforts 
being made in clinical trials for the treatment of neurode-
generative diseases.

AAV optimizations for CNS gene therapy
The rAAV (recombinant adeno-associated virus) genome 
controls the transgene expression level, cell-type speci-
ficity, duration, and other important aspects of AAV 

therapeutics. Therefore, considerable efforts have been 
made to optimize components in the genome, including 
the inverted terminal repeat (ITR), promoter, and other 
regulatory elements (Fig. 1).

Inverted terminal repeats (ITRs)
The AAV genome contains symmetrical ITRs at each 
end, serving as the origin of DNA replication and packing 
signals [9]. The single-stranded AAV (ssAAV) requires 
the host-cell DNA polymerase machinery to produce 
the complementary strand for transduction which rep-
resents a major limitation that slows down the transgene 
expression. However, this obstacle has been circum-
vented by the development of self-complementary AAV 
(scAAV) [10, 11]. scAAV is capable of five- to 140-fold 
increase in transduction over ssAAV. The increased effi-
ciency is compensated for the loss of half the packag-
ing capacity (2.4 kb of scAAV vs. 4.8 kb of ssAAV) [12]. 
Notably, scAAV heightens innate immune response via 
enhanced activation of the TLR9/MyD88 signaling in a 
dose-dependent manner with induction of IL-6, TNF-α, 
and other proinflammatory cytokines [13, 14], suggest-
ing increased immunogenicity associated with scAAV. 
The TLR9 receptor  is essential for the recognition of 
unmethylated  CpG  motifs, which are highly present 
in ITR region [15]. Thus, Pan and colleagues adopted 
rational engineering method to generate CpG-free ITR 
with equivalent biological potency of transgene expres-
sion, but with an approximately threefold reduction in 
yield [16].

Promoters
The promoter serves as a critical regulatory element 
for protein expression in the rAAV vector genome, and 
determines the expression level, cell- or tissue-specificity, 
and spatial and temporal characteristics [17]. Ubiquitous 
promoters are frequently chosen to reach potent expres-
sion, with over 50% usage reported in 106 clinical trials 
and 76% in CNS disorders. Among the most commonly 
used ubiquitous promoters are cytomegalovirus immedi-
ate early enhancer/chicken β actin/rabbit β-globin (CAG) 
promoter, the chicken beta-acting (CBA) promoter and 
the cytomegalovirus (CMV) promoter [18]. On the con-
trary, the use of cell- or tissue-specific promoter can 
regulate precisely localized gene expression to minimize 
off-target effects and related immune-mediated toxic-
ity. For clinical applications in the nervous system, spe-
cific promoters are also selected for manipulating gene 
expression in certain cell types, such as NSE (identifier: 
NCT00643890) and syn1 promoters with neuron-speci-
ficity (identifier: NCT04127578), and hRPE65p promoter 
with retinal pigment epithelium-specificity (identifier: 
NCT04127578).
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Regulatory elements
Enhancer elements
Enhancer element functions by amplifying transcrip-
tional signals through physical contact with its target 
promoters in the presence of RNA polymerase II, while 
located either in the upstream or downstream of the 
promoter [19]. CMV enhancer is the most commonly 
used strong enhancer. It is usually conjugated to CBA 
promoter and CMV early promoter for non-specific 
enhancement in the CNS. However, it may collaborate 
with tissue-specific promoters to drive strong transgene 
expression in cultured neuronal cells [20, 21]. Addi-
tionally, Dimidschstein demonstrated that the mouse 
DLX5/6 enhancer alone can induce specific gene expres-
sion in GABAergic interneurons in the forebrain [22].

Intron elements
Intron element is generally positioned downstream of 
a promoter and enhances gene expression by improv-
ing mRNA stability and facilitating mRNA export to the 
cytoplasm [23]. Strikingly, introducing the Minute virus 
of mice (MVM) intron between promoter and transgene 
has been reported to increase 80-fold of transgene 

expression in liver cells compared to intron-null AAV 
[24]. Moreover, addition of SV40 intron confers about 
twofold enhancement of AAV transgene expression in 
lung carcinoma cells [25].

WPRE element
The woodchuck hepatitis post-transcriptional regulatory 
element (WPRE) is often included in AAV cassettes to 
improve viral titer and transduction efficiency via stabi-
lizing mRNA and regulating transcriptional termination 
[26, 27]. Controversially, WPRE showed no effects on 
transgene expression in both in  vitro and in vivo when 
combined with either EF-1α or CAG promoter in the 
presence of an intron element [28, 29]. Notably, WPRE 
was previously reported to harbor potential oncogenic 
activity that may hinder its translation into clinical prac-
tices [30]. However, this concern has been addressed 
through WPRE optimization to ensure a safe profile for 
clinical use.

miRNA target sequences
Endogenous tissue-specific microRNA (miRNA) expres-
sion is an effective tool to restrict foreign DNA expres-
sion in undesired tissues. It is achieved by fusing exact 

Fig. 1 Strategies for AAV genome design and capsid engineering. The top part displays each element accommodated in the viral genome cassette, 
as well as corresponding optimization approaches. The bottom part illustrates three major methods to engineer AAV capsids for desired properties



Page 4 of 17Xu et al. Journal of Translational Medicine          (2024) 22:866 

complementary miRNA target sequences into the 3′ 
untranslated region (UTR) following gene expression 
cassette [31, 32]. For example, four tandem complimen-
tary copies of the hematopoietic-specific miR-142-3p 
sequence were inserted into the downstream of a green 
fluorescent protein (GFP) reporter. It significantly pre-
vented transgene expression in hematopoietic cells, 
even after the cells were superinfected with 30 copies of 
viruses [31]. AAVs exhibit high tropism towards liver tis-
sue. With the development of AAV-mediated systemic 
gene therapy for the nervous system, efforts have been 
made to reduce the off-target transduction in the liver 
post-intravenous administration by adding miR-122 tar-
get sequences in the AAV vector [33]. Incorporation of 5 
copies of miR-122 target sequences has shown enhanced 
inhibitory effects over 3 copies in the liver of ICR mice, 
while without any significant change in transduction effi-
ciency in 293  T cells [33]. In the CNS, the endogenous 
miR-124 can specifically de-target transduction of viral 
vectors in astrocytes in mouse brain, conferring the pos-
sibility to cell type-specific engineering [34].

AAV serotypes and capsid bioengineering
Since the discovery of AAV as contaminants from ade-
novirus stocks, 13 AAV serotypes and more than 150 
variants have been naturally isolated from human, non-
human primates, and other animal species. The vari-
ants exhibit variable patterns of transduction and cell 
tropisms owing to the binding activity between surface 
topology of capsid and host cell receptor [24, 35–37]. 
In addition to naturally occurring AAV variants, bioen-
gineering-based synthetic capsid development is rapidly 
evolving, owing to the advancements of high-through-
put NGS sequencing technology and in silico biomining 
(Fig. 1). In this section, we discuss both naturally occur-
ring and synthetic AAVs and their implications in neuro-
logical gene therapy.

Naturally occurring AAV serotypes
The most extensively investigated serotype by far is 
AAV2, known for its wide tissue tropism, especially in 
efficiently transducing neurons, which expands its clini-
cal applications to neurological disorders. For instance, 
AAV2-based  LUXTURNA® has been approved by FDA 
in 2017 for use in patients with Leber’s congenital amau-
rosis [38]. The viral tropism of AAV2 results from univer-
sal distribution of its primary receptor heparan sulfate 
proteoglycan (HSPG) [39], as well as it multiple co-recep-
tors such as the FGF receptor, integrins, and CD9 [40, 
41]. AAV3, similar in amino acid composition to AAV2, 
primarily binds to HSPG as well but with lower affinity, 
and preferentially targets hematopoietic cells [42]. HSPG 
also serves as a co-receptor for AAV6 which lacks R585 

and R588 residues involved in heparin binding [43]. With 
only 6 amino acid difference, AAV6 is similar to AAV1 
in composition. Both these vectors exploit N-linked sialic 
acid (SIA) as a primary receptor, and are reported to pos-
sess rapid and high levels of transduction in skeletal mus-
cles [44, 45].

In 2012, the first market AAV product  Glybera®, an 
AAV1-based vector, was approved by the European 
Medicines Agency (EMA) to treat lipoprotein lipase 
deficiency (LPLD) in skeletal muscle and adipose tissue 
[46]. Besides, AAV1 and AAV5 display higher infiltrative 
transduction efficiency than AAV2 in all regions injected 
within the brain, mainly targeting the neurons [47]. This 
extends its clinical applications in fighting Huntington’s 
Disease (Identifier: NCT04120493), Leber Congenital 
Amaurosis (Identifier: NCT00999609) and Retinitis Pig-
mentosa (Identifier: NCT03328130).

Apart from the discovery of AAV1-AAV6 as live 
viruses, PCR-based high throughput screening mecha-
nisms have been developed to isolate new serotypes [48]. 
Both, AAV7 and AAV8, represent hepatocyte tropism, 
though their primary receptors are still unknown. Nota-
bly, AAV7 induces stronger anti-AAV immune response 
in the hemophilia B population than AAV8 [49], which 
makes AAV8 suitable for hemophilia B patients in clini-
cal trials (Identifier: NCT01620801 and NCT00979238). 
On the other hand, AAV8 shows a broad range of tro-
pism and has already been applied in clinical use (Identi-
fier: NCT03001310 and NCT04611503 for eye disorders, 
NCT04174105 and NCT03173521 for Lysosomal Storage 
Disorders). Another validated vector with broad tropism 
is AAV9, binding to terminal galactose and showing effi-
cient transduction in CNS, eye, cardiac and skeletal mus-
cle, and liver [50–53]. Moreover, AAV9 holds the natural 
ability to cross the BBB and transduces the CNS after sys-
temic administration that will be further discussed in the 
sections below [54].

Capsid bioengineering
The applications of several naturally occurring AAV sero-
types have provided a solid foundation for clinical trials 
in CNS diseases. However, either limited efficiency or 
specificity of naturally discovered AAV, or high preva-
lence of neutralizing antibodies (NAbs) in human popu-
lation has greatly inspired the generation of novel AAV 
capsid to better fit clinical demands through laboratory-
driven approaches, such as rational design, direct evolu-
tion and in silico design.

Rational design
Rational design takes in-depth biological knowledge 
of existing AAV serotypes to predict and refine virus 
function with increased capsid tropism, enhanced 
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transduction efficiency, and reduced immune response 
[55, 56]. Recently, we reported two novel BBB penetrant 
AAVs, namely AAV.CPP.16 and AAV.CPP.21, by adopting 
a rational design approach of displaying cell-penetrating 
peptides (CPPs) into VR-VIII loop of the AAV9 capsid. 
Strikingly, the superiority of AAV.CPP.16 over AAV9 can 
translate from mice to non-human primates, showing 
6- to 249-fold enhancement across 4 mouse strains and 
fivefold enhancement in non-human primates (NHPs) in 
CNS transduction after intravenous delivery [57]. More-
over, Albright and colleagues identified the essential 8 
amino acid residues on the AAVrh.10 capsid that medi-
ated transport across the BBB and grafted onto AAV1 
capsid, enabling the new chimeric capsid to cross the 
BBB and preferentially transduced neurons in C57/Bl6 
mice [58]. With extensive understanding of capsid struc-
ture, AAV receptor binding and trafficking mechanistic 
basis, rational design strategy yields many engineered 
vectors with enhanced functionalities. Thus, these new 
variants also promote translational study of AAV-medi-
ated gene therapy in nervous system, such as Hunting-
ton’s disease [59], Mucopolysaccharidosis IIIB (MPS IIIB) 
[60] and Mucopolysaccharidosis IIIC (MPS IIIC) [61].

Direct evolution
This approach has been widely used for AAV engineer-
ing, as much larger capsid library containing up to mil-
lions of variants is examined using high-throughput 
sequencing technology after iterative screening. The 
direct evolution usually generates a highly diverse capsid 
library by error-prone PCR, peptide display, DNA family 
shuffling or a combination of them followed by multiple 
rounds of selection for a desired phenotype [62, 63]. Of 
these, the peptide display stretches amino acid segments 
with random sequences into a capsid site that can pro-
vide affinity for specific receptors, for example, inserting 
between AA588 and AA589 of AAV9 capsid. Based on 
such strategy, Gradinaru’s lab developed Cre recombina-
tion-based AAV targeted evolution (CREATE) platform 
and successfully identified PhP.B and PhP.eB [64, 65], 
showing overwhelming superiority of CNS transduction 
after systemic delivery in some mouse strains but unfor-
tunately failed to translate into NHPs [66, 67]. Later, they 
optimized the CREATE platform by introducing pep-
tide library into the surface-exposed AA455 loop of PhP.
eB capsid and obtained a variant AAV.CAP-B10 with 
enhanced CNS tropism and simultaneously de-targeted 
from liver expression in both mice and marmosets [68]. 
Even the direct evolution via peptide display approach 
to engineering AAV capsid has gained some successes 
to achieve desired cell tropism and tissue specificity, 
further explorations are needed to understand cellular 

interactions of novel capsid as well as to validate its safety 
and efficiency prior to clinical trials.

In silico design
With technological advancements of computational 
modeling and machine learning, an in silico design 
approach to reconstruct and discover new capsid was 
first reported in 2015 [69, 70]. Carvalho applied in silico 
ancestral sequence reconstruction (ASR) method to pre-
dict the amino acid sequence of putative ancestral AAV 
capsid monomers using maximum likelihood (ML) meth-
ods from 75 isolates of AAV. This method identified the 
new AAV, namely Anc80L65, from generated capsid pool 
with 2048 variants. Later, more studies further character-
ized the vector Anc80L65, demonstrating great transduc-
tion efficiency for retinas [71], inner ear [72], and even 
notable expression in the CNS after systemic gene trans-
fer [73]. Besides, machine learning-based approaches 
have also encouraged more efforts to de-immunize the 
capsid [74] and decipher AAV capsid landscape [75], 
and predict viral assembly [76]. Nonetheless, this next-
generation design strategy requires more advanced com-
putational resources and higher quality data for machine 
learning prior to widespread recognition and adoption.

AAV delivery routes
Successful gene therapies for neurological disorders not 
only rely on the careful design of AAV vector, including 
optimization of genome cassette and selection of cap-
sid, but also require the most appropriate route for AAV 
administration (Fig.  2). The commonly used routes for 
CNS gene transfer are intraparenchymal delivery (IP), 
intracerebrospinal fluid (intra-CSF) delivery, intravenous 
(IV) delivery, and intramuscular (IM) delivery [8]. While, 
the best selection of administration route is associated 
with viral safety, transduction efficiency and pathophysi-
ological characteristics of diseases, for example coverage 
of targeted region and cell- or tissue type of interest.

Intraparenchymal delivery
The direct CNS parenchymal injection is the most 
selected route for CNS diseases and can precisely trans-
fer high concentrations of vectors to the target region 
via surgical approach, while bypassing the blockade of 
physiological barriers. Currently, naturally occurring 
serotypes AAV1, AAV2, AAV5, AAV8, AAV9 and the 
engineered variant AAV-DJ are the most frequently used 
for lP delivery [47, 63, 77]. AAV2 shows minimal diffu-
sion and primarily transduces neurons, which has the 
most extensively used vector to IP delivery of therapeu-
tic genes in clinical trials for neurodegenerative diseases, 
such as Alzheimer’s disease (Identifier: NCT04133454 
and NCT00876863) and Parkinson’s disease (Identifier: 
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NCT04167540, NCT00643890 and NCT02418598). 
Similarly, AAV-DJ can only transduce a confined region 
but with higher efficiency than AAV2, suggesting an ideal 
vector for desired expression within a small area [63]. 
On the contrary, AAV9 and AAV.rh10 provided wide-
spread expression patterns beyond the injection site with 
glia- and neuron-tropism respectively [78, 79]. Other 
natural discovery serotypes have also been investigated 
for IP delivery, displaying comparable expression levels 
but overlapping cell tropism [80–82]. It is noted a novel 
variant AAV-TT derived from AAV2 revealed strong 
neurotropism and exceeded transduction of AAV9 and 
AAVrh10 in mice, even correcting neurological deficits in 
the mouse model of MPSIIIC [61].

Intracerebrospinal fluid delivery
The cerebrospinal fluid (CSF) is produced in the brain 
ventricular by choroid plexus and flows within the cer-
ebral ventricles, cisternal spaces, the subarachnoid space 
of the spine and brain, and the central spinal cord canal 
[83]. The CSF system envelops the CNS system, while 
separated by pia mater and ependyma in the subarach-
noid space and brain ventricular zones respectively to 
form the CSF-brain barrier [84]. When therapeutic agent 
is administered into CSF, it moves across the barrier to 

the parenchymal side in the manner of different diffusion 
approach depending on the injection site (Fig. 3) [85]. The 
circulation of CSF delivers viral vectors to broader CNS 
regions when compared to IP injection [86]. While com-
paring to systemic delivery, intra-CSF route performs in a 
more invasive procedure, but on the other hand, attenu-
ates the exposure to pre-existing neutralizing antibodies 
from vascular system and avoids the risk of liver toxic-
ity after intravenous administration of high doses [87]. 
Direct injection of viral vectors into the compartment of 
CSF to access the CNS and is usually achieved via ICV 
[88], IT [89] and ICM (Fig. 3) [90, 91]. However, different 
routes of intra-CSF delivery led to unique pattern of viral 
distribution in the CNS.

IT route injects therapeutic agents via lumbar punc-
ture, which is the minimal invasive and easy access pro-
cedure for CSF delivery, transporting most of molecules 
into the spinal cord with little transduction to the brain. 
Interestingly, Michael and colleagues adopted Tren-
delenburg position that lying head approximately 25° 
below the feet after intrathecal infusion of AAV9, result-
ing a marked improvement of cortical distribution with 
15-fold increase in neuron transduction [92]. Compar-
ing to IT route, ICV administration accesses the ven-
tricles requiring an invasive stereotaxic  surgery but has 

Fig. 2 AAV delivery routes for neurodegenerative diseases. The diagram shows AAV-mediated gene therapy administration routes being used 
in clinical trials for neurological disorders. Moreover, key pros and/or cons for corresponding approach are listed highlighting the appropriate 
selection of AAV-based therapy. Created with http:// www. figdr aw. com/

http://www.figdraw.com/
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been demonstrated to be safe in clinical trials and achieve 
widespread AAV distribution in the brain [93]. Another 
intra-CSF delivery, ICM route, is injected into the suba-
rachnoid space between the cerebellum and the dor-
sal side of the medulla oblongata, reaching a broad and 
balance transduction in both of brain and spinal cord 
than other CSF infusion [94]. However, puncture to the 
cisterna magna (CM) procedure avoids damage to the 
brain parenchymal but is invasive and high risk to induce 
injury to the blood vessels and brainstem [94].

The transduction efficiency of CSF delivery is not 
only affected by different routes, but also can be deter-
mined by the AAV serotypes. It is reported that AAV7, 
AAV9 and AAV.rh10 are the extensively studied gene 
transfer vehicles for intra-CSF delivery [95–97]. Espe-
cially, AAV.rh10 favorably transduced motor neurons in 
NHPs’ lumbar spinal cord after IT injection rather than 
AAV9 to target astrocytes, which successfully mediated 
SOD1 silencing in adult  SOD1G93A mice and profoundly 
improved both disease onset and survival outcome [97]. 
A clinical trial of giant axonal neuropathy (Identifier: 
NCT02362438), a slowly progressive neurodegenerative 

disorder, applied scAAV9 to carry JeT-GAN gene via IT 
injection, which marked the first instance of AAV-medi-
ated gene therapy using IT delivery in humans [98]. How-
ever, the limitation of intra-CSF delivery still needs to be 
addressed: (1) unfavorable flow dynamics of CSF and the 
huge size of human CNS organs often restrict the viri-
ons to diffuse into the deep CNS regions; and (2) surgi-
cal procedure of ICM and ICV injection posing high-risk 
injury to the brain.

Intramuscular delivery
AAV-mediated gene therapy using IM delivery is mini-
mally invasive in local muscle tissue and undergoes a cas-
cade intracellular event for retrograde axonal trafficking 
into neuronal soma [99, 100]. This strategy is particularly 
suited for mitigating motor neuron diseases (MNDs), 
such as spinal muscular atrophy (SMA) [99] and amyo-
trophic lateral sclerosis (ALS) [101]. Owing to the effi-
ciency of retrograde transportation, some AAV serotypes 
were utilized to achieve desired neuronal transduction 
in rodents, for example, AAV1 [102], AAV2 [103], AAV9 
[103, 104] and AAV-DJ-8 [101]. Moreover, IM delivery of 

Fig. 3 Intra-CSF delivery routes. The diagram shows major routes for intra-CSF delivery and the fluid dynamics of AAV to cross the CSF-brain 
barrier. The upper panel demonstrates that AAV infuses with the CSF in the ventricle and cross the ependymal layer to the brain parenchyma side 
under diffusion effect after ICV delivery. The lower panel shows AAV enters subarachnoid space after ICM or IT injection and passes pia mater 
to transduce types of various brain cells in the manner of diffusion as well. Created with http:// www. figdr aw. com/

http://www.figdraw.com/
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AAV6 showed about 50% transduction of spinal motor 
neurons in NHPs [105]. It is noted that some studies 
revealed neuropathology under MNDs may impact ret-
rograde transduction and hinder AAV-mediated gene 
therapy [106, 107]. Besides MNDs, another gene therapy 
strategy using IM delivery aims to induce sustained high-
level antibody production in neurodegenerative diseases. 
AAV1-driven release of single-chain variable fragment 
(scFv) antibodies targets Aβ deposition and attenuates 
cognitive deficits, preventing and treating of Alzheimer’s 
disease [108, 109]. This alternative method presents a 
novel therapeutic approach to attain long-term antibody 
production after one-dose IM infusion of AAV for neuro-
degenerative diseases.

Intravenous (IV) delivery
IV delivery is a non-invasive method and could take 
advantage of the dense vascular network in the brain 
and spinal cord for more uniform vector distribution 
but would require vectors to circumvent the obsta-
cle of BBB [110]. AAV9 and AAV.rh10 are the leading 
naturally occurring serotypes that can transverse the 
BBB, but the transduction efficiency is superior in the 
CNS of neonates over that of adults, which limits AAV-
mediated systemic gene therapy mostly for infants in 
clinical trials [8], such as for treating spinal muscular 
atrophy (Identifier: NCT03461289), Canavan disease 
(Identifier: NCT05317780) and Krabbe disease (Identi-
fier: NCT04693598). The bioengineering of novel AAV 
variants in terms of BBB-crossing and CNS targeting has 
achieved some successes in recent years, yielding AAV.
CPP.16 [57], AAV.CAP-B10 [68] and AAV.cc47 [111] with 
variable enhancements over AAV9 from mice to NHPs. 
It is also notable that some aspects should take into con-
sideration in future work: (1) potential toxic to the dorsal 
root ganglia (DRG) [112]; (2) high dosage related immune 
response after systemic administration [113]; and (3) off-
target expression in peripheral organs [113].

Mechanism and methods of AAV to cross the BBB
Intrinsic mechanisms
The BBB is an assembly of vascular endothelial cells, 
astrocyte, pericytes and extracellular matrix, and tightly 
tethered together via tight junction proteins [114]. It pro-
tects the brain by blocking entry of molecules greater 
than 400  Da into the CNS, concomitantly with inhibi-
tion of systemic delivery of therapeutic drugs. At pre-
sent, most studies investigate the molecular interaction 
between AAV capsid and cellular receptors. Here, we will 
discuss two potential intrinsic mechanisms that mediated 
BBB-crossing of AAV.

Receptor‑mediated transcytosis (RMT)
In a non-invasive way to deliver AAV through the BBB 
into the CNS, the receptor-mediated transcytosis (RMT) 
is the most extensively investigated, although it is still not 
well understood the choice of receptors responsible for 
AAV trafficking across the BBB. Ramirez and colleagues 
[115] demonstrated that AAV9 preferably crossed brain-
endothelial barriers through an active, cell-mediated 
process, while little transduced endothelial cells. In con-
trary, AAV2 without BBB-crossing ability was found to 
be endocytosed to transduce BMVEC, hardly to diffuse 
across the endothelial barrier. Also, they provided evi-
dence that the process of AAV9 transport maintained the 
integrity and barrier homeostasis of BBB. The transcy-
tosis approach to transverse the endothelial barrier can 
be hampered by addition of two chemicals, tannic acid 
or filipin that interferes the transport of glycosylphos-
phatidylinositol-anchored proteins to the apical surface 
of cells and afterwards restricts its function as a receptor 
binding to AAV capsids [116, 117].

The receptors in brain endothelial cells, mediated AAV 
attachment, subsequently facilitate transcytosis through 
the BBB have yet been characterized with recent pro-
gress. Gradinaru lab identified AAV-PHP⋅B and AAV-
PHP.eB with significant higher efficiencies in transporting 
across the BBB in C57BL/6 J mice after intravenous deliv-
ery but starkly absent in BALB/cJ mice and marmosets 
[64–67]. Later, it was reported that lymphocyte antigen 
6 complex, locus A (LY6A), a  GPI-anchored membrane 
protein, responsible for specific engagement to the 7-mer 
insertion of PHP.B and PHP.eB and transcytosis at BBB 
[118, 119]. However, LY6A homolog is highly and spe-
cifically presented in brain endothelial cells of C57BL/6 J 
mice but not in BALB/cJ mice and primates. Notably, 
Kay built up an in vitro transwell model for selection of 
human BBB-crossing AAVs and applied siRNA screen 
approach to identify the roles of receptors that partici-
pate in the AAV transcytosis [120]. They reported, for the 
first time, that scavenger receptors (MSR1, SCARB1, and 
SCARA3), insulin-like growth factor receptors (IGF1R 
and IGF2R), antibody transporting receptors (FCGRT 
and TMEM30A), as well as LEPR, LRP8, CNR1, EPHA2, 
PTAFR, and CCR2 improved AAV transcytosis, whereas 
INSR, AGER, AAVR, M6PR, TFRC, and LRP2 receptors 
participated in inhibition of AAV transcytosis.

Paracellular pathway
The tight junctions serve as a “gate” to prevent paracel-
lular transport and maintain permeability and homeo-
stasis of BBB. However, the TJ proteins are reported to 
be affected under multiple pathological conditions or by 
approaches causing transient disruption, compromising 
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the integrity of BBB and increasing influx of substances 
via the paracellular pathway [121, 122].

Some neurological disorders, including Alzheimer’s 
disease (AD), Parkinson’s disease (PD), multiple sclerosis 
(MS) and traumatic brain injuries, may induce transiently 
disruption of TJs. Accumulation of the β-amyloid, a key 
characteristic of AD, was demonstrated to compromise 
BBB permeability by decreasing expression of TJ pro-
teins, including claudin-5, occluding and ZO-1 [123]. 
TJ loss was also observed in the white matter of MS 
lesions and positively correlated with BBB breakdown 
[124]. Using mouse model of traumatic brain injury, our 
laboratory showed the breakdown of BBB permeability 
with increased influx of high molecular weight Dextran 
(155 kDa). Nonetheless, it is still unknown whethe persist 
TJ damage under pathological conditions could improve 
the access of AAV to the brain parenchyma via paracel-
lular transport.

Approaches for increasing CNS delivery
Development of BBB‑crossing AAVs
As mentioned above, the nature-discovered AAVs—for 
example the first BBB-crossing serotype AAV9—have 
provided a solid foundation for novel systemic gene 

therapy in CNS diseases. However, further enhancing 
the BBB-crossing efficiency may require development of 
improved capsids through new discovery and engineer-
ing (Fig.  4a). Besides AAV9, naturally isolated AAVrh.8 
and AAVrh.10 from rhesus macaques were validated with 
enhanced CNS tropism in adult mice following IV injec-
tion [125]. AAVrh.8 was shown to better transduce neu-
rons, astrocytes, and oligodendrocytes, while with low 
peripheral tropism compared to AAV9 and AAVrh.10 
[126, 127]. AAVHSCs are another group of neurotropic 
AAVs identified from healthy CD34 + human hemat-
opoietic stem cells [128]. Like AAV9, they are classi-
fied into Clade F, supporting the claim that the ability to 
transverse the BBB may be a feature of Clade-F AAVs, 
although how they cross the BBB after systemic injection 
is not yet clear.

Enhanced CNS transduction by AAV.PHP.B and AAV.
PHP.eB fails to translate into primates, as aforemen-
tioned. Ongoing efforts are focused on screening and 
validating novel AAVs with CNS tropism after systemic 
injection. For instance, the iTransduce capsid-engineer-
ing platform yielded a new variant, namely AAV-F, which 
mediated successful CNS transduction in C57BL/6  J 
and BALB/c mice with 65-fold and 171-fold higher 

Fig. 4 Methods to increase AAV transduction in the CNS after systemic administration. The diagram shows three potential approaches 
for facilitating BBB-crossing and CNS transduction by AAVs. Created with http:// www. figdr aw. com/

http://www.figdraw.com/
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transduction of astrocytes and neurons than parental 
AAV9 respectively [129]. Also, Voyager Therapeutics 
built up another platform called TRACER (Tropism 
Redirection of AAV by Cell-type-specific Expression of 
RNA) and identified ten enhanced variants in C57BL/6 
mice, including 9P31 with up to 400-fold higher brain 
transduction [130].

Change of BBB permeability
Transient opening of the BBB can be utilized to facili-
tate the delivery of viral vectors to the CNS (Fig. 4b). Fu 
and colleagues first report that intravenous infusion of 
25% mannitol solution 15–20  min before  scAAV2 vec-
tor administration can increase up to tenfold of vector 
dispersion in mouse brain. As the mannitol-mediated 
BBB disruption is temporary and reversible, the BBB per-
meability peaks 5  min after intra-arterial (IA) infusion 
and lasts for 20–30 min [131, 132]. Importantly, a study 
showed that the optimal transduction of AAV2 vectors in 
the brain was achieved by IV injection of AAV 8 min after 
mannitol administration; delivery of the vector less than 
5  min or 10  min after mannitol infusion was ten times 
less efficient. Considering above, mannitol-mediated BBB 
disruption allows broad CNS distribution of AAV vectors 
depending on the mannitol dose, infusion route as well as 
virus injection timing [133].

A more localized transient disruption of BBB is accom-
plished by using magnetic resonance imaging-guided 
focused ultrasound in combination with IV infusion of 
microbubbles (FUS-MB) (Fig.  4b), which induce tem-
porary BBB opening even in NHPs [134–137]. The FUS 
waves induce oscillation of intravenously injected micro-
bubbles in the desired brain region, leading to transient 
BBB compromise by physically disrupting tight junctions 
between endothelial cells [138, 139]. This method has 
been exploited to improve the efficiency for AAV brain 
penetration. It was reported that IV infusion of AAV1, 
AAV2 or chimeric AAV1/2 vector, which showed low 
BBB-crossing per se, successfully penetrated into directed 
brain regions after FUS-MB treatment [140–142].

Transporter for AAVs
Shuttle peptides, working as a type of transporter, have 
been investigated to facilitate drug delivery for several 
decades including in clinical trials (Fig.  4c). However, 
only a few peptides are showed to be capable of boost-
ing systemic AAV delivery to the brain. For instance, 
a BBB shuttle peptide THR, which specifically binds 
to the transferrin receptor 1 (TfR1) [143], can increase 
the BBB-crossing efficiency of AAV9 and improve 
brain transduction in a dose-dependent manner in 
mice. Importantly, further mechanistic study revealed 
the THR peptide increased the AAV8 transcytosis in 

hCMEC/D3 endothelial cells and delivered more virion 
across the BBB to the brain parenchyma [143]. Another 
PB5-3 peptide specifically bound to AAV9 serotype and 
enhanced transduction efficiency in different brain cells 
in mice [144]. Thus, AAV9-PB5-3 complex was used to 
express IDUA in the mucopolysaccharidosis type I (MPS 
I) mouse model and achieved more than twofold higher 
expression with successful phenotypic correction in the 
brains.

During AAV production, a fraction of AAV vectors 
were wrapped in microvesicles/exosomes, as observed 
using transmission electron micrograph [145] (Fig.  4c). 
It is reported that exosome-enveloped AAV8 or AAV9 
had enhanced CNS transduction after intravenous injec-
tion [146, 147]. Although the mechanism of exoAAV to 
cross BBB is still unclear, it is demonstrated that exosome 
endows AAV vectors with more resistance to anti-AAV 
neutralizing antibodies [146].

AAV therapeutics in clinical trials 
for neurodegenerative diseases
In the past decades, AAV-mediated “one-and-done” gene 
therapies have achieved promising outcomes in preclini-
cal studies of neurodegenerative disorders and have suc-
cessfully progressed to clinical trials. In this section, we 
review the major applications of AAV in clinical trials 
targeting several neurological diseases (Table 1).

Alzheimer’s disease (AD)
AD is a common and progressive neurodegenerative con-
dition that predominantly begins in people over 65 years 
old [148, 149]. The potential pathological mechanism of 
AD is attributed to the extracellular aggregates of amy-
loid β (Aβ) plaques and intracellular neurofibrillary 
tangles formed in the brain by phosphorylated tau pro-
tein [150, 151]. Currently, there are three approaches of 
AAV-based gene therapy strategies to treat AD, includ-
ing: (1) Induction of neurotrophic factors, such as brain-
derived neurotrophic factor (BDNF) and nerve growth 
factor  (NGF),which can be retrogradely transported to 
the cholinergic neurons in the basal forebrain and modu-
late synaptic plasticity to restore impaired cognition and 
memory functions [152, 153]; (2) Delivering genes encod-
ing telomerase reverse transcriptase (TERT) that can 
lead to accumulation of TERT in mitochondria, prevent-
ing neuronal damage and promoting neuron’s longev-
ity [154, 155]; and (3) Targeting APOE ε4, a high genetic 
risk factor of AD, by overexpressing APOE ε2 to reserve 
the balance between APOE ε4 and APOE ε2 (Identifier: 
NCT03634007). Despite demonstrating safeties, several 
clinical trials using IP-administered AAV2 gene therapies 
so far have unfortunately reported no positive outcomes 
in treating AD [156].
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Table 1 Clinical trials of AAV-based gene therapy for neurodegenerative diseases

NGF, nerve growth factor; BDNF, brain-Derived Neurotrophic Factor; hTERT, human telomerase reverse transcriptase; GDNF, glial cell line-derived neurotrophic factor; 
NTN, Neurturin; AADC, aromatic l-amino acid decarboxylase; HTT, huntingtin; ASPA, aspartoacylase; SMN, survival motor neuron; GALC, galactocerebrosidase; β-gal, 
beta-galactosidase

Disease Biological 
name

AAV Route Dose Target Strategy Phase Sponsor Identifier

Alzheimer’s 
disease

CERE-110 AAV2 IP (nucleus basa-
lis of Meynert)

2 ×  1011 vg NGF Overexpress Completed Sangamo Thera-
peutics

NCT00876863

AAV2-BDNF AAV2 IP N/A BDNF Overexpress Phase 1 Mark Tuszynski NCT05040217

AAV- hTERT 
(LGT)

N/A IV and IT N/A hTERT Overexpress Completed Libella Gene 
Therapeutics

NCT04133454

LX1001 AAVrh.10 ICM 1.4 ×  1010 
to 1.4 ×  1011 vg/
ml CSF, and fixed 
1.4 ×  1014

APOE2 Replace Phase 1/2 Lexeo Thera-
peutics

NCT03634007

Parkinson’s 
disease

AAV2-GDNF AAV2 IP (putamen) 9 ×  1010 vg 
to 3 ×  1012 vg

GDNF Overexpress Completed National Insti-
tute of Neuro-
logical Disorders 
and Stroke

NCT01621581

AAV2-GDNF AAV2 IP (putamen) N/A GDNF Overexpress Phase 1 Brain Neurother-
apy Bio, Inc

NCT04167540

CERE-120 AAV2 IP (putamen 
and substantia 
nigra)

9.4 ×  1011 
to 2.4 ×  1012 vg

NTN Overexpress Completed Sangamo Thera-
peutics

NCT00985517

VY-AADC02 AAV2 IP (putamen) 3.6 ×  1012 vg AADC Replace Phase 2 Neurocrine 
Biosciences

NCT03562494

VY-AADC01 AAV2 IP (putamen) 9.4 ×  1012 vg AADC Replace Completed Neurocrine 
Biosciences

NCT03065192

AAV-GAD AAV2 IP (subthalamic 
nucleus)

N/A GAD Overexpress Completed Neurologix, Inc NCT00195143

LY3884961 AAV9 ICM N/A GBA1 Replace Phase 1/2 Prevail Thera-
peutics

NCT04127578

Huntington’s 
disease

AMT-130 AAV5 IP (striatum) 6 ×  1012 
to 6 ×  1013 vg

HTT Silence Phase 1/2 UniQure Biop-
harma B.V

NCT04120493

VY-HTT01 AAV1 IP (putamen 
and thalamus)

3 ×  109 
to 9.9 ×  1010 
vg/ml

HTT Silence Withdrawn Voyager Thera-
peutics

NCT04885114

Canavan disease BBP-812 AAV9 IV N/A ASPA Replace Phase 1/2 Aspa Therapeu-
tics

NCT04998396

rAAV9-CB6-AspA AAV9 IV and ICV N/A ASPA Replace Available Barry J. Byrne NCT05317780

rAAV-Olig001-
ASPA

AAV1 ICV 3.7 ×  1013 vg ASPA Replace Phase 1/2 Myrtelle Inc NCT04833907

Spinal Muscular 
Atrophy

AVXS-101 AAV9 IV 6.7 ×  1013 
to 2 ×  1014 vg/kg

SMN Replace Completed Novartis Gene 
Therapies

NCT02122952

Onasemnogene 
Abeparvovec-
xioi

AAV9 IV 1.1 ×  1014 vg/kg SMN Replace Completed Novartis Gene 
Therapies

NCT03505099

EXG001-307 AAV9 IV N/A SMN Replace Phase 1/2 Hangzhou Jiayin 
Biotech Ltd

NCT05614531

Krabbe Disease FBX-101 AAVrh10 IV N/A GALC Replace Phase 1/2 Forge Biologics, 
Inc

NCT04693598

GM1 Gangliosi-
dosis

AAV9-GLB1 AAV9 IV 1.5e + 13vg/kg; 
4.5e + 13vg/kg

β-gal Phase 1/2 National Human 
Genome 
Research Insti-
tute (NHGRI)

NCT03952637
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Parkinson’s disease (PD)
Compared to AD which has broad brain pathologies, PD 
is selectively associated with the death of dopaminergic 
neurons in a confined region of the substantia nigra and 
consequent impairment of gait and movement [157, 158]. 
AAV-mediated clinical trials for PD treatment are per-
formed via three different target approaches: (1) Induc-
tion of protective neurotrophic factors, for example glial 
cell line-derived neurotrophic factor (GDNF, identifier: 
NCT01621581 and NCT04167540) and neurturin (iden-
tifier: NCT00985517), which can protect and regener-
ate damaged neural tissues [159, 160]; (2) Increasing 
dopamine production by AAV-mediated expression of 
the L-aromatic acid decarboxylase (AADC) enzyme, 
conferring benefits to some PD patients with moder-
ately motor improvement [161]; and (3) Induction of 
glutamic acid decarboxylase enzyme as a neuromodu-
lator that can evoke the synthesis of a neurotransmitter 
Gamma-aminobutyric acid (GABA) to perform inhibi-
tory modulation of neuronal activities in the subthalamic 
nucleus [162, 163]. Due the localized nature of PD target 
regions, the most commonly tested AAV serotype so far 
is AAV2, which often is directly injected into the puta-
men. Recently, a initiated trial has utilized AAV9 instead 
to replace mutated GBA1 gene, a high prevalence genetic 
risk factor for PD. ICM administration route was selected 
in this trial to maximize broad distribution of AAV9 in 
the brain [164].

Huntington’s disease (HD)
HD is a fatal inherited disorder caused by the expan-
sion of trinucleotide (CAG) repeats in the first exon of 
huntingtin (HTT)  gene on chromosome 4. This genetic 
mutation can result in neuronal degeneration or death, 
triggering uncontrollable dance-like movements and 
abnormal neuropsychiatric signs [165, 166]. A preclini-
cal study for HD applied AAV2-mediated RNAi silenc-
ing of HTT gene and proved to be safe without induction 
of motor deficits, neuronal degeneration, or immune 
response [167]., Subsequently, this approach has been 
translated into a clinical trial using AAV5 to deliver 
the gene therapy via intrastriatal injection (Identifier: 
NCT04120493). Notably, another clinical trial (Identifier: 
d) designed to use AAV1 serotype has been withdrawn 
by the sponsor Voyager Therapeutics. It is believed that 
systemic delivery using a BBB-crossing AAV vector may 
be another approach of genetically silencing the HTT 
mutant gene [168].

Canavan disease (CD)
Canavan disease is a rare fatal neurodegeneration dis-
ease caused by deficiency of the aspartoacylase (ASPA) 
enzyme. An AAV9-based gene therapy approach is 

currently being investigated to replace the ASPA gene 
via single IV injection (NCT04998396). Additionally, 
another clinical trial for CD has similarly utilized AAV9 
as delivery tool by simultaneous administration through 
IV and ICV routes to a single subject (NCT05317780). 
Notably, a preclinical study has demonstrated that target-
ing oligodendrocytes using a novel AAV capsid variant 
AAV/Olig001 is quite efficient for treating CD [169]. Sub-
sequently, AAV/Olig001 expressing the ASPA enzyme 
has been translated into a clinical trial for ~ 6  years old 
children with CD (Identifier: NCT04833907).

Spinal muscular atrophy (SMA)
SMA is a rare and severe genetic disorder caused by the 
mutated SMN1 gene coding SMN protein crucial for 
motor neuron survival [170]. With AAV9’s inherent abil-
ity to target motor neurons, AAV9-based  Zolgensma® 
for the treatment of SMA has been established as the 
first FDA-approved drug for systemic gene therapy in 
CNS diseases [171]. Despite its approval, Zolgensma is 
not without limitations and controversies. For instance,, 
the dosage set by Zolgensma is very high (1.1 ×  1014 vg/
kg) given the limited BBB-crossing efficiency of AAV9, 
which greatly increases the manufacturing cost and price 
tag of the drug. Moreover, high dosage of AAV9 vectors 
required to reach therapeutic outcome can lead to severe 
immune-related toxicity and liver damage. To dampen 
the immune response, immunomodulation medicine 
such prednisolone or corticosteroid is typically co-
administered with Zolgensma. Still, patient fatalities have 
been reported due to acute liver failure after intravenous 
delivery of Zolgensma [172].

Conclusions and perspectives
AAV vectors are emerging as the most advanced and 
promising gene delivery toolkit for basic research and 
clinical translation. With marketing  approvals of  Zol-
gensma and Luxturna, a variety of AAV-mediated gene 
therapies have progressed into clinical trials. Despite the 
great potential of AAV based gene therapies for neuro-
degenerative diseases, challenges and obstacles remain. 
Success of such therapy requires comprehensive con-
sideration of key factors that could determine the final 
outcome such as: (1) Administration route must fit the 
targeting area with a minimally invasive approach; (2) 
Serotype or capsid selection must strike a proper bal-
ance between cell- or tissue-tropism and the chosen 
delivery routes; and (3) The design of viral genome must 
accommodate the combination of regulatory elements 
and increase the expression efficiency and specificity. 
Moreover, previous epidemiological analyses show that 
almost 40–80% of the human population are positive for 
AAV neutralization antibodies. Efforts are underway to 
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address such pre-existing immunity against AAV gene 
therapy. These endeavors are crucial for achieving the 
full potential of AAV-based gene therapy strategies in the 
treatment of neurodegenerative diseases.

Abbreviations
AADC  L-aromatic acid decarboxylase
AAV  Adeno-associated viruse
AD  Alzheimer’s disease
ASPA  Aspartoacylase
ASR  Ancestral sequence reconstruction
BBB  Blood–brain barrier
BDNF  Brain-derived neurotrophic factor
CD  Canavan disease
CNS  Central nervous system
CPP  Cell-penetrating peptide
CSF  Cerebrospinal fluid
MND  Motor neuron disease
DRG  Dorsal root ganglia
GABA  Gamma-aminobutyric acid
GFP  Green fluorescent protein
HD  Huntington’s disease
ICM  Intra-cisterna magna
ICV  Intra-cerebroventricular
IM  Intramuscular
IP  Intraparenchymal
ITR  Inverted terminal repeat
IT  Intrathecal
IV  Intravenous
Ly6a  Lymphocyte antigen 6 complex, locus A
MPS  Mucopolysaccharidosis
MS  Multiple sclerosis
NGF  Nerve growth factor
NHP  Non-human primate
PD  Parkinson’s disease
RMT  Receptor-mediated transcytosis
SMA  Spinal muscular atrophy
TERT  Telomerase reverse transcriptase
TJ  Tight junction
UTR   Untranslated region
WPRE  Woodchuck hepatitis post-transcriptional regulatory

Acknowledgements
Not applicable.

Author contributions
Conceptualization, Y.Y., F.B., S.Y., L.X.; Writing, review and editing, F.B., L.X., Y.D., 
M.X., D.F., P.S., L.T.; Supervision, Y.Y., F.B., S.Y. All authors have read and agreed to 
the published version of the manuscript.

Funding
This study was supported by National Natural Science Foundation of 
China (No. 82302385, 82101902), startup fund of Soochow University (No. 
NH21500323, NH21500124), the Natural Science Foundation of Jiangsu 
Province, China (No. BK20201079), the Project of State Key Laboratory of Radia-
tion Medicine and Protection of Soochow University (GZK12023051), Suzhou 
Municipal Science and Technology Development Project (SKY2023169), and 
the Pre-research Foundation of the Second Affiliated Hospital of Soochow 
University (SDFEYBS2216).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
All authors declare no competing interests related to this review.

Received: 21 May 2024   Accepted: 4 September 2024

References
 1. Atchison RW, Casto BC, Hammon WM. Adenovirus-associated defective 

virus particles. Science. 1965;149(3685):754–6.
 2. Berns KI, Linden RM. The cryptic life style of adeno-associated virus. 

BioEssays. 1995;17(3):237–45.
 3. Casto BC, Atchison RW, Hammon WM. Studies on the relationship 

between adeno-associated virus type I (AAV-1) and adenoviruses I. 
Replication of AAV-1 in certain cell cultures and its effect on helper 
adenovirus. Virology. 1967;32(1):52–9.

 4. Tratschin JD, West MH, Sandbank T, Carter BJ. A human parvovirus, 
adeno-associated virus, as a eucaryotic vector: transient expression and 
encapsidation of the procaryotic gene for chloramphenicol acetyltrans-
ferase. Mol Cell Biol. 1984;4(10):2072–81.

 5. Herzog RW. Encouraging and unsettling findings in long-term follow-
up of AAV gene transfer. Mol Ther. 2020;28(2):341–2.

 6. Balakrishnan B, Jayandharan GR. Basic biology of adeno-associated virus 
(AAV) vectors used in gene therapy. Curr Gene Ther. 2014;14(2):86–100.

 7. Zhu D, Schieferecke AJ, Lopez PA, Schaffer DV. Adeno-associated virus 
vector for central nervous system gene therapy. Trends Mol Med. 
2021;27(6):524–37.

 8. Deverman BE, Ravina BM, Bankiewicz KS, Paul SM, Sah DWY. Gene 
therapy for neurological disorders: progress and prospects. Nat Rev 
Drug Discov. 2018;17(9):641–59.

 9. Wang XS, Ponnazhagan S, Srivastava A. Rescue and replication signals 
of the adeno-associated virus 2 genome. J Mol Biol. 1995;250(5):573–80.

 10. McCarty DM, Fu H, Monahan PE, Toulson CE, Naik P, Samulski RJ. Adeno-
associated virus terminal repeat (TR) mutant generates self-comple-
mentary vectors to overcome the rate-limiting step to transduction 
in vivo. Gene Ther. 2003;10(26):2112–8.

 11. McCarty DM, Monahan PE, Samulski RJ. Self-complementary 
recombinant adeno-associated virus (scAAV) vectors promote 
efficient transduction independently of DNA synthesis. Gene Ther. 
2001;8(16):1248–54.

 12. Wu J, Zhao W, Zhong L, Han Z, Li B, Ma W, Weigel-Kelley KA, Warrington 
KH, Srivastava A. Self-complementary recombinant adeno-associated 
viral vectors: packaging capacity and the role of rep proteins in vector 
purity. Hum Gene Ther. 2007;18(2):171–82.

 13. Martino AT, Suzuki M, Markusic DM, Zolotukhin I, Ryals RC, Moghimi 
B, Ertl HC, Muruve DA, Lee B, Herzog RW. The genome of self-
complementary adeno-associated viral vectors increases Toll-like 
receptor 9-dependent innate immune responses in the liver. Blood. 
2011;117(24):6459–68.

 14. Wu T, Topfer K, Lin SW, Li H, Bian A, Zhou XY, High KA, Ertl HC. Self-
complementary AAVs induce more potent transgene product-specific 
immune responses compared to a single-stranded genome. Mol Ther. 
2012;20(3):572–9.

 15. Rabinowitz J, Chan YK, Samulski RJ. Adeno-associated Virus (AAV) versus 
immune response. Viruses. 2019;11(2):102.

 16. Pan X, Yue Y, Boftsi M, Wasala LP, Tran NT, Zhang K, Pintel DJ, Tai PWL, 
Duan D. Rational engineering of a functional CpG-free ITR for AAV gene 
therapy. Gene Ther. 2022;29(6):333–45.

 17. Goverdhana S, Puntel M, Xiong W, Zirger JM, Barcia C, Curtin JF, Sof-
fer EB, Mondkar S, King GD, Hu J, et al. Regulatable gene expression 
systems for gene therapy applications: progress and future challenges. 
Mol Ther. 2005;12(2):189–211.

 18. Au HKE, Isalan M, Mielcarek M. Gene therapy advances: a meta-analysis 
of AAV usage in clinical settings. Front Med (Lausanne). 2021;8: 809118.

 19. Blackwood EM, Kadonaga JT. Going the distance: a current view of 
enhancer action. Science. 1998;281(5373):60–3.



Page 14 of 17Xu et al. Journal of Translational Medicine          (2024) 22:866 

 20. Gray SJ, Foti SB, Schwartz JW, Bachaboina L, Taylor-Blake B, Coleman J, 
Ehlers MD, Zylka MJ, McCown TJ, Samulski RJ. Optimizing promoters 
for recombinant adeno-associated virus-mediated gene expression in 
the peripheral and central nervous system using self-complementary 
vectors. Hum Gene Ther. 2011;22(9):1143–53.

 21. Liu BH, Wang X, Ma YX, Wang S. CMV enhancer/human PDGF-beta 
promoter for neuron-specific transgene expression. Gene Ther. 
2004;11(1):52–60.

 22. Dimidschstein J, Chen Q, Tremblay R, Rogers SL, Saldi GA, Guo 
L, Xu Q, Liu R, Lu C, Chu J, et al. A viral strategy for targeting and 
manipulating interneurons across vertebrate species. Nat Neurosci. 
2016;19(12):1743–9.

 23. Reed R, Hurt E. A conserved mRNA export machinery coupled to pre-
mRNA splicing. Cell. 2002;108(4):523–31.

 24. Wu Z, Sun J, Zhang T, Yin C, Yin F, Van Dyke T, Samulski RJ, Monahan 
PE. Optimization of self-complementary AAV vectors for liver-directed 
expression results in sustained correction of hemophilia B at low vector 
dose. Mol Ther. 2008;16(2):280–9.

 25. Ostedgaard LS, Rokhlina T, Karp PH, Lashmit P, Afione S, Schmidt M, 
Zabner J, Stinski MF, Chiorini JA, Welsh MJ. A shortened adeno-associ-
ated virus expression cassette for CFTR gene transfer to cystic fibrosis 
airway epithelia. Proc Natl Acad Sci USA. 2005;102(8):2952–7.

 26. Loeb JE, Cordier WS, Harris ME, Weitzman MD, Hope TJ. Enhanced 
expression of transgenes from adeno-associated virus vectors with 
the woodchuck hepatitis virus posttranscriptional regulatory element: 
implications for gene therapy. Hum Gene Ther. 1999;10(14):2295–305.

 27. Higashimoto T, Urbinati F, Perumbeti A, Jiang G, Zarzuela A, Chang LJ, 
Kohn DB, Malik P. The woodchuck hepatitis virus post-transcriptional 
regulatory element reduces readthrough transcription from retroviral 
vectors. Gene Ther. 2007;14(17):1298–304.

 28. Ramezani A, Hawley TS, Hawley RG. Lentiviral vectors for enhanced 
gene expression in human hematopoietic cells. Mol Ther. 
2000;2(5):458–69.

 29. Rastegar M, Hotta A, Pasceri P, Makarem M, Cheung AY, Elliott S, Park 
KJ, Adachi M, Jones FS, Clarke ID, et al. MECP2 isoform-specific vectors 
with regulated expression for Rett syndrome gene therapy. PLoS ONE. 
2009;4(8): e6810.

 30. Kingsman SM, Mitrophanous K, Olsen JC. Potential oncogene activity 
of the woodchuck hepatitis post-transcriptional regulatory element 
(WPRE). Gene Ther. 2005;12(1):3–4.

 31. Brown BD, Venneri MA, Zingale A, Sergi Sergi L, Naldini L. Endog-
enous microRNA regulation suppresses transgene expression in 
hematopoietic lineages and enables stable gene transfer. Nat Med. 
2006;12(5):585–91.

 32. Brown BD, Gentner B, Cantore A, Colleoni S, Amendola M, Zingale A, 
Baccarini A, Lazzari G, Galli C, Naldini L. Endogenous microRNA can be 
broadly exploited to regulate transgene expression according to tissue, 
lineage and differentiation state. Nat Biotechnol. 2007;25(12):1457–67.

 33. Qiao C, Yuan Z, Li J, He B, Zheng H, Mayer C, Li J, Xiao X. Liver-specific 
microRNA-122 target sequences incorporated in AAV vectors efficiently 
inhibits transgene expression in the liver. Gene Ther. 2011;18(4):403–10.

 34. Colin A, Faideau M, Dufour N, Auregan G, Hassig R, Andrieu T, Brouillet E, 
Hantraye P, Bonvento G, Deglon N. Engineered lentiviral vector target-
ing astrocytes in vivo. Glia. 2009;57(6):667–79.

 35. Srivastava A. In vivo tissue-tropism of adeno-associated viral vectors. 
Curr Opin Virol. 2016;21:75–80.

 36. Colon-Thillet R, Jerome KR, Stone D. Optimization of AAV vectors to 
target persistent viral reservoirs. Virol J. 2021;18(1):85.

 37. Gao G, Alvira MR, Somanathan S, Lu Y, Vandenberghe LH, Rux JJ, 
Calcedo R, Sanmiguel J, Abbas Z, Wilson JM. Adeno-associated viruses 
undergo substantial evolution in primates during natural infections. 
Proc Natl Acad Sci USA. 2003;100(10):6081–6.

 38. Russell S, Bennett J, Wellman JA, Chung DC, Yu ZF, Tillman A, Wittes 
J, Pappas J, Elci O, McCague S, et al. Efficacy and safety of voretigene 
neparvovec (AAV2-hRPE65v2) in patients with RPE65-mediated inher-
ited retinal dystrophy: a randomised, controlled, open-label, phase 3 
trial. Lancet. 2017;390(10097):849–60.

 39. Summerford C, Samulski RJ. Membrane-associated heparan sulfate 
proteoglycan is a receptor for adeno-associated virus type 2 virions. J 
Virol. 1998;72(2):1438–45.

 40. Qing K, Mah C, Hansen J, Zhou S, Dwarki V, Srivastava A. Human 
fibroblast growth factor receptor 1 is a co-receptor for infection by 
adeno-associated virus 2. Nat Med. 1999;5(1):71–7.

 41. Shi W, Arnold GS, Bartlett JS. Insertional mutagenesis of the adeno-
associated virus type 2 (AAV2) capsid gene and generation of AAV2 
vectors targeted to alternative cell-surface receptors. Hum Gene Ther. 
2001;12(14):1697–711.

 42. Handa A, Muramatsu SI, Qiu J, Mizukami H, Brown KE. Adeno-associated 
virus (AAV)-3-based vectors transduce haematopoietic cells not suscep-
tible to transduction with AAV-2-based vectors. J Gen Virol. 2000;81(Pt 
8):2077–84.

 43. Kern A, Schmidt K, Leder C, Muller OJ, Wobus CE, Bettinger K, Von 
der Lieth CW, King JA, Kleinschmidt JA. Identification of a heparin-
binding motif on adeno-associated virus type 2 capsids. J Virol. 
2003;77(20):11072–81.

 44. Blankinship MJ, Gregorevic P, Allen JM, Harper SQ, Harper H, Halbert 
CL, Miller AD, Chamberlain JS. Efficient transduction of skeletal muscle 
using vectors based on adeno-associated virus serotype 6. Mol Ther. 
2004;10(4):671–8.

 45. Gao GP, Alvira MR, Wang L, Calcedo R, Johnston J, Wilson JM. Novel 
adeno-associated viruses from rhesus monkeys as vectors for human 
gene therapy. Proc Natl Acad Sci USA. 2002;99(18):11854–9.

 46. Yla-Herttuala S. Endgame: glybera finally recommended for approval 
as the first gene therapy drug in the European union. Mol Ther. 
2012;20(10):1831–2.

 47. Burger C, Gorbatyuk OS, Velardo MJ, Peden CS, Williams P, Zolotukhin 
S, Reier PJ, Mandel RJ, Muzyczka N. Recombinant AAV viral vectors 
pseudotyped with viral capsids from serotypes 1, 2, and 5 display dif-
ferential efficiency and cell tropism after delivery to different regions of 
the central nervous system. Mol Ther. 2004;10(2):302–17.

 48. Gao G, Vandenberghe LH, Wilson JM. New recombinant serotypes of 
AAV vectors. Curr Gene Ther. 2005;5(3):285–97.

 49. Shao W, Pei X, Cui C, Askew C, Dobbins A, Chen X, Abajas YL, Gerber 
DA, Samulski RJ, Nichols TC, et al. Superior human hepatocyte trans-
duction with adeno-associated virus vector serotype 7. Gene Ther. 
2019;26(12):504–14.

 50. Gray SJ, Matagne V, Bachaboina L, Yadav S, Ojeda SR, Samulski RJ. Pre-
clinical differences of intravascular AAV9 delivery to neurons and glia: 
a comparative study of adult mice and nonhuman primates. Mol Ther. 
2011;19(6):1058–69.

 51. Bell CL, Vandenberghe LH, Bell P, Limberis MP, Gao GP, Van Vliet K, 
Agbandje-McKenna M, Wilson JM. The AAV9 receptor and its modi-
fication to improve in vivo lung gene transfer in mice. J Clin Invest. 
2011;121(6):2427–35.

 52. Fechner H, Sipo I, Westermann D, Pinkert S, Wang X, Suckau L, Kur-
reck J, Zeichhardt H, Muller O, Vetter R, et al. Cardiac-targeted RNA 
interference mediated by an AAV9 vector improves cardiac function in 
coxsackievirus B3 cardiomyopathy. J Mol Med (Berl). 2008;86(9):987–97.

 53. Pacak CA, Mah CS, Thattaliyath BD, Conlon TJ, Lewis MA, Cloutier DE, 
Zolotukhin I, Tarantal AF, Byrne BJ. Recombinant adeno-associated virus 
serotype 9 leads to preferential cardiac transduction in vivo. Circ Res. 
2006;99(4):e3-9.

 54. Zincarelli C, Soltys S, Rengo G, Rabinowitz JE. Analysis of AAV serotypes 
1–9 mediated gene expression and tropism in mice after systemic 
injection. Mol Ther. 2008;16(6):1073–80.

 55. Girod A, Ried M, Wobus C, Lahm H, Leike K, Kleinschmidt J, Deleage G, 
Hallek M. Genetic capsid modifications allow efficient re-targeting of 
adeno-associated virus type 2. Nat Med. 1999;5(9):1052–6.

 56. Lee EJ, Guenther CM, Suh J. Adeno-associated virus (AAV) vectors: 
rational design strategies for capsid engineering. Curr Opin Biomed 
Eng. 2018;7:58–63.

 57. Yao Y, Wang J, Liu Y, Qu Y, Wang K, Zhang Y, Chang Y, Yang Z, Wan J, Liu J, 
et al. Variants of the adeno-associated virus serotype 9 with enhanced 
penetration of the blood-brain barrier in rodents and primates. Nat 
Biomed Eng. 2022;6(11):1257–71.

 58. Albright BH, Storey CM, Murlidharan G, Castellanos Rivera RM, Berry 
GE, Madigan VJ, Asokan A. Mapping the structural determinants 
required for AAVrh.10 transport across the blood-brain barrier. Mol Ther. 
2018;26(2):510–23.

 59. Boudreau RL, McBride JL, Martins I, Shen S, Xing Y, Carter BJ, Davidson 
BL. Nonallele-specific silencing of mutant and wild-type huntingtin 



Page 15 of 17Xu et al. Journal of Translational Medicine          (2024) 22:866  

demonstrates therapeutic efficacy in Huntington’s disease mice. Mol 
Ther. 2009;17(6):1053–63.

 60. Gilkes JA, Judkins BL, Herrera BN, Mandel RJ, Boye SL, Boye SE, Srivastava 
A, Heldermon CD. Site-specific modifications to AAV8 capsid yields 
enhanced brain transduction in the neonatal MPS IIIB mouse. Gene 
Ther. 2021;28(7–8):447–55.

 61. Tordo J, O’Leary C, Antunes A, Palomar N, Aldrin-Kirk P, Basche M, Ben-
nett A, D’Souza Z, Gleitz H, Godwin A, et al. A novel adeno-associated 
virus capsid with enhanced neurotropism corrects a lysosomal trans-
membrane enzyme deficiency. Brain. 2018;141(7):2014–31.

 62. Ghauri MS, Ou L. AAV engineering for improving tropism to the central 
nervous system. Biology (Basel). 2023;12(2):186.

 63. Grimm D, Lee JS, Wang L, Desai T, Akache B, Storm TA, Kay MA. 
In vitro and in vivo gene therapy vector evolution via multispecies 
interbreeding and retargeting of adeno-associated viruses. J Virol. 
2008;82(12):5887–911.

 64. Deverman BE, Pravdo PL, Simpson BP, Kumar SR, Chan KY, Banerjee 
A, Wu WL, Yang B, Huber N, Pasca SP, et al. Cre-dependent selection 
yields AAV variants for widespread gene transfer to the adult brain. Nat 
Biotechnol. 2016;34(2):204–9.

 65. Chan KY, Jang MJ, Yoo BB, Greenbaum A, Ravi N, Wu WL, Sanchez-Guar-
dado L, Lois C, Mazmanian SK, Deverman BE, et al. Engineered AAVs 
for efficient noninvasive gene delivery to the central and peripheral 
nervous systems. Nat Neurosci. 2017;20(8):1172–9.

 66. Hordeaux J, Wang Q, Katz N, Buza EL, Bell P, Wilson JM. The neuro-
tropic properties of AAV-PHPB are limited to C57BL/6J mice. Mol Ther. 
2018;26(3):664–8.

 67. Matsuzaki Y, Konno A, Mochizuki R, Shinohara Y, Nitta K, Okada Y, Hirai H. 
Intravenous administration of the adeno-associated virus-PHP.B capsid 
fails to upregulate transduction efficiency in the marmoset brain. 
Neurosci Lett. 2018;665:182–8.

 68. Goertsen D, Flytzanis NC, Goeden N, Chuapoco MR, Cummins A, 
Chen Y, Fan Y, Zhang Q, Sharma J, Duan Y, et al. AAV capsid variants 
with brain-wide transgene expression and decreased liver targeting 
after intravenous delivery in mouse and marmoset. Nat Neurosci. 
2022;25(1):106–15.

 69. Zinn E, Pacouret S, Khaychuk V, Turunen HT, Carvalho LS, Andres-Mateos 
E, Shah S, Shelke R, Maurer AC, Plovie E, et al. In silico reconstruction of 
the viral evolutionary lineage yields a potent gene therapy vector. Cell 
Rep. 2015;12(6):1056–68.

 70. Santiago-Ortiz J, Ojala DS, Westesson O, Weinstein JR, Wong SY, Stein-
sapir A, Kumar S, Holmes I, Schaffer DV. AAV ancestral reconstruction 
library enables selection of broadly infectious viral variants. Gene Ther. 
2015;22(12):934–46.

 71. Carvalho LS, Xiao R, Wassmer SJ, Langsdorf A, Zinn E, Pacouret S, Shah 
S, Comander JI, Kim LA, Lim L, et al. Synthetic adeno-associated viral 
vector efficiently targets mouse and nonhuman primate retina in vivo. 
Hum Gene Ther. 2018;29(7):771–84.

 72. Landegger LD, Pan B, Askew C, Wassmer SJ, Gluck SD, Galvin A, Taylor 
R, Forge A, Stankovic KM, Holt JR, et al. A synthetic AAV vector enables 
safe and efficient gene transfer to the mammalian inner ear. Nat Bio-
technol. 2017;35(3):280–4.

 73. Hudry E, Andres-Mateos E, Lerner EP, Volak A, Cohen O, Hyman BT, 
Maguire CA, Vandenberghe LH. Efficient gene transfer to the central 
nervous system by single-stranded Anc80L65. Mol Ther Methods Clin 
Dev. 2018;10:197–209.

 74. Wec AZ, Lin KS, Kwasnieski JC, Sinai S, Gerold J, Kelsic ED. Overcoming 
immunological challenges limiting capsid-mediated gene therapy with 
machine learning. Front Immunol. 2021;12: 674021.

 75. Ogden PJ, Kelsic ED, Sinai S, Church GM. Comprehensive AAV capsid 
fitness landscape reveals a viral gene and enables machine-guided 
design. Science. 2019;366(6469):1139–43.

 76. Marques AD, Kummer M, Kondratov O, Banerjee A, Moskalenko O, 
Zolotukhin S. Applying machine learning to predict viral assembly for 
adeno-associated virus capsid libraries. Mol Ther Methods Clin Dev. 
2021;20:276–86.

 77. Davidson BL, Stein CS, Heth JA, Martins I, Kotin RM, Derksen TA, Zabner 
J, Ghodsi A, Chiorini JA. Recombinant adeno-associated virus type 
2, 4, and 5 vectors: transduction of variant cell types and regions 
in the mammalian central nervous system. Proc Natl Acad Sci USA. 
2000;97(7):3428–32.

 78. Watakabe A, Ohtsuka M, Kinoshita M, Takaji M, Isa K, Mizukami H, Ozawa 
K, Isa T, Yamamori T. Comparative analyses of adeno-associated viral 
vector serotypes 1, 2, 5, 8 and 9 in marmoset, mouse and macaque 
cerebral cortex. Neurosci Res. 2015;93:144–57.

 79. Sondhi D, Hackett NR, Peterson DA, Stratton J, Baad M, Travis KM, Wilson 
JM, Crystal RG. Enhanced survival of the LINCL mouse following CLN2 
gene transfer using the rh.10 rhesus macaque-derived adeno-associ-
ated virus vector. Mol Ther. 2007;15(3):481–91.

 80. Tenenbaum L, Chtarto A, Lehtonen E, Velu T, Brotchi J, Levivier M. 
Recombinant AAV-mediated gene delivery to the central nervous 
system. J Gene Med. 2004;6(Suppl 1):S212-222.

 81. Li SF, Wang RZ, Meng QH, Li GL, Hu GJ, Dou WC, Li ZJ, Zhang ZX. Intra-
ventricular infusion of rAAV1-EGFP resulted in transduction in multiple 
regions of adult rat brain: a comparative study with rAAV2 and rAAV5 
vectors. Brain Res. 2006;1122(1):1–9.

 82. Dodiya HB, Bjorklund T, Stansell J 3rd, Mandel RJ, Kirik D, Kordower 
JH. Differential transduction following basal ganglia administration of 
distinct pseudotyped AAV capsid serotypes in nonhuman primates. 
Mol Ther. 2010;18(3):579–87.

 83. Lehtinen MK, Bjornsson CS, Dymecki SM, Gilbertson RJ, Holtzman DM, 
Monuki ES. The choroid plexus and cerebrospinal fluid: emerging roles 
in development, disease, and therapy. J Neurosci. 2013;33(45):17553–9.

 84. Weller RO, Sharp MM, Christodoulides M, Carare RO, Mollgard K. The 
meninges as barriers and facilitators for the movement of fluid, cells 
and pathogens related to the rodent and human CNS. Acta Neuro-
pathol. 2018;135(3):363–85.

 85. Pardridge WM. Drug transport across the blood-brain barrier. J Cereb 
Blood Flow Metab. 2012;32(11):1959–72.

 86. Gray SJ, Nagabhushan Kalburgi S, McCown TJ, Jude Samulski R. Global 
CNS gene delivery and evasion of anti-AAV-neutralizing antibodies 
by intrathecal AAV administration in non-human primates. Gene Ther. 
2013;20(4):450–9.

 87. Lu CT, Zhao YZ, Wong HL, Cai J, Peng L, Tian XQ. Current approaches 
to enhance CNS delivery of drugs across the brain barriers. Int J Nano-
medicine. 2014;9:2241–57.

 88. Rosenberg JB, Sondhi D, Rubin DG, Monette S, Chen A, Cram S, De BP, 
Kaminsky SM, Sevin C, Aubourg P, et al. Comparative efficacy and safety 
of multiple routes of direct CNS administration of adeno-associated 
virus gene transfer vector serotype rh.10 expressing the human 
arylsulfatase A cDNA to nonhuman primates. Hum Gene Ther Clin Dev. 
2014;25(3):164–77.

 89. Hinderer C, Bell P, Katz N, Vite CH, Louboutin JP, Bote E, Yu H, Zhu Y, 
Casal ML, Bagel J, et al. Evaluation of intrathecal routes of administra-
tion for adeno-associated viral vectors in large animals. Hum Gene Ther. 
2018;29(1):15–24.

 90. Samaranch L, Salegio EA, San Sebastian W, Kells AP, Foust KD, Bringas 
JR, Lamarre C, Forsayeth J, Kaspar BK, Bankiewicz KS. Adeno-associated 
virus serotype 9 transduction in the central nervous system of nonhu-
man primates. Hum Gene Ther. 2012;23(4):382–9.

 91. Miyanohara A, Kamizato K, Juhas S, Juhasova J, Navarro M, Marsala S, 
Lukacova N, Hruska-Plochan M, Curtis E, Gabel B, et al. Potent spinal 
parenchymal AAV9-mediated gene delivery by subpial injection in 
adult rats and pigs. Mol Ther Methods Clin Dev. 2016;3:16046.

 92. Castle MJ, Cheng Y, Asokan A, Tuszynski MH. Physical positioning mark-
edly enhances brain transduction after intrathecal AAV9 infusion. Sci 
Adv. 2018;4(11):eaau9859.

 93. Duma C, Kopyov O, Kopyov A, Berman M, Lander E, Elam M, Arata M, 
Weiland D, Cannell R, Caraway C, et al. Human intracerebroventricular 
(ICV) injection of autologous, non-engineered, adipose-derived stromal 
vascular fraction (ADSVF) for neurodegenerative disorders: results of 
a 3-year phase 1 study of 113 injections in 31 patients. Mol Biol Rep. 
2019;46(5):5257–72.

 94. Marchi PM, Marrone L, Azzouz M. Delivery of therapeutic AAV9 vectors 
via cisterna magna to treat neurological disorders. Trends Mol Med. 
2022;28(1):79–80.

 95. Federici T, Taub JS, Baum GR, Gray SJ, Grieger JC, Matthews KA, Handy 
CR, Passini MA, Samulski RJ, Boulis NM. Robust spinal motor neuron 
transduction following intrathecal delivery of AAV9 in pigs. Gene Ther. 
2012;19(8):852–9.

 96. Samaranch L, Salegio EA, San Sebastian W, Kells AP, Bringas JR, Forsay-
eth J, Bankiewicz KS. Strong cortical and spinal cord transduction after 



Page 16 of 17Xu et al. Journal of Translational Medicine          (2024) 22:866 

AAV7 and AAV9 delivery into the cerebrospinal fluid of nonhuman 
primates. Hum Gene Ther. 2013;24(5):526–32.

 97. Borel F, Gernoux G, Cardozo B, Metterville JP, Toro Cabrera GC, Song L, 
Su Q, Gao GP, Elmallah MK, Brown RH Jr, et al. Therapeutic rAAVrh10 
mediated SOD1 silencing in adult SOD1(G93A) mice and nonhuman 
primates. Hum Gene Ther. 2016;27(1):19–31.

 98. Bailey RM, Armao D, Nagabhushan Kalburgi S, Gray SJ. Development of 
intrathecal AAV9 gene therapy for giant axonal neuropathy. Mol Ther 
Methods Clin Dev. 2018;9:160–71.

 99. Tosolini AP, Sleigh JN. Intramuscular delivery of gene therapy for target-
ing the nervous system. Front Mol Neurosci. 2020;13:129.

 100. Chen Z, Fan G, Li A, Yuan J, Xu T. rAAV2-retro enables extensive and 
high-efficient transduction of lower motor neurons following intramus-
cular injection. Mol Ther Methods Clin Dev. 2020;17:21–33.

 101. Chen HH, Yeo HT, Huang YH, Tsai LK, Lai HJ, Tsao YP, Chen SL. AAV-NRIP 
gene therapy ameliorates motor neuron degeneration and muscle 
atrophy in ALS model mice. Skelet Muscle. 2024;14(1):17.

 102. Hollis Ii ER, Kadoya K, Hirsch M, Samulski RJ, Tuszynski MH. Efficient 
retrograde neuronal transduction utilizing self-complementary AAV1. 
Mol Ther. 2008;16(2):296–301.

 103. Lu YY, Wang LJ, Muramatsu S, Ikeguchi K, Fujimoto K, Okada T, Mizukami 
H, Matsushita T, Hanazono Y, Kume A, et al. Intramuscular injection of 
AAV-GDNF results in sustained expression of transgenic GDNF, and its 
delivery to spinal motoneurons by retrograde transport. Neurosci Res. 
2003;45(1):33–40.

 104. Jan A, Richner M, Vaegter CB, Nyengaard JR, Jensen PH. Gene transfer 
in rodent nervous tissue following hindlimb intramuscular delivery of 
recombinant adeno-associated virus serotypes AAV2/6, AAV2/8, and 
AAV2/9. Neurosci Insights. 2019;14:1179069519889022.

 105. Towne C, Schneider BL, Kieran D, Redmond DE Jr, Aebischer P. Efficient 
transduction of non-human primate motor neurons after intramuscular 
delivery of recombinant AAV serotype 6. Gene Ther. 2010;17(1):141–6.

 106. Moloney EB, de Winter F, Verhaagen J. ALS as a distal axonopathy: 
molecular mechanisms affecting neuromuscular junction stability in 
the presymptomatic stages of the disease. Front Neurosci. 2014;8:252.

 107. Martineau E, Di Polo A, Vande Velde C, Robitaille R. Dynamic neuromus-
cular remodeling precedes motor-unit loss in a mouse model of ALS. 
Elife. 2018;7: e41973.

 108. Wang YJ, Gao CY, Yang M, Liu XH, Sun Y, Pollard A, Dong XY, Wu XB, 
Zhong JH, Zhou HD, et al. Intramuscular delivery of a single chain 
antibody gene prevents brain Abeta deposition and cognitive impair-
ment in a mouse model of Alzheimer’s disease. Brain Behav Immun. 
2010;24(8):1281–93.

 109. Wang QH, Wang YR, Zhang T, Jiao SS, Liu YH, Zeng F, Li J, Yao XQ, 
Zhou HD, Zhou XF, et al. Intramuscular delivery of p75NTR ectodo-
main by an AAV vector attenuates cognitive deficits and Alzheimer’s 
disease-like pathologies in APP/PS1 transgenic mice. J Neurochem. 
2016;138(1):163–73.

 110. Saraiva J, Nobre RJ, Pereira de Almeida L. Gene therapy for the CNS 
using AAVs: The impact of systemic delivery by AAV9. J Control Release. 
2016;241:94–109.

 111. Gonzalez TJ, Simon KE, Blondel LO, Fanous MM, Roger AL, Maysonet MS, 
Devlin GW, Smith TJ, Oh DK, Havlik LP, et al. Cross-species evolution of 
a highly potent AAV variant for therapeutic gene transfer and genome 
editing. Nat Commun. 2022;13(1):5947.

 112. Hordeaux J, Buza EL, Dyer C, Goode T, Mitchell TW, Richman L, 
Denton N, Hinderer C, Katz N, Schmid R, et al. Adeno-associated 
virus-induced dorsal root ganglion pathology. Hum Gene Ther. 
2020;31(15–16):808–18.

 113. Colella P, Ronzitti G, Mingozzi F. Emerging issues in AAV-mediated 
in vivo gene therapy. Mol Ther Methods Clin Dev. 2018;8:87–104.

 114. Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ. 
Structure and function of the blood-brain barrier. Neurobiol Dis. 
2010;37(1):13–25.

 115. Merkel SF, Andrews AM, Lutton EM, Mu D, Hudry E, Hyman BT, Maguire 
CA, Ramirez SH. Trafficking of adeno-associated virus vectors across a 
model of the blood-brain barrier; a comparative study of transcytosis 
and transduction using primary human brain endothelial cells. J Neuro-
chem. 2017;140(2):216–30.

 116. Polishchuk R, Di Pentima A, Lippincott-Schwartz J. Delivery of raft-
associated, GPI-anchored proteins to the apical surface of polarized 
MDCK cells by a transcytotic pathway. Nat Cell Biol. 2004;6(4):297–307.

 117. Di Pasquale G, Chiorini JA. AAV transcytosis through barrier epithelia 
and endothelium. Mol Ther. 2006;13(3):506–16.

 118. Huang Q, Chan KY, Tobey IG, Chan YA, Poterba T, Boutros CL, Balazs AB, 
Daneman R, Bloom JM, Seed C, et al. Delivering genes across the blood-
brain barrier: LY6A, a novel cellular receptor for AAV-PHP.B capsids. PLoS 
One. 2019;14(11): e0225206.

 119. Hordeaux J, Yuan Y, Clark PM, Wang Q, Martino RA, Sims JJ, Bell P, 
Raymond A, Stanford WL, Wilson JM. The GPI-linked protein LY6A 
drives AAV-PHP.B Transport across the blood-brain barrier. Mol Ther. 
2019;27(5):912–21.

 120. Song R, Pekrun K, Khan TA, Zhang F, Pasca SP, Kay MA. Selection of rAAV 
vectors that cross the human blood-brain barrier and target the central 
nervous system using a transwell model. Mol Ther Methods Clin Dev. 
2022;27:73–88.

 121. Sweeney MD, Zhao Z, Montagne A, Nelson AR, Zlokovic BV. Blood-
brain barrier: from physiology to disease and back. Physiol Rev. 
2019;99(1):21–78.

 122. Sweeney MD, Sagare AP, Zlokovic BV. Blood-brain barrier breakdown 
in Alzheimer disease and other neurodegenerative disorders. Nat Rev 
Neurol. 2018;14(3):133–50.

 123. Carrano A, Hoozemans JJ, van der Vies SM, van Horssen J, de Vries HE, 
Rozemuller AJ. Neuroinflammation and blood-brain barrier changes in 
capillary amyloid angiopathy. Neurodegener Dis. 2012;10(1–4):329–31.

 124. Kirk J, Plumb J, Mirakhur M, McQuaid S. Tight junctional abnormality 
in multiple sclerosis white matter affects all calibres of vessel and is 
associated with blood-brain barrier leakage and active demyelination. J 
Pathol. 2003;201(2):319–27.

 125. Yang B, Li S, Wang H, Guo Y, Gessler DJ, Cao C, Su Q, Kramer J, Zhong L, 
Ahmed SS, et al. Global CNS transduction of adult mice by intrave-
nously delivered rAAVrh.8 and rAAVrh.10 and nonhuman primates by 
rAAVrh.10. Mol Ther. 2014;22(7):1299–309.

 126. Tanguy Y, Biferi MG, Besse A, Astord S, Cohen-Tannoudji M, Marais T, 
Barkats M. Systemic AAVrh10 provides higher transgene expression 
than AAV9 in the brain and the spinal cord of neonatal mice. Front Mol 
Neurosci. 2015;8:36.

 127. Zhang H, Yang B, Mu X, Ahmed SS, Su Q, He R, Wang H, Mueller C, 
Sena-Esteves M, Brown R, et al. Several rAAV vectors efficiently cross 
the blood-brain barrier and transduce neurons and astrocytes in the 
neonatal mouse central nervous system. Mol Ther. 2011;19(8):1440–8.

 128. Smith LJ, Ul-Hasan T, Carvaines SK, Van Vliet K, Yang E, Wong KK Jr, 
Agbandje-McKenna M, Chatterjee S. Gene transfer properties and 
structural modeling of human stem cell-derived AAV. Mol Ther. 
2014;22(9):1625–34.

 129. Hanlon KS, Meltzer JC, Buzhdygan T, Cheng MJ, Sena-Esteves M, Ben-
nett RE, Sullivan TP, Razmpour R, Gong Y, Ng C, et al. Selection of an 
efficient AAV vector for robust CNS transgene expression. Mol Ther 
Methods Clin Dev. 2019;15:320–32.

 130. Nonnenmacher M, Wang W, Child MA, Ren XQ, Huang C, Ren AZ, Tocci 
J, Chen Q, Bittner K, Tyson K, et al. Rapid evolution of blood-brain-
barrier-penetrating AAV capsids by RNA-driven biopanning. Mol Ther 
Methods Clin Dev. 2021;20:366–78.

 131. Ikeda M, Bhattacharjee AK, Kondoh T, Nagashima T, Tamaki N. Syn-
ergistic effect of cold mannitol and Na(+)/Ca(2+) exchange blocker 
on blood-brain barrier opening. Biochem Biophys Res Commun. 
2002;291(3):669–74.

 132. Rapoport SI. Advances in osmotic opening of the blood-brain bar-
rier to enhance CNS chemotherapy. Expert Opin Investig Drugs. 
2001;10(10):1809–18.

 133. McCarty DM, DiRosario J, Gulaid K, Muenzer J, Fu H. Mannitol-facilitated 
CNS entry of rAAV2 vector significantly delayed the neurological 
disease progression in MPS IIIB mice. Gene Ther. 2009;16(11):1340–52.

 134. Tung YS, Marquet F, Teichert T, Ferrera V, Konofagou EE. Feasibility of 
noninvasive cavitation-guided blood-brain barrier opening using 
focused ultrasound and microbubbles in nonhuman primates. Appl 
Phys Lett. 2011;98(16): 163704.

 135. Choi JJ, Pernot M, Brown TR, Small SA, Konofagou EE. Spatio-temporal 
analysis of molecular delivery through the blood-brain barrier using 
focused ultrasound. Phys Med Biol. 2007;52(18):5509–30.



Page 17 of 17Xu et al. Journal of Translational Medicine          (2024) 22:866  

 136. Hynynen K, McDannold N, Martin H, Jolesz FA, Vykhodtseva N. The 
threshold for brain damage in rabbits induced by bursts of ultrasound 
in the presence of an ultrasound contrast agent (Optison). Ultrasound 
Med Biol. 2003;29(3):473–81.

 137. Xie F, Boska MD, Lof J, Uberti MG, Tsutsui JM, Porter TR. Effects of 
transcranial ultrasound and intravenous microbubbles on blood brain 
barrier permeability in a large animal model. Ultrasound Med Biol. 
2008;34(12):2028–34.

 138. Fan CH, Lin CY, Liu HL, Yeh CK. Ultrasound targeted CNS gene delivery 
for Parkinson’s disease treatment. J Control Release. 2017;261:246–62.

 139. Hynynen K, McDannold N, Sheikov NA, Jolesz FA, Vykhodtseva N. Local 
and reversible blood-brain barrier disruption by noninvasive focused 
ultrasound at frequencies suitable for trans-skull sonications. Neuroim-
age. 2005;24(1):12–20.

 140. Hsu PH, Wei KC, Huang CY, Wen CJ, Yen TC, Liu CL, Lin YT, Chen JC, 
Shen CR, Liu HL. Noninvasive and targeted gene delivery into the brain 
using microbubble-facilitated focused ultrasound. PLoS ONE. 2013;8(2): 
e57682.

 141. Stavarache MA, Petersen N, Jurgens EM, Milstein ER, Rosenfeld ZB, 
Ballon DJ, Kaplitt MG. Safe and stable noninvasive focal gene delivery 
to the mammalian brain following focused ultrasound. J Neurosurg. 
2018;130(3):989–98.

 142. Alonso A, Reinz E, Leuchs B, Kleinschmidt J, Fatar M, Geers B, Lentacker 
I, Hennerici MG, de Smedt SC, Meairs S. Focal delivery of AAV2/1-
transgenes into the rat brain by localized ultrasound-induced BBB 
opening. Mol Ther Nucleic Acids. 2013;2(2): e73.

 143. Zhang X, He T, Chai Z, Samulski RJ, Li C. Blood-brain barrier shuttle pep-
tides enhance AAV transduction in the brain after systemic administra-
tion. Biomaterials. 2018;176:71–83.

 144. Zhang X, Chai Z, Lee Dobbins A, Itano MS, Askew C, Miao Z, Niu H, Sam-
ulski RJ, Li C. Customized blood-brain barrier shuttle peptide to increase 
AAV9 vector crossing the BBB and augment transduction in the brain. 
Biomaterials. 2022;281: 121340.

 145. Maguire CA, Balaj L, Sivaraman S, Crommentuijn MH, Ericsson M, 
Mincheva-Nilsson L, Baranov V, Gianni D, Tannous BA, Sena-Esteves 
M, et al. Microvesicle-associated AAV vector as a novel gene delivery 
system. Mol Ther. 2012;20(5):960–71.

 146. Gyorgy B, Fitzpatrick Z, Crommentuijn MH, Mu D, Maguire CA. Naturally 
enveloped AAV vectors for shielding neutralizing antibodies and robust 
gene delivery in vivo. Biomaterials. 2014;35(26):7598–609.

 147. Hudry E, Martin C, Gandhi S, Gyorgy B, Scheffer DI, Mu D, Merkel SF, 
Mingozzi F, Fitzpatrick Z, Dimant H, et al. Exosome-associated AAV 
vector as a robust and convenient neuroscience tool. Gene Ther. 
2016;23(4):380–92.

 148. Alzheimer’s A. 2016 Alzheimer’s disease facts and figures. Alzheimers 
Dement. 2016;12(4):459–509.

 149. Brookmeyer R, Johnson E, Ziegler-Graham K, Arrighi HM. Forecast-
ing the global burden of Alzheimer’s disease. Alzheimers Dement. 
2007;3(3):186–91.

 150. Goedert M, Spillantini MG, Jakes R, Rutherford D, Crowther RA. Multiple 
isoforms of human microtubule-associated protein tau: sequences and 
localization in neurofibrillary tangles of Alzheimer’s disease. Neuron. 
1989;3(4):519–26.

 151. O’Brien RJ, Wong PC. Amyloid precursor protein processing and Alzhei-
mer’s disease. Annu Rev Neurosci. 2011;34:185–204.

 152. Schindowski K, Belarbi K, Buee L. Neurotrophic factors in Alzheimer’s 
disease: role of axonal transport. Genes Brain Behav. 2008;7(1):43–56.

 153. Budni J, Bellettini-Santos T, Mina F, Garcez ML, Zugno AI. The involve-
ment of BDNF, NGF and GDNF in aging and Alzheimer’s disease. Aging 
Dis. 2015;6(5):331–41.

 154. Bernardes de Jesus B, Vera E, Schneeberger K, Tejera AM, Ayuso E, Bosch 
F, Blasco MA. Telomerase gene therapy in adult and old mice delays 
aging and increases longevity without increasing cancer. EMBO Mol 
Med. 2012;4(8):691–704.

 155. Mather KA, Jorm AF, Parslow RA, Christensen H. Is telomere length 
a biomarker of aging? A review. J Gerontol A Biol Sci Med Sci. 
2011;66(2):202–13.

 156. Rafii MS, Tuszynski MH, Thomas RG, Barba D, Brewer JB, Rissman RA, 
Siffert J, Aisen PS. Adeno-Associated Viral Vector (Serotype 2)-nerve 
growth factor for patients with alzheimer disease: a randomized clinical 
trial. JAMA Neurol. 2018;75(7):834–41.

 157. Olanow CW, Tatton WG. Etiology and pathogenesis of Parkinson’s 
disease. Annu Rev Neurosci. 1999;22:123–44.

 158. Kalia LV, Lang AE. Parkinson’s disease. Lancet. 2015;386(9996):896–912.
 159. Bjorklund A, Kirik D, Rosenblad C, Georgievska B, Lundberg C, Mandel 

RJ. Towards a neuroprotective gene therapy for Parkinson’s disease: 
use of adenovirus, AAV and lentivirus vectors for gene transfer of 
GDNF to the nigrostriatal system in the rat Parkinson model. Brain Res. 
2000;886(1–2):82–98.

 160. Bartus RT, Baumann TL, Siffert J, Herzog CD, Alterman R, Boulis N, Turner 
DA, Stacy M, Lang AE, Lozano AM, et al. Safety/feasibility of targeting 
the substantia nigra with AAV2-neurturin in Parkinson patients. Neurol-
ogy. 2013;80(18):1698–701.

 161. Christine CW, Richardson RM, Van Laar AD, Thompson ME, Fine EM, 
Khwaja OS, Li C, Liang GS, Meier A, Roberts EW, et al. Safety of AADC 
gene therapy for moderately advanced Parkinson disease: three-year 
outcomes from the PD-1101 trial. Neurology. 2022;98(1):e40–50.

 162. Feigin A, Kaplitt MG, Tang C, Lin T, Mattis P, Dhawan V, During MJ, 
Eidelberg D. Modulation of metabolic brain networks after subtha-
lamic gene therapy for Parkinson’s disease. Proc Natl Acad Sci USA. 
2007;104(49):19559–64.

 163. Luo J, Kaplitt MG, Fitzsimons HL, Zuzga DS, Liu Y, Oshinsky ML, During 
MJ. Subthalamic GAD gene therapy in a Parkinson’s disease rat model. 
Science. 2002;298(5592):425–9.

 164. Abeliovich A, Hefti F, Sevigny J. Gene therapy for Parkinson’s disease 
associated with GBA1 mutations. J Parkinsons Dis. 2021;11(s2):S183–8.

 165. Vonsattel JP, Myers RH, Stevens TJ, Ferrante RJ, Bird ED, Richardson EP Jr. 
Neuropathological classification of Huntington’s disease. J Neuropathol 
Exp Neurol. 1985;44(6):559–77.

 166. Dayalu P, Albin RL. Huntington disease: pathogenesis and treatment. 
Neurol Clin. 2015;33(1):101–14.

 167. McBride JL, Pitzer MR, Boudreau RL, Dufour B, Hobbs T, Ojeda SR, 
Davidson BL. Preclinical safety of RNAi-mediated HTT suppression in 
the rhesus macaque as a potential therapy for Huntington’s disease. 
Mol Ther. 2011;19(12):2152–62.

 168. Choudhury SR, Harris AF, Cabral DJ, Keeler AM, Sapp E, Ferreira JS, Gray-
Edwards HL, Johnson JA, Johnson AK, Su Q, et al. Widespread central 
nervous system gene transfer and silencing after systemic delivery of 
novel AAV-AS vector. Mol Ther. 2016;24(4):726–35.

 169. Francis JS, Markov V, Wojtas ID, Gray S, McCown T, Samulski RJ, Figueroa 
M, Leone P. Preclinical biodistribution, tropism, and efficacy of oligo-
tropic AAV/Olig001 in a mouse model of congenital white matter 
disease. Mol Ther Methods Clin Dev. 2021;20:520–34.

 170. Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, Viollet L, 
Benichou B, Cruaud C, Millasseau P, Zeviani M, et al. Identification and 
characterization of a spinal muscular atrophy-determining gene. Cell. 
1995;80(1):155–65.

 171. Mendell JR, Al-Zaidy S, Shell R, Arnold WD, Rodino-Klapac LR, Prior 
TW, Lowes L, Alfano L, Berry K, Church K, et al. Single-dose gene-
replacement therapy for spinal muscular atrophy. N Engl J Med. 
2017;377(18):1713–22.

 172. Philippidis A. Novartis confirms deaths of two patients treated with 
gene therapy zolgensma. Hum Gene Ther. 2022;33(17–18):842–4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Designing and optimizing AAV-mediated gene therapy for neurodegenerative diseases: from bench to bedside
	Abstract 
	Introduction
	AAV optimizations for CNS gene therapy
	Inverted terminal repeats (ITRs)
	Promoters
	Regulatory elements
	Enhancer elements
	Intron elements
	WPRE element
	miRNA target sequences


	AAV serotypes and capsid bioengineering
	Naturally occurring AAV serotypes
	Capsid bioengineering
	Rational design
	Direct evolution
	In silico design


	AAV delivery routes
	Intraparenchymal delivery
	Intracerebrospinal fluid delivery
	Intramuscular delivery
	Intravenous (IV) delivery

	Mechanism and methods of AAV to cross the BBB
	Intrinsic mechanisms
	Receptor-mediated transcytosis (RMT)
	Paracellular pathway

	Approaches for increasing CNS delivery
	Development of BBB-crossing AAVs
	Change of BBB permeability
	Transporter for AAVs


	AAV therapeutics in clinical trials for neurodegenerative diseases
	Alzheimer’s disease (AD)
	Parkinson’s disease (PD)
	Huntington’s disease (HD)
	Canavan disease (CD)
	Spinal muscular atrophy (SMA)

	Conclusions and perspectives
	Acknowledgements
	References


