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A B S T R A C T   

The presence of the blood-brain barrier (BBB) remains a challenge in the treatment of central nervous system 
(CNS) diseases, as it hinders the infiltration of many therapeutic drugs into the brain parenchyma. Therefore, 
developing efficacious pharmacological agents that can traverse the BBB is crucial for optimal treatment of 
diseases of the CNS such as neurodegenerative conditions and brain tumors. Adeno-associated virus (AAV), one 
of the most promising gene therapy vectors, has been shown to cross the BBB safely and is non-pathogenic in 
nature and therefore has been utilized for numerous diseases of the CNS. Along with the development of protein 
engineering techniques such as directed evolution including DNA shuffling, a great number of BBB-crossing AAVs 
have been developed, that could be systemically injected for therapeutic benefit. In this review, we discuss 
several feasible approaches to improve transportation of therapeutic agents to the CNS. We also discuss the 
advantages of using BBB-crossing AAVs, their role as a gene delivery agent and highlight the different types of 
BBB-AAV vectors that have been developed in order to provide a greater insight into how they can be used in 
diseases of the CNS.   

1. Introduction 

Diseases of the central nervous system (CNS), refers to conditions 
that affect the structure or function of the human brain or spinal cord 
[1]. CNS diseases, such as neurodegenerative diseases and brain tumors, 
are typically treated with surgery and/or drugs [2,3]. Medical therapy is 
however greatly limited by the presence of the blood-brain barrier 

(BBB). The BBB refers to the barrier between plasma and brain cells 
formed by the brain capillary wall and glial cells, as well as that between 
plasma and cerebrospinal fluid formed by the choroid plexus [4]. Large 
molecules and 98% of small molecules in the blood are hindered from 
infiltrating into the brain parenchyma by the tight junctions (TJs) be-
tween cells of the BBB [5]. Although it plays an active protective role in 
preventing many harmful substances in the blood from entering the 
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CNS, the BBB also limits the passage of therapeutic drugs to target areas 
and therefore poses a major challenge for treating diseases of the CNS 
[6,7]. 

Gene therapy, an emerging and promising treatment strategy, has 
been applied to a variety of diseases including neurodegenerative dis-
eases, monogenic diseases, and tumors [8–10]. More than 2000 clinical 
trials have been carried out using gene therapy safely [11,12]. One of 
the most promising gene delivery tools are the adeno-associated virus 
(AAV) vectors, which can transduce dividing and non-dividing cells 
without pathogenicity, and can allow stable and efficient gene expres-
sion [13]. AAV has been used as a therapeutic gene delivery vector in 
many clinical trials and has been successfully applied to treat diseases 
such as hemophilia and ocular disease [14,15]. Various AAV-mediated 
gene therapy drugs such as Glybera, Luxturna, and Zolgensma are 
commercially available and have been used in patients [16,17]. In 
recent years, AAV-based gene therapy has shown promise in treating 
various diseases of the CNS [18] and a number of AAV-mediated ther-
apeutic agents have been used in clinical trials for conditions such as 
Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease 
[19,20]. 

AAV-mediated therapeutic agents for diseases of the CNS were 
initially developed to be used via local injection due to the presence of 
the BBB [21]. However, they are invasive and cannot fully penetrate 
target lesions [22,23], particularly when there is widespread dissemi-
nation [24,25]. With the emergence of BBB-crossing AAVs, systemic 
therapeutic AAV injection can potentially be a realistic choice to obviate 
the limitations of local treatments [26,27]. A number of BBB-crossing 
AAV vectors have been developed, such as AAV9 to numerous AAV 
variants. However many of these require the use of high intravenous 
doses, which can increase the risk of peripheral toxicity and are also very 
costly [27,28]. Therefore, it is prudent to develop AAVs with enhanced 
ability to cross the BBB and without the need for high doses after sys-
temic injection. The ability of AAV particles to distribute efficiently and 
with specificity is dependent on various factors including its capsid 
(surrounding protein shell of virus enclosing the genomic material). 
Natural AAVs have an inherent capsid diversity and this has been 
exploited to design new AAV capsids that can readily cross the BBB with 
altered tissue tropism [29,30]. Capsid engineering strategies include 
modification of the capsid via directed evolution or rational design [13]. 
Numerous BBB-crossing AAVs and their variants have been developed 
using these strategies, but further studies are needed for developing a 
vector that can cross the BBB more effectively, the key factor for treat-
ment of CNS diseases. 

In this review, we highlight the advantages of the gene delivery 
vehicle AAV in treating diseases of the CNS diseases. We emphasize the 
importance of the BBB as a barrier and also the need to traverse it for 
therapeutic purposes. We discuss the BBB-crossing AAV vectors that 
have been developed to date and their development methods and pro-
vide a systematic research direction to develop more efficient BBB- 
crossing AAVs to treat CNS diseases as a gene delivery tool. 

2. Traversing the blood brain barrier 

2.1. The blood-brain barrier 

The BBB is composed of cerebral capillaries and various components 
of the neurovascular unit. It regulates metabolic exchanges between the 
brain parenchyma and peripheral bloodstream [31,32]. It also prevents 
harmful substances in the peripheral circulation from entering the CNS 
and thereby plays a key role in maintaining metabolic stability of the 
CNS environment [33]. 

Anatomically, the BBB is composed of various components of the 
neurovascular unit including endothelial cells, pericytes, astrocytic end- 
feet, microglia, and neurons and tight junctions. Those cells contain a 
variety of cytosolic and extra-cytosolic enzymes that can downregulate 
vesicle transport and efflux pumps. The tight junctions allow selective 

passage of molecules and are essential for the barrier function of BBB 
[34–36]. 

The permeability of the BBB can increase following trauma or disease 
that impairs the ability of tight junctions to function properly, allowing 
the passage of large proteins. BBB permeability can also increase iatro-
genically following the use of ionizing radiation, laser, and focused ul-
trasound [37–39]. There may also be physiological increase in 
permeability e.g. due to reduced levels of pericytes seen with increasing 
age [40,41]. Minimal changes in permeability in physiological condi-
tions and in certain pathological conditions do occur, however these are 
usually not sufficient to overcome the overall barrier properties hin-
dering the delivery of therapeutic drugs [42]. Therefore, developing 
therapeutic drugs or drugs-delivered vehicles that efficiently cross the 
BBB and enter the CNS is a key limitation that must be circumvented. 

2.2. Approaches for crossing the BBB 

Although the BBB acts as a barrier, it is also the main gateway 
through which ions, hormones, and nutrients enter the brain. Therefore, 
using the properties of BBB as a means of delivering therapeutic drugs 
into the brain is worth exploring. Therapeutic drugs generally cross the 
BBB through passive diffusion, endocytosis, and carrier transport 
[43,44] (Fig. 1). Multiple strategies have been developed to promote 
therapeutic passage through the the BBB into the CNS, and these usually 
rely on either BBB structure-intact strategies and structure-disruption 
strategies [45,46]. The BBB structure-intact strategies include 
receptor-mediated, cell-penetrating peptide-mediated, and shuttle 
peptide-mediated BBB crossing. The BBB structure-disruption strategies 
include TJs disruption, medicine-mediated reduction of BBB integrity, 
and inhibition of active efflux of capillary endothelial cells. Efficient 
strategies for drug delivery without damaging the complex BBB struc-
ture needs further exploration. The development of gene therapy has the 
ability to across the selectively cross the and deliver drugs to target le-
sions. However, traditional gene therapy vectors lack specificity, causes 
off-target effects and cannot be used for long-term . AAVs however have 
been able to obviate limitations of traditional vectors. [47,48]. Recently, 
a number of natural and capsid engineered AAV vectors have been 
shown to cross BBB efficiently and release therapeutic agents for a 
specified period of time and therefore is a promising vector for treating 
CNS diseases [49]. 

3. AAV Characteristics and BBB-crossing ability 

3.1. Structures and characteristics of AAV 

AAV is a non-genotoxic parvovirus with a single-stranded 4.7-kb 
DNA genome, a transgene, and a non-enveloped capsid [50,51] 
(Fig. 2). The genome consists of the rep and cap genes and is flanked at its 
ends by two T-shaped inverted terminal repeats, which play an impor-
tant role in virus replication and packaging. The cap gene encodes the 
structural viral capsid protein, which is composed of VP1, VP2, and VP3 
subunits with a ratio of 1:1:10. These three subunits combine to form a 
symmetrical icosahedral structure. The rep gene, with four overlapping 
reading frames encoding Rep78, Rep68, Rep52, and Rep40, encodes the 
Rep protein involved in virus replication and integration [13,52]. The 
life cycle of recombinant adeno-associated virus (rAAV) depends on 
helper virus (adenovirus, herpes simplex virus, or vaccinia virus), as it 
lacks the ability to replicate and cytolytic infections alone [53,54]. 
Natural AAV is found in many species, including both human and non- 
human primates (NHPs). AAV is non-pathogenic, does not integrate into 
the host genome, and has been demonstrated to be a promising gene 
therapy tool for treating numerous diseases [55,56]. Transgene delivery 
and AAV expression are related to complex processes regulated by the 
AAV capsids and host factors. First, the receptor and co-receptor bind to 
each other. Subsequently, AAV enters the cytoplasm through endocy-
tosis, reaches the nucleus through intracellular transport, and enters the 
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cell nucleus. The capsid is then uncoated and the genome breaks away. 
Finally, the transgene is transcribed and translated [13,57] (Fig. 3). 

3.2. BBB-crossing ability of AAV 

AAV was first used in vivo in 1993 and its’ persistent gene expression 
ability was identified [58]. One year later, AAV was applied to treat 
human diseases for the first time [59]. AAV’s have been utilized to treat 
various diseases of the CNS due to their superior gene transduction 
abilities [60,61] and of the most widely used AAV vectors is AAV2 
[62–64]. In earlier studies, due to the presence of the BBB, AAV deliv-
ered therapeutic agents to the CNS through local injection (parenchyma 
or intraventricular injection), led to a limited transgene expression in 
the CNS [65–67]. Furthermore, CNS diseases are typically multifocal, 
and therefore local injection does not allow targeting of widespread 
lesions [68–70]. The discovery of BBB-crossing AAV9 and the develop-
ment of several vectors with improved BBB-crossing ability has enabled 
the use of systemic intravenous injection in various CNS diseases 
[71,72]. AAV9, the first BBB-crossing AAV discovered in 2009, has a 
considerable ability to transduce astrocytes and endothelial cells in the 
CNS [71]. A number of clinical trials using AAV9-based gene therapy on 
CNS diseases through systemic injection have been conducted (Table 1). 
The AAV AAVrh.10, discovered in 2011, can has also been shown to 
transduce a range of CNS cells [73,74]. Limitations of the systemic use of 
AAV however have limited the use of a number of AAVs including the 
presence of an immune barrier and peripheral toxicity [75–78]. The 
AAVrh.8, however has been shown to cross the BBB and transduce CNS 
cells with evidence of reduced peripheral toxicity following systemic 
injection compared to other AAV serotypes [74]. 

With the improvement of AAV engineering technology, a variety of 
BBB-crossing AAV vectors with powerful BBB-crossing ability have been 
developed. AAV9 variants, AAV-PHP⋅B and AAV-PHP.eB, developed by 
cre-recombination-based AAV targeted evolution (CREATE), have 
higher transduction efficiencies than AAV9 in C57BL/6 mice [28,29]. 
AAV1-PHP⋅B and AAV1/rh.10 were developed by grafting the residues 
from AAV-PHP⋅B and AAVrh.10 to AAV1, endowing them with BBB- 
crossing and CNS-transduction abilities [27,79]. The development of 
new AAV capsids, along with BBB shuttle peptides and physical 
destruction of BBB permeability, are feasible approaches for increasing 

Fig. 1. BBB-crossing strategies for drugs. 
A, The BBB-crossing strategies for therapeutic drugs are mainly including passive diffusion, endocytosis, and carrier transport, and that also divided into BBB 
structure-intact strategies and structure-disruption strategies. B, The BBB structure-intact strategies include receptor-mediated, cell-penetrating peptide-mediated, 
and shuttle peptide-mediated BBB crossing of therapeutic drugs. C, The BBB structure-disruption strategies include TJs disruption, medicine-mediated reduction 
of BBB integrity, and inhibition of active efflux of capillary endothelial cells. 

Fig. 2. AAV structure. 
A, AAV capsid crystal structure. B, Structure of wild type AAV. AAV is 
composed of a DNA genome, a transgene, and a capsid. The genome consists of 
the rep and cap genes and is flanked at its ends by two T-shaped inverted 
terminal repeats at each end. The cap gene encodes the structural viral capsid 
protein, which is composed of VP1, VP2, and VP3. The rep gene, with four 
overlapping reading frames encodes Rep78, Rep68, Rep52, and Rep40 genes. C, 
Structure of recombinant AAV. The external structure recombinant AAV with 
some modification of some sites is the almost the same as the wild type AAV. 
The core part is different, the the rep and cap genes are replaced by promoter 
and transgene, which can express therapeutic agent to treat some diseases. 
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the ability to cross the BBB after systemic injection. 

3.3. AAV migration through the BBB 

The exact mechanism of AAV is not fully known. Majority of the 
studies investigating AAV migration have focused on transport mecha-
nisms of AAV9 [80,81], which can cross the BBB and enters the CNS 
without affecting the BBB integrity. It appears to traverse the BBB via 
transcellular extravasation, a form of cell-mediated active transport 
instead of by paracellular transport [82]. AAVs crossing the BBB may 
also pass through certain receptors on BBB endothelial cells, and actively 
cross cells into the CNS region (Fig. 3). [83,84]. 

AAV-PHP⋅B, an AAV9 variant, has superior BBB-crossing and CNS- 
transduction abilities than AAV9 in C57BL/6 mice following intrave-
nous injection. One contributing factor may be due to the presence of the 
receptor Ly6a on BBB endothelial cells. AAV-PHP⋅B loses the BBB- 
crossing ability in Ly6a knockout C57BL/6 mice and in mice and pri-
mates lacking Ly6a receptors [85–87]. To date, several BBB-crossing 
AAVs,including AAVrh.10, AAVrh.8, AAVHSC, AAV-B1, AAV-AS, 

AAV1/rh.10, and AAV1/PHP⋅B, have been identified and developed, but 
a full understanding of receptor(s)on which they depend on to cross the 
BBB is still unknown [88–91]. In addition to the development of new 
BBB-crossing AAVs, identifying the receptors on which the BBB-crossing 
ability depends is also worthy of further investigation. 

The discovery of AAV receptors (AAVR)has enhanced our under-
standing of the mechanism of AAV transduction into cells. AAVR, a 
universal AAV receptor, is required by multiple serotypes of AAV, 
including AAV1, AAV2, AAV3B, AAV5, AAV6, AAV8, and AAV9,for 
transduction [92]. In vitro studies have shown that AAV can transduce 
cells primarily by interacting with the extracellular Ig-like polycystic 
kidney disease (PKD) domain of the AAVR [93,94]. Furthermore, in 
AAVR (Kiaa0319l) knockout mice, the transduction efficiency of AAV9 
was significantly decreased, demonstrating that AAVR is also essential 
for AAV transduction in vivo [95,96]. It has been reported that AAVR is 
expressed on BBB endothelial cells and promotes the BBB-crossing of 
AAV to a certain extent. However, AAVR may only be one of many re-
ceptors for a specific AAV, with different AAV serotypes having 
distinctive interactions and binding efficiencies, which in turn produce 

Fig. 3. BBB-crossing AAVs cross the BBB and trans-
duce CNS cells. 
Systemic injection of therapeutic AAVs transduce the 
CNS cells involves two steps: (1) Crossing the BBB. As 
shown in the picture, the BBB, as a line of defense of 
the CNS, is formed by astrocytes, pericytes, endo-
thelial cells and basement membrane, and that hinder 
most of substances entering the CNS. Systemic 
injected AAVs maybe cross the BBB trough some re-
ceptors or some transendothelial transport ap-
proaches, but the exact mechanism is unclear. (2) 
Transducing CNS cells: After crossing the BBB, ther-
apeutic AAV enters CNS and will start to transduce 
cells in the CNS, and the main transduced cells in CNS 
are Neuron Microglia Astrocytes. This process is 
complicated and regulated by the AAV capsids and 
host factors. First, AAV recognizes the targeted cells 
and binds to the cells surface with some receptor. 
Then, AAV enters the cytoplasm through endocytosis. 
Subsequently, AAV is encapsulated in the endosome. 
AAV reaches the nucleus through intracellular 
transport, and enters the cell nucleus. The capsid is 
then uncoated and the genome breaks away. Finally, 
the transgene is transcribed and translated. A large 
number of therapeutic protein was secreted to fight 
diseases.   

Table 1 
Clinical trials of AAV-based gene therapy on CNS diseases through systemic injection.  

Disease Therapeutic Gene Serotype Administration 
Approach 

Identifier Clinical Trial Phase & 
Status 

Late-OnsetPompe Diseases Acid Alpha- 
Glucosidase 

AAV9 Intramuscular NCT02240407 Phase I, Recruiting 

GM1 gangliosidosis GLB1 AAV9 Intravenous NCT03952637 Phase I/II, Recruiting 
Spinal Muscular Atrophy Abeparvovec-xioi AAV9 Intravenous NCT03461289 Not recruiting 
Spinal Muscular Atrophy Type 1 AVXS-101 AAV9 Intravenous NCT02122952 Phase I 

Completed 
SpinalMuscular Atrophywith Multiple Copies of SMN2 Abeparvovec-xioi AAV9 Intravenous NCT03505099 Phase III 

Not recruiting 
Spinal Muscular Atrophy Type I with one or two SMN2 

Copies 
Abeparvovec-xioi AAV9 Intravenous NCT03837184 Phase III Recruiting 

Phenylketonuria PAH Deficiency HMI-102 AAVHSC15 Intravenous NCT04348708 Enrolling by Invitation  
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different BBB-crossing efficiencies [94,97,98]. 

4. The development of BBB-crossing AAV vectors 

AAV, given its’ qualities of stability, non-pathogenicity, and long- 
term expression of therapeutic genes, has been used as a therapeutic 
gene vector for a number of decades [47]. Previously, AAV was pri-
marily injected intracranially to treat CNS disorders. However, intra-
cranial injection is invasive and entails great risk. It may be effective in 
treating single lesions but is much less effective for CNS diseases with 
multiple lesions [99–101]. Thus, the development of non-invasive de-
livery methods with ability to target widespread lesions using BBB- 
crossing AAVs has been of huge interest [102–104]. AAV2, the most 
commonly used AAV serotype, was also the first to be used for delivering 
therapeutic genes to the CNS via systemic injection. However, is has 
limited BBB-crossing efficiency and therefore systemically injected 
AAV2 was shown to transduce few neurons [105–107]. The discovery of 
AAV9, which can cross the BBB and transduce a large number of as-
trocytes and vascular endothelial cells in neonatal mice, adult mice and 
non-human primates after systemic injection, makes it an attractive 
choice for use in CNS disease [71,108] (Fig. 4). 

A number of BBB-crossing AAVs have been developed using tech-
niques such as directed evolution and AAV capsid engineering [13] 
(Table 2). 

4.1. Natural BBB-crossing AAV 

AAV9 was the first AAV found to cross the BBB by Foust et al. in 
2009, and was shown to transduce the brain, dorsal root ganglia, and 
spinal cord motor neurons of neonatal mice and the astrocytes of adult 
mice [71]. AAVrh.10 and AAVrh.8 were subsequently reported to 
transduce the CNS of adult mice following intravenous administration. 
AAVrh.8 was shown to strongly transduce neurons and glial cells located 
in the cortex, caudate-thalamus, hippocampus, cell body, and substantia 
nigra. In addition, it has reduced peripheral tissue tropism relative to 
other BBB-crossing AAVs, which greatly decreases peripheral toxicity, 
especially in the liver. AAVrh.10 was demonstrated to transduce the 
motor neurons of adult marmosets [30,74,109]. AAVHSC, another nat-
ural BBB-crossing AAV, was isolated from human CD34+ hematopoietic 
stem cells and can efficiently mediate nuclease-free gene editing and 
gene transfer. Ellsworth et al. demonstrated that systemically injecting 
AAVHSC (AAVHSC7, AAVHSC15, AAVHSC17) caused entire CNS 
transduction, including neurons and glial cells in the cynomolgus ma-
caques [110]. In addition to natural BBB-crossing AAVs, many AAV 
variants with increased BBB-crossing and CNS-transduction abilities 
have been engineered, which provide a great foundation for AAV-based 

gene therapies for treating CNS disorders with systemic injection. 

4.2. BBB-crossing AAV9 variants 

The discovery of BBB-crossing AAV9 was key in developing systemic 
AAV therapies for CNS diseases. However, AAV9 mostly transduces as-
trocytes and vascular endothelial cells, and neurons are rarely trans-
duced by systemic injection [71,111]. Therefore, the transduction 
efficiency and cell-type specificity of AAV9 needs to be further 
improved. 

To date, several AAV9 variants with strong BBB-crossing ability have 
been developed. The first AAV9-based variant, a tyrosine-mutant AAV9, 
was developed by Asako et al. in 2013. Studies have shown that 
mutating the tyrosine residues in the capsid to phenylalanine reduces 
capsid protein ubiquitination and improves intracellular trafficking to 
the nucleus [112]. Based on this, Asako et al. developed the tyrosine- 
mutant AAV9, in which the tyrosine residues were replaced by 
phenylalanine (Y446F and Y731F). Their results showed that the 
tyrosine-mutant AAV9 widely transduced and expressed the transgene 
in the brain and spinal cord after systemic injection [113,114]. Sourav 
et al. developed AAV-AS, another evolutionary vector of AAV9, by 
genetically fusing peptides to the N-terminus of the VP2 capsid protein 
in 2016. Their results showed that AAV-AS is superior to AAV9 in CNS- 
transduction ability. The transduction efficiency of AAV-AS in the spinal 
cord and cerebrum is 6- and 15-fold higher than that of AAV9, respec-
tively. Furthermore, AAV-AS transduces 36% striatal neurons, while 
AAV9 transduces 0.45% striatal nerves [91]. In the same year, AAV- 
PHP⋅B, a powerful AAV9 variant, was developed by Benjamin et al. 
using CREATE method by inserting seven amino acids of a randomized 
sequence (7-mer) at the VP1 position of the AAV9 capsid. Their results 
showed that AAV-PHP⋅B could widely transduce the entire CNS region of 
C57BL/6 mice, including neurons and glial cells. Furthermore, they also 
demonstrated that its transduction efficiency is about 40-fold higher 
than that of AAV9, and this high transduction efficiency has also been 
confirmed in human neurons and glial cells in vitro [29]. However, AAV- 
PHP⋅B is highly effective in C57BL/6 mice and ineffective in Balb/c 
mice. It was a strange phenomenon that was not accounted for until the 
discovery of Ly6a in 2019. Ly6a, also known as sca-1, is a GPI-anchored 
cell surface glycoprotein expressed on BBB endothelial cells and medi-
ates AAV-PHP⋅B transfer across the BBB, which explains the high CNS- 
transduction ability of AAV-PHP⋅B. Ly6a is strongly expressed in 
C57BL/6 mice and weakly expressed in Balb/c mice, which is why AAV- 
PHP⋅B has a higher transduction ability in C57BL/6 mice. Hordeaux 
et al. have verified that AAV-PHP⋅B cannot cross the BBB in Ly6a 
knockout mice [85–87]. It has been reported that 1 × 1012 vg AAV- 
PHP⋅B enhances the transduction of the entire CNS in an adult mice, 

Fig. 4. Time line of the development of BBB-crossing AAV. 
AAV vector was discovered in 1960s and was used as a gene therapy vector for the first time. After that, AAV was used to treat a great number of diseases, and was 
first applied to the treatment of CNS diseases in 1995. For a long time there after, AAV was used to treat CNS diseases through intracranial injection, due to the 
presence of BBB. After the discovery of BBB-crossing AAV9 in 2009, systemic injection of therapeutic AAV treating CNS diseases become feasible. Subsequently, more 
ans more BBB-crossing AAV were discovered and development through directed evolution and rational capsid design. AAV9 variants, AAV-AS and AAV-PHP.B were 
developed in 2016. One year later, a super AAV9 variant, AAV-PHP.eB and AAV-PHP.S were also developed. It is exciting that systemic injection of therapeutic AAV- 
based SMA drugs has been approved by FDA. Just last year, another AAV9 variant, AAV-F, which possesses a super BBB-crossing ability was developed. 
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which is a high viral load. One year later, Devermanet al. used the same 
CREATE method to develop AAV-PHP.eB, which is a novel and 
enhanced AAV-PHP⋅B variant. It has been reported that 1 × 1011 vg/ 
mice AAV-PHP.eB, with the strongest BBB-crossing and CNS- 
transduction abilities, transduced 69% of cortical and 55% of striatal 
neurons after systemic injection in C57BL/6 mice. Its high CNS- 
transduction ability effectively reduces the viral load required to 
transduce most CNS neurons [28]. To date, AAV-PHP⋅B and AAV-PHP. 
eB were shown to have the best BBB crossing and CNS cell trans-
duction capabilities through the Ly6a receptor, in mice studies. 

The development of an AAV mutant that can efficiently cross the BBB 
and transduce the CNS in different species has been crucial in the 
development of AAV-based CNS gene therapy. It has been reported that 
1 × 1012 vg AAV-PHP⋅S, another variant with a novel capsid charac-
terized by Devermanet al. using CREATE, can transduce approximately 
80% DRG neurons, the enteric nervous system, and other peripheral 
ganglia. AAV-PHP⋅S provides a new strategy to regulate peripheral 
nervous system circuits [28]. AAV-F, another AAV9 variant, was engi-
neered from a library construct combining a peptide library on the AAV9 
capsid with a cre box by Hanlon et al. in 2019. Their results showed that 
AAV-F-mediated gene expression in astrocytes and neurons in the cortex 
is 65- and 171-fold higher than AAV9-mediated expression. Further-
more, it has also been shown that this high transduction is independent 
of the sex and strain of the mice used, making it an excellent gene 
therapy vector for treating CNS diseases [115]. 

4.3. BBB-crossing AAV1 variants 

The emergence of BBB-crossing AAV has paved the way for systemic 
injection of AAV to treat CNS disorders. However, high doses often need 
to be administered increasing the cost and dose-dependent hepatotox-
icity [116]. It has been reported that AAV1 and AAVrh.10 share 85% 
amino-acid sequence, but show different BBB-crossing and CNS- 
transduction phenotypes. AAV1 can transduce the brain endothelium, 
whereas AAVrh.10 can cross the BBB and transduce neurons and glial 
cells [74,117]. Based on this, Albright et al. used phylogenetic and 
structural analyses and subsequently conducted systemic characteriza-
tion to identify important residues that allow AAVrh.10 to cross the BBB 
and widely transduce neurons. Subsequently, they grafted the residues 
onto AAV1to develop AAV1/rh.10, which imparted BBB-crossing and 
CNS-transduction ability. It is noteworthy that liver transduction was 
significantly decreased after systemic injection of AAV1/rh.10 [27]. 
Clinically, this is a great advantage, which could reduce liver 

hepatotoxicity and provide increased safety of AAV-based CNS disease 
treatment after systemic injection. In addition, AAV9-PHP⋅B can effi-
ciently cross the BBB and Cia et al. engineered an AAV1-PHP⋅B by 
inserting a 7-mer PHP. B peptide sequence between S588 and T589 of 
the AAV1 capsid. They found that PHP⋅B modification enhanced the 
BBB-crossing ability of AAV1 and a single systemic injection of AAV1- 
PHP⋅B with the addition of CRISPR activation achieved targeted trans-
gene activation in the mouse brain [79]. 

4.4. BBB-crossing AAV8 variants 

The most commonly used natural AAV serotypes cannot cross the 
BBB efficiently, and their transduction efficiency is not satisfactory. 
Studies have shown that genetic modification and BBB shuttle peptide 
can promote the BBB-crossing and CNS-transduction abilities of natural 
AAV [13,47]. 

Choudhury et al. engineered a new CNS tropic AAV capsid AAV-B1, 
using a single in vivo selection from an AAV capsid library in 2016. It has 
been reported that a single systemic administration of AAV-B1 can cause 
widespread transduction in the CNS of adult mice and cats, which is 
more efficient than AAV9 transduction in the mouse brain, spinal cord, 
muscle, and lung [90]. In addition to genetic modification, BBB shuttle 
peptides can transport several therapeutic agents,including antibodies, 
proteins, and nanoparticles, across the BBB in a non-invasive manner 
[118,119]. Zhang et al. have clarified that the BBB shuttle peptide THR 
can improve AAV8 transduction into the brain parenchyma after sys-
temic injection in a dose-dependent manner. Their results suggested that 
the THR does not alter the infection biology of AAV8 and promotes its 
crossing of the BBB by binding to the cell surface [66]. This study 
indicated that it is important to detect and engineer novel and efficient 
AAV vectors. However, combining the various BBB-crossing strategies, 
such as the BBB shuttle peptide with AAV, may also be a beneficial for 
promoting the BBB-crossing ability of AAV. 

4.5. AAV2-related AAV variants 

Compared to other BBB-crossing AAV variants, AAV2 mutants can 
efficiently transduce brain vascular endothelial cells, which plays an 
important role in the treatment of neurovascular diseases. AAV2-BR1 is 
an AAV2 mutant, developed by Jakob et al. using the in vivo screening 
system of random ligand libraries displayed on AAV capsids in 2016. 
They found that this novel vector can specifically and stably transduce 
brain microvascular endothelial cells to an unprecedented degree after 

Table 2 
BBB-crossing AAVs and their variants.  

AAV capsid Original 
serotype 

Engineering method Developing 
year 

Advantage Reference 

AAV9 / Natural Discovery 2009 The first discovered BBB-crossing AAV [52] 
AAVrh.8 / Natural Discovery 2014 Low peripheral toxicity [55] 
AAVrh.10 / Natural Discovery 2014 Low peripheral toxicity [55] 
AAVHSC / Natural Discovery 2014 Common BBB-crossing AAV [110] 
Tyrosine-mutant 

AAV9 
AAV9 Mutant of tyrosines residue to phenylalanine 2013 Common BBB-crossing AAV [112] 

AAV-AS AAV9 Genetically fusing peptides to the N-terminus 
of VP2 

2016 6- and 15-fold higher than AAV9 [72] 

AAV-PHP.B AAV9 Cre-recombination-based AAV targeted 
evolution 

2016 1 × 1012 vg transduce the entire CNS [29] 

AAV-PHP.eB AAV9 Cre-recombination-based AAV targeted 
evolution 

2017 1 × 1011 vg transduce 69% of cortical and 55% of 
striatal neurons 

[28] 

AAV-PHP.S AAV9 Cre-recombination-based AAV targeted 
evolution 

2017 Common BBB-crossing AAV [28] 

AAV-F AAV9 Select from a library construct 2019 65- and 171-fold higher than AAV9 [115] 
AAV1/rh.10 AAV1 Grafted the AAVrh.10 residues onto AAV1 2018 Low liver toxicity [27] 
AAV1-PHP.B AAV1 Inserting PHP.B peptide sequence on AAV1 

capsid 
2019 Strengthen the BBB-crossing ability of AAV1 [60] 

AAV-B1 AAV8 In vivo selection from the rAAV capsid 
library 

2016 More efficient than AAV9 [71]  
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systemic injection [120,121]. AAV-VEC, another AAV2 mutant, can 
efficiently transduce BBB vascular endothelial cells, as shown by Zhang 
et al. They demonstrated that AAV-VEC transduces approximately 85% 
BBB endothelial cells, which is more than that by any other AAV vector 
[122]. The development of AAVs that transduce the BBB vascular 
endothelial cells provides a useful gene therapy tool for treating neu-
rovascular diseases. Importantly, studies have shown that AAVs may 
cross the BBB and transduce the CNS region through known or unknown 
receptors. If we utilize these BBB vascular endothelial cells transduced 
AAV to express AAV receptors (like AAVR, a common receptor of AAV) 
on the BBB, it will greatly promote the BBB-crossing and CNS- 
transducing abilities of AAV, greatly expanding their use in treating 
CNS diseases. 

5. Conclusions and future prospects 

The BBB greatly hinders the therapeutic effects of traditional treat-
ment methods for many CNS diseases. Gene therapy has been demon-
strated to be effective in treating CNS diseases by overcoming this 
difficulty [123]. The AAV vector, one of the most promising gene ther-
apy vectors, has been widely used in preclinical and clinical trials for 
CNS disease treatment. It is encouraging that several AAV-based gene 
therapy products have been approved to treat clinical patients [8,47]. In 
the early years, due to the lack of BBB-crossing AAVs, CNS diseases were 
primarily treated by delivering therapeutic genes through local injec-
tion. However, local injection can only play a role in treating single CNS 
lesions and is not satisfactory for treating widespread CNS disease. 
Therefore, gene delivery methods that can provide a broader trans-
duction of the CNS with specificity are needed. With the emergence of 
AAV with BBB-crossing and CNS-transduction capabilities, such as 
AAV9, AAVrh.8, and AAVrh.10, researchers have focused on extensive 
CNS transduction through systemic injection. 

To improve the therapeutic effect of AAV-based CNS disease treat-
ment after systemic injection, researchers have been working to improve 
the BBB-crossing ability of AAV. To date, several efficient BBB-crossing 
AAV variants have been developed through natural discovery of AAV 
capsids, directed evolution, and AAV capsid engineering [28,29]. 
Among them, AAV-PHP⋅B and AAV-PHP.eB have the strongest CNS- 
transduction efficiency, particularly in C57 mice due to the presence 
of strain-specific expression of Ly6a receptor in these mice. A number of 
studies have demonstrated the need for the presence of specific receptors 
to allow AAV infection and several AAV receptors, including the com-
mon receptor AAVR, have been discovered. However, the mechanism(s) 
by which AAV crosses the BBB remains unclear. 

The development of a systemic injection approach for gene therapy 
of AAV-based CNS diseases allows extensive transduction of therapeutic 
genes in the CNS region. Some challenges to this approach include the 
immune barrier of anti-AAV antibody in peripheral blood and toxicity of 
therapeutic genes to peripheral tissues, particularly in the liver. It is 
necessary to develop CNS-specific AAV variants with reduced peripheral 
tissue tropism. AAVrh.8 and AAVrh.10 are the first two described AAVs 
with CNS-transducing capabilities and reduced peripheral tissue 
tropism. In addition, AAV1/rh.10 displayed markedly decreased liver 
transduction after systemic injection. In addition to reducing peripheral 
tissue tropism by developing novel AAV capsids, microRNA is also used 
to suppress the expression of AAV-delivered therapeutic genes in pe-
ripheral tissue, including microRNA-122 and microRNA-1-binding sites 
[75]. In conclusion, further research should focus on developing an 
efficient BBB-crossing AAV, which can specifically transduce the tar-
geted area and reduce peripheral toxicity. 
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