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rAAV vector-mediated gene therapy for experimental ischemic 
stroke
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The safest viral vector system for gene therapy is based 
on recombinant adeno-associated virus (rAAV) up to 
date in Phase I clinical trials, which has been developed 
rapidly and applied for ischemic stroke gene therapy in 
animal experiments since the past seven years. rAAV 
vector has made great progress in improving gene delivery 
by modiÞ cation of the capsid and increasing transgene 
expression by encapsidation of double-stranded rAAV 
genome. And in all, nine therapeutic genes in 12 animal 
studies were successfully delivered using rAAV vector to 
ischemic brain via different approaches in rat or mice stroke 
models for gene therapy and the results suggested that rAAV 
could mediate genes� expression efÞ ciently; most of them 
displayed evidently therapeutic efÞ cacy with satisfactory 
biological safety. Gene therapy involving rAAV vector seems 
effective in attenuation of ischemic damage in stroke and has 
greatly promising potential use for patients in the future. In this 
review, we will focus on the basic biology and development 
of rAAV vector itself as well as the recent progress in the 
use of this vector for ischemic stroke gene therapy in animal 
experiments.
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adenovirus is the most commonly used, but there are 
substantial limitations associated with the clinical 
application of this vector for its short-term expression, 
adverse inflammatory and immunologic responses.[3] As 
a useful gene therapy alternative vehicle to adenovirus, 
rAAV vectors exhibit a number of attractive properties 
for both gene therapy for CNS diseases and basic 
neurobiological investigations. The past seven years 
have witnessed some advancement in rAAV-mediated 
gene therapy for ischemic stroke and in this article 
we will attempt to focus on rAAV-based research for 
ischemic stroke gene therapy.

Characteristics and Progress of rAAV Vector

Adeno-associated virus (AAV) is a nonenveloped virus 
of the parvovirus family with a 4.7 kb, linear single-
stranded DNA genome. To date, there are approximately 
35 known serotypes of AAV and over 100 variants 
have been isolated from human or nonhuman primate 
tissues and at least 10 serotypes have been engineered 
into rAAV vectors.[4] After the establishment of the 
first infectious clone of AAV2 in 1982, rAAV2 vector 
rapidly gained popularity in gene therapy applications 
for its safety. Until recently, the majority of the research 
conducted using AAV-based vectors employed serotype 
rAAV2. In recent years, with increased enthusiasm, 
more and more studies in rAAV vectors have paid much 
attention to new serotype vector, mixed capsid vector, 
double-stranded vector and tropism-modified vector 
and it was reported that rAAV8, rAAV1 and rAAV5 have 
higher transduced distribution and number of neurons 
than rAAV2 in the CNS.[5,6]

The AAV transfection involves a multistep process, 
which begins with virus binding to the cell surface 
and followed by viral uptake, intracellular trafficking, 
nuclear localization, uncoating and the synthesis of 
second-strand DNA.[7-12] The AAV2 initiates infection 
by binding to its primary receptor, heparan sulfate 
proteoglycans (HSPG).[7] In addition, as two coreceptors 
for AAV2 infection,[8-10] fibroblast growth factor 

Stroke is the leading cause of disability and the third 
leading cause of death in major industrialized countries 
and about 85% strokes are ischemic.[1] However, an 
effective treatment for this condition has not been 
established apart from the thrombolytic recombinant 
tissue plasminogen activator, which must be given 
within 3 h of stroke onset.[1] Gene transfer is an attractive 
method for the treatment of many central nervous 
system (CNS) disorders and ischemic stroke is a target 
of gene therapy.[2]

Several viral systems, including retrovirus, 
recombinant herpes simplex virus, adenovirus and 
more recently, recombinant adeno-associated virus 
(rAAV) and Sendai virus, have been used as vectors 
for gene delivery to ischemic stroke. Of these vectors, 

Zhao-Jian LI
Department of Neurosurgery, Peking Union Medical College Hospital, Peking Union Medical College, Beijing, 100730, China. E-mail: lzj0532@yahoo.com.cn

Review Article



117Neurology India | April-June 2008 | Vol 56 | Issue 2

receptor 1 (FGFR1) probably functions to enhance 
the viral attachment process,[9,10] while αvβ5 integrin 
may involve viral endocytosis.[10,12,13] Furthermore, 
AAV2 binding to the cell surface via αvβ5 integrin 
may activate Rac1, which induces the stimulation 
of phosphoinositol-3 kinase, culminating in the 
rearrangements of the microfilaments and microtubules 
that support trafficking of AAV2 to the nucleus after 
endocytosis.[13]

The advantages of rAAV vector for ischemic stroke 
gene therapy include: (1) their nonpathogenicity and 
low immunogenicity; (2) broad host and cell type 
tropism range; (3) the ability to transduce both dividing 
and nondividing cells; (4) the possible integration of 
the gene into the host genome; (5) easy production 
in high titer; (6) the long-term stable expression of 
transgenes.[3] Infection by the wild-type AAV is not 
associated with any human disease, even though 
serological evidence suggested that 60-80% of adults 
had been exposed to AAV.[14] It is the ability of AAV to 
become latent without self-replication that originally 
made this virus very attractive as a gene transfer 
tool. In addition, the tropism of rAAV vector can be 
modified to transduce specific tissue or cell through 
adding a bridge molecule, direct modification of the 
capsid protein or the application of different promoters. 
Although the existence of blood-brain barrier (BBB) has 
greatly reduced the efficacy of viral vectors-mediated 
gene therapy for CNS disorders, rAAV vector may 
cross disrupted BBB following ischemia more easily 
and efficiently compared to adenovirus vector, for 
its particle diameter is only 20 nm.[14] And it is also 
possible that both proliferating endogenous neural 
stem cells and injured matured cells following ischemia 
may become rAAV transferred targets now that it can 
transduce both dividing and nondividing cells.[15] With 
above great potential superiorities, rAAV vectors may 
display promising perspective for ischemic stroke gene 
therapy in the future.

Initially, the administration of rAAV vector in 
gene therapy was limited to its low titer, which was 
insufficient to transfect cells or tissue efficiently in 
vivo or in vitro. With improvement in its production 
technique, new production protocols allow for high titer 
and can be scaled up.[16] Limited packaging capacity is 
the other clear limitation of rAAV as vector system and 
the transgene and promoter cassette must be 4.7-5.0 kb, 
which typically will not allow rAAV to be used for 
larger cDNAs. However, most therapeutic genes for 
stroke treatment fall into the above range and it is also 
possible, via mutagenesis studies, to create an active 
minigene as has been done successfully with the gene 
dystrophin, which was mutated in muscular dystrophy.
[17] In addition, delayed expression of rAAV-mediated 
transgene, due to the requirement of conversion of its 
single-stranded DNA to double-stranded DNA, may 

be another disadvantage for acute ischemic stroke 
gene therapy, in which therapeutic gene needs to be 
expressed as early as possible to rescue or protect 
ischemic cells. Fortunately, the recent development 
of double-stranded rAAV vectors has eliminated the 
need for second strand synthesis, leading to much 
earlier and higher transduction efficiencies in vitro 
and in vivo;[18] so double-stranded rAAV will be more 
effective and promising for stroke gene therapy than 
single-stranded rAAV. Moreover, for some therapeutic 
factors, long-lasting gene expression mediated by rAAV 
vector in ischemic or normal brain tissue may cause 
side-effects, especially in the recovery phase of stroke. 
For resolving this problem, Shen et al.,[19] recently 
reported that introduction of a hypoxia-responsive 
promoter in rAAV vector construction was very helpful 
for driving therapeutic gene-specific expression in brain 
tissue with hypoxia and its expression attenuated with 
amelioration of hypoxia, which reduced the detrimental 
effect of vascular endothelial growth factor (VEGF) in 
mice stroke model.

rAAV-Mediated Gene Therapy in Animal 
Stroke Model

The pathophysiology of ischemic stroke is complex and 
incompletely understood until now. Of the numerous 
pathways identified, excessive activation of glutamate 
receptors, accumulation of intracellular calcium cations, 
abnormal recruitment of inflammatory cells, excessive 
production of free radicals and initiation of pathological 
apoptosis are believed to play critical roles in ischemic 
damage, especially in the penumbra. For the last decade, 
gene therapy with rAAV vectors has displayed evident 
curative effect in animal stroke models by increasing 
glucose uptake and neovascularization, inhibiting 
apoptosis, inflammation, excitotoxicity and free radicals, 
reducing cytosolic calcium and protecting proliferating 
endogenous precursor cells. In these studies, two main 
types of rodent animal stroke models, the transient 
middle cerebral artery occlusion (tMCAO) model and 
transient global cerebral ischemia (tGCI) model, were 
involved. And to date, only nine therapeutic genes in 
12 experiments have been delivered using rAAV vectors 
into the ischemic hemisphere for gene therapy via 
different vector delivery approaches [Table 1].

Growth factor genes
More than 30 growth factors have been identified 

and many of them are reported to have neuroprotective 
effects for brain ischemia injury.[20] However, only a few 
genes of these neurotrophins, including brain-derived 
neurotrophic factor (BDNF), glial cell line-derived 
neurotrophic factor (GDNF) and nerve growth factor 
(NGF), have been delivered via rAAV vector for stroke 
gene intervention. Moreover, rAAV-BDNF and rAAV-
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GDNF attract more attention than rAAV-NGF for their 
inconsistent efficacy in stroke experimental treatment.

Brain-derived neurotrophic factor is a neurotrophin 
that promotes the survival and growth of developing 
neurons in vitro[21,22] and improves motor neuronal 
functions in animal models.[23,24] In animals subjected to 
transient forebrain ischemia, BDNF was neuroprotective 
and attenuated ischemic neuronal injury.[25] Delayed 
treatments with the BDNF chimeric peptide showed 
an effective time window of one to two hours after 
ischemia.[20] In the experiment by Andsberg et al.,[26] 
rAAV2-BDNF was infused into the striatum four to five 
weeks before ischemia in a rat tMCAO model and there 
was only a mild functional benefit in the treatment 
group, which was concomitant with a mild protective 
effect on peptidergic striatal interneurons. On the 
contrary, in another study exploring the hypothesis that 
paracrine BDNF delivery might be more efficacious in 
the tMCAO model than autocrine BDNF release, rAAV2-
BDNF injection into the substantia nigra, which induced 
high levels of BDNF release in the ipsilateral striatum 
via retrograde axonal transport, resulted in more cells� 
death than that seen in rAAV2-GFP-treated controls.[27] 
Similarly, it was also shown that rAAV2-mediated 
hippocampal BDNF delivery suppressed ischemia-
induced neurogenesis in rat stroke model.[28]

Several findings suggest that GDNF may affect 
striatal neurogenesis after stroke,[29] which acts via 
the extracellular glycosylphospatidylinositol-linked 
receptor, GDNF family co-receptor α1 and the 
transmembrane tyrosine kinase, c-Ret or through a 
c-Ret-independent mechanism.[30] It was also reported 
that GDNF receptor expression was upregulated in 
the penumbral areas following cerebral ischemia in 
rats[31] and short-term neuronal survival is improved 
by GDNF delivery.[32] Recently, cortical injection of 
rAAV2-GDNF immediately after tMCAO has been 
reported to protect cortical cells by the mechanism of 
preventing apoptosis and showed that rAAV2 was a 
potential delivery vector of GDNF gene for the therapy of 

stroke.[33] In contrast, long-term, rAAV-mediated high 
levels of GDNF can exacerbate neuronal loss and the 
result from Arvidsson et al.,[34] found that high level 
expression of rAAV2-GDNF in striatum before ischemia 
provided no protection to striatal neurons at five or 
eight weeks after cerebral ischemia and moreover, 
supply of rAAV2-GDNF did not alleviate the striatum-
related behavioral deficits. In addition, nerve growth 
factor (NGF), as the name implies, is an endogenous 
neurotrophic factor for central cholinergic neurons. 
In an animal study involving a rat tMCAO model 
Andsberg et al.,[26] showed that intrastriatal delivery of 
rAAV2-NGF could moderately mitigate neuronal death 
following stroke, which led to detectable functional 
sparing in model rats.

Thus, the above data may indicate that the actions 
of rAAV-BDNF and rAAV-GDNF in ischemic stroke 
are more complex than previously believed and more 
studies are necessary to further validate their efficacy 
for stroke or to investigate whether rAAV-meidated 
delayed expressions of therapeutic genes influence their 
protective effects for acute cerebral ischemia. For slow 
onset of rAAV-mediated therapeutic gene expression, 
which is believed to be related to conversion of single-
stranded rAAV vector genome to double-stranded 
templates, gene therapy before ischemia may show 
better efficacy than after ischemia, now that vector 
administration in the former has longer time to express 
higher level of growth factor for early protection against 
ischemic injury in stroke.

Anti-apoptosis genes
Inhibition of apoptosis mediators may be one of the 

gene therapeutic principles for stroke. Bcl-2 and BCL-w 
are known as two anti-apoptotic genes that confer the 
ability to block neuronal cell programmed death after 
brain ischemia. For examining the protective effect of 
Bcl-2 on delayed neuronal death in the CA1 region of 
gerbil hippocampus after transient ischemia, Shimazaki 
et al.,[35] injected rAAV-bcl-2 into the CA1 pyramidal cell 

Table 1: rAAV-mediated gene therapy experiments for ischemic stroke
Transgene Stroke model rAAV serotype Delivery approach Delivery time Authors Year
BDNF tMCAO rAAV2 striatum 4-5 w before ischemia Andsberg et al. 2002[26]

 tMCAO rAAV2 substantia nigra 4-5 w before ischemia Gustafsson et al. 2003[27]

 unknown rAAV2 hippocampus unknown Larsson et al. 2002[28]

GDNF tMCAO rAAV2 substantia nigra, striatum before ischemia Arvidsson et al. 2003[34]

 tMCAO rAAV2 cortex during ischemia Tsai et al. 2000[33]

Bcl-2 tGCI rAAV2 hippocampus 5 d before ischemia, Shimazaki et al. 2000[35]

    1h after ischemia
 tGCI rAAV2 hippocampus after ischemia Okada et al. 2002[36]

BCL-w tMCAO rAAV2 cortex, striatum 3 w before ischemia Sun et al. 2003[37]

VEGF tGCI rAAV2 lateral ventricle 6 d,12 d before ischemia Bellomo et al. 2003[40]

 tMCAO rAAV2 lateral ventricle 5d before ischemia Shen et al. 2006[19]

NGF tMCAO rAAV2 striatum 4-5 w before ischemia Andsberg et al. 2002[26]

IL-1ra tGCI rAAV2 cortex after ischemia Tsai et al. 2003[44]

Neuroglobin tMCAO rAAV2 cortex, striatum 3 w before ischemia Sun et al. 2003[45]

AIP tGCI rAAV2 hippocampus 5 d before ischemia Cao et al. 2004[46]
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layer and found that the application of rAAV2-bcl-2 both 
before ischemia and after ischemia could prevent DNA 
fragmentation in CA1 neurons. Likewise, in the study 
of bcl-2 gene transfer to gerbil hippocampus for the 
treatment of reperfusion injury, Okada et al.,[36] showed 
that postischemic injection of rAAV vector was effective 
for bcl-2 gene delivery conferring neuroprotection in the 
gerbil hippocampus. Similarly, by local intracerebral 
administration of rAAV2-BCL-w to rat cerebral 
cortex and striatum three weeks before focal cerebral 
ischemia induced by tMCAO, Sun et al.,[37] found 
BCL-w expression was increased in cerebral cortex 
and striatum neurons, astroglia and endothelial cells 
and recipients of the rAAV-BCL-w also showed a 30% 
reduction in infarct size and a 33-40% improvement in 
neurological function, compared to the control groups. 
These results implied that rAAV-based anti-apoptosis 
gene intervention prior to ischemia may be a rational 
and effective therapeutic strategy for stroke.

Angiogenesis genes
Many studies have shown that neovascularization 

induced by growth factors may represent a rational 
therapy for patients with stroke. Vascular endothelial 
growth factor (VEGF) plays a pivotal role in therapeutic 
angiogenesis and VEGF expression is enhanced in the 
post-ischemic brain. And a lot of animal studies have 
suggested that VEGF administration following brain 
ischemia significantly alleviated neurological deficits 
and infarct volume.[38,39] For investigating the role of 
VEGF gene therapy for ischemic stroke, Bellomo et 
al.,[40] injected rAAV-VEGF165 to the lateral ventricle of 
mice tGCI model six days or 12 days before ischemia 
and reported that gene therapy significantly improved 
animal survival, CA1 delayed neuronal death and 
post-ischemic learning ability. However, potentially 
deleterious effects of VEGF might compromise its 
beneficial actions in stroke. It has been reported that 
early post-ischemic systemic delivery of VEGF increased 
BBB leakage and induced brain edema,[41] while VEGF 
antagonization with the high-affinity VEGF-binding 
protein mFlt(1-3)-IgG improved neurological outcome 
as well as reduced cerebral edema and infarct size.[42] 
For reducing VEGF-induced BBB disruption in cerebral 
ischemia, Shen et al.,[19] recently introduced a hypoxia-
responsive element in rAAV2 vector and investigated 
rAAV2-mediated VEGF expression under a hypoxia-
responsive promoter control in mice cerebral ischemia 
model and its neuroprotection; five days after gene 
transfer via lateral ventricle injection, they found that 
rAAV2-VEGF expressed specifically around the ischemic 
core and infarct volume was smaller in the gene therapy 
group compared with control groups and further study 
revealed that rAAV-mediated VEGF overexpression in 
ischemic hemisphere can greatly reduce the number 
of TUNEL-positive cells, cleaved caspase-3-positive 

cells and fluoro-Jade B-positive neurons. These results 
suggest that the utilization of hypoxia-responsive 
element in rAAV vector may be a reasonable and 
beneficial strategy for stroke gene therapy, which can 
limit transgene overexpression only in the ischemic 
area since VEGF overexpression in non-ischemic brain 
tissue produces side-effect. And the results of the above 
experiments were consistent with a previous study, 
which demonstrated that in the ischemic brain VEGF 
displayed an acute neuroprotective effect, as well as 
longer latency effects on survival of new neurons and 
on angiogenesis.[43] The rAAV vector-mediated gene 
expression in a slow-onset and long-lasting fashion 
may be very suitable for rAAV-VEGF gene therapy for 
stroke because delayed and durable VEGF expression 
beyond acute ischemia stage avoids inducing serious 
early cerebral swelling and exerts a long function of 
neuroprotection and vasoformation.

Other genes
Moreover, it also reported that transduction of 

rAAV-Interleukin-1, rAAV-neuroglobin and rAAV-AIP 
(apoptotic protease activating factor-1 interacting 
protein) could also significantly reduce infarct size and 
improve functional outcome in focal cerebral ischemia 
models by different protective mechanisms, which are 
still not defined.[44-46] However, the therapeutic effects 
of these genes using rAAV vector on cerebral ischemia 
are studied only in a few research studies and more 
experimental evidence is still necessary to validate 
their efficacy.

Issues of rAAV-based Gene Therapy for 
Ischemic Stroke

Results of the above studies have proved that rAAV 
is a kind of effective and promising vector system for 
ischemic stroke gene therapy, which can efficiently 
mediate a series of therapeutic genes� overexpression 
in targeted ischemic brain areas. However, some 
questions still need to be considered and answered 
in future studies. Firstly, the serotype of rAAV vector 
in almost all the above experiments involved rAAV2 
and no study based on other serotype vector has been 
reported until now in stroke gene therapy investigation. 
Recently, more and more researches have shown that 
rAAV8, rAAV1 and rAAV5 have higher transduction 
efficiency than rAAV2 in the striatum, hippocampus, 
globus pallidus, substantia nigra.[6,47] Therefore, it is 
promising that better efficacy may be achieved using 
rAAV1, rAAV5, rAAV8 as vectors rather than rAAV2. 
Secondly, other genes, such as hepatocyte growth 
factor, heat shock protein, fibroblast growth factor and 
erythropoietin have been proved to beeffective for stroke 
therapy with adenovirus vector via different protective 
mechanisms, but whether they have the same or more 
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evidence for efficacy with AAV vector remains unknown 
and needs further probation. Thirdly, to study potential 
therapeutic agents, most experiments to date have 
delivered rAAV vector before ischemia and only limited 
investigations administrating rAAV-Bcl-2 or rAAV-IL-1 
after ischemia showed therapeutic efficacy in stroke 
models.[35,44] However, protein expression in ischemic-
reperfused tissue is blunted and delayed relative to 
nonischemic controls,[48] for ischemia typically inhibits 
transcriptional and translational processes. Thus, 
ischemia-mediated interference in rAAV-encoded gene 
expression may also occur and more post-ischemia 
gene intervention studies may be necessary in the 
future to investigate ischemia-induced inhibited effect 
of rAAV vectors. Fourthly, a recent study showed that 
immune responses to rAAV must be considered in 
the design of any gene therapy protocol, although the 
brain is normally immune privileged owing to the BBB.
[49] And approximately 80% of the human population 
test positive for antibodies to wild type AAV-2 capsid 
proteins and in 30-70% antibodies are present that 
neutralize the AAV-2 capsid.[49] Therefore, if AAV-2 
neutralizing antibodies are present, then the efficacy 
of rAAV2-based gene therapy for stroke might become 
quite problematic. It has been reported that utilizing 
rAAV vectors other than serotypes rAAV2 may be one 
means to circumvent rAAV2-related immune problem.
[50] Finally, direct protection of the ischemic penumbra 
via intracerebral injection of rAAV vector would have to 
be weighed against the risks of that injection, including 
infection, hemorrhage and vector-associated immune 
responses, so a new noninvasive gene delivery approach 
is also an important target to explore in the future. The 
BBB disruption after stroke may allow the vector enter 
the penumbra easily and Han et al.,[51] showed that 
ischemic penumbra could be transfected efficiently by 
rAAV infusion into the internal carotid artery, which 
implied that rAAV catheter delivery to occluded cerebral 
artery segment may be a good transfer approach. Overall, 
above complex issues are critical for rAAV-based stroke 
gene therapy and await an answer before the onset of 
its clinical gene transfer trial in stroke patient.

Perspective

Gene therapy with rAAV vectors for ischemic stroke 
is still in its infancy. However, it had made some 
progress and displayed its efficacy with a satisfactory 
biological safety profile in preliminary experimental 
investigations. Although many hurdles will have to be 
cleared before its introduction into clinical stroke trials, 
it shows greatly promising perspective for patients in 
the future. Regarding the acute ischemic stroke, it is 
our opinion that despite unlikely emerging as a major 
breakthrough in early phase of stroke, rAAV vector-
based strategies for gene therapy may be important 

in the chronic rehabilitation phase. Even though it is 
not yet clear when rAAV-mediated gene therapy for 
ischemic stroke will become clinically useful, it still 
appears likely that progress will be made in steps.
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