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Abstract

Neurological disorders – disorders of the brain, spine and associated nerves – are a leading 

contributor to global disease burden with a shockingly large associated economic cost. Various 

treatment approaches – pharmaceutical medication, device-based therapy, physiotherapy, surgical 

intervention, among others – have been explored to alleviate the resulting extent of human 

suffering. In recent years, gene therapy using viral vectors – encoding a therapeutic gene or 

inhibitory RNA into a “gutted” viral capsid and supplying it to the nervous system – has emerged 

as a clinically viable option for therapy of brain disorders. In this Review, we provide an overview 

of the current state and advances in the field of viral vector-mediated gene therapy for neurological 

disorders. Vector tools and delivery methods have evolved considerably over recent years, with the 

goal of providing greater and safer genetic access to the central nervous system. Better etiological 

understanding of brain disorders has concurrently led to identification of improved therapeutic 

targets. We focus on the vector technology, as well as preclinical and clinical progress made thus 

far for brain cancer and various neurodegenerative and neurometabolic disorders, and point out the 

challenges and limitations that accompany this new medical modality. Finally, we explore the 

directions that neurological gene therapy is likely to evolve towards in the future.
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1. Introduction

Gene therapy is becoming a viable option for clinical intervention largely due to the success 

and safety of the current generation of virus-based vectors (Naldini, 2015; Maguire et al., 

2014). In general viral vectors have proven more efficient at gene delivery in vivo than 

synthetic nanoparticle and liposome vectors, and in most diseases the goal is to transduce as 

many affected cells as possible. Within the nervous system, phase 1/2 clinical trials have 

shown benefit for several neurologic diseases involving replacement of defective genes. This 

includes: restoration of vision, at least for an extended period, in Leber’s congenital 

amaurosis using adeno-associated virus (AAV) vectors (Pierce and Bennett, 2015); 

curtailment of further brain neurodegeneration in the brain in metachromatic leukodystrophy 

(MLD) (Biffi et al., 2013) and adrenoleukodystrophy (ALD) (Cartier and Aubourg, 2010) 

using ex vivo genetic modification of hematopoietic stem cells with lentivirus vectors; and 

safety for oncolytic vectors in clinical trials (Piccioni and Kesari, 2013). Success has also 

been reported in blocking human immunodeficiency virus (HIV) infection in a single 

individual using ex vivo gene editing of autologous CD4 T cells to disrupt the viral receptor 

gene CCR5 (Tebas et al., 2014).

It is no wonder that viruses have led the field in gene therapy, as they have evolved to deliver 

their genes efficiently, in the form of RNA or DNA into mammalian cells. In many cases 

their aim is to replicate in and kill the host cell in the process, as in the case of adenovirus 

and herpes simplex virus (HSV). In other cases they may be non-pathogenic such as AAV, or 

may either become latent in the host cell for long periods (e.g. HSV in trigeminal neurons) 

or integrate into the host cell genome at different sites as with retrovirus and lentivirus. 

Viruses have evolved very efficient mechanisms to deliver their genome into cells (Fig. 1). In 

the case of HSV and retrovirus/lentivirus their genome is carried within a proteinaceous 

capsid surrounded by a lipid membrane envelope. This envelope can efficiently fuse with the 

plasma membrane of the cell delivering its contents directly into the cytoplasm with 

subsequent release of nucleic acids from the capsid, and either conversion to DNA (in the 

case of retro/lentivirus vectors) or delivery of DNA (in the case of HSV) into the cell 

nucleus. Other viruses, such as AAV and adenovirus, have a proteinaceous capsid that is 

taken up by endocytosis and have evolved ingenious means to escape the endosome/

lysosome compartment to deliver the viral DNA to the nucleus. By “gutting” the virus of its 

own genes and just retaining the packaging signals, one can package viral vectors in culture 

using viral genes in trans for replication and virus structure and generate an efficient delivery 

vehicle for the transgene of interest with no viral genes.

As in pharmacology, it is a therapeutic advantage if the cause of the disease (target) is 

known, as in monogenic hereditary diseases. For these diseases, gene therapy strategies 

using viral vectors include gene replacement by bringing in a normal copy of a defective 

gene using AAV vectors which establish themselves as stable “episomes” in the cell nucleus, 

and lentivirus vectors which integrate transgenes into the genome. Both AAV and lentivirus 

vectors are capable of infecting dividing and non-dividing cells, but the latter are a better 

choice for permanent modification of dividing cell populations as genomic integration 

ensures the progeny generated from the primary target cell is also genetically modified. 

These same vectors can be used to deliver siRNAs (shRNAs)/miRNAs that can 

Choudhury et al. Page 2

Neuropharmacology. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



downregulate a dominant-negative mutant mRNA/protein, sometimes also decreasing copies 

of the normal mRNA. This is combined with delivery of a replacement gene that contains 

“silent” mutations, making the mRNA resistant to cleavage by the RNAi molecule (Mao et 

al., 2012; Li et al., 2011a; Mueller et al., 2012). In the future with CRISPR or other gene 

editing technology (Mussolino and Cathomen, 2012) combined with viral vectors, it should 

be possible to correct gene defects in recessively inherited diseases and to eliminate mutant 

genes in dominantly inherited diseases in mammalian brain (Swiech et al., 2015). For 

diseases of unknown etiology, strategies have evolved to deliver neurotrophic factors, 

neurotransmitters, compensatory proteins, and selectively toxic proteins into the brain.

Some general principles of intervention are becoming clear. 1) Treat early. Excluding 

prenatal gene therapy, which is not considered ethical at this stage, and given that most 

neurologic diseases have progressive sequelae, it is best to begin treatment as early as 

possible. For example, for spinal muscular atrophy (SMA) in which motor neurons are lost 

leading to death within months for some babies, AAV gene replacement is being tested in 

babies 2–9 months of age (https://clinicaltrials.gov/ct2/show/NCT02122952). In MLD and 

ALD where gene therapy can arrest neurodegeneration, it is important to treat before 

extensive damage to the brain has already occurred (Biffi et al., 2013; Cartier et al., 2009). 2) 

Too much has to be okay. With the current generation of promoters, the levels of transgene 

expression cannot be regulated. You have the choice of using strong or weak, constitutive or 

cell specific promoters, but not of adjusting levels of expression or turning off expression 

after delivery. 3) Transgene size is limited. The two vectors for which we have the most 

clinical experience, AAV and lentivirus, have a limited transgene cassette capacity (includes 

regulatory sequences, promoter, cDNA, and polyA sequence, etc.), with a maximum size of 

about 4.5 kb for AAV and about 8.5 kb for lentivirus. For some hereditary diseases, such as 

ataxia telangiectasia or neurofibromatosis type 1 (NF1) with cDNAs of 9.6 kb and 8.4 kb 

respectively, this presents a difficult hurdle. In the case of dystrophin (11 kb), mutated in 

Duchenne’s muscular dystrophy, a condensed version of the gene (minigene) has been 

developed which lacks repeat sequences and fits into an AAV (Bengtsson et al., 2015). One 

approach to overcome this limitation is the dual AAV vector system, where an oversized 

transgene is split across two AAV vectors to reconstitute the full-length cDNA upon delivery 

(Yan et al., 2000). Full-length assembly can occur through recombination of homologous 

regions or/and trans-splicing (Chamberlain et al., 2016). Dual AAV vectors have shown 

therapeutic efficacy in mouse models of retinal disorders (Trapani et al., 2014). 4) Pick 
realistic outcome measures. It is difficult to monitor benefit if the natural history of the 

disease is variable and the phenotypic traits are not quantitative and are protracted over time. 

For example, neurotrophic therapy in Parkinson’s disease (PD) may work, but the outcome 

measures are subjective and the time to measureable clinical improvement may be 

unrealistically long (Bartus et al., 2014). Realistic outcome measures include, for example, 

metabolite levels, lesion size using a variety of imaging methods, and nerve conduction 

velocity, with improvements occurring in the scale of months. 5) You only get one shot. For 

now, given the immunogenicity of viral vectors, efficient delivery will only occur on the first 

exposure to the vector. Thus, it is a disservice to the patients to try non-therapeutic doses 

which may exclude the patient from future doses deemed therapeutic. This is a difficult 
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problem as the increasing dose regime is an inherent part of the evaluation of toxicity in a 

phase 1 trial.

2. Which vector – why and when?

A number of different viruses have been explored for gene delivery or cancer oncolytic 

therapy. Here we will focus on the viruses most commonly used in clinical trials, including 

retrovirus vectors, lentivirus vectors, adenovirus vectors, herpes simplex virus type 1 

(HSV-1) and AAV vectors covering transgene capacity, state in transduced cells, and 

expression properties (Table 1).

Retroviral vectors derived from Moloney murine leukemia virus (MoMLV) were the first 

vectors to be used for FDA-approved clinical trials. While direct in vivo administration does 

not result in a therapeutic outcome (Kay et al., 1993), pseudotyped retroviral vectors have 

been used clinically for ex vivo correction in human progenitor cells, followed by 

autologous transplantation (Cavazzana-Calvo et al., 2000). Retrovirus vectors are generally 

not useful for neurological applications, as they cannot be used for gene transfer to non-

dividing cells, such as neurons, although they can be used for lineage determination in 

embryos (Turner et al., 1990; Fields-Berry et al., 1992). While retroviral vectors have a 

modestly large packaging capacity (7–9 kb), they are produced at relatively poor titers and 

require proviral integration into the host genome for expression. The latter aspect is 

particularly concerning, as a trial for retroviral-mediated ex vivo gene therapy in children 

with X-linked severe combined immune deficiency (SCID) resulted in some patients 

developing leukemia as a result of activation of the LMO2 proto-oncogene due to proviral 

integration (Hacein-Bey-Abina et al., 2003). However, SCID was cured by the treatment in 

all cases, and the few patients who developed leukemia were treated and survived (Hacein-

Bey-Abina et al., 2010). Several features of retrovirus integration, including tendency to 

integrate into promoter regions of genes combined with intact (long terminal repeat) LTR 

elements with enhancer activity in these early vectors have led to improvements in vector 

design (Naldini, 2015).

Lentiviral vectors derived from HIV-1 can mediate gene transfer to both dividing and non-

dividing cells. Importantly, lentiviral vectors integrate preferentially in introns of 

transcriptionally active genes, and the use of self-inactivating designs that eliminate the 

promoter elements from LTRs in the provirus have reduced dramatically the oncogenic 

potential (Cattoglio et al., 2007; Montini et al., 2006). Furthermore, they can be pseudotyped 

with VSV-G (vesicular stomatitis virus G envelope protein) to allow purification to titers 

higher than MoMLV vectors, and have a similar transgene capacity as retroviral vectors. 

While lentiviral vectors can mediate long-term expression (years) in the non-human primate 

brain (Blömer et al., 1997; Brooks et al., 2002), their volumetric spread after direct infusion 

is limited to 500–700 μm from the site of infusion (Osten et al., 2006), presumably due to 

their large size preventing distribution through extracellular spaces in the brain and relatively 

few viral particles being injected per volume due to lower viral titers of lentiviral vectors 

(Cetin et al., 2006). They have mainly been used for ex vivo gene therapy applications. A 

particularly successful example has been the halt of neurodegeneration in infants and 

children afflicted with X-linked ALD (X-ALD) and MLD in clinical trials involving 
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transplantation of lentivirally-corrected autologous CD34+ hematopoietic cells (Cartier et 

al., 2009; Biffi et al., 2013).

Adenoviral (Ad) vectors have some potential advantages over the abovementioned vectors: 

first, transgene packaging capacity can be up to 36 kb in high-capacity Ad vectors devoid of 

viral genes, albeit these “gutless” vectors are difficult to generate at high titers; second, the 

standard Ad vectors can be manufactured at titers up to 1000-fold higher than retro- and 

lentiviral vectors; and third, the transgene does not integrate into the host genome and 

instead remains episomal, leading to stable and sustained expression in brain for at least up 

to a year (Barcia et al., 2007). Direct infusion into brain parenchyma results in gene transfer 

to a broad range of cell populations, including neurons, astrocytes, microglia, 

oligodendrocytes and ependymal cells (Akli et al., 1993; Davidson et al., 1993). A major 

limitation, however, is the strong innate immune response to the Ad capsid itself, as well as 

continuing low level expression of viral genes in the standard vectors producing a secondary 

transgene/viral gene-dependent immune response, even after direct intraparenchymal 

infusion into the brain (Dubensky, 2002). While this antigenicity facilitates their use as an 

immunogenic adjuvant, in vivo delivery at high doses can result in severe inflammation and 

cytotoxicity, which resulted in the death of a patient in an ornithine transcarbamylase (OTC) 

deficiency clinical trial (Wilson, 2009). While this continues to be a very popular vector for 

clinical trials in cancer (Sheridan, 2011), the high levels of immunological response to the 

vector has precluded its use for neurological gene therapy, except in the case of brain 

tumors.

HSV vectors can efficiently infect neurons and other cell types in vivo, and are capable of 

both anterograde and retrograde transport within neurons (Chiocca et al., 1990; Diefenbach 

et al., 2008). This makes them attractive candidates for neurological gene therapy. HSV 

vectors can broadly be classified into two main categories: recombinant vectors, which have 

a packaging capacity of 50 kb, can be purified to high titers (up to 1011 particles per mL) 

and can persist as episomes post-infection; and plasmid-based HSV amplicons, which have a 

capacity of up to 150 kb, but are difficult to generate and can only be purified at 108 

particles per mL (Spaete and Frenkel, 1982; Sena-Esteves et al., 2000). Recombinant HSV 

vectors, in turn, can be sub-divided into replication-competent and replication-defective 

vectors depending on whether they can undergo a lytic cycle, and both have found 

therapeutic use in a broad range of neurological disorders (for a list of disorders, see 

Costantini et al., 2000).

Adeno-associated virus (AAV) vectors are a relatively recent addition to this list of viral 

vectors, but have emerged as one of the most important ones for therapy of neurological 

disorders. It is currently the most frequently used viral vector for central nervous system 

(CNS) clinical trials (Table 2), and will thus largely be the focus of this review. AAV vectors 

are close to the ideal CNS gene therapy vector as they: a) can mediate gene transfer to both 

mitotic and post-mitotic cells, albeit the transgene is lost over time in dividing cells; b) are 

neurotropic after direct infusion into brain parenchyma (Davidson et al., 2000); c) can exist 

stably in an episomal state with a low rate of genomic integration (McCarty et al., 2004); d) 

exhibit no pathogenicity or cytotoxicity; e) have very mild immunogenicity, mostly humoral 

(Bessis et al., 2004); and f) can be manufactured at high titers (1013–1014 particles per mL, 
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depending on the production method) and at high purity (Xiao et al., 1999; Urabe et al., 

2002). AAV vectors have been shown to mediate stable transgene expression in the human 

brain for >10 years (Leone et al., 2012). However, a significant limitation of AAV vectors is 

their small packaging capacity (4.5 kb for single stranded vectors, 2.4 kb for self-

complementary vectors), which places severe limitations on the therapeutic cargo size. 

Recently, vexosomes, which are hybrid viral vectors comprising AAV associated with 

extracellular vesicles, have been shown to allow enhanced transduction in cultured cells and 

anti-AAV antibody evasion in vivo in mice (Maguire et al., 2012; György et al., 2014). In 

addition to antibody evasion, recently vexosomes have been shown to achieve transduction 

efficiency rivaling conventional AAV9 vectors (Hudry et al., 2016).

Other viral vectors that infect neurons and thus can potentially be used for CNS gene 

therapy applications include RNA viruses, such as poliovirus replicon vector (Bledsoe et al., 

2000; Jackson et al., 2001), Semliki Forest virus (SFV) (Ehrengruber et al., 1999, 2001) and 

Sindbis virus vectors (Altman-Hamamdzic et al., 1997), as well as DNA viruses, such as 

SV40 (Cordelier et al., 2003; Louboutin et al., 2010).

3. Deliver the vector, the more the better (modes and sites of delivery)

Within the context of delivery to the brain, virus vectors can be injected directly into regions 

of pathology using strategies that either limit or extend the range of transduction, or through 

intrathecal (IT), intraventricular, or intravascular routes (Fig. 2). Of these, the intravascular 

route has historically been restrictive due to the blood-brain-barrier (BBB), but new 

serotypes of AAV, and modifications of AAV and hematopoietic stem cell-derived vehicles 

have now breached this barrier.

3.1. Direct injection into brain parenchyma

Most clinical trials to date have investigated the therapeutic efficacy of direct neurosurgical 

infusion of virus vectors into the brain parenchyma. This approach bypasses the need to 

cross the BBB and works for well for AAV vectors. Among AAV serotypes, AAV2, the first 

discovered serotype, was used in all first generation clinical trials as it is highly neurotropic, 

but its distribution out from the injection site is relatively poor. Newer serotypes of AAV 

capsids discovered in the intervening years have dramatically improved transduction 

efficiency and volumetric spread. Different AAV serotypes have different preferential 

patterns of cell transduction. For example, while AAV1, AAV8 and AAV9 and AAVrh10 are 

primarily neurotropic (Cearley and Wolfe, 2006), AAV4 preferentially infects astrocytes and 

ependymal cells (Liu et al., 2005), and AAV5 transduces both astrocytes and neurons 

(Davidson et al., 2000) but is predominantly neuronal (Burger et al., 2004; Klein et al., 

2006). Part of this cell preference is probably due to differential binding of AAV serotypes 

to cell-surface receptors prior to internalization (Kaludov et al., 2001; Shen et al., 2011; Bell 

et al., 2011). AAV9 and AAVrh10 are the leading candidates for intraparenchymal infusion, 

not only because of their vector spread but also because they can be transported along axons 

at high efficiency (Cearley and Wolfe, 2007; Castle et al., 2014). Neurodegenerative 

disorders are often multifocal, affecting more than a single structure in the CNS (Wang et 

al., 2014). Therefore, global distribution of viral vectors, which is not limited to the site of 
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injection, is desirable. Intracranial infusion of AAV vectors into axonally connected 

structures of the brain, such as the ventral tegmental area (VTA) or thalamus allows for 

widespread distribution of either AAV or encoded gene products that spread to distal 

projection sites by axonal transport (Cearley and Wolfe, 2007; Kells et al., 2009; Broekman 

et al., 2009). Use of pressurized convection-enhanced delivery (CED) and magnetic 

resonance imaging (MRI)-guided infusion can lead to significantly better distribution 

compared to single injections of smaller volumes (Bankiewicz et al., 2000). Facilitated 

access across the BBB with AAV has also been achieved using focused ultrasound and 

microbubbles (Wang et al., 2015).

3.2. Infusion into cerebrospinal fluid (CSF)

In addition to being spatially restricted (Vite et al., 2003), intraparenchymal infusion is 

invasive and carries risk of surgery-related side effects. To avoid these complications, an 

alternate less invasive route is administration into the CSF, where the viral vector can cross 

directly into the brain. This can be achieved by intracerebroventricular (ICV) or intrathecal 

(IT) injection of AAV vectors. Infusion into the lateral ventricles (ICV) in adult mice 

primarily results in transduction of the surrounding ependymal cell layer (Davidson et al., 

2000) which can be extended to the brain parenchyma by intravenous co-administration of 

mannitol to raise osmolarity and thereby open up junctions between ependymal cells. ICV 

injection of AAV into neonatal mice provides a means of widespread gene delivery of many 

cell types throughout the brain and spinal cord (Kim et al., 2014; McLean et al., 2014). On 

the other hand, IT injection into the CSF, either at the subarachnoid space in the cisterna 

magna or into the intervertebral cistern in the lumbar spinal cord, is less invasive than ICV 

delivery and results in robust and widespread transduction of spinal cord motor neurons, as 

well as dorsal root ganglia (DRG) in mice (Snyder et al., 2011). In higher species such as 

pigs and non-human primates, the spread of gene transfer after IT injection is much wider, 

with multiple cell populations (including neurons) in the brain and brainstem being 

transduced at high efficiency (Federici et al., 2012; Samaranch et al., 2012; Gray et al., 

2013). However, this route has some limitations. There are contradictory reports as to 

whether AAV administration via intra-CSF route shields against anti-AAV neutralizing 

antibodies (Gray et al., 2013; Samaranch et al., 2012). There is also some concern that the 

distribution results arise partly from AAV vector leaking from the subarachnoid CSF space 

into systemic circulation (Schuster et al., 2014).

3.3. Delivery via the vasculature

Systemic administration has the potential to mediate gene transfer to the entire CNS 

ubiquitously and non-invasively with every cell in the brain being a maximum of 40 microns 

from endothelial cells (Wong et al., 2013). AAV9 was the first AAV serotype to be shown to 

cross the BBB without pharmacological intervention (Foust et al., 2009), and remains the 

gold standard for CNS therapy by intravenous delivery. Other serotypes, such as AAVrh8 

and AAVrh10, were subsequently demonstrated to lead to robust and sustained CNS 

transduction following intravascular administration, transducing both neuronal and non-

neuronal cell populations (Zhang et al., 2011; Yang et al., 2014). The mechanism of this 

BBB circumvention is not yet known. It is possible that such a mechanism might be 

serotype-specific, as exemplified by the observation that while transient opening of BBB 
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tight junctions by mannitol leads to increased AAV2 CNS gene transfer (Fu et al., 2003; 

McCarty et al., 2009), it does not enhance transport of AAV9 into the brain (Gray et al., 

2011). There are conflicting reports on the extent of neuronal transduction upon systemic 

administration in adults, possibly due to variations in dosage and promoter usage (Foust et 

al., 2009; Gray et al., 2011). Several concerns for clinical development exist. The first is 

significant vector loss and concerns of toxicity (Grimm et al., 2006) due to high off target 

peripheral biodistribution, especially to the liver, which can be somewhat reduced by 

restricting blood flow by occlusion (Bevan et al., 2011) or by choosing to express a 

therapeutic gene under a neuronal-specific promoter. The other major concern is that the 

presence of neutralizing antibodies to AAV in monkeys and humans can severely limit the 

extent of gene transfer by systemic infusion (Gray et al., 2011; Samaranch et al., 2012). 

Recent efforts at capsid reengineering (Castle et al., 2016) have led to the generation of two 

AAV capsid variants, AAV-AS (Choudhury et al., 2015) and AAV-PHP.B (Deverman et al., 

2016). Both vectors are superior to the current standard AAV9 at transducing the CNS, with 

high efficiency of gene transfer to neurons.

3.4. Age at time of infusion

The timing of AAV administration is one of the key factors that determine the extent of CNS 

transduction and the relative transduction of cell populations in the CNS. In general, 

transport across the BBB is higher in younger individuals (Hordeaux et al., 2015). 

Irrespective of the injection route, there are multiple reports suggesting that injection of 

AAV9 at P0 (post-natal day 0) in mice results in widespread neuronal transduction, while 

administration at older ages results primarily in glial and endothelial cell transduction (IV: 

Foust et al., 2009; Bevan et al., 2011; Samaranch et al., 2012; ICV: Chakrabarty et al., 

2013). The switch away from neuronal transduction at older ages results in loss of 

therapeutic efficacy of AAV9-based approaches for some neurodegenerative diseases such as 

SMA where therapy is highly dependent on motor neuron transduction (Foust et al., 2010).

4. Different modalities for different diseases

4.1. Gene replacement or inhibition

Canavan disease—(CD) is a pediatric leukodystrophy, characterized by accumulation of 

N-acetyl aspartate (NAA) in the brain due to mutations in the aspartoacylase (ASPA) gene 

(Kaul et al., 1993). CD gene therapy has historical significance, as the disorder represents 

both the first clinical trials for a neurodegenerative disorder (ICV administration of lipid-

encapsulated plasmid DNA (LPD) containing hASPA cDNA; Leone et al., 2000), and the 

first AAV-based FDA-approved clinical trial for a brain disorder (Janson et al., 2002 HGT 

13: 1391–1412). This later Phase I/II clinical trial involved intraparenchymal infusion of 

AAV2-hASPA vector into the brain, and was based on pre-clinical proof-of-principle studies 

on a transgenic rat model of CD (McPhee et al., 2006). No toxicity or long-term adverse 

effects were evident. Importantly, a significant decline in the elevated NAA levels was 

observed in the brains of all treated patients, albeit only modest neurological improvement 

was reported (Leone et al., 2012). Although anti-capsid neutralizing antibodies could be 

detected, no correlation to clinical outcome was found. A recent preclinical study with 
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intravenous delivery of AAV9 has shown seemingly complete phenotypic rescue of disease 

in a CD genetic mouse model (Ahmed et al., 2013).

Lysosomal storage disorders—Lysosomal storage disorders (LSDs) include over 50 

rare individual genetic disorders resulting in defective metabolism and lysosomal 

accumulation, which collectively have a frequency of one per 7000–8000 live births (Wang 

et al., 2011). Enzyme replacement therapy is the most common clinical treatment for this 

group of disorders, but is less effective for the neurological symptoms due to the inability of 

the enzymes to cross the BBB. LSDs are a good target for gene replacement therapy, as 

correction of even 5–10% of normal enzyme levels is enough to stop disease progression, 

and genetically modified cells can cross-correct neighboring cells through enzyme secretion 

and uptake by the mannose-6-phosphate receptor pathway (Sands and Davidson, 2006). A 

Phase I/II clinical trial for MLD involving transplantation of autologous hematopoietic stem 

cells corrected ex vivo with a lentiviral vector expressing functional arylsulfatase A (ARSA) 

enzyme, reported stable ARSA gene replacement, no aberrant clonal cell expansion and no 

manifestation of disease 7–21 months after the predicted disease onset (Biffi et al., 2013). 

Gene therapy for LSDs involving in vivo AAV gene replacement have been successful in 

preclinical models, but less so in clinical trials. Numerous preclinical studies with gene 

replacement by in vivo intracranial AAV administration have shown partial to complete 

phenotypic correction in animal models of several LSDs. These include MPS I (Hinderer et 

al., 2014), MPS IIIA (Ruzo et al., 2012), MPS IIIB (Fu et al., 2011), MPS VII (Cearley and 

Wolfe, 2007), MLD (Miyake et al., 2014; Sevin et al., 2006), multiple sulfatase deficiency 

(MSD) (Spampanato et al., 2011), Niemann-Pick A disease (Passini et al., 2005), Pompe 

disease (Falk et al., 2013), GM1-gangliosidosis (Weismann et al., 2015), Tay Sachs disease 

(Cachón-González et al., 2006) and Sandhoff disease (Sargeant et al., 2011).

On the other hand, clinical trials have proved less effective. While intracranial administration 

of an AAV2-CLN2 vector in late-infantile Batten disease (late-infantile neuronal ceroid 

lipofuscinosis, LINCL) patients in a Phase I/II clinical trial was found to be safe, there was 

no significant clinical improvement (Worgall et al., 2008). Similar results were found in a 

Phase I/II trial for Sanfilippo syndrome type A (mucopolysaccharidosis IIIA, MPS IIIA), 

where intracranial administration of AAVrh10-SGSH-SUMF1 vector was well tolerated in 

the patients, but resulted in only minor improvement in clinical outcomes (Tardieu et al., 

2014). Other clinical trials for LINCL (NCT01414985) and MPS IIIA (NCT02053064) 

based on the above two studies have been initiated. Clinical trials for Pompe disease 

(NCT02240407, NCT00976352), MLD (NCT01801709), giant axonal neuropathy (GAN) 

(NCT02362438) and a proposed trial for MPS IIIB, all based on gene replacement in vivo 
by AAV vectors, are currently being initiated. The modest outcomes in human trials may be 

related to the doses that have been tested which have yet to reach doses successfully tested in 

animal models. In addition the choice of delivery routes and target sites/structures which are 

effective to treat a small mouse brain may not be adequate to achieve widespread 

distribution of functional enzyme in the ~2000-fold larger human brain. Capsid selection can 

play a critical role in clinical outcomes. Most of the aforementioned preclinical efficacy has 

been achieved using improved AAV capsids such as AAV9, presumably due to their superior 

distribution properties. While AAV2 (NCT00151216) and AAV1 (NCT00976352) were used 
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in the early clinical trials, more recent trials have utilized AAV capsids with superior gene 

delivery efficacy such as AAV9 (NCT02240407, NCT02362438) and AAVrh10 

(NCT01414985, NCT01801709).

X-linked adrenoleukodystrophy—(X-ALD) is caused by mutations in the ABCD1 

gene, which results in the accumulation of very long-chain fatty acids (VLCFA) in the body. 

The cerebral form of the disease is fatal. Hematopoietic stem cell transplantation of CD34+ 

cells corrected ex vivo by a lentiviral vector encoding ABCD1 gene into two X-ALD 

patients with cerebral demyelination resulted in reversal of demyelination and alleviation of 

associated neurological symptoms in both patients (Cartier et al., 2009). Furthermore, no 

clonal cell expansion or preference for oncogenic site of genome integration could be 

detected, highlighting the safety profile of such a therapy. A recent preclinical study in 

Abcd1 knockout mice showed that in vivo delivery of AAV9-ABCD1 could reduce VLCFA 

levels in the CNS (Gong et al., 2015).

Spinal muscular atrophy—(SMA) is a fatal infantile motor neuron disorder, resulting 

from loss of the SMN1 gene. Gene replacement by intravascular AAV9 administration has 

proved effective in preclinical studies in both mice and non-human primates (Foust et al., 

2010; Bevan et al., 2010; Passini et al., 2014; Meyer et al., 2015; Duque et al., 2015). Based 

on these studies, a Phase I clinical trial (NCT02122952) with intravenous administration of 

AAV9-SMN1 has been initiated in babies 2–9 months of age (https://clinicaltrials.gov/ct2/

show/NCT02122952).

Other disorders—Pre-clinical in vivo AAV gene therapy studies have been carried out for 

several other disorders involving both gene replacement in recessive disorders or inactivation 

of mutant genes in dominant disorders. These include Rett syndrome (delivery of MeCP2: 

Garg et al., 2013), amyotrophic lateral sclerosis (ALS) (shRNA targeting SOD1: Foust et al., 

2013; delivery of ADAR2: Yamashita et al., 2013; delivery of single chain antibody 

targeting misfolded SOD1: Patel et al., 2014), Huntington’s disease (shRNA targeting HTT: 

Harper et al., 2005; artificial miRNA targeting HTT: McBride et al., 2008; Dufour et al., 

2014) and Machado-Joseph disease (artificial miRNA targeting ATXN3: Rodríguez-Lebrón 

et al., 2013).

4.2. Trophic factor support and neurotransmitter modulation

4.2.1. Parkinson’s disease and AADC deficiency—Parkinson’s disease (PD) is an 

age-related neurodegenerative disorder that affects about one in every 100 people older than 

60 years of age worldwide, and as many as one million people in the United States alone. 

PD is characterized by the loss of dopaminergic neurons in the substantia nigra with 

resulting loss of dopamine in the putamen (Samii et al., 2004). The current standard of care 

involves dopamine replacement by administration of levodopa and deep brain stimulation; 

however, levodopa becomes ineffective in advanced stages of the disease, probably because 

of the continuing loss of dopaminergic neurons.

Clinical intervention for PD by intraparenchymal delivery of viral vectors can broadly be 

divided into two strategies: over-expression of enzymes involved in neurotransmitter 
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synthesis; and overexpression of neurotrophic factors that can promote neuron survival. One 

clinical trial was based on the first approach, where AAV2 encoding glutamic acid 

decarboxylase (GAD) was injected into the subthalamic nucleus of PD patients to generate 

the inhibitory transmitter gamma amino-butyric acid (GABA; Kaplitt et al., 2007). While 

this trial satisfied the Phase I safety criteria, a Phase II clinical trial, resulting from the 

findings of this study, showed only modest efficacy (LeWitt et al., 2011). Infusion of AAV 

encoding aromatic L-amino acid decarboxylase (AADC), which converts L-dopa to 

dopamine, in the putamenwas also shown to be safely tolerated in two Phase I clinical trials 

(Christine et al., 2009; Muramatsu et al., 2010). While long-term stable AADC expression 

could be detected by PET scanning, the initial clinical improvement deteriorated over 4 

years even with continued administration of L-dopa (Mittermeyer et al., 2012). A new Phase 

I trial based on combined pressurized CED and MRI-guided infusion into the putamen is 

currently recruiting participants. A Phase I/II dose escalation study involving infusion of 

ProSavin, a tricistronic self-inactivating lentiviral vector encoding tyrosine hydroxylase (TH; 

the first and rate limiting enzyme in dopamine synthesis), AADC and GTP cyclohydrolase I 

(GCH1; which generates the biopterin cofactor for TH) was found to be well tolerated with 

no toxicity, and even showed improvement in motor function in combination with L-dopa 

administration in patients injected at the higher dose (Palfi et al., 2014). However, these 

interventions to alter firing patterns or increase dopamine levels in the brain may be less 

effective due to the continued degeneration of dopaminergic neurons.

The second approach is based on the expression of neurotrophic growth factors. The prime 

example is neurturin (NRTN), a natural analog of glia-derived neurotropic factor (GDNF), 

which has been shown to protect dopaminergic neurons in pre-clinical studies (Kordower et 

al., 2006; Gasmi et al., 2007a,b). Again, while Phase I clinical trials with CERE-120 AAV2-

NRTN vectors showed no adverse effects (Marks et al., 2008), Phase II efficacy results were 

modest with no significant improvement in primary outcome measure at 1 year, albeit with 

some improvement at a later time (Marks et al., 2010). Injection into both putamen and 

substantia nigra in a Phase IIb clinical trial did not improve this disappointing clinical 

outcome (Herzog et al., 2013). A third emerging approach is to decrease levels of alpha-

synuclein expression, which accumulates in the brains of PD patients, using an AAV vector 

encoding a short hairpin (sh) RNA targeting the mRNA for this protein (Zharikov et al., 

2015), which has yet to be tested in patients.

While AAV2-AADC delivery to the putamen resulted in modest clinical outcomes in PD 

patients, a similar strategy used in a Phase I study to treat AADC deficiency (a fatal loss-of-

function disorder with a high prevalence in Taiwan) showed highly promising results (Hwu 

et al., 2012). Treated children that are otherwise unable to move showed improved motor 

function and increased dopamine in the CSF, with no AAV-associated toxicity. This may 

have implications for PD therapy, as it could indicate that clinical intervention may become 

less effective at a later age.

4.3. Compensatory proteins – Alzheimer’s disease

Alzheimer’s disease (AD) is one of the main causes of dementia in the elderly, affecting 6% 

of individuals 65 years and older (Burns and Iliffe, 2009). The vast majority of patients 

Choudhury et al. Page 11

Neuropharmacology. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suffer from the sporadic form of the disease, but numerous predisposing genes (Ballard et 

al., 2011), as well as environmental risk factors, such as traumatic brain injury (for review 

see Breunig et al., 2013), diabetes (for review see Bedse et al., 2015), stroke and 

hypertension (for review see Cechetto et al., 2008), have been identified over the years. The 

defining neuropathologic characteristics are accumulation of Aβ peptide, a cleaved product 

of amyloid precursor protein (APP), in toxic amyloid fibrils forming extracellular plaques, in 

association with abnormally hyperphosphorylated tau filaments composing intraneuronal 

neurofibrillary tangles. These hallmarks are associated with elevated levels of inflammatory 

cytokines, including interleukin1β and TNFα, disregulated calcium homeostasis, synapse 

collapse, neuronal dysfunction and death of neurons (especially of cholinergic neurons 

(Grothe et al., 2012)). The multiple etiologies of this disease make it hard to identify a 

therapeutic target, although the consensus seems to be that decreasing levels of Aβ peptides 

and/or preventing abnormal tau phosphorylation and aggregation is an important goal.

The devastating consequences of this disease have elicited a broad range of gene therapy 

strategies (reviewed in O’Connor and Boulis, 2015) with only a recent subset listed below. 

The most straightforward strategies have aimed at directly inhibiting the production of 

neurotoxic species of amyloid, either via viral vector expression of Aβ degrading enzymes, 

such as Neprilysin (Li et al., 2015; Lebson et al., 2010), or anti-Aβ single-chain antibodies 

to achieve passive immunization (Levites et al., 2015). Alternatively, targeting the cleavage 

of APP has been attempted, with genetic transfer of siRNA specific for β-secretase (Nawrot, 

2004) or shRNA to knock-down the orphan G protein-coupled receptor that regulates 

activity of γ-secretase (Huang et al., 2015a), the first and second enzymes, respectively, 

controlling the proteolysis of APP to produce the neurotoxic amyloid peptides, respectively. 

Additionally, AAV-mediated expression of CD74, a chaperone that directly binds to the APP, 

also prevents the accumulation of Aβ in the hippocampus and improves cognitive deficits of 

AD mice (Kiyota et al., 2015).

Because of the complexity of the molecular mechanisms underlying AD neuropathological 

changes and the relatively low success of therapeutic strategies directly based on the 

“amyloid hypothesis” in clinical trials, other alternative approaches have emerged. Based on 

genetic risk studies, it was found that individuals who inherit the rare apolipoprotein E 

(APOE) ε2 allele have a markedly reduced risk of developing AD by about 50%. Expressing 

this specific isoform of APOE in the brains of a mouse model of AD after ICV infusion of 

an AAV4 vector reduced amyloid plaque formation and associated synapse loss (Hudry et 

al., 2013). Potentially, viral vectors could also be used to express anti-ApoE antibodies, an 

alternative immunotherapy approach that has proven effective in AD mouse models (Liao et 

al., 2014). Recently Murphy and colleagues showed that silencing expression of acylCoA-

cholesterol acyltransferase, an important enzyme regulating lipid metabolism, as well as 

APP processing, using a vector encoding an artificial miRNA can alleviate both amyloid and 

tau pathology in a transgenic AD mouse model (Murphy et al., 2013). Finally, hippocampal 

delivery of an AAV vector encoding cholesterol-24S-hydroxylase, an enzyme that regulates 

neuronal cholesterol efflux, ameliorated cognitive deficits and spine defects associated with 

a murine model of tauopathy without impacting Tau hyperphosphorylation (Burlot et al., 

2015). This approach was also shown to reduce dramatically the Aβ burden and 

neuropathology in the brain of APP23 mice (Hudry et al., 2010).
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Other therapeutic approaches to AD gene therapy are more tangential, including AAV 

delivery of a FK506-binding protein (FKBP1b) that stabilizes Ca++ release from the 

endoplasmic reticulum in neurons (Gant et al., 2015) or delivery of growth factors that help 

neurons survive toxic injury, including delivery of cerebral dopamine neurotrophic factor 

(CDNF) (Kemppainen et al., 2015), insulin growth factor (Pascual-Lucas et al., 2014), brain-

derived neurotrophic factor (BDNF; Nagahara et al., 2013) and nerve growth factor (NGF; 

Tuszynski et al., 2015) to the brain using different virus vectors. The latter has proceeded to 

promising clinical trials.

4.4. Tackling tumors

4.4.1. Tumor suppressor diseases – gene therapy for benign tumors in 
neurofibromatosis and tuberous sclerosis—It has proven challenging for viral 

vectors to eliminate malignant brain tumors (see below), although these vectors frequently 

lead to substantial tumor regression. The advantage of benign tumors for gene therapy is that 

curtailment of growth or regression of the tumors can be an effective therapy, as compromise 

of normal functions and pain are caused by nerve compression due to expanding tumor 

volume. In some cases inactivation of tumor suppressor genes can act as drivers of malignant 

tumors, as in retinoblastoma (Rb; Hutcheson et al., 2015). However, there are several 

hereditary conditions where individuals inherit a defective copy of a tumor suppressor gene, 

which can lead to a benign tumor when the second normal allele is lost due to somatic 

mutation. These diseases are inherited as autosomal dominant conditions with the disease 

phenotype varying stochastically depending on when in development/life and in which tissue 

the second hit takes place. Tumor suppressor diseases which affect the nervous system, as 

well as other tissues, include: 1) NF1 (incidence 1/3000) caused by loss of function of 

neurofibromin (negative regulator of the Ras signaling pathway) leading to learning 

disabilities, epilepsy, glial tumors, and neurofibromas; 2) neurofibromatosis type 2 (NF2; 

1/40,000) caused by loss of merlin (a cytoskeletal protein), and characterized by painful/

nerve compressing schwannomas (Lu-Emerson and Plotkin, 2009), acoustic neuromas 

(hearing loss), meningiomas, and ependymomas; and tuberous sclerosis complex type 1 and 

2 (TSC1 and TSC2; 1/5500) with loss of hamartin and tuberin, respectively (which together 

regulate the mTOR growth pathway) causing autism, epilepsy, and overgrowths in many 

tissues, e.g. in the brain – cortical tubers, subependymal nodules and giant cell astrocytomas, 

and in the body – renal angiomyolipomas, cardiac rhabdomyoma, and lung 

lymphangioleiomyomatosis (Jülich and Sahin, 2014).

Gene therapy studies are at early stages in tackling these diseases, with the advantages that 

injections can be done directly into the tumors or systemically, leading to regression of one 

or more tumors and a decreased risk of benign tumors becoming malignant. In the case of 

NF2, an AAV vector encoding a cell death gene, caspase-1 under a Schwann cell specific 

promoter has been effective at reducing the growth and leading to regression of human 

schwannoma tumors implanted in the sciatic nerve of nude mice without causing nerve 

damage (Prabhakar et al., 2013), and may have a bystander effect via extracellular vesicles 

(Hall et al., in press). This targeted cell death approach has the advantage that it could be 

applied to a variety of benign tumor types accessible to injection by using different tumor-

specific promoters. In the case of TSC1, a mouse bearing a conditional knock-out of the 
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Tsc1 gene crossed to a transgenic mouse bearing Cre recombinase under a neuronal 

promoter leads to hamartin loss in essentially all neurons starting in embryonic 

development, with consequent enlargement of neurons and abnormal brain development 

(Meikle et al., 2007). Intraventricular (ICV) injection of an AAV vector encoding hamartin 

into the brain at P0 led to normalization of neuronal size and mTOR activity as well as 

extended lifespan in these mice (Prabhakar et al., 2015). This strategy of protein replacement 

should be effective for multiple lesions by systemic injections, for example with an AAV 

serotype that crosses the BBB, with a relatively rapid readout of benefit via tumor size 

reduction throughout the body and brain. Unfortunately for NF1 and TSC2 the sizes of the 

cDNAs encoding the missing proteins, neurofibromin and tuberin, respectively are too large 

to be accommodated in AAV vectors, so alternate vectors or strategic interventions need to 

be devised.

4.4.2. Brain tumors—Glioblastoma multiforme (GBM) is one of the most malignant 

forms of cancer for which effective treatment remains elusive (Grossman et al., 2010). 

Although vector design has improved to permit greater tumor-specific vector replication 

along with methods that improve initial vector distribution, lytic replication alone is unlikely 

to eliminate GBM. Recent data suggests that vector performance will be further advanced by 

the ability of oncolytic vectors to overcome aspects of the tumor micro-environment that 

negatively affect the induction of anti-tumor immunity. It is very likely that given the wide 

distribution of GBM tumor cells in the brain, anti-tumor immunity must be an essential 

component of the response to oncolytic vectors to promote a full anti-tumor response. 

Several viruses have been tested as oncolytic viruses (OVs).

The recombinant oncolytic poliovirus PVS-RIPO is a live attenuated, nonpathogenic virus 

containing the oral poliovirus Sabin type 1 in which the internal ribosomal entry site (IRES) 

is replaced with the IRES from human rhinovirus type 2 (HRV2) in order to abrogate vector 

replication in neurons (Dobrikova et al., 2012). PVS-RIPO infects glioma cells by 

recognition of its natural receptor Necl-5/CD155, where the virus replicates, causing tumor 

cell lysis. The data from the poliovirus (PVS-RIPO) clinical trial (NCT01491893) confirmed 

that OVs act to kill cancer cells by two mechanisms: direct oncolytic infection and death of 

the tumor cell, and a subsequent upregulation of an immune attack on the infected tumors 

(Brown and Gromeier, 2015). This Phase I dose-escalating study was designed to evaluate 

the safety of the vector and eventually its efficacy. There were 24 patients enrolled in the 

study, of which three are long-term survivors (still alive 22, 34, and 35 months after 

treatment), 12 have died and 9 received the treatment just in the past few months and they 

are under observation. Based on the preliminary data, high doses of PVS-RIPO caused 

massive swelling in the brain and cerebral edema that had to be treated. At the opposite end, 

the patients that successfully responded to the treatment received a lower dose of the virus 

and they were not heavily pretreated with steroids, suggesting that the efficacy may rely on 

the optimal activation of the immune system.

Toca 511 (vocimagene amiretrorepvec) is a nonlytic retroviral replicating vector (RRV) that 

encodes the transgene cytosine deaminase (Huang et al., 2013). This enzyme is used to 

catalyze the conversion of a novel oral extended-release prodrug 5-fluorocytosine (Toca FC) 

to the chemotherapeutically active 5-fluorouracil (5-FU). RRV’s replicate without killing the 
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host cell and thus turn cancer cells into “factories” for generating RRV particles, which can 

then spread throughout the tumor. In a Phase I/II trial, 37 patients with recurrent high grade 

glioma had Toca 511 administered into the resection cavity wall at the time of surgery 

followed by cycles of orally administered Toca FC (https://clinicaltrials.gov/ct2/show/study/

NCT01470794). Interim results showed a median overall survival of 53 weeks and survival 

rate of 93.8 percent at 6 months (42 weeks) in a study evaluating direct intratumoral 

delivery. Historical published data report median overall survival of 33.2 weeks and a six 

month survival rate of 59 percent, suggesting some benefit. Furthermore this study 

demonstrated a favorable safety profile.

The Delta-24-RGD (DNX-2401) is an oncolytic adenovirus deleted for 24 nucleotides in the 

E1A gene, enabling the virus to replicate selectively in cancer cells with defects in the Rb 

pathway, such as glioma cells (Jiang et al., 2009). Furthermore, the tropism of the virus has 

been modified through the insertion of an RGD motif which enables infection through 

integrins αvβ3 and αvβ5 both highly expressed on the surface of cancer cells. Patients with 

recurrent high grade gliomas were enrolled in one of two arms. One cohort of patients 

received a single intratumoral injection of DNX-2401, while a second cohort received the 

same treatment and 14 days later the tumorwas resected and the vector injected again into 

the tumor cavity (Lang et al., 2014). DNX-2401 was safe and three patients (12%) went into 

remission and are currently alive with no sign of disease. The overall median survival was 11 

months for both cohorts. The three patients that responded had increased levels of 

interleukin-12p70 in the serum compared with all other patients. This suggests that 

DNX-2401 induced the polarization of T(h)0-cells to T(h)1-cells promoting anti-tumor 

cytotoxic immunity and it can be now consider as an in situ vaccine against glioma cells.

HSV has a number of important attributes that make it a desirable oncolytic vector that can 

be further engineered to express genes to convert the tumor micro-environment into one that 

supports cellular immune activities that participate in both innate and acquired anti-tumor 

immune responses. These features include its rapid replication cycle, exceptional high 

infectivity, large transgene capacity and tumor targeting properties (Uchida et al., 2013). The 

design of oncolytic herpes simplex virus (oHSV) has centered on the use of mutants that are 

deleted for neurovirulence determinants such as ICP34.5 (γ34.5), an antagonist of the 

cellular protein kinase R (PKR) pathway that normally blocks viral protein synthesis in 

neurons, and ICP6, the large subunit of ribonucleotide reductase that is required to create 

nucleotide pools in non-dividing cells (Grandi et al., 2009; Markert et al., 2000). Both of 

these functions are often complemented in GBM cells, although virus replication is still 

compromised compared to wild-type virus and tumors that do not inactivate the PKR system 

by mutational activation of the Ras pathway are highly resistant to vector propagation. Three 

different oncolytic vectors based on these mutations have been tested in GBM clinical trials: 

1716 (deleted for γ34.5), G207 (deleted for γ34.5 and ICP6), and G47Delta (deleted for 

γ34.5, ICP6 and ICP47).

HSV1716 belongs to the first generation of engineered oHSV designed to selectively target 

and destroy cancer cells while leaving healthy cells unharmed. It is deleted only for γ34.5 

and it has been safely tested in a total of 47 glioma patients (in 3 separate Phase I trials). 
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This vector is now in clinical trials in pediatric/young adult patients with refractory or 

recurrent high grade glioma that cannot be removed by surgery (NCT02031965).

G207 has been tested in three different Phase I clinical trials for malignant glioma, all of 

which confirmed its safety and tolerability (Markert et al., 2000, 2009, 2014). In the latest 

clinical trial, Markert and collaborators reported that G207 (1 × 109 p.f.u. (particle forming 

unit)) given in combination with radiotherapy elicited reduction in tumor size in 6 out of 9 

patients by MRI, as well as an increase in survival in 2 out of 9 patients.

The oncolytic virus G47delta represents the third generation of oncolytic vectors based on 

HSV since it is deleted for γ34.5, ICP6 and ICP47. The removal of ICP47 results in the 

presentation of viral and tumor antigens by infected cancer cells, which can lead to immune-

mediated destruction of GBM cells. A clinical trial using this third generation, triple-

mutated oncolytic HSV-1 (G47delta) is on-going in patients with recurrent GBM in Japan 

and preliminary data (http://www.asgct.org/the-vector/volume-1-issue-12-july-2014/

meeting-center/international), suggested that this treatment is well tolerated with some 

patients are responding to the treatment.

More recently, attempts to create a more virulent form of the ICP34.5 mutant virus have 

employed the neuroprecursor/tumor-specific nestin promoter to control expression of 

ICP34.5, thereby providing more vigorous virus replication in GBM cells. This 

rQNestin34.5 vector showed strong oncolytic activity in rodent brain tumor models 

(Kambara et al., 2005) and an Investigational New Drug (IND) application has been 

submitted in order to test its safety in a Phase I clinical trial in high grade glioma patients.

4.5. Potential for genetic engineering in vivo

While lentiviral vectors have been used as the vector of choice for ex vivo gene transfer 

(Cartier et al., 2009), AAV vectors are emerging as the leading delivery vehicle for in vivo 
gene transfer, including for genetic engineering. This is largely due to high efficiency gene 

delivery to a large number of tissues including brain, excellent long-term safety profile in 

clinical trials (Gaudet et al., 2013; Nathwani et al., 2014), and low rates (~0.1%) of random 

chromosomal integration (McCarty et al., 2004). This last point may be somewhat 

controversial, as there may be some concerns of integration ‘hotspots’, particularly in 

unstable (Miller et al., 2005; Nakai et al., 2005) and transcriptionally active regions of the 

genome (Nakai et al., 2003). Most studies on AAV mediated genome editing have been 

based on homologous recombination (HR) between AAV-encoded transgenes and a specific 

chromosomal locus (Russell and Hirata, 1998). The transgene typically contains genomic 

sequences flanking the locus, allowing site-specific insertion via the canonical HR pathway. 

While the majority of the work using this method has been done in vitro to create modified 

cell lines (Kohli et al., 2004; Topaloglu et al., 2005), there have been several in vivo studies. 

These include correction of β glucuronidase for mucopolysaccharidosis VII (Miller et al., 

2006), fumarylacetoacetate hydrolase (Fah) for hereditary tyrosinemia (Paulk et al., 2010), 

and factor IX (FIX) for hemophilia B (Barzel et al., 2015). The FIX study used a promoter-

less editing strategy, relying on insertion of the transgene into the transcriptional unit of the 

albumin locus, which increases the safety of this approach (Barzel et al., 2015). However, 

the frequency of gene correction observed in these studies was extremely low (fraction of 
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corrected cells ranging from 10−4 to 10−2). This frequency may be too low for clinical 

applications outside the liver, particularly in the CNS.

The field of genome engineering has been revolutionized by the discovery of targeted 

nucleases. These include zinc-finger nucleases (ZFNs), TALENS, and most recently 

CRISPR-Cas9 (Cox et al., 2015). These methods allow creation of site-specific double 

strand breaks in the genome, allowing for either disruption of gene function, or gene 

correction by homology repair at those sites using a normal oligonucleotide spanning the 

mutation. Therapeutic benefit from AAV-mediated in vivo genome editing has been 

demonstrated in both neonatal (Li et al., 2011b) and adult (Anguela et al., 2013) mouse 

models of hemophilia B, as well as in a mouse model of Huntington’s disease (Garriga-

Canut et al., 2012). Genome editing by CRISPR-Cas9 represents the most recent advance in 

this field, and this technology has found use in many fields including generation of mouse 

models of human disease, cancer biology, drug development, etc (Hsu et al., 2014). AAV-

mediated genome editing using CRISPR-Cas9 has been shown to be effective in liver (Ran 

et al., 2015; Yang et al., 2016), dystrophic muscle (Tabebordbar et al., 2016; Nelson et al., 

2016), and more crucially in the context of this review, in brain (Swiech et al., 2015). Co-

injection of two AAV vectors encoding SpCas9 and sgRNAs targeting the Mecp2 gene 

(mutated in Rett syndrome) into the visual cortex of mice resulted in effective gene editing 

at this locus and a resulting electrophysiological response (Swiech et al., 2015). Limitations 

of such therapy include the relatively large size of SpCas9 relative to the transgene capacity 

of AAV (hence the need for two vectors), the potential antigenic nature of this bacterial 

protein, and off-target effects in the genome that might accumulate with long term 

expression of these transgenes. The first can be resolved by using Cas9 from other bacterial 

species (Ran et al., 2015) and non-Cas9 CRISPR effectors are also being developed (Zetsche 

et al., 2015). Overall, this is a very promising field that is likely to foster the next generation 

of CNS gene therapy.

5. Barriers to delivery and safety issues

5.1. Barriers to gene delivery

Although the recent benefits in some gene therapy trials are very encouraging, it is 

paramount to continue improving the efficiency and targeting specificity of gene delivery, as 

well as the safety of viral vectors. Biologic barriers that decrease the efficiency of delivery in 
vivo can be divided into several categories, including immune interference, lack of entry 

receptors, intracellular trafficking dead-ends, off-target vector uptake and, for the nervous 

system, the difficulty in transiting the BBB.

It has been considered safest to use vectors derived from viruses that normally infect 

humans, but that comes with the price that the immune system may recognize them as 

pathogens and try to eliminate them. Both innate and adaptive immune mechanisms can 

limit vector uptake and transgene expression. Innate immunity is mediated by dendritic cells 

(DCs), macrophages, endothelial cells, natural killer T lymphocytes and Kuppfer cells in the 

liver which recognize conserved viral protein motifs via Toll-like receptors (TLRs) (Sack 

and Herzog, 2009). This leads to production of cytokines, which together with complement 

can promote phagocytosis of vectors in the biofluids before they reach the target cells. If the 
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inflammatory signal induced by the virus/virus vector is sufficient, antigen presenting cells 

(APCs) such as DCs can induce a primary adaptive immune response by activating CD4+ T 

helper cells, resulting in antibody production by B cells and a cytolytic response by CD8+ T 

cells. These responses have the effect of removing transduced cells and limiting gene 

therapy efficacy (Zirger et al., 2012). The adaptive immune response can occur against both 

the virus structural proteins (McKelvey et al., 2004), as well as the transgene product itself, 

if it is not recognized as self (Yuasa et al., 2002). In some recessively inherited conditions, a 

stable mutant form of the protein may not be made, so the normal protein equivalent will be 

seen as foreign (Rogers et al., 2014). In the case of secreted proteins, stimulation of an 

immune response to the protein may limit future use of standard-of-care enzyme/protein 

replacement therapy. This antigenicity of the transgene product has been the major factor 

limiting clinical use of regulatable promoters that use engineered bacterial proteins for 

control, which would be seen as foreign proteins by the body (Ginhoux et al., 2004). 

Another important factor to consider in using virus vectors in vivo is preexisting immunity 

to wild-type viruses from which the vector is derived. This results in immune memory in the 

form of antibodies or cytotoxic T cells to the virus structural proteins and it can limit gene 

transfer efficiency and duration of transgene expression. It is important to mention that 

despite the barrier that the immune system poses there are preclinical (McIntosh et al., 2012) 

and clinical immunosuppressive strategies (Nathwani et al., 2014), which have shown 

promise at reducing the immune response to vector and stabilizing transgene expression.

Viruses typically bind to a receptor on the target cell surface, which mediates virus entry. In 

many cases these receptors are expressed on many cell types, such as the coxsackie and 

adenovirus receptor (CAR) for adenovirus, heparan sulfate proteoglycan for AAV2, and low 

density lipoprotein (LDL) receptor for VSV-G pseudotyped lentivirus (Finkelshtein et al., 

2013). On the one hand this can lead to uptake by many different cell types, with most 

vectors being predominantly taken up by the liver after systemic injection. Many efforts have 

gone into modifying the binding ligands on virions to make them more cell type specific, but 

most of these are still in the pipeline and have not gone into clinical trials. In other cases, 

attempts have been made to expand the cellular targets and facilitate entry, e.g. incorporating 

VSV-G protein into the envelope of lentivirus to promote fusion with the host cell 

membrane. A “black hole” that vectors can fall into is intracellular degradation before ever 

reaching the nucleus to deliver their therapeutic cargo. Non-enveloped viruses, such as AAV 

and adenovirus typically enter cells by receptor-mediated endocytosis and escape the 

endosome–lysosome compartment by inducing changes in membrane integrity that allow 

them to escape into the cytoplasm. This is a relatively inefficient process and many virions 

may need to enter the cell for one to successfully deliver its DNA payload to the nucleus. 

For AAV, some of these critical “post-entry” steps towards successful transduction have been 

elucidated. These include, endosomal escape through activation of the capsid phospholipase 

domain upon acidification of the endosome (Stahnke et al., 2011), avoiding proteosomal and 

other degradation pathways (Berry and Asokan, 2016), capsid uncoating (Tenney et al., 

2014), trafficking on microtubules towards the nucleus (Xiao and Samulski, 2012), and 

nuclear import of the capsid (Nicolson and Samulski, 2014). Still, there is much to be 

learned about the intracellular trafficking of virions to promote the efficiency of this process. 

Compared to most other cells in the body, neurons are further protected from virus infection 
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by the robust BBB, which in turn presents a barrier to gene therapy. The variety of 

approaches that have been developed to overcome this barrier are discussed above.

5.2. Safety issues in clinical trials

As virus vectors are modified and new viruses are tested as vectors, it is important to keep 

safety concerns at the forefront of consideration. In prior clinical trials, many lessons have 

been learned that inform current strategies. Large amounts of virions, e.g. adenovirus, can 

elicit a strong inflammatory response with high cytokine levels leading to shock and organ 

failure, potentially leading to death (Wilson, 2009). Other vectors such as retrovirus can 

integrate into the promoter regions and thereby transactivate oncogenes (Hacein-Bey-Abina 

et al., 2003) and a huge effort has gone into decreasing promoter activity of vector sequences 

(Cesana et al., 2014) and trying to design vectors that will integrate randomly or at “safe 

harbors” in the genome (e.g. Papapetrou et al., 2011; Cortés et al., 2008). The virus 

preparations need to be optimized for a high ratio of full to empty capsids, integrity of the 

vector genomes, and lack of adventitious and potentially toxic contaminants.

There are other possible consequences of viral vector use that have not been seen to date, but 

must be considered in trials. One would be the potential genome modification of germ cells 

by virus vectors. This has been carefully monitored with vectors in use in clinical trials to 

date and never found. Another is the potential to activate or recombine with endogenous 

viruses in the body or environment. For example most humans harbor HSV-1 in latency in 

sensory neurons. Could infection with a HSV vector lead to activation of this wild-type virus 

with complications in an immune compromised person? In using replication competent 

viruses there is always the risk or recombining with similar viruses to create new 

epidemiologic agents. For example, could the replicating retrovirus used for cancer therapy 

(e.g. Huang et al., 2015b), recombine with human endogenous retrovirus sequences which 

are expressed in brain tumor cells (Balaj et al., 2011) and create a novel retrovirus that could 

replicate in humans and cause cancer, as these viruses do in other species (Mager and Stoye, 

2015)? When replication-selective vectors are created by placing essential virus genes under 

tissue specific promoters, could that change the tropism of a replicating virus, e.g. what 

effect could adenovirus vectors in which essential genes are placed under prostate specific 

promoters have on functions of the normal prostate? Using viruses from other species, e.g. 

fowl pox, vaccinia-type virus or Newcastle disease virus presents the possibility that the 

virus may “jump” species and become a human pathogen. The viral sequences that restrict 

infectability to specific species can be small and mutable, and are frequently unknown. In 

considering the safety of virus vectors one not only has to consider potential consequences 

to the treated individual, but also the safety to other normal individuals who might be 

exposed to that vector.

6. Coming of age for gene therapy for neurologic diseases

Viral vector-mediated gene therapy holds great promise for treatment of neurological 

disorders. The current benchside efforts continue to be targeted towards generating better 

vectors, both at the virion level (e.g., developing capsids capable of crossing the BBB and 

targeting specific cell types) and at the transgene level (e.g., promoter and transgene design 
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to improve efficacy in desired cell populations). Better non-invasive vector delivery routes 

for global and widespread CNS gene delivery are also being investigated for multi-focal 

neurological disorders. The result of this has been a slew of clinical trials for CNS disorders, 

which have been shown to be safe and non-toxic in Phase I, but few have been as efficacious 

in demonstrating therapeutic outcomes as perhaps may have been expected based on 

preclinical studies. These early trials have shed light on a myriad of challenges that must be 

surmounted for unequivocal clinical success. One of the major problems is the lack of good 

predictive animal models and inherent differences between species, which could be a 

primary cause of the failure of favorable preclinical outcomes to translate to the clinic. The 

potential of immune responses, both against the vector and expressed transgene, is often 

overlooked for neurological gene therapy, as the CNS is considered immune-privileged. This 

assumption has had to be revised in recent years as studies have demonstrated not only the 

generation of anti-capsid neutralizing antibodies, but also immune-mediated clearance of 

transduced antigen-presenting cells in the CNS (Ciesielska et al., 2013; Samaranch et al., 

2014), which raises concerns for the next generation of CNS gene therapy clinical trials. 

More insight into the etiology of neurological disorders and particularly the development of 

biomarkers for early detection of disease will be of great help moving forward, as delivering 

therapies prior to onset of neurodegeneration will be key to improving efficacy of clinical 

intervention. Finally, recent advances in gene editing technologies, particularly CRISPR-

Cas9, could lead to a move away from the current gene replacement therapies towards more 

permanent genome editing. The regulatory approval of Glybera, an AAV1 clinical vector for 

lipoprotein lipase deficiency, in the European Union, the US FDA regulatory approval for 

the oncolytic HSV-based T-VEC for therapy of advanced melanoma, and the recent 

encouraging results of Phase III clinical trials of AAV2-based SPK-RPE65 vector for 

inherited retinal dystrophies (IRDs) has raised hopes that similar success may follow for 

gene therapy of neurological disorders in the future.
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Abbreviations

AAV adeno-associated virus

Ad adenoviral

ALD adrenoleukodystrophy

AD Alzheimer’s disease

APP amyloid precursor protein

ALS amyotrophic lateral sclerosis
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APCs antigen presenting cells

APOE apolipoprotein E

AADC aromatic L-amino acid decarboxylase

ARSA arylsulfatase A

ASPA aspartoacylase

BBB blood-brain-barrier

BDNF brain-derived neurotrophic factor

CD Canavan’s disease

CAR coxsackie and adenovirus receptor

CNS central nervous system

CDNF cerebral dopamine neurotrophic factor

CSF cerebrospinal fluid

CED convection-enhanced delivery

CTL cytotoxic T lymphocyte

DCs dendritic cells

DRG dorsal root ganglia

FIX factor IX

Fah fumarylacetoacetate hydrolase

GABA gamma amino-butyric acid

GAN giant axonal neuropathy

GDNF glia-derived neurotropic factor

GBM glioblastoma

GAD glutamic acid decarboxylase

GCH1 GTP cyclohydrolase I

HSV herpes simplex virus

HR homology-directed recombination

HIV human immunodeficiency virus

HRV2 human rhinovirus type 2

IRDs inherited retinal dystrophies
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ICV intracerebroventricular

IT intrathecal

IRES internal ribosomal entry site

IND Investigational New Drug

LINCL late-infantile neuronal ceroid lipofuscinosis

LPD lipid-encapsulated plasmid DNA

LTR long terminal repeat

LDL low density lipoprotein

LSDs lysosomal storage disorders

MRI magnetic resonance imaging

MLD metachromatic leukodystrophy

MoMLV Moloney murine leukemia virus

MSD multiple sulfatase deficiency

NAA N-acetyl aspartate

NGF nerve growth factor

NF1 neurofibromatosis type 1

NF2 neurofibromatosis type 2

NRTN neurturin

oHSV oncolytic herpes simplex virus

OV oncolytic virus

OTC ornithine transcarbamylase

PD Parkinson’s disease

Rb retinoblastoma

RRV retroviral replicating vector

SFV Semliki Forest virus

SCID severe combined immune deficiency

sh short hairpin

SMA spinal muscular atrophy

TLRs Toll-like receptors
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TSC1 TSC2, tuberous sclerosis complex type 1 and 2

TH tyrosine hydroxylase

VTA ventral tegmental area

VLCFA very long-chain fatty acids

VSV-G vesicular stomatitis virus G

X-ALD X-linked adrenoleukodystrophy

ZFNs zinc-finger nucleases

5-FC 5-fluorocytosine

5-FU 5-fluorouracil
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Fig. 1. 
Mechanism of receptor-mediated host cell entry and subsequent gene transfer by viral 

vectors. A. Retroviral and lentiviral vectors. The viral attachment glycoproteins on the 

envelope surface of retroviral and lentiviral vectors bind to the cognate cell surface receptors 

and co-receptors and subsequently fuse to the cell membrane to enter the host cell. Once in 

the cytoplasm, the virion partially uncoats and the RNA transgene is reverse transcribed to 

the cDNA form. Nuclear entry is followed by integration of the viral cDNA into the host 

genome. B. Adenoviral vectors. These vectors bind to the CAR receptor on the host cell 

surface, through the fiber knob on the capsid. This facilitates cell entry by endocytosis 

through clathrin-coated pit pathway and subsequent conversion to an endosome. A reduction 

in pH in the endosome triggers the release of the degraded virion into the cytoplasm. The 
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escaped virion releases its viral double stranded DNA into the nucleus through the nuclear 

pore. C. Herpes simplex virus (HSV) vectors. Glycoproteins gB and gC on the HSV virion 

envelope mediate the initial attachment of virus particles to HSPG on the host cell surface. 

gB binding to PILRα and gD binding to HVEM, nectin-1 or nectin-2 then triggers 

membrane fusion, followed by release of the capsids into the host-cell cytoplasm. Post 

cytoplasmic entry, the intact viral capsid travels to the nucleus via microtubule-dynein 

mediated transport, where the viral DNA enters the nucleus through the nuclear pore. D. 

Adeno associated virus (AAV) vectors. Receptor ligands on the surface of AAV capsids vary 

with serotype, and allow capsids to bind to a variety of glycan receptors on the host cell 

surface (HSPG, N- and O-linked sialic acids, galactose). Once bound, the virion gets 

internalized via clathrin-coated vesicles/endosomes and trafficked to the nuclear area while 

still associated with the endosome. Endosomal acidification leads to release of the damaged 

capsid, which is transported into the nucleus. Capsid uncoating in the nucleus is followed by 

conversion of the single-stranded vector genome to double-stranded DNA. The double-

stranded vector genome persists as stable circular and/or concatemeric extrachromosomal 

episomes. Abbreviations: CAR – coxsackievirus and adenovirus receptor, Env - envelope 

glycoprotein, HSPG – heparin sulfate glycoprotein, HVEM – herpesvirus entry mediator, 

LTR – long terminal repeats, PI3K – phosphatidylinositol-3 kinase, PILRα – paired 

immunoglobulin-like type 2 receptor-α.
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Fig. 2. 
Modes of genetic modification and gene delivery in the nervous system. A: Genetic 

modification. Gene composition or expression in cells can be modified by introduction of 

DNA (e.g. expression plasmids), RNA oligonucleotides (e.g. siRNA, microRNA) and genes 

encoded in virus vectors. These are typically delivered by direct injection into the brain 

parenchyma (P) or ventricles (Ve), the spinal cord or the eye. These DNA/RNA sequences 

can also be used to genetically modify (GM) cells for delivery through direct injection or 

vascular infusion. These different vehicles: genes (G), vectors (V), oligonucleotides (O) and 

cells (C) can be combined in different modalities, including “jump starting” primary and 

stem cells to take on specific phenotypes through transcriptional regulation. B: Routes of 

gene delivery to the CNS. Vectors or cells can be introduced into a specific region of the 

brain by stereotactic surgery. In cases where more extensive vector distribution is desired, 

CED of viral vectors into the brain improves considerably their range in target structures by 

increasing transduction volumes. This technique can yield volumes of transduced cell 

distribution 3–3.5-fold larger than the infused volume, which is highly significant for human 

applications. Viral vectors or secreted transgene products (growth factors, lysosomal 

enzymes) can be further distributed from the primary target structure by axonal transport of 

vectors and/or by products and by release of products into the extracellular space. Infusion 

of vectors or oligonucleotides into the brain ventricular system, or intrathecal space of the 

spinal canal or subarachnoid space, leads to widespread CNS distribution via CSF flow. An 

alternative strategy is to use viral vectors to engineer ependymal cells lining the ventricles or 

choroid plexus cells to secrete therapeutic proteins into CSF. The BBB with its many 

constituents has thwarted most gene transfer vehicles from entering the brain from the 

vasculature. However some AAV serotypes, e.g. AAV9, AAVrh8 and AAVrh10, as well as 

vesicles containing AAV particles are able to transit this barrier quite efficiently, although 

Choudhury et al. Page 41

Neuropharmacology. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the exact mechanism of that transit is not known. Fig. 2 and associated figure legend 

modified from Breakefield and Sena-Esteves (2010) and Bowers et al. (2011).
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Table 2

Viral vector-mediated clinical trials for neurological disorders.

Disease Vector Transgene Phase Trial code

Ex vivo

Alzheimer’s disease Retrovirus NGF I US-0322

Metachromatic leukodystrophy Lentivirus ARSA I, II Biffi et al., 2013

Multiple sclerosis Retrovirus MBP I, II US-0851

Wiskott-Aldrich syndrome Lentivirus WASP I, II Aiuti et al., 2013

X-linked adrenoleukodystrophy Lentivirus ABCD1 I, II Cartier et al., 2009

In vivo

AADC deficiency AAV AADC I, II NCT01395641

Alzheimer’s disease AAV NGF I, II NCT00087789, NCT00876863

Batten disease AAV CLN2 I NCT00151216

Batten disease AAV CLN2 I, II NCT01414985

Canavan disease AAV ASPA I Leone et al., 2012

Giant axonal neuropathy AAV GAN I NCT02362438

Glioblastoma Oncolytic poliovirus – I NCT01491893

Glioblastoma multiforme (GBM), 
other gliomas

Oncolytic adenovirus – I NCT00805376, NCT01956734, NCT02197169

Glioblastoma multiforme, other 
gliomas

Retrovirus CD I, II/III NCT01470794, NCT02414165

Glioblastoma, other gliomas Oncolytic HSV – I NCT02031965

Glioblastoma, other gliomas Oncolytic HSV – I NCT00028158, NCT00157703

Leber’s hereditary optic neuropathy AAV MT-ND4 I NCT02161380

Metachromatic leukodystrophy AAV ARSA I, II NCT01801709

MPS IIIA (Sanfilippo Disease Type 
A)

AAV SGSH, SUMF1 I, II NCT01474343, NCT02053064

Parkinson’s disease AAV GAD I, II NCT00195143, NCT00643890

Parkinson’s disease AAV NTRN I, II NCT00252850, NCT00400634

Parkinson’s disease Lentivirus TH, AADC, CH1 I, II NCT00627588, NCT01856439

Parkinson’s disease AAV GDNF I NCT01621581

Parkinson’s disease AAV AADC I, II NCT02418598

Parkinson’s disease AAV AADC I NCT00229736

Pompe disease AAV GAA I, II NCT00976352

Pompe disease AAV GAA I NCT02240407

Spinal muscular atrophy type 1 AAV SMN I NCT02122952
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