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a b s t r a c t

Neurological disorders e disorders of the brain, spine and associated nerves e are a leading contributor
to global disease burden with a shockingly large associated economic cost. Various treatment approaches
e pharmaceutical medication, device-based therapy, physiotherapy, surgical intervention, among others
e have been explored to alleviate the resulting extent of human suffering. In recent years, gene therapy
using viral vectors e encoding a therapeutic gene or inhibitory RNA into a “gutted” viral capsid and
supplying it to the nervous system e 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.

This article is part of the Special Issue entitled “Beyond small molecules for neurological disorders”.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Gene therapy is becoming a viable option for clinical interven-
tion 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 replace-
ment 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 adre-
noleukodystrophy (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 hu-
man 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 theymay
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 inte-
grate 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 carriedwithin a proteinaceous
capsid surrounded by a lipid membrane envelope. This envelope
can efficiently fuse with the plasma membrane of the cell deliv-
ering 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 en-
dosome/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 downregulate a dominant-negativemutantmRNA/protein,
sometimes also decreasing copies of the normal mRNA. This is
combined with delivery of a replacement gene that contains “si-
lent” 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 consid-
ered 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 2e9months
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
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