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INTRODUCTION

Gene therapy involves the transfer of ge-
netic material to treat disease. Currently
available techniques allow for expression of
exogenous or suppression of endogenous
genes, making gene therapy a versatile
treatment modality. In the United States,
recent advances have led to approval by the
U.S. Food and Drug Administration of
several gene therapy agents, including
Spinraza (nusinersen), Kymriah (tisa-
genlecleucel), and Luxturna (voretigene
neparvovec).* Spinraza is an antisense
oligonucleotide approved for the treatment
of spinal muscular atrophy type 1. It has

Recent approval of unprecedented gene therapies has signaled the beginning of
a new era in modern medicine. This rapidly changing landscape underscores the
importance of neurosurgeons developing a fundamental understanding of gene
therapy, because many neurologic disorders are caused by derangements in
gene expression. Gene therapy, the transfer of genetic material to alter endog-
enous gene expression or introduce exogenous genes, has emerged as a novel
therapeutic approach to treat a wide range of diseases. There are several
methods to transfer genetic material to the nervous system through viral
transduction. Here, we synthesize the latest developments in gene therapy for
neurologic disorders and the neurosurgical approaches to treat them.

been shown to improve motor function in
both infantile-onset and later-onset disease
in recent phase 3 trials. In addition, survival
is improved with treatment of infantile-
onset disease.”? Kymriah is a form of
ex vivo gene therapy (CAR T-cell therapy)
developed for the treatment of leukemia
that is highly effective (81% remission rate
within 3 months).” Subretinal injections of
Luxturna, a virus encoding RPEGs, has
been shown to improve visual function in
patients with RPE65-mediated Leber
congenital amaurosis.* For neurologic
disorders that are the result of gene
mutations rendering a gene nonfunctional
(loss of function), gene therapy may be
used as a means of restoring function by
providing a functional version of the gene.

For disorders that involve
neurodegeneration, genes that enhance
neuronal survival may be delivered.

Disorders caused by gene overexpression,
toxic gain of function, or a dominant-
negative effect may be ameliorated by
gene knockdown. Neuronal circuit
dysfunction may be treated by delivering
genes that enhance or inhibit activity in key
regions of the brain. Oncologic disease,
including brain tumors, may be treated by
delivering genes that render tumor cells
susceptible to cytotoxic drugs, delivering
genes that enhance or spur immune system
recognition of tumor cells, or by delivering
cytotoxic genes selectively to tumor cells.
We give an overview of methods for gene
transfer and clinical trials conducted or
being conducted using gene therapy to treat

neurologic disease. Throughout, we
address neurosurgical considerations for
this treatment modality.

METHODS FOR GENE TRANSFER

Multiple methods have been used to
transfer genetic material to human cells.
These methods include viral transduction
and plasmid transfection. Viral trans-
duction techniques involve engineering of
viruses to deliver intended genetic se-
quences without pathogenicity. Plasmid
transfection techniques involve delivery of
circular DNA constructs often with the aid
of liposomes, spherical lipid complexes,
and more recently, nanoparticles.

Various types of viruses have been used
for gene therapy, each with its advantages
and disadvantages (Table 1, Figures 1 and
2). These types include adenovirus, adeno-
associated virus (AAV), herpes simplex
virus (HSV), and various retroviruses. For
nontumor applications, the most popular
of these vectors has been AAV. This virus
has several properties that make it ideal
for gene therapy. It is classified as a
dependovirus (it cannot replicate on its
own) and it is nonpathogenic in humans.
Because it is replication deficient and
nonpathogenic, administration of AAV
does not result in superinfection or
generate large immune reactions.
Furthermore, the virus can be engineered
to contain nearly no viral genetic material
(leaving only short packaging sequences)
so that only the intended gene is
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Table 1. Viral Vectors Used for Gene Therapy

Virus Type

Carrying Capacity Immunogenic

Adeno-associated virus Single-strand DNA
Double-strand DNA
Double-strand DNA

Single-strand RNA

Adenovirus
Herpes simplex virus

Retrovirus

<5 kB No
8—9 kB Yes
40 kB Yes
8—9 kB No

Duration of Expression Integration into Genome
Years No
Days to weeks No
Days to weeks No
Years Yes

transcribed and no viral proteins are
generated. Once the virus delivers its
genetic material, it remains episomal (i.e.,
extrachromosomal). This property is
advantageous because unintended inser-
tional mutagenesis can occur after other
viruses integrate their genetic material
into the host genome. Despite remaining
extrachromosomal, AAV allows for long-
term gene expression of years.” In
addition, there are many different
serotypes of AAV (various coat proteins)
that allow for modifications of its cell-
type targeting and spread.® AAV is an
extremely small virus, which enables it to
spread through tissue well; however, its
small size limits its carrying capacity.

Hence, despite all the advantages, if the
intended genetic material is larger than g
kB, a different vector must generally be
used.” Retroviruses, adenovirus, and HSV
are larger viruses with greater carrying
capacities  (Figures 1 and  2).
Retroviruses, such as lentivirus, and
adenovirus can carry 8-kB to 9-kB con-
structs, whereas HSV can carry up to 40
kB.® However, their larger size also results
in more restricted tissue spread.
Retroviruses are unique among the
vectors used for gene therapy in that they
integrate the genetic material into the
host genome. Integration results in long-
term gene expression but also carries the
potential for insertional mutagenesis.

Several groups have developed integrase-
defective lentiviruses to prevent integra-
tion.” However, long-term stability of gene
expression in this system has not been
established. Both retroviruses and AAV
result in long-lasting gene expression,
whereas HSV and adenovirus do not.
Furthermore, adenovirus and HSV are
pathogenic in humans and can instigate
an immune response. However, an
advantage of HSV is rapid gene expression
(within hours), whereas the other vectors
take days for therapeutic gene expression.
For tumor applications, HSV, adenovirus,
and retroviruses have been largely used.
For tumor treatment, long-lasting gene
expression is not necessary and immune

A Adenovirus
A
\'}

Figure 1. Relative sizes of common viral vectors. The relative size and shape
of vectors commonly used for gene therapy applications are shown. The
average sizes of the vectors are as follows: adeno-associated virus (AAV),

Lentivirus

greater tissue spread.

Herpesvirus

20 nm; adenovirus, 100 nm; lentivirus, 100 nm; and herpes simplex virus,
200 nm. Smaller vectors such as adeno-associated virus tend to show
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Figure 2. Genomes of recombinant viruses. Schematics of recombinant viral
vector genomes commonly used for gene therapy applications are shown. DNA
of interest (transgenes) is shown in blue and viral DNA is shown in yellow.
Adeno-associated virus (AAV) contains a small amount of viral DNA (only what
is required for packaging). Early recombinant adenoviruses contained viral
genes; however, the latest third-generation (gutless) vectors have eliminated
this requirement. Similar to adeno-associated virus, the recombinant lentivirus
genome contains largely nonviral DNA. Although herpesvirus vectors contain
the largest carrying capacity, they also require a large amount of the viral
genome for proper function. ITR, inverted terminal repeat; LTR, long terminal

activation may be beneficial, making
adenovirus and HSV good choices for this
application.

Compared with viral transduction,
nonviral approaches have the advantage of
being largely nonimmunogenic. Further-
more, production of the vector is simpler.
However, plasmid/liposomal gene therapy
is a less effective means of delivering ge-
netic material to cells. These techniques
also have the disadvantage of short-term
gene expression. On the other hand,
some applications such as gene editing
may require only transient expression.
Thus, there is increasing interest in the
development of nanoparticles, lipid-based
delivery, and other nonviral approaches.

Once a vector is designed, it may be
delivered through a variety of routes.
Clinical trials have used intracerebral,
intraventricular, intravenous (IV), intra-
muscular (IM), intrathecal, and subcu-
taneous routes of delivery. Intracerebral
injections allow for specific targeting of
affected brain areas and bypass of the
blood-brain barrier. Intraventricular in-
jections may be wused if expression
throughout the brain is desired. Although
IV injections are less invasive, their limi-
tations include expression in organs other
than the brain and difficulty bypassing the
blood-brain barrier. Some of these limi-
tations have been mitigated by develop-
ment of novel AAV serotypes.” Other less
invasive delivery routes include IM and
subcutaneous. These routes of delivery

may be used for diseases that involve the
peripheral nervous system.

GENE THERAPY APPROACHES TO TREAT
NEUROLOGIC DISEASE

Gene therapy is a versatile technique that
can be used to treat many neurologic
diseases (Table 2). The most intuitive
application of gene therapy is for the
treatment of Mendelian diseases (i.e.,
those resulting from single gene
mutations). Gene therapy in these cases
is directed at replacement of the
missing/nonfunctional gene product.
Most work has been undertaken on the
treatment of diseases in which enzyme
deficiencies lead to accumulation of toxic
metabolites and resultant leukodystrophy
and/or neurodegeneration.

Canavan disease results from mutations
in the aspartoacylase gene (ASPA), leading
to accumulation of N-acetylaspartate and
leukodystrophy. Patients with this disease
show developmental delay, macrocephaly,
and death before their third decade of
life.”*® Leone et al. have shown the safety
and possible efficacy of both intraventric-
ular plasmid injections and intracerebral
AAV injections of vectors carrying the
ASPA gene.”>" Several phase 1/2 gene
therapy trials are under way for the treat-
ment of late infantile neuronal ceroid lip-
ofuscinosis, a lysosomal storage disease
that results from a mutation of the CLN2
gene and is fatal by ages 8—12."> These

trials are using intracerebral injections of
AAV to deliver a normal copy of the
CLN2 gene. A phase 1/2 trial is under
way for the treatment of variant late
infantile neuronal ceroid lipofuscinosis, a
similar disease in which the CLN6 gene
is mutated. In this trial, intrathecal
injections of AAV are used to deliver a
normal copy of the CLN6 gene (Table 2).
Another  approach to achieving
widespread expression of a gene in the
brain is intraventricular injection. Batten
disease is caused by deficiency of the
lysosomal enzyme tripeptidyl peptidase 1
(TPP1). Katz et al.”®> have shown efficacy
of intraventricular AAV2-TPP1 injections
in a TPP1-deficient canine model.

Phase 1/2 trials of gene replacement
therapy by intracerebral or intrathecal AAV
injections are also under way for aromatic
L-amino acid decarboxylase (AADC) defi-
ciency, giant axonal neuropathy, and
metachromatic leukodystrophy (Table 2).

Sanfilippo type A syndrome (mucopo-
lysaccharidosis type IIIA) is a lysosomal
storage disease caused by a mutation in
the N-sulfoglycosamine sulfohydrolase
(SGSH) gene. A multicenter phase 1/2 trial
has shown that intracerebral injections of
AAV carrying the SGSH and sulfatase-
modifying factor (SUMF1) genes are safe
and possibly effective for the treatment of
Sanfilippo type A syndrome.’® This trial is
unique among this group of studies,
because the vector used carries the
genetic sequences for 2 genes. This
bicistronic expression (expression of 2
proteins with 1 construct) is achieved by
the insertion of an internal ribosome
entry site sequence.** In mammalian
systems, 1 gene normally produces 1
protein (and its splice variants). Using a
viral internal ribosome entry site
sequence allows 1 gene promoter to drive
expression of 2 separate protein products
as a result of initiation of translation at 2
sites in the same messenger RNA. There
is also a phase 1/2 trial for the treatment
of Sanfilippo type B syndrome, a
deficiency of o -n-acetylglucosaminidase
(NAGLU) function, in which intracerebral
injections of AAV are being used to
deliver a functional copy of the NAGLU
gene (Table 2).

Because these inborn errors of meta-
bolism involve the entire brain, the trials
discussed earlier have used either intra-
ventricular/intrathecal injections or more
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Table 2. Gene Therapy for Neurologic Disease

Disease  Disease Category Vector Injection Site Mechanism Institution/Company Phase Status Outcome Immunosuppression Trial Number Reference
AADC Inherited/metabolic AAV2-hAADC Putamen Gene National Taiwan 1/2 Active Pending Unk NCT01395641
deficiency replacement  University Hospital
AADC Inherited/metabolic AAV2-hAADC SNc and VTA Gene UCSF 1 Active Pending Unk NCT02852213
deficiency replacement
AD Neurodegenerative AAV2-CAG-NGF NBM Growth factor ~ Sangamo/UCSD, Rush 1 Complete Safe, No NCT00087789 Tuszynski
biologically et al, 2015"
effective
AD Neurodegenerative MLV transduced NBM Growth factor ucsb 1 Complete Safe, No NCT00017940 Tuszynski
fibroblasts biologically et al., 2015
effective
AD Neurodegenerative AAV2-CAG-NGF NBM Growth factor ~ Sangamo, multicenter 2 Active, not  Pending Unk NCT00876863 Tuszynski
recruiting et al., 2015"
ALS Neurodegenerative ~ VEGFA TF plasmid IM Increase VEGF Sangamo 2 Complete Pending Unk NCT00748501
expression
ALS Neurodegenerative CMV-HGF plasmid IM Growth factor ~ ViroMed/Northwestern ~ 1/2  Active, not  Pending Unk NCT02039401
recruiting
ALS Neurodegenerative Antisense oligo Intrathecal ~ Gene knockdown lonis 1 Completed Safe No NCT01041222
Canavan Inherited/metabolic AAV2-NSE-ASPA Intracerebral® Gene Multicenter 1/2  Complete Safe No n/a Leone et al.,
disease replacement 2012"?
Canavan Inherited/metabolic Liposome plasmid CMV- Intraventricular Gene Thomas Jefferson n/a Complete Safe, possibly No n/a Leone et al,,
disease ASPA replacement  University effective 2000"
Chronic Acquired HSV1-CMV-PENK Subcutaneous Opioid Diamyd 1 Complete Safe, possibly No NCT00804076  Fink et al.,
pain expression effective 2011
Chronic Acquired HSV1-CMV-PENK Subcutaneous Opioid Diamyd 2 Complete Pending Unk NCT01291901
pain expression
GAN Inherited/metabolic SCAAVI-JeT-GAN Intrathecal Gene National Institute of 1 Active Pending Unk NCT02362438
replacement  Neurological Disorders
and Stroke
LINCL Inherited/metabolic AAV2-CAG-CLN2 Intracerebral Gene Cornell 1 Active, not  Pending No NCT00151216  Worgall et al.,
replacement recruiting 2008"
LINCL Inherited/metabolic ~ AAVrh10-CAG-CLN2  Intracerebral® Gene Cornell 1/2 Active Pending Unk NCT01414985
replacement
LINCL Inherited/metabolic ~ AAVrh10-CAG-CLN2  Intracerebral Gene Cornell 1 Active Pending Unk NCT01161576
replacement
MLD Inherited/metabolic ~ AAVrh10-CAG-ARSA Intracerebral® Gene Institut National de la ~ 1/2 Active Pending Unk NCT01801709
replacement Santé et de la
Recherche Médicale
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MPS 2IA

MPS 2IA Inherited/metabolic
MPS 2IB  Inherited/metabolic
PD Neurodegenerative
PD Neurodegenerative
PD Neurodegenerative
PD Neurodegenerative
PD Neurodegenerative
PD Neurodegenerative
PD Neurodegenerative
PD Neurodegenerative
PD Neurodegenerative
PD Neurodegenerative
SMA Neurodegenerative
VLINCL Inherited/metabolic

Inherited/metabolic AAVrh10-PGK-SGSH-

Intracerebral® Gene
replacement

Lysogene
IRES-SUMF1

scAAVS-Ula-hSGSH IV, peripheral Gene

replacement

Abeona Therapeutics/
Nationwide Children’s
Hospital

AAV5-PGK-NAGLU Intracerebral® Gene

replacement

Hopital Bicétre

AAV2-CAG-GAD STN Neuromodulation Neurologix
AAV2-CAG-GAD STN Neuromodulation Neurologix
AAV2-CMV-hAADC-2 Striatum Gene Genzyme

replacement

AAV2-CAG-NTN Putamen Growth factor ~ Sangamo/UCSD, Rush
AAV2-CAG-NTN Putamen Growth factor ~ Sangamo/multicenter
AAV2-CMV-GDNF Putamen Growth factor ~ National Institute of
Neurological Disorders
and Stroke
AAV2-CMV-hAADC Putamen Gene Voyager Therapeutics/
replacement UCSF, University of
Pittsburgh
AAV-hAADC-2 Putamen Gene Jichi Medical University
replacement
AAV2-CAG-NTN Substantia Growth factor ~ Sangamo, multicenter
nigra and
putamen
AAV2-CMV-hAADC-2 Putamen Gene Jichi Medical University
replacement
scAAVI-CAG-SMN IV, peripheral Gene AveXis/Nationwide
replacement Children’s Hospital
scAVVI-CAG-CLNG Intrathecal Gene Nationwide Children’s

replacement Hospital

1/2  Complete Safe, possibly

effective
1/2 Active Pending
1/2 Complete  Pending

1 Complete Safe

2 Complete Safe,
effective

1 Complete Safe, possibly
effective

1 Complete Safe, possibly
effective

2 Complete Not effective

1 Active Pending
1 Active Pending
1/2 Active Pending
1/2 Active, not  Pending

recruiting

1 Complete Safe, possibly

effective

1 Active, not  Pending
recruiting

1/2 Active Pending

Yes

Unk

Yes

No

No

No

No

No

Unk

Unk

Unk

Unk

No

Unk

Unk

NCT01474343 Tardieu et al.,
2014

NCT02716246

ISRCTN19853672

NCT00195143  Kaplitt et al.,

2007"
NCT00643890  LeWitt et al.,
20118
NCT00229736 Christine
et al., 2009"
NCT00252850  Marks Jr.
et al., 2008%°
NCT00400634  Marks Jr.
et al,, 20107
NCT01621581
NCT01973543
NCT02418598
NCT00985517
n/a Muramatsu
et al,, 20107
NCT02122952
NCT02725580

Intracerebral injections were performed bilaterally for all trials listed. Vectors are listed as virus-promoter (if information was available)-gene.
AADC, aromatic L-amino acid decarboxylase; AAV, adeno-associated virus; Unk, unknown; SNc, substantia nigra pars compacta; VTA, ventral tegmental area; UCSF, University of California at San Francisco; AD, Alzheimer disease; CAG, chicken
B-actin; NGF, nerve growth factor; NBM, nucleus basalis of Meynert; MLV, murine leukemia virus; ALS, amyotrophic lateral sclerosis; TF, transcription factor; IM, intramuscular; VEGF, vascular endothelial growth factor; HGF, hepatocyte
growth factor; n/a, not applicable; CMV, cytomegalovirus; HSV, herpes simplex virus; GAN, giant axonal neurapathy; LINCL, late infantile neuronal ceroid lipofuscinosis; MLD, metachromatic leukodystrophy; MPS, mucopolysaccharidosis;
SGSH, N-sulfoglycosamine sulfohydrolase; IRES, internal ribosome entry site; IV, intravenous; PD, Parkinson disease; GAD, glutamate decarboxylase; STN, subthalamic nucleus; NTN, neurturin; SMA, Spinal muscular atrophy; SMN, survival
of mator neuron; VLINCL, variant late infantile neuronal ceroid lipofuscinosis; hAADC, human AADC; VEGFA, Vascular endothelial growth factor A; NSE, neuron specific enolase; ASPA, aspartoacylase; PENK, proenkephalin; scAAV, self-
complementary AAV; JeT, synthetic promoter; AAVrh10, AAV derived from rhesus macaque; ARSA, Arylsulfatase A; PGK, Phosphoglycerate kinase; SUMF1, sulfatase-modifying factor; U1a, murine small nuclear RNA promoter; hSHSH,
human N-sulfoglucosamine sulfohydrolase; GDNF, Glial cell-derived neurotrophic factor; n/a, not available.
*Injections were given at multiple sites, usually within white matter tracts.
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Table 3. Gene Therapy for Treatment of Oncologic Disease

Trial
Disease Vector Injection Site Mechanism Institution Phase Status Outcome Number Reference
GBM/AMO AdV-hIFN-3 Resection cavity Antitumoral cytokine Ohio State University Medical Center 1 Completed Safe n/a Chiocca et al.,, 2008*
GBM Fibrablasts producing Resection cavity Render tumor susceptible to drug Genetic Therapy 3 Completed Safe, not effective n/a Rainov, 2000%°
RV-hsvTk
GBM Fibroblasts producing  Intratumoral ~ Render tumor susceptible to drug  Universidad Auténoma de Madrid 1 Completed Safe n/a lzquierdo et al., 1996
RV-hsvTk
GBM AdV-HSVtk Resection cavity Render tumor susceptible to drug Advantagene 1 Completed  Safe, possibly ~ NCT00751270 Chiocca et al., 2011%7
effective
GBM Fibroblasts producing Resection cavity Render tumor susceptible to drug ~ GLI328 European-Canadian Study ~ 1/2  Completed Safe n/a Shand et al., 1999™
RV-hsvTk Group
GBM Fibroblasts producing Resection cavity Render tumor susceptible to drug ~ Study Group On Gene Therapy For ~ 1/2  Completed ~ Safe, possibly n/a Klatzmann et al.,
RV-hsvTk Glioblastoma effective 1998%
GBM Fibroblasts producing Resection cavity Render tumor susceptible to drug Novartis 1/2 Completed 53% adverse n/a Prados et al., 2003"
RV-hsvTk events
GBM/AA AdV-HSVtk Resection cavity Render tumor susceptible to drug University of Kuopio 2 Completed  Safe, effective n/a Immonen et al., 2004"'
GBM/AA/GS AdV-HSVtk Intratumoral  Render tumor susceptible to drug Baylor College of Medicine 1 Completed  Safe, possibly n/a Trask et al., 2000
effective
GBM AdV-HSVtk Resection cavity Render tumor susceptible to drug ~ Mount Sinai School of Medicine 1 Completed  Safe, possibly n/a Germano et al., 2003
effective
GBM/AQ/ AdV-HSVtk Resection cavity Render tumor susceptible to drug Erasmus University Medical Center 1 Completed Safe n/a Smitt et al., 2003"*
AMO
GBM/AA/AQ  Fibroblasts producing  Resection cavity Render tumor susceptible to drug University of Kuopio 2 Completed  Safe, possibly n/a Sandmair et al., 2000%
RV-hsvTk and AdV-HSVtk effective
GBM/AA Adv-HSVtk Resection cavity Render tumor susceptible to drug Advantagene, Inc. 2 Active, not  Safe, effective  NCT00589875 Wheeler et al., 2016%
recruiting
GBM/AA RV-CD Resection cavity Render tumor susceptible to drug Tocagen Inc. 2/3 Active Pending NCT02414165
GBM/AA Adv-HSVtk Resection cavity Render tumor susceptible to drug University of Pennsylvania 1 Completed Safe NCT00002824 Alavi and Eck, 2001%
GBM Fibroblasts producing Resection cavity Render tumor susceptible to drug ~ National Institute of Neurological 1 Completed Safe NCT00001328 Ram et al., 1997
RV-hsvTk Disorders and Stroke
GBM Fibroblasts producing  Intratumoral/ ~ Render tumor susceptible to drug University of Padova 1 Completed Safe n/a Pali et al., 1999*
RV-hsvTk-IRES-IL-2  resection cavity ~ and stimulate immune system
GBM/AA/AQ/  AdV-hCMV-HSVtk and Resection cavity Render tumor susceptible to drug University of Michigan 1 Active Pending NCT01811992
AE AdV-hCMV-FIt3L and stimulate immune system
GBM/AA/ AdV-CMV-p53 Intratumoral, Tumor suppressor expression Multicenter 1 Completed Safe n/a Lang et al., 2003°°
AMG resection cavity
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commonly intracerebral injections at
multiple sites throughout the brain to
achieve widespread expression. One trial
is under way for the treatment of Sanfi-
lippo type A syndrome by peripheral IV
injections of AAV to deliver the SGSH
gene (Table 2). The advantage of this
delivery method is that it should achieve
a wide spread throughout the brain.
However, peripheral injection can lead to
transduction of cells in organs other than
the brain, which could result in
undesirable effects. Furthermore, the
blood-brain barrier prevents efficient
transduction. These problems are miti-
gated by the use of AAVqg, a serotype that
has been shown to pass the blood-brain
barrier,”” and a self-complementary virus.
AAV is normally a single-strand DNA vi-
rus; however, if a construct is generated
with a self-complementary 3’ end, a
double-stranded virus can be created. This
process allows for increased expression at
the cost of reduced viral carrying capac-
ity.* For small genes, this limitation is not
problematic.

Spinal muscular atrophy is a neuro-
muscular disease that results from muta-
tion of the survival of motor neuron 1
(SMN1) gene. The severity of the disease
depends on expression levels of SMN, but
in all cases, the disease results in muscle
atrophy; in the most severe cases, it results
in death. Because this is a single gene
disease, it is amenable to gene replace-
ment therapy like the inherited metabolic
disorders. A phase 1 trial is under way in
which peripheral IV injections of self-
complementary virus ¢ are used to
deliver a normal copy of the SMNI gene
(Table 2).

Gene therapy has also been used to treat
neurodegenerative diseases such as Alz-
heimer disease (AD), amyotrophic lateral
sclerosis (ALS), and Parkinson disease
(PD) (Table 2). These diseases, with the
exception of rare forms of ALS, are
generally Dbelieved to be polygenic/
multifactorial. Gene therapy treatment
strategies are not as intuitive as those for
the monogenic diseases discussed
earlier. Because these diseases involve
neurodegeneration, most gene therapy
trials have been aimed at delivering
genes that encode growth/survival factors
with the goal of curtailing neuron loss.

For AD, the most common cause of
dementia,*® 2 phase 1 trials have shown
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that providing nerve growth factor (NGF)
via injection of the nucleus basalis of
Meynert with AAV carrying the NGF gene
(CERE-110) or transduced fibroblasts
producing NGF is safe and results in
axonal sprouting and neuronal
hypertrophy.” A randomized phase 2
study of CERE-tzo is under way
(Table 2). This therapy is based on the
observation that the nucleus basalis, the
center for cholinergic output, undergoes
degeneration in AD and that
acetylcholinesterase inhibitors provide
therapeutic benefit for patients with AD.*”

ALS, also known as Lou Gehrig disease,
is a neurodegenerative disease that results
in motor neuron loss with death from
respiratory failure. Most cases are not
caused by defects in single gene; however,
in 2% of cases (familial ALS) mutations in
the gene SOD1 are responsible for the
disease.?® In familial ALS, disease-causing
SOD1 mutations are toxic gain-of-function
mutations. Hence, a phase 1 trial has been
initiated in which antisense oligonucleo-
tides are injected intrathecally to knock
down aberrant gene expression (Table 2).
This trial has shown safety of this
therapy. For nonfamilial ALS, 2 phase 1/2
trials have used IM injection of plasmids
carrying the genes for growth factors
(either vascular endothelial growth factor
or hepatocyte growth factor) to enhance
motor neuron survival (Table 2). Results
are pending.

PD is a neurodegenerative disorder
characterized by tremor, rigidity, bradyki-
nesia, and postural instability. The hall-
mark of this disease is the degeneration of
dopaminergic neurons in the substantia
nigra pars compacta.” This disease has
received the most attention in the gene
therapy field. As for the
neurodegenerative  diseases  discussed
earlier, growth factor therapy has also
been pursued as a treatment for PD
(Table 2). One phase 1 trial*® showed
that injections of AAV carrying the
Neurturin gene (a growth factor) into the
putamen bilaterally were safe. A
subsequent phase 2 trial did not show
the treatment to be effective.*® This
group has an active phase 1/2 trial with
injection of the same construct in the
substantia nigra in addition to the
putamen (Table 2). The growth factor
therapy may be more effective if it is
directly delivered to the area of cell loss.

Another group is running a phase 1 trial
to explore the safety of putaminal
injections of AAV carrying the glial cell
line—derived neurotrophic factor gene
(Table 2). An alternative strategy to growth
factor gene delivery that is being explored
for the treatment of PD is the delivery of
genes to enhance dopamine
synthesis.”** Two phase 1 studies have
shown the safety of striatal injections of
AAV carrying the AADC gene.””** AADC
converts levodopa to dopamine.?* Hence,
by expressing this enzyme in the
striatum, the efficacy of levodopa
treatment may be enhanced along with
minimization of the often debilitating
side effects that occur with high
levodopa doses. Another phase 1 trial
and a phase 1/2 trial are under way to
investigate the safety and efficacy of this
treatment (Table 2). A creative genetic-
based neuromodulatory therapy for PD
has been investigated in phase 1 and phase
2 trials.””™® This therapy involved the in-
jection of AAV carrying the glutamate
decarboxylase (GAD) gene into the sub-
thalamic nucleus (STN). GAD converts
glutamate, the major excitatory neuro-
transmitter of the brain, to yY-aminobutyric
acid, the major inhibitory neurotrans-
mitter of the brain.*® The goal of this
therapy was to increase inhibitory tone in
the STN. This strategy was guided by the
belief that the STN is hyperactive in PD
and that STN inhibition is therapeutic for
these patients.*® The phase 1 trial
showed safety and the phase 2 trial
showed efficacy.”™® However, the
treatment was abandoned presumably
because of the increased efficacy of deep
brain stimulation (DBS) for PD.??

GENE THERAPY APPROACHES TO TREAT
ONCOLOGIC DISEASE

For the diseases discussed earlier, gene
therapy is used to introduce genetic material
to compensate for defective endogenous
genes or introduce new genes to modify
neural circuitry or enhance cell survival. For
the treatment of tumors, gene therapy has
been used to render tumor cells susceptible
to a cell-killing drug (Table 3). The most
common approach is to introduce the HSV
thymidine kinase (TK) gene to tumor cells.
This gene phosphorylates thymidine and is
essential for DNA synthesis, and
consequently, cell division. Drugs such as

acyclovir, ganciclovir, and valacyclovir are
nucleoside analogues that target viral
forms of these kinases.”” Hence,
introducing the HSV form of this gene
renders dividing cells susceptible to drugs
such as ganciclovir.

Many phase 1 and phase 1/2 trials have
shown the safety of TK gene therapy and
ganciclovir treatment.3* %4> 444749 Thege
trials used injection of fibroblasts pro-
ducing retrovirus carrying the HSV-TK
gene3*354948:49 o1 adenoviruses carrying
the HSV-TK gene into tumors or more
commonly into the resection cavity after a
tumor resection.’”#*#*47 One study did
note a high number of adverse events
(53%).4° However, this study used not only
resection cavity injections but also
implantation of an Ommaya reservoir
and subsequent injections into the
reservoir. Many of the adverse events
were related to the implantation and use
of the Ommaya.*°

Despite phase 2 trials showing efficacy
of HSV-TK plus ganciclovir treat-
ment,*"%>4° 3 phase 3 trial failed to show
survival benefit in the treatment group.®
The phase 3 trial used injection of
fibroblasts producing retroviruses
carrying the HSV-TK gene. Hence, the
failure of this study to show survival
benefit was attributed to low efficiency of
tumor cell transduction. This situation
may be because the fibroblasts are unable
to migrate and spread the retrovirus. The
investigators posited that improved surgi-
cal delivery methods and improved vectors
with greater spread could overcome this
problem. After the failure of this phase 3
trial, subsequent trials have focused on
use of adenoviral vectors.+"+°

In addition to the HSV-TK plus nucle-
oside analogue strategy, a phase 2/3 trial is
under way that uses injections of retro-
virus carrying the yeast cytosine deami-
nase gene (Table 3). This enzyme converts
s-fluorocytosine, an antifungal drug, to
fluorouracil, an antitumor drug. Hence,
like the HSV-TK gene therapy, the cytosine
deaminase gene therapy strategy is aimed
at rendering tumor cells susceptible to
tumor-killing drugs.

Different considerations must be made
regarding vector selection and design for
antitumor gene therapy versus gene therapy
for the treatment of nononcologic diseases.
Gene therapy for tumor treatment requires
the intended genes to be delivered to
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dividing cells, whereas gene therapy for
other diseases often involves delivery of
genes to neurons, which are nondividing
cells. Hence, adenoviral vectors, which
infect diving cells, are well suited for tumor
applications. Furthermore, adenoviral vec-
tors are immunogenic. Stimulation of the
immune system is likely an added benefit of
adenoviral vector use for tumor treatment,
because immune system activation has
been shown to have an antitumor ef-
fect.5®>% In other applications, immune
stimulation is not generally desired, so
AAV, which is not immunogenic, is
generally preferred. In addition to the
possible immune stimulation of the viral
vector itself, immune modulatory genes
may also be delivered to enhance oncolytic
therapy. A phase 1 trial has shown the safety
of the interleukin 2 gene delivery alongside
delivery of the TK gene using a bicistronic
vector.*” Another phase 1 trial combining
TK gene delivery with delivery of the Flt3L
gene, a gene that stimulates dendritic
cells,’ is under way (Table 3). A phase 1
trial of immune gene therapy without TK
gene therapy has also been completed.’*
This study showed the safety of injections
of adenovirus carrying the interferon P
gene to gliomas. These investigators also
observed increased tumor necrosis, an
indication that immune modulation alone
provides good antitumor treatment.>*

Expression of the tumor suppressor
gene p53 has been another strategy used to
treat gliomas using gene therapy.”® Two
phase 1 trials have shown safety;
however, efficacy remains to be tested
(Table 3).

Direct virus-mediated tumor cell killing
has been trialed using several vectors. In
this strategy, oncolytic viruses are used to
target and destroy tumor cells. Phase 1
trials have shown the safety of strains of
HSV, adenovirus, reovirus, and Newcastle
disease virus for this purpose.>° Some of
these trials have even shown possible
efficacy.5"5+5°

SURGICAL CONSIDERATIONS

Most of the trials discussed use intracerebral
injections of gene delivery vectors, making
gene therapy a neurosurgical treatment.
Although some trials have used IV, IM, or
intrathecal injections, the applications for

these routes of delivery are limited. Systemic
side effects and off-target gene expression
make these delivery methods less favorable.
Furthermore, many neurologic diseases
require targeting of gene therapy to specific
areas of the brain to modulate only the
particular areas affected by a disease.
Convection-enhanced delivery methods
have been used for intracerebral adminis-
tration of gene therapy vectors.”” These
techniques use positive pressure to infuse
the vector through an intracerebral
catheter. These methods of delivery allow
for further spread of the therapeutic vector.
Many early gene therapy trials were
hampered by lack of vector spread. To
guarantee that the vector is delivered to the
entire extent of the intended target, a
contrast agent such as gadoteridol may be
mixed with the vector and injections can be
given with real-time magnetic resonance
imaging (MRI) visualization of vector
spread.®> With the advent of intraoperative
MRI and frameless stereotactic delivery
methods, real-time visualization of vector
spread will become clinically feasible. Opti-
mization of vector delivery is an important
neurosurgical consideration.

Accurate vector delivery relies on ste-
reotactic targeting. Stereotactic brain sur-
gery was developed in the mid—twentieth
century by Spiegel, Wycis, and Leksell.®%
The system developed by Leksell is still in
use and remains a reliable and accurate
means of stereotaxy. Other systems in use
include the Brown-Roberts-Wells, Cos-
man-Roberts-Wells, and Kelly-Goerss
COMPASS systems.’> All these systems
are subject to targeting errors because
of mechanical inaccuracies, target
calculation  errors, and  imaging
inaccuracies, which may be significant.’
These sources of error should be kept in
mind to mitigate their effects.

Technological advancements such as
optical tracking have enabled targeting
without the use of a conventional stereo-
tactic frame. These systems have been
used for many applications including tar-
geting of DBS electrodes. Several groups
have found similar clinical outcomes with
frame-based and frameless systems; how-
ever, accuracy typically remains higher
with frame-based systems.’®%” To improve
the accuracy of frameless systems, some
have used bone fiducial markers and have

shown no significant difference in accu-
racy between frameless and frame-based
systems.®®

The ClearPoint (MRI Interventions,
Irvine, California, USA) system has been
developed as a tool for accurate stereotactic
targeting using intraoperative MRI and an
aiming platform. Clinical outcomes and
lead placement accuracy for DBS surgery
are similar with ClearPoint and frame-
based systems.” The ClearPoint system
has also been effectively used for laser
ablation and drug/vector delivery.”>”" A
cannula for vector delivery is available for
use with this system to enable accurate
vector infusion.”” Future advances may
include optimization of delivery cannulas
and/or delivery systems that could allow
enhanced vector spread and reduce
surgical time.

The development of genetic therapies to
treat neurologic disease and the initiation
of clinical trials for these therapies in-
volves a multidisciplinary approach. Basic
scientists with expertise in viral vectors
and other gene therapy vectors are critical
to the design of these treatments. Neu-
rologists are essential for diagnosis,
referral, and long-term patient manage-
ment. The neurosurgeon plays a critical
role in the delivery of the vector and
should strive to enhance the safety and
efficiency of vector delivery in the oper-
ating room. Clinical trials should be
formulated with a multidisciplinary team
so that all aspects of the trial from
recruitment to vector delivery to follow-up
are carefully planned and executed.

RISKS AND LIMITATIONS

Although many recent trials have shown
safety of gene therapy (Table 1), there have
been severe adverse immunologic reactions
and even death after administration of viral
vectors.”>”> One of the first clinical gene
therapy trials aimed to treat ornithine
transcarbamylase  deficiency by  the
administration of an adenoviral vector
carrying the OTC gene in the late 19gos.”*
Mr. Jesse Gelsinger (the second patient to
receive the vector at the highest dose in the
dose escalation phase 1 study) died as a
result of an exaggerated innate immune
response and resultant multisystem organ
failure.”” The trial was promptly terminated
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after Mr. Gelsinger’s death. This event led to
a public outcry and internal/external
investigations regarding trial conduct. Mr.
Gelsinger’s death prompted institutional
review board and clinical trial reform to
protect future patients. Scientifically, more
research was carried out on the immune
response to vector administration and novel
vectors such as AAV were discovered. Gene
therapy has matured a great deal since this
early trial; however, the risks of gene
therapy, including severe adverse immune
reactions, must not be overlooked or
forgotten.

FUTURE DIRECTIONS

The applications of gene therapy dis-
cussed earlier include only those that have
been trialed in humans. Nearly any gene
can be expressed or knocked down using
current molecular tools. Hence, the po-
tential diseases that could be treated using
gene therapy are numerous. Further re-
finements of gene therapy will be multi-
faceted, including improved vector design,
improved vector delivery, and the use of
novel neuromodulatory/neuroprotective
genes.

There are many avenues for vector
design improvements. These avenues may
include further development of cell-type
specific vectors. For example, most clini-
cally used vectors have used nonspecific
gene promoters such as the CMV (cyto-
megalovirus) or CAG (chicken [-actin)
promoters (Table 2). Future studies could
use more specific promotors to target
gene expression to, for example, solely
excitatory neurons. In addition to
promoter development, discovery and use
of novel vector serotypes may allow for
more targeted gene delivery. No currently
available vector is perfect. For example,
although AAV is less immunogenic, it
has a small carrying capacity. Discovery
of novel vectors could eliminate these
limitations.

Vector delivery is also an important area
for improvement. There should be a move
toward monitoring vector delivery spread
with real-time imaging so that trial failures
are not the result of incomplete gene de-
livery. In addition, there are some reports
that certain additives may improve vector
spread.”> Refinements in the physical

delivery of vectors such as the use of
convection-enhanced delivery or novel
catheter designs to prevent backflow may
improve spread and reduce tissue damage.”*
Vector delivery is particularly a concern for
lesions that require a large area of vector
spread such as large tumors or diseases
that require brainwide expression of a
gene. AAV is a very small virus that can
spread through the parenchyma relatively
easily; however, high volumes and/or
multiple injection sites are often required
to transduce large areas. An alternative
solution is to use intraventricular injections
with the goal of transducing the
ependyma. This strategy would enable a
protein to be produced and then
distributed throughout the cerebrospinal
fluid to treat areas of the brain distant
from the transduction. A recent trial’® has
shown that intraventricular infusion of
cerliponase alfa is an effective treatment
for CLN2 disease. This treatment required
placement of an intraventricular reservoir
and intraventricular cerliponase alfa
delivery every 2 weeks. If gene therapy were
used, the ependyma could produce
cerliponase alfa with only a single delivery
of vector. A gene therapy approach would
also importantly obviate an intraventricular
reservoir. For nononcologic gene therapy,
most trials have focused on replacement of
mutated genes or delivery of growth factor/
cell survival genes (Table 2). In the basic
science realm, many molecular tools have
been developed for neuromodulation.””
Optogenetics uses light-gated channels
such as Channelrhodopsin (excitation) or
Halorhodopsin (inhibition) to modulate
neural activity. Although implementing this
treatment in humans would require im-
plantation of a light generator, many thera-
pies including DBS require implantation of
devices. The advantages of these neuro-
modulatory techniques include cell-type
specific targeting and modulation of neu-
rons without modulation of fibers of pas-
sage. Electric stimulation may excite not
only neurons near the electrode but also
axons in that area. By expressing light-gated
channels in a population of neurons, light
provided via a fiber-optic catheter only
stimulates neurons expressing the channel.
Hence, off-target stimulation can be avoi-
ded. A limitation of this technique is limited
light spread through brain parenchyma.

Novel probes are being developed to over-
come this limitation.

NOVEL GENOME MODIFICATION
TECHNIQUES

We have described numerous strategies
used to treat neurologic disease with gene
therapy. The treatments typically involve
transduction of a gene that produces a
therapeutic enzyme or growth factor. For
diseases in which an aberrant gene prod-
uct must be eliminated, knockdown of
gene expression can be achieved at the
RNA level with antisense oligonucleotides,
as is being performed in an ALS trial
(Table 1).

When complete knockout of a gene is
desired, genome editing must be per-
formed. An exciting novel and extremely
versatile tool, the CRISPR (clustered,
regularly interspaced, short palindromic
repeat)/Casg system, has been developed
to target specific DNA sequences for
knockout, modification, or activation.”®
Before the discovery of the CRISPR/Casg
system, zinc finger nucleases and
transcription activator—like effector nu-
cleases had to be generated to target spe-
cific DNA sequences. The disadvantage of
the previous systems was the difficulty in
designing them to target particular DNA
sequences because of reliance on protein—
DNA interactions. The CRISPR/Casg sys-
tem, on the other hand, uses comple-
mentary guide RNAs to target specific
sequences. Hence, rational design of
sequence targeting is more intuitive with
the CRISPR/Casg system.

The CRISPR/Casg system has been
coopted from bacterial immune systems. In
bacteria, CRISPR sequences target foreign
genetic material for degradation by recruit-
ment of the Casg endonuclease. When
engineered for mammalian use, targeting
Casg to a gene results in a double-stranded
break, which allows for either DNA
sequence modification or knockout. This
system can therefore be used to correct
endogenous mutations or knock out dele-
terious genes. However, correction of a
mutation is difficult because editing DNA
after an endonuclease cut is a low probability
event. In other studies, Casg has also been
modified to remove its endonuclease capa-
bility and instead carry transcriptional
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activators or repressors to modify gene
expression levels.

Special considerations must be made
for CRISPR/Casg use for gene therapy. If a
gene editing approach is desired, the
problem of low efficiency must be
addressed. If gene knockout is pursued,
transient expression (e.g., with plasmid
transfection techniques) of the CRISPR/
Casg system should be considered.
Furthermore, CRISPR/Casg binding to off-
target sites can result in serious delete-
rious consequences as a result of unin-
tended gene editing. High-fidelity versions
of Casg have been developed to mitigate
this problem.”” Transient expression
would also help mitigate the problem of
off-target effects. CRISPR/Casg technol-
ogy has seen rapid adoption and devel-
opment, and clinical trials in humans are
being developed. In oncology, an ex vivo
human cell editing strategy has been
developed and is in a phase 1 trial for
treatment  of  multiple  myeloma
(NCT03399448). Although further refine-
ment is needed for neurologic applica-
tions, this technology may soon see
application in human gene therapy for
neurologic disease as well.

CONCLUSIONS

Gene therapy is a burgeoning field with
many applications for neurosurgical and
neurologic diseases. We have reviewed
completed human gene therapy trials and
others that are under way. The clinical
trials reviewed are nearly all phase 1 or 2
trials. Future phase 3 trials have the
promise to show efficacy of these thera-
pies. Many disorders are amenable to gene
therapy; further development and refine-
ment of these techniques will allow for
even more diseases to be treated. Neuro-
surgeons will play an essential role in
designing, developing, and providing
these therapies.
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