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Neurodegenerative disorders, ischemic brain diseases, and brain tumors are debilitating diseases that
severely impact a person’s life and could possibly lead to their demise if left untreated. Many of these dis-
eases do not respond to small molecule therapeutics and have no effective long-term therapy. Gene
therapy offers the promise of treatment or even a cure for both genetic and acquired brain diseases,
mediated by either silencing or editing disease-specific genes. Indeed, in the last 5 years, significant pro-
gress has been made in the delivery of non-coding RNAs as well as gene-editing formulations to the
brain. Unfortunately, the delivery is a major limiting factor for the success of gene therapies. Both viral and
non-viral vectors have been used to deliver genetic information into a target cell, but they have limit-
ations. Viral vectors provide excellent transduction efficiency but are associated with toxic effects and
have limited packaging capacity; however, non-viral vectors are less toxic and show a high packaging
capacity at the price of low transfection efficiency. Herein, we review the progress made in the field of
brain gene therapy, particularly in the design of non-toxic and trackable non-viral vectors, capable of
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controlled release of genes in response to internal/external triggers, and in the delivery of formulations
for gene editing. The application of these systems in the context of various brain diseases in pre-clinical
and clinical tests will be discussed. Such promising approaches could potentially pave the way for clinical

rsc.li/biomaterials-science realization of brain gene therapies.
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1. Introduction

The concept of gene therapy relies on the delivery of recombi-
nant nucleic acids (DNA or RNA) to add, replace, repair, or
even remove a gene sequence. The delivery of nucleic acids
induces a change in the cell phenotype, which, in case of
disease, means slowing down the disease progression or leads
to the cure. Although the idea may seem extremely simple,
gene regulation is highly complex, and many diseases result
from a pattern of multiple altered genes, like some neurode-
generative diseases, such as Alzheimer’s and Parkinson’s dis-
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eases. Gene therapy can also be used to target cancer cells, by
introducing a gene that will induce a phenotype more suscep-
tible to complementary therapeutic strategies or is directly
lethal. Even though the translation of gene therapy started in
the early 1990s, the lack of knowledge concerning gene
vectors, target cells, and, in particular, the diseases, has led to
disappointing outcomes.”? In the beginning of the 2000s, the
development of new vectors and gene-editing tools, combined
with a deeper understanding of the target cells, renewed inter-
est, and new trials evidenced sustained genetic modifications
and clinical benefits in some.*”

RNA interference (RNAi), by which disease genes can be
specifically silenced, has great potential to become a success-
ful therapeutic strategy for neurological diseases.® Small inter-
fering RNAs (siRNAs) and microRNAs (miRNAs) have attracted
considerable attention due to their role in gene regulation,
which makes them likely targets for drug discovery and devel-
opment.” Therapeutic approaches based on siRNA involve the
introduction of a synthetic siRNA into the target cells to elicit
RNA interference (RNAi), thereby inhibiting the expression of a
specific messenger RNA (mRNA) to produce a gene-silencing
effect. By contrast, miRNA-based therapeutics comprise two
approaches: miRNA inhibition and miRNA replacement.®
miRNA inhibition resembles antisense therapy, with synthetic
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single-stranded RNAs acting as miRNA antagonists (also
known as antagomirs or anti-miRs) to inhibit the action of the
endogenous miRNAs. On the other hand, in the replacement
approach, synthetic miRNAs (also known as miRNA mimics)
are used to mimic the function of the endogenous miRNAs,
which leads to mRNA degradation/inhibition and produces a
gene-silencing effect.” In any case, the use of RNAi is limited
to targets for which gene knockdown is beneficial. Also, RNAi
often cannot fully repress gene expression and is therefore un-
likely to provide a benefit for diseases in which complete abla-
tion of gene function is necessary for therapy.'® Consequently,
genome-editing technologies based on programmable
nucleases, such as zinc finger nucleases (ZFNs),"" transcrip-
tion activator-like effector nucleases (TALENs),">" and the
clustered regularly interspaced short palindromic repeat
(CRISPR)-associated nuclease Cas9,'* are opening up the
possibility of therapeutic genome editing in diseased cells and
tissues, resulting in the removal or correction of deleterious
mutations or the insertion of protective mutations.

Growing interest in gene therapy has been motivated by the
fact that, in theory, gene-based approaches may provide, with a
single treatment, a sustained production of endogenous pro-
teins by the target cells, which obviates the need for repeated
administration of protein-based therapies. However, genetic
manipulation of the CNS presents many challenges. The
specific characteristics of most neurons, which are terminally
differentiated, require specific delivery strategies, such as
vectors that persist in postmitotic cells. In terms of gene
therapy, which has shown promising results for the treatment
of several diseases of the CNS, such as lysosomal storage dis-
eases,”” Parkinson’s disease,'® Alzheimer’s disease,’” and
brain tumors,'® gene delivery after systemic administration
remains one of the main challenges, largely due to the blood-
brain barrier (BBB)."> Before we achieve widespread appli-
cation of gene delivery to the brain and the nervous system,
specifically in the clinic, further efforts must be made to fine-
tune targeted strategies and guarantee their safety and efficacy.

Herein, we review the most recent advances in brain gene
delivery focusing on silencing and editing. Although recent
studies have reviewed aspects of brain gene therapies,*>*" they
were limited in integrating both silencing and editing strat-
egies and cover non-viral delivery systems. Initially, we will
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highlight gene-delivery strategies to the brain using viral
vectors (e.g. adenovirus, lentivirus, herpes simplex virus) and
non-viral vectors (e.g. cationic liposomes, cationic polymers,
organic and inorganic nanomaterials). Then, the importance
of silencing gene therapies to treat brain diseases such as
cancer and neurodegenerative diseases will be discussed.
Finally, we will cover brain gene-editing strategies focusing
essentially on the CRISPR/Cas system.

2. Gene-delivery strategies to the brain

Many chronic neurologic diseases do not respond to small-
molecule therapeutics and have no effective long-term
therapy.>® Gene therapy offers the promise of an effective cure
for both genetic and acquired brain disease, yet progress in
clinical trials has been slow, and a major limiting factor is
delivery of the gene to brain.*® This is primarily due to com-
plexity of the brain, side effects, and the impermeable blood-
brain barrier (BBB).>* To this end, various vectors (vehicles)
were used to move genetic information into a target cell, which
mainly included viral and non-viral vectors (see Fig. 1).>?°
Each type of vector imposes its own set of advantages and dis-
advantages, and hence in the following section we will provide
a comprehensive description of each vector type accompanied
by relevant examples where they were used for gene delivery to
brain.

2.1. Viral vectors

Ideal virus-based vectors for most gene-therapy applications
harness the viral infection pathway but avoid the subsequent
expression of viral genes that leads to replication and tox-
icity.?” In particular, the viral particles encapsulate a modified
genome carrying a therapeutic gene cassette in place of the
viral genome.>® Features of the ideal viral vector are: (i) specific
tropism for highly efficient transduction of the target tissue
and minimal transduction of ‘off-target’ cells, tissues, or
organs; (ii) capacity to express the transgene for a period of
time and at a level so as to have maximal therapeutic impact
while eliciting a minimal host immune response; (iii) minimal
side effects such as vector-related pathologies and/or host
immune response.’® The spectrum of viral vectors used in
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Fig. 1 Schematic representation of viral (left) and non-viral (right) vector for gene delivery to the brain.

1066 | Biomater. Sci, 2021, 9, 1065-1087

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0bm01278e

Published on 24 November 2020. Downloaded on 13/02/2026 22:13:09.

Biomaterials Science

basic research applications includes viruses with simple
capsid virions—such as recombinant adenovirus and adeno-
associated virus—and others such as retrovirus/lentivirus, and
herpes virus, in which the capsid is surrounded by a lipid
bilayer envelope.”® The difference between each class of viral
vectors is their packaging capacity, transduction capability,
integration into the host genome, duration of transgene
expression, and induced pathogenesis, to name just a few.* It
should be noted that vectors derived from some retroviruses,
such as Moloney murine leukaemia virus (MoMLV), have
limited applications as vectors for the central nervous system
(CNS) owing to their inability to deliver genes to non-dividing
cells. Retroviral vectors have successfully been applied to
modify non-neuronal cells ex vivo prior to transplantation in
the nervous system.>’ However, adeno-associated virus, lenti-
virus, and herpes virus are all suitable vectors to efficiently
transduce neurons of the CNS.>® Nonetheless, because of the
properties of binding and entry proteins on the virus capsid or
envelope, some cells are intrinsically more susceptible to infec-
tion with certain vectors. Also, depending on the viral type, it
can interact with different target cell receptors, which corre-
spondingly mediates a different mechanism of endocytosis.*>
Overall, viral vector delivery modalities can be grouped into
those that attempt to achieve widespread gene delivery
throughout the brain (global) and those that target specific
cell populations within the brain (focal). Accordingly, focal
delivery is often achieved through local administration where
vectors are either injected directly into the brain parenchyma,
ventricles, or vasculature, or indirectly injected via intrathecal
or intranasal administration, with different types of vectors
and modes of injection designed to hit selected targets.”
Local administration of these viral vectors implies that focal
delivery modalities are capable of bypassing BBB, and they are
also less susceptible to neutralization by circulating anti-
bodies.** Conversely, methods for global delivery include injec-
tion into the carotid artery, with promotion of entry across the
blood-brain barrier through localized disruption of BBB
(using magnetic resonance-guided focused ultrasound and IV
administered microbubbles) or receptor-mediated transport
via transcytosis (using the transferrin receptor, LDL receptor-
related proteins, or insulin receptor), or using a viral vector
that naturally crosses the BBB (archetypally, AAV9).>* The type
of brain disease can determine the suitable method of viral
delivery. For instance, focal delivery is preferred for treatment
of Parkinson’s disease by targeting focal areas of disease
pathogenesis, whereas global delivery is more appropriate for
widespread CNS diseases, such as brain tumors and lysosomal
storage diseases.’® Currently, viral vector-mediated gene
therapy for disorders of the central nervous system is focused
on life-threatening or severely debilitating diseases, owing in
part to unknown risk factors associated with virus vectors.
Neurological conditions where these vectors might prove to be
effective include stroke, spinal cord injury, neurodegenerative
diseases, lysosomal storage diseases, brain tumours, and
pain.*® In the following section, we will review the most
common viral vectors used for gene delivery to the brain.

This journal is © The Royal Society of Chemistry 2021
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2.1.1 Adenoviruses. The most frequently applied viral
vectors are certainly those based on adenoviruses, in which
naked dsDNA adenoviruses possess a packaging capacity of 7.5
kb of foreign DNA providing short-term episomal expression
of the gene of interest in a relatively broad range of host
cells.*® Natural and acute immunologic responses against ade-
noviruses have limited their clinical application, and so these
vectors have experienced several generational steps of develop-
ment.*” First-generation vectors contained deletions of the E1
and/or E3 regions of the genome, the former encoding pro-
teins necessary for early gene expression and the latter being
dispensable for replication and packaging. This endowed a
transgene capacity of up to ~8.3 kb, but this generation of
vectors retained a majority of the viral genes, and cytotoxicity
associated with expression of the viral genes has hindered
their application.”® To this end, second-generation vectors had
more extensive deletions of the adenoviral sequence, removing
the E2 or E4 regions along with E1/3. The corresponding del-
etions on the viral genome allowed the insertion of expression
cassettes up to 14 kb. However, second-generation adeno-
viruses vectors still did not avoid in vivo-associated immuno-
genicity and toxicity due to residual gene expression from the
remaining viral genes.*® The last generation, namely “Gutless”
adenoviruses, are completely devoid of viral coding sequences,
bringing their cloning capacity to 36 kb, but require sophisti-
cated production systems involving a helper virus capable of
providing in trans all necessary elements for encapsidation.
The host immune response against helper-dependent vectors
is reduced compared with that of earlier-generation vectors
but still remains a problem. Regardless, helper-dependent ade-
noviral vectors have been shown to transduce neuronal, astro-
glial, and human glioma cells, demonstrating that targeting of
neuronal tissues is possible with these 39,40
Accordingly, transgenes that encode therapeutic proteins
have been successfully delivered to the CNS using helper-
dependent or recombinant adenoviruses, to facilitate glioblas-
toma treatment and neural functional recovery, and reduce the
inflammatory response of astrocytes.

2.1.2 Adeno-associated virus. Adeno-associated virus (AAV)
is a protein capsid surrounding and protecting a small, single-
stranded DNA genome of approximately 4.8 kilobases (kb).
AAV belongs to the parvovirus family and is dependent on co-
infection with other viruses, mainly adenoviruses, in order to
replicate. The single-stranded DNA of AVVs comprises the rep
gene (genome replication and virion assembly) and the cap
gene (gives rise to the viral capsid proteins) flanked by two
inverted terminal repeats (ITRs). The capsid is made up of
viral capsid proteins VP1, VP2, and VP3, which facilitate
binding of the virion to the cell surface receptor and varies
between serotypes. Generally, the cell tropism and regional
transduction pattern of AAV in the CNS depend on the AAV
capsid.” For instance, AAV1, AAV2, AAV4, AAV5, AAV7, AAVS,
AAV9, and rh.10 capsids have been studied by multiple labora-
tories for transduction and tropism in the CNS in several pre-
clinical species.”"*® One downside of AAV vectors is that their
global delivery in humans is often subjected to pre-existing

vectors.
41-44
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neutralizing antibody (NAb) against assembled AAV capsid in
the circulation, which can potentially compromise or abrogate
transduction.”” The other disadvantages of AAV vectors are the
complicated process of vector production and the limited
transgene capacity of the particles (<5 kb).*

Nevertheless, adeno-associated virus (AAV) and recombi-
nant AAV vectors are commonly used to deliver various genes
to brain mainly due to their favourable attributes such as capa-
bility to infect both dividing and non-dividing cells, as well as
their minimal immunogenicity.*® Along similar lines, trans-
genes that encode therapeutic proteins,®®>® microRNAs
(miRNAs),”** antibodies,”’* and CRISPR-Cas9 guide RNA
for gene editing® ®® have been successfully delivered to the
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CNS with AAVs in mice and other species (Fig. 2A). In addition,
multiple capsids have been used across species to successfully
target a variety of tissues and cell types within the CNS, includ-
ing neurons, astrocytes, oligodendrocytes, and glioma
CCHS.45’69_74

2.1.3 Lentivirus. Lentiviruses are a subclass of retroviruses.
They have recently been used as gene-delivery vectors due to
their ability to integrate naturally with non-dividing cells,
which is the unique feature of lentiviruses, as compared with
other retroviruses, which can infect only dividing cells.”” In
fact, most lentiviral vectors (LVVs) are derived from the human
immunodeficiency virus (HIV) type 1 and retain the ability to
integrate into the genome of infected cells, which is a powerful
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Fig. 2 Viral and non-viral delivery for gene silencing in brain, (A) AAV-mediated SOD1 silencing by overexpression of miRNA against human SOD1
coding sequence, to prevent motoneuron degeneration caused by SOD1 mutation. Reproduced with permission.’®® Copyright 2015, Wiley. (B)
Lentivirus-mediated miRNA-guided neuron tag (“mAGNET") to restrict transgene expression to cortical inhibitory (GABA+) neurons in the mouse
neocortex (GABA mAGNET). Reproduced with permission. 8 Copyright 2018, Elsevier. (C) RNAi therapy for human glioblastoma in vivo using siRNA-
loaded nontoxic brain-targeting chimaeric polymersomes (ANG-CP-siRNA). Reproduced with permission.**® Copyright 2018, Elsevier. (D) A cyclic
peptide iRGD (CCRGDKGPDC)-conjugated solid lipid nanoparticle (SLN) to deliver small interfering RNAs (siRNAs) against both epidermal growth
factor receptor (EGFR) and PD-L1 for combined targeted and immunotherapy against glioblastoma. Reproduced with permission.*® Copyright 2019,
American Chemical Society. (E) Targeted delivery of theranostic polyfunctional gold—iron oxide nanoparticle (polyGION) surface loaded with thera-
peutic miRNAs (miR-100 and antimiR-21) to glioblastoma in mice. Reproduced with permission.t”” Copyright 2019, Elsevier.
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technique that allows scientists to manipulate genes and gene
expression.”® Although these vectors do not naturally infect
cells of the CNS, there is significant potential for modifying
tissue tropism for specific therapeutic applications. Two main
approaches have been considered to achieve targeted LV trans-
duction in the CNS. First, it is possible to direct expression to
certain cell types by using promoter elements that are active
only in the desired cells. For instance, both neuron-specific
and glial-specific promoters have been shown to confer cell-
type-specific transgene expression in the desired cell-type.””"”®
However, in some cases, a portion of the integrated transgenes
may be non-specifically activated due to positional effects from
surrounding genes.”® Hence, to address this issue, the second
approach was realized by combining the cell-type-specific pro-
moters with envelope proteins that bind to specific receptors
found only on the desired cell type. Along these lines, the
envelope gene of HIV-1 is, in most cases, replaced by a heter-
ologous gene to alter tropism and specificity.®® A large number
of various viral envelopes have been used to pseudotype lenti-
viral vectors, including glycoproteins from various strains of
vesicular stomatitis virus (VSV), various strains of Rabies virus,
Mokola virus, Lymphocytic choriomeningitis virus (LCMV),
Ross River virus, and others.”” These viral envelopes do not
necessarily warrant specific cell-type tropism, and in most
cases they are combined with cell-type-specific promoters to
instigate transgene expression in the desired cell type.®' %

Lentiviral vectors can deliver 8 kb of sequence, and that
means they can accommodate larger transgenes than AAV
vectors.”® Lentiviral vectors have the advantages of high-
efficiency infection of dividing and non-dividing cells, long-
term stable expression of a transgene, and low immunogeni-
city.>® Conversely, this powerful tool has the potential to cause
oncogenic, infectious, and other transformative changes to
infected cells. LVV-infected cells can become cancerous
through activation of oncogenes or inactivation of tumor-sup-
pressor genes.®” One way to address this is application of the
self-inactivating (SIN) vector in which the viral enhancer and
promoter sequences have been deleted.®*>®® Transgenes that
encode therapeutic microRNAs (miRNAs),*”"%® siRNAs,** %
and shRNA?®'% have been successfully delivered to the CNS
with LVVs in mice (Fig. 2B). LVVs have been demonstrated to
transduce most cell types within the CNS in vivo, including
neurons, astrocytes, adult neuronal stem cells, oligodendro-
cytes, and glioma cells.”® Efficient therapeutic effects of LVV-
mediated transgene expression have been documented in
animal models of lysosomal storage diseases (LSDs),
Alzheimer’s disease (AD), ALS, Huntington’s disease (HD), and
Parkinson’s disease (PD), among others.”’

2.1.4 Herpes simplex virus. Herpes simplex virus (HSV) is a
member of Herpesviridae and belongs to the subfamily
Alphaherpesvirinae. Depending on the cellular site of latency,
herpesviruses are classified as either HSV-1 or HSV-2."%* HSV-1
is a common pathogen in humans, causing primarily cold
sores, but occasionally encephalitis and other life-threatening
conditions, especially in immune-compromised individuals. It
is an enveloped virus bearing 152 kb of double-stranded DNA

This journal is © The Royal Society of Chemistry 2021
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encoding over 80 genes, which has high infectivity for neurons
and glia, as well as many other cell types.*® The HSV-1 genome
contains a significant portion of viral genes that are con-
sidered “non-essential” and can be deleted without affecting
viral replication in cultured cells. These findings have paved
the way for the generation of a number of HSV-1-derived
vectors: conditionally replicating vectors, replication-defective
vectors, and amplicon-based vectors.'®® Conditionally replicat-
ing HSV-1 vectors are deficient in expression of viral genes
essential for replication in non-dividing cells. Because replica-
tion of these vectors is highly toxic to infected cells, they can
be used to target proliferating cells for killing. Consequently,
they have been typically used in the development of therapies
for malignant brain tumors (e.g. glioblastoma multiforme,
GBM) and are referred to as oncolytic HSV-1 vectors.'*® More
extensive removal of viral genes led to the creation of replica-
tion-defective vectors, which lack the ability to replicate auton-
omously and require complementing helper function for
propagation. Removal of immediate-early genes, necessary for
expression of early and late genes, from these vectors greatly
reduced vector toxicity.'’” Identification of the minimal cis-
acting sequences necessary for virus replication, the cleavage/
packaging signal and the viral origin, provided another signifi-
cant advancement in the design of HSV vectors.>® Amplicon
vectors contain only these elements and have a packaging
capacity of ~150 kb.?® These vectors have several advantages
over attenuated or replication-defective vectors, including a
lack of viral genes that might cause cytotoxicity, maximal
transgene coding capacity, high infectivity for cells of the
nervous system, and retention for up to months in non-divid-
ing cells.*® However, the total reliance on helper viruses for
amplicon production and packaging makes this platform chal-
lenging to manufacture and validate. The production method
ultimately leads to cross-contamination of amplicon stocks
with variable amounts of helper virus particles that are poten-
tially cytotoxic and immunogenic.'%®

HSV-1 is a neurotropic virus that can spread through the
nervous system and establish a latent infection in neurons.
Although sensory neurons are the natural reservoir of latency,
gene-transfer experiments have shown that HSV-1 can also
establish a latent infection in other neurons within the brain,
as well as motor neurons.'®® Generally, transgenes that encode
therapeutic proteins’'®™"* and antibodies'®"*'® have been
successfully delivered to the CNS with HSVs. Efficient thera-
peutic effects of HSV-mediated transgene expression have been
documented in animal models of Parkinson’s disease and
brain tumors.""”

2.2. Non-viral vectors

Although viral vectors have substantially advanced the field of
gene therapy, several limitations are associated with viral
vectors, including carcinogenesis, immunogenicity, broad
tropism, limited DNA packaging capacity, and difficulty of
vector production.'*® To this end, non-viral gene therapy has
the potential to address many of these limitations, particularly
with respect to safety, as it is less immunogenic and non-inte-
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grating into the host genome.>” Non-viral vectors also have the
potential to deliver larger genetic payloads and are typically
easier to synthesize than viral vector.''® Nevertheless, few of
these vectors have so far been developed clinically, owing to
their low delivery efficiency relative to viral vectors.''® So far, a
variety of non-viral vectors were used for gene delivery, includ-
ing cationic lipids and liposomes, cationic polymers, polypep-
tides, and organic/non-organic nanoparticles.'®*>*2°7?2 In the
context of gene delivery, the ideal non-viral vector must target
a specific population of cells to deliver its payload of con-
densed DNA or RNA to mediate an appropriate intracellular
delivery of sufficient therapeutic to achieve a functional
outcome.”® However, depending on the mode of adminis-
tration (being systemic or local), the non-viral vectors can face
different barriers.

Accordingly, systemically delivered non-viral vectors need to
prevent degradation by serum endonucleases and evade
immune detection (which could be achieved by chemical
modifications of nucleic acids and encapsulation of vectors).
They also need to avoid renal clearance from the blood and
prevent nonspecific interactions, using polyethylene glycol
(PEG), or through specific characteristics of particles."*®
Furthermore, for successful gene delivery to CNS, non-viral
vectors must also pass the BBB. Accordingly, the structural and
physicochemical properties of vectors including molecular
size, charge, hydrogen-bonding potential, and lipophilicity will
determine which is the passage mechanism across the BBB.'*
Accordingly, the following transport mechanisms have been
proposed: (i) vectors open tight junctions between endothelial
cells or induce local toxic effects, which leads to a localized
permeabilization of the BBB allowing the penetration of the
cargo conjugated with the vectors (this could also be achieved
by osmotic disruption, ultrasound disruption, or magnetic dis-
ruption, though they could be detrimental to integrity of the
BBB'?*"); (ii) vectors pass through endothelial cell by transcyto-
sis (via absorptive-, transporter-, or receptor-mediated transcy-
tosis'?>*); or (iii) a combination of several of the mechanisms
described previously.'® Moreover, after passage through the
BBB, the vectors must selectively target diseased cells while
minimizing the distribution into normal brain cells."*® Also,
following internalization, vectors are challenged with a new set
of intracellular obstacles (including endolysosomal escape,
transport through the cytoplasm, nuclear localization, and
unpacking) that must be overcome for successful gene deliv-
ery.''” Nevertheless, in order to achieve effective concen-
trations in the brain, the vectors must be administered in
doses that are associated with adverse effects in peripheral
organ.'?”’

Consequently, local delivery of non-viral vectors was
suggested as an alternative approach to bypass some of the
obstacles associated with their systemic delivery. Hence, intra-
parenchymal (directly into the diseased brain regions facili-
tated by convection-enhanced delivery or inclusion into bio-
degradable polymeric implants), intraventricular (into the cere-
brospinal fluid produced in the ventricles of the brain),
intrathecal (into the intrathecal space surrounding the spinal
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cord), and intranasal administrations were practiced as local
delivery approaches for delivery genes via non-viral vectors to
CNS, 287139 albeit local delivery approaches are prone to limit-
ations such as local trauma to the brain neuropil that leads to
inflammation and toxicity, as well as limited diffusion from
the injection site (for the intraparenchymal route), and an ulti-
mate low ratio of successfully delivered vectors to the brain
(for intrathecal and intranasal routes)."**

In the following section, we will review the most commonly
used non-viral vectors for gene delivery to the brain.

2.2.1 Cationic lipid-based particles. Lipid-based particles
are roughly nano- or micro-sized delivery systems consisting of
one or more lipid bilayers. Given their unique physicochemical
characteristics, lipid-based particles can incorporate lipophilic,
hydrophobic, or even hydrophilic therapeutic agents, when the
lipid layers surround an aqueous inner compartment.'** The
phospholipid bilayer in lipid-based particles can facilitate the
permeation of drugs across various biological membranes, but
this is not enough for crossing the liposome through the BBB.
At the same time, the cationic lipid-based particles can cross
the BBB via absorption-mediated transcytosis, by taking advan-
tage of the BBB’s negative charge that facilitates cell internaliz-
ation processes through electrostatic interactions.'*® However,
this interaction can change drastically in vivo if the cationic
lipid-based particles are administered intravenously, due to
adsorption of blood proteins and other molecules on the
surface of the particles.'** Cationic lipids such as N{1-(2,3-di-
oleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA)
are composed of a hydrophilic head group, a hydrophobic tail
group, and a linker between these two domains."*' Particular
modification of these three domains can lead to formation of
new cationic lipids such as DOSPA, DOTAP, and DMRIE, which
have been prevalently used for gene-delivery applications.”*> In
particular, the positively charged head group binds with the
negatively charged phosphate group in nucleic acids (such as
DNA and RNA) to form a uniquely compacted structure called
lipoplexes.”” However, the major drawbacks of cationic lipo-
somes are their nonspecific uptake by peripheral tissues,
together with their binding to serum proteins, which follows
their high dosage administration to reach therapeutic efficacy
that can cause toxicity."*® To address these issues and further
enhance the transfection efficiency of lipoplexes, the addition
of helper lipids to the formulations was suggested. Helper
lipids can be further categorized accordingly: (i) neutral lipids,
(if) cholesterol (CHOL), (iii) phosphatidylcholine (PC), (iv)
PEGylating lipids, (v) anionic lipids, and (vi) non-ionic surfac-
tants."®” Furthermore, surface functionalization of lipid-based
particles with biologically active ligands, such as peptides,
antibodies, or small molecules, which specifically bind to
receptors on specific cell lines, can be used to allow targeted
delivery of lipid-based particles to different cells within the
brain."®® In general, a number of factors can determine the
gene-delivery efficiency of cationic lipid-based particles,
including the structure of the cationic lipids, the choice of
helper lipids and their percentages in the formulation, the
lipid-to-nucleic acid ratio and the resulting positive-negative
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charge ratio, and the reversibility of PEGylation."*” Cationic
lipid-based particles were extensively used for delivery of
miRNA or siRNA to treat brain tumors in preclinical animal
models (Fig. 2C)."*%

2.2.2 Cationic polymers. Cationic polymers are another
class of non-viral vectors and are attractive partly due to their
large chemical diversity and their potential for functionali-
zation."'® The most significant differences between cationic
polymers and cationic lipids are that cationic polymers are
mostly hydrophilic, and they can compress nucleic acid mole-
cules to a relatively small size, which could be crucial for
improving transfection efficiency."*> DNA-binding moieties,
including primary, secondary, tertiary, and quaternary amines,
as well as other positively charged groups such as amidines,
can reside in the polymer backbone, in pendant groups, or in
grafted oligomers. The polymers themselves could also com-
prise linear, branched, or dendritic structures.'*® Accordingly,
polyethylenimine (PEI) and poly(r-lysine) (PLL) have been used
extensively for effective gene delivery, but due to their high
positive charge, they are associated with moderate to high
levels of toxicity, as well as low transfection efficiency.'*® With
the aim of improving safety and efficacy, numerous other poly-
mers have been studied for gene delivery, including methacry-
late-based polymers such as poly[(2-dimethylamino) ethyl
methacrylate] (pDMAEMA), carbohydrate-based polymers such
as chitosan and p-cyclodextrin-containing polycations, poly-
amidoamine (PAMAM) dendrimers, polypeptides, and degrad-
able polymers such as poly(p-amino ester) and poly[a-(4-ami-
nobutyl)-r-glycolic acid] (PAGA).'*>'"” The endosomal escape
capability of cationic polymers, which is essential for efficient
gene delivery, can be enhanced via membrane-destabilizing
mechanisms by incorporating hydrophobic molecules along
with pH-responsive polymers into their formulations.'*®'*°
Cationic liposomes were extensively used for delivery of
shRNA, miRNA, or siRNA to treat cerebral ischemia,
Parkinson’s disease, Alzheimer’s disease, Huntington’s
disease, and brain tumors in preclinical animal models
(Fig. 2D).}*017

2.2.3 Organic and inorganic nanomaterials. Nanomaterials
could provide robust protection of nucleic acids from degra-
dation by nucleases, efficient cell entry through the cell mem-
brane, and release of the nucleic acid in its functional form
within the nucleus."”> A number of nanomaterials are used for
gene-delivery applications based on polymers (such as PLGA or
PCL), graphene, carbon nanotubes, gold nanoparticles, mag-
netic nanoparticles, quantum dots, and mesoporous silica
nanoparticles.'”>'”? Inorganic nanoparticles offer advantages
over polymeric nanoparticles in terms of trackability by
microscopy techniques (e.g. magnetic resonance imaging;
MRI), as well as on-demand gene delivery triggered by external
stimuli such as light, ultrasound, or magnetic fields."”*
However, inorganic nanoparticles also have disadvantages
because they might not be degraded (or eliminated through
the kidneys) or present undesirable toxicity.'® In general, it has
been shown that functionalized nanomaterials are the most
promising gene-delivery platforms owing to their small size,
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targeted delivery of nucleic acids, sustainment of gene-delivery
effects in target tissue, and superior stability of the genetic
material.'”> In fact, nanomaterial functionalization can be
achieved using cationic lipids or polymers, with the aim of
enhancing their BBB passage, as well as their transfection
efficiency."*>'”®> Organic and inorganic nanomaterials were
extensively used for delivery of shRNA, miRNA, or siRNA to
treat cerebral ischemia, Parkinson’s disease, and brain tumors
in preclinical animal models (Fig. 2E)."7®%”

3 Gene therapy: replacement and
silencing
3.1 Gene therapy in inherited diseases

Several innate genetic defects have a deleterious effect on the
brain, such as lysosomal storage diseases (LSD). In LSD, the
genetic defects lead to lysosomal dysfunction, which results in
accumulation of uncleaved lipids, glycoproteins, and/or glyco-
saminoglycans. As a consequence, cell morphology can be
altered by high oxidative stress, marked neuroinflammation,
and impaired tissue and organ functions.'*"'*> Current avail-
able therapies for LSD are based on enzyme replacement or
hematopoietic stem cell transplantation, which are extremely
expensive and have unclear long-term effectiveness.'”® These
metabolic inherited diseases are promising candidates for
brain gene therapy, because they generally result from a single
gene defect, and the non-functional mutated gene can be
replaced and the normal phenotype restored. Gene therapy
may offer a more affordable, complete treatment to all the con-
ditions in these diseases. Some pre-clinical studies and clinical
trials have already shown promising results in different dis-
eases, such as Gaucher disease,'**
mucopolysaccharidosis,'*'?® and the Niemann-pick type C1
disease,"®”*°% by replacement gene therapy.

3.2 Gene therapy in acquired diseases

Even though the genetic pattern in acquired diseases is much
more complex than in single gene inborn defects, gene
therapy may also constitute a relevant approach in neurode-
generative conditions, such as Parkinson’s (PD) and
Alzheimer’s (AD) diseases, or in brain tumors.

3.2.1 Parkinson’s disease. In PD, there is progressive loss
of dopamine (DA) neurons in the substantia nigra, which
leads to decreased levels of DA and affects the movement and
the body posture. The current therapies are based on the
administration of the DA precursor L-dopa, which in long-term
treatments results in strong adverse effects that outweigh the
benefits."”’

Gene-therapy strategies for PD rely on the transfer of genes
encoding neurotransmitter-synthesizing or metabolic enzymes
to improve the function of the impaired synthesis. For
instance, several approaches have reported the successful
transfer cDNA of tyrosine hydroxylase (TH), the rate-limiting
enzyme in the synthesis of DA to the striatum. Other genes,
which encode complementary enzymes of DA synthesis, such
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as the aromatic amino acid decarboxylase (AADC)**>**" and
the GTP cyclohydrolase (GTPCH)*> have also been delivered
and have been shown to maximize DA production in the stria-
tum. Silencing of the SNCA (alpha synuclein) gene with siRNA
and shRNA has also shown promising results both in vitro and
in vivo, with a reduction in SNCA in the brain and improve-
ment in motor dysfunction.’**?°* On the other hand, gene
therapy can also be used to deliver genes of trophic factors
and protective proteins to slow down or block the neurodegen-
erative process. Some examples of molecules that limit the pro-
gression of PD are anti-apoptotic, antioxidants, and trophic
peptide factors, such as the glial-derived growth factor
(GDNF).?%>2%% Although this protein does not cross the BBB
after systemic administration, gene therapy has enabled their
delivery to the striatum and substantia nigra, showing promis-
ing results.>*%2%°

3.2.2. Alzheimer’s disease. AD is a progressive neurodegen-
erative disease and the most frequent cause of dementia,
characterized by memory loss and decrease in cognitive func-
tion.>'° In AD, there is formation not only of beta-amyloid (Ap)
plaques, extracellularly, but also, in parallel, of intracellular
neurofibrillary tangles (NFTs), by deposition of hyperpho-
sphorylated Tau protein. Even though the whole pathological
mechanism is still unclear, research has shown that AD is
caused by an inflammatory process that results from the com-
bination of genetic and environmental factors.>*

The current available therapies for AD are based on antic-
holinesterase inhibitors and NMDA antagonists, to improve
cognitive function and behavior. However, the efficacy of these
drugs has been very limited.>'*> Gene-therapy strategies so far
have been focused on reducing Tau phosphorylation and Af
plaques. The most obvious target for gene-therapy silencing is
the amyloid precursor protein (APP), whose proteolysis leads
to increased levels of Af protein. However, this silencing strat-
egy has been avoided due to the role of APP in neuronal devel-
opment and differentiation.*** Enzymes such as f-secretase,
which are responsible for cleaving APP, leading to accumu-
lation of A protein, have been used as an alternative target. In
vivo delivery of siRNA to silence p-secretase resulted in less
accumulation of beta-amyloid (Af) in the hippocampus, as
well as improvements in cognition and memory in mice.'>?
Selective gene silencing of glycogen synthase kinase 3 beta
(GSK3p), an enzyme involved in Tau phosphorylation, induced
memory preservation and synaptic plasticity in mice.>'* In
clinical trials, ex vivo gene delivery of nerve growth factor
(NGF) improved the rate of cognitive decline.”*>*'

3.2.3. Brain tumors. Despite the advances in chemo and
radiotherapy, as well as novel surgical techniques, patients
with malignant tumors have a poor prognosis. The limited
efficacy of the available therapies has been attributed to
genetic mutations in tumor cells, which become resistant and
avoid apoptosis.”’” In general, cancer gene therapy against
cancer can be grouped in pro-apoptotic gene therapy, suicide
gene therapy, anti-angiogenic gene therapy, immune modula-
tory gene therapy, siRNA therapy, gene editing, or even oncoly-
tic gene therapy.>'® In brain tumor therapy, research has been
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focused on cytotoxic or immune modulatory strategies.
Cytotoxic gene therapy has been based on the delivery of pro-
apoptotic genes, such as the p53-upregulated modulator of
apoptosis, PUMA,*"® or Bax,”*° genes that sensitize cells to
drugs and radiation,***>** or even genes that modulate angio-
genesis."'® Oncolytic viruses, which are intrinsically toxic to
tumor cells, have also had promising results as a cytotoxic
approach.?**?° Transfection of growth arrest-specific 5 (GAS5)
suppressed tumor malignancy in glioma by down-regulating
microRNA (miR)-222.>*” Ablation of the oncogenic miR-10b
using gene editing has shown strong effects on killing both
glioma cells and transformed astrocytes.”*® On the other hand,
the delivery of genes responsible for immune modulation
should increase the immunity towards tumor cells and anti-
gens as well as the cytotoxic activity of immune effector cells.
In a pilot clinical trial and pre-clinical studies, gene therapy
with IFN-f induced a potent antitumor activity in patients with
malignant glioma (Table 1).>2%*°

4. Brain gene editing

Gene editing has emerged in recent years as a tool in the
neurosciences, specifically to investigate the role of genes in
normal brain-behaviour relationships, and as a potential
therapeutic strategy for some neurodegenerative disorders.
These tools rely on nucleases that are able to specifically
recognize and induce double-strand DNA breaks (DSBs) at
target locations in the genome. Genome editing tools based
on site-specific DNA nucleases can include zinc finger
nucleases (ZFNs),""*** transcription activator-like effector
nucleases (TALENSs),>**?%* and the Cas effector proteins of
clustered regularly interspaced short palindromic repeat
(CRISPR) systems such as Cas9.**>**® A major difference
between the three genome editing tools is based on the fact
that ZFNs and TALENs require alterations in the protein
domains to target a specific gene site, whereas in the case of
Cas proteins, the targeting is guided by a specific guide RNA
sequence able to recognize a DNA target sequence by comple-
mentarity. Independently of the gene-editing process, after the
induction of DSBs, the cell activates endogenous DNA repair
pathways to fix the damage. There are two main types of repair
processes, non-homologous end-joining (NHE]J) and
homology directed repair (HDR).>*’**° NHE]J is frequently
associated with the presence of small insertions and deletions
(indels) at the break site that can result in gene knockout.
However, repair of DSBs by HDR involves the copying of DNA
from a homologous donor template resulting in accurate cor-
rection of the DSB.>*’

From a chronological point of view, the first endonucleases
for gene editing were zinc finger nucleases (ZFNs).>*> These
enzymes are based on zinc finger proteins, a family of natu-
rally occurring transcription factors, fused on an endonuclease
Fokl. Zinc finger domains can recognize a trinucleotide DNA
sequence, whereas a set of linked zinc finger domains can
recognize longer DNA sequences, providing desired on-target
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Delivery method Cargo Administration route = Target Disease Ref.

Viral

rAAV1/2 siRNA Interventricular Glycogen synthase  Alzheimer’s disease 231

injection kinase-3

Lentivirus shRNA Intracranial Aquaporin-4 Glial scar after traumatic brain 232
injury

AAV5 antimiR  Intrathecal Huntingtin Huntington’s disease 233

Lentivirus shRNA  Intracranial a-synuclein Parkinson’s disease 99

Lentivirus siRNA Intracranial BACE1 Alzheimer’s disease 96

Non-viral

Gold NP siRNA Intravenous Bcl1212 Recurrent glioblastoma Clinical trials-
multiforme or gliosarcoma NCT03020017

Gold-iron oxide NP antimiR  Intranasal miR-21 Glioblastoma 177

Exosomes siRNA Intravenous BACE1 Alzheimer’s disease 234

PEI-capped porous silicon ~ siRNA Intravenous MRP1 Glioblastoma 235

NP

PEI complexes siRNA Intravenous Claudin-5 Cerebral oedema after traumatic 236
brain injury

Poly(v)-lysines dendrigraft ~ siRNA Intravenous Caspase-3 Parkinson’s disease 152

PEG-PDMAEMA nanolexes ~ siRNA Intravenous BACE1 Alzheimer’s disease 153

PLA-hyperbranched antimiR  Intratumoral miR-21 Glioblastoma 237

polyglycerol NP

PEI nanoplexes siRNA Intranasal Beclin-1 HIV-infection brain reservoirs 238

Other

Hydrophobic modification = siRNA Intrastriatal Huntingtin Huntington’s disease 239

of siRNA injection

— antimiR  Intravenous miR-146a Epilepsy 240

Aptamer-siRNA chimera siRNA Intraperitoneal STAT3 Glioblastoma 241

AAV: adeno-associated virus; antimir: antisense oligonucleotides for miRNA inhibition; BACE1: beta-site amyloid precursor protein cleaving
enzyme 1; MRP1: multidrug resistance-associated protein 1; NP: nanoparticles; PEG-PDMAEMA: PEGylated poly(2-(N,N-dimethylamino) ethyl
methacrylate); PEI: poly(ethyleneimine); PLA: poly (lactic acid); STAT3: signal transducer and activator of transcription 3.

specificity. Fokl endonuclease works as a dimer, which means
that the double-strand DNA cleavage occurs only at sites of
binding of two ZFNs to the opposite DNA strands.”**> The
system is based on two ZFNs engineered to recognize different
closely located nucleotide sequences within the target site and
requires the simultaneous recognition and binding of both
ZFNs, which naturally limits off-target effects. The potential of
ZFNs as a brain gene-editing tool has been demonstrated in
Huntington’s disease (HD).>****! HD is a dominantly inher-
ited neurodegenerative disorder caused by expanded CAG
repeats in the huntingtin (HTT) gene. The gene editing was
demonstrated in vivo, at gene and functional levels, in an HD
mouse model after stereotaxic administration in the striatum
of AAV1**® or AAV6>>" particles encoding the ZFN. Importantly,
the long-term expression of ZFNs in central neural system
neurons induced significant gene repression activity for at
least 6 months**"?*** and did not induce measurable inflam-
mation or neurodegeneration.>>?

TALENs were the second endonucleases to be evaluated in
gene editing.>**>**?*> A single TALE motif recognizes one
nucleotide, and an array of TALEs can associate with a longer
sequence. The activity of each TALE domain is restricted only
to one nucleotide and does not affect the binding specificity of
neighboring TALEs, making the engineering of TALENs much
easier than ZFNs. Similar to ZFNs, TALE motifs are linked with
FokI endonuclease, which requires dimerization for the clea-
vage to occur. This means that the binding of two different
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TALENs at opposite strands in close vicinity to the target DNA
is needed. The gene editing of potential of TALENs was
demonstrated in genes associated with autism (CACNA1C)**
and dementias (NTF3),>**?**® among others. TALENs have been
used in zebrafish®®” and mouse®”® models, but their potential
as an in vivo brain editing system remains elusive.

The discovery of CRISPR/Cas9 gene editing system in 2012
changed our paradigm of gene editing and transformed the
neurosciences research area.>*® This system is composed of an
enzyme (Cas) and a guide RNA sequence that binds to a
specific target sequence of DNA. The RNA complexes with the
Cas9 enzyme, resulting in the formation of the Cas9 ribonu-
cleoprotein (RNP). The most frequent enzymes are Cas9 from
the bacteria strains Streptococcus pyogenes (SpCas9)**® and
Staphylococcus aureus (SaCas9).>*® The guide RNA (gRNA) is
composed of a dual RNA sequence crRNA (CRISPR RNA) with
a target for genomic DNA and tracrRNA (trans-activating
CRSPR RNA) that binds to the enzyme. These two RNAs can
also be combined into a single hybrid guide RNA
(sgRNA).>*>?%* Under the guidance of gRNA, Cas9 induces
precise DSBs at target locations in the genome.'* CRISPR/Cas9
system is relatively easy to prepare because only the guide RNA
is different for each application, very efficient and cost-saving
in comparison with other gene-editing tools. Importantly,
besides the conventional genome editing of Cas9, the enzyme
can act as a programmable DNA-binding module to control
transcription. In this case, Cas9 nuclease is inactivated (dead
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Cas9) via amino acid substitutions,”®® and the resulting
enzyme (dead Cas9) can be fused with transcriptional repres-
sors such as KRAB*®'™>®® or transcriptional activators such as
VP64.%6%2642% The demonstration of the gene-editing poten-
tial of the CRISPR/Cas9 system has been demonstrated in the
context of HD,***2°° Alzheimer’s disease (AD),>”**”" fragile X
syndrome,”*”” Parkinson’s disease,>’>?”* schizophrenia,*’> and
neural stem cell gene repression,””® among others, both
in vitro and in vivo. The in vivo potential of the CRISPR/Cas9
system for brain applications has been confirmed in
266,268-270,272,276 ratsl77,278 and mOIlkeyS279 via
]266:208-272,275280  and  intrathecal®”®  adminis-
trations. Neurons,””*?7%772817283 mjcroglia,®”? neural stem/
progenitor cells,>”**** and astrocytes®”* in animal models at
embryonic,?8%?%* fetal, and adult>’®*””*%* stages have been
edited. Brain cells at different locations including cerebral
cortex,”® hippocampus,?”*?7>?83:284 gtriatum,>”>?#*2% thala-
mus,*®*! hypothalamus,*®* cerebellum,*®* midbrain,*** and
spinal cord®®* have been edited, thus demonstrating the versa-
tility of the gene-editing platform. Importantly, most of the
gene-editing studies in the brain rely on the NHEJ*** repair
mechanism with a success as high as 60%.>”” The selection of
NHE] rather than a HDR repair mechanism is justified by the
fact that neurons are post-mitotic cells, and thus the NHE]
repair mechanism has a high efficacy. The HDR-mediated
gene modification of neurons has been demonstrated in
mouse adult brain albeit with limited success (as high as
~30% of the targeted neurons).>%*

6

mice,
intracerebra

4.1. Brain delivery of the CRISPR/Cas system

Despite the broad range of applications of the CRISPR/Cas9
system in the context of the brain, the efficient delivery of the
CRISPR/Cas9 remains a key limiting factor. The CRISPR/Cas9
can be delivered in three different forms, including (i) DNA,
(if) messenger RNA (Cas9 mRNA), or (iii) Cas9 ribonucleopro-
tein (RNP) complex (Cas9:gRNA complex).’® The strategies
used for brain delivery of the CRISPR/Cas9 system (Table 2)
can be grouped into physical delivery, viral vectors, and non-
viral vectors (Fig. 3).

4.1.1 Physical delivery. The most common physical delivery
methods for the delivery of the CRISPR/Cas9 system in the
brain are microinjection and electroporation,*8%283:286.287
Microinjection is a direct platform for the efficient adminis-
tration of nucleic acids (e.g. mRNA or DNA plasmid encoding
Cas9 or sgRNA) and protein complexes (Cas9 ribonucleopro-
tein complex) into living cells, including the pronucleus of
mouse zygotes to generate knockout mouse models.*” The
microinjection of Cas9 mRNA/sgRNA into the pronucleus
showed a higher efficiency than the injection of the corres-
ponding plasmid encoding Cas9 and gRNA or the injection of
the Cas9 mRNA/sgRNA into the cytoplasm.?®*® Despite the
promising results obtained so far, microinjection may induce
cell damage and requires a high level of skill. Electroporation
is an alternative approach for delivering the CRISPR/Cas9
system into mammalian cells. The permeability of the cell
membrane increases due to pulsed high-voltage electrical cur-
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rents, allowing proteins or nucleic acids to enter the cells. The
electroporation methodology for the intracellular delivery of
CRISPR/Cas9 system has been used in neural stem/progenitor
cells,?8*28¢289 cerebellar inhibitory interneuron progenitors,>®*’
and neurons®’®*%%%83 both in vitro and in vivo. The advantages
of electroporation include its versatility, since it has been used
with different brain cell types both in vitro and in vivo, and its
efficiency. The limitations of the electroporation include the
absence of control in transfected cells and the fact that the
methodology cannot be translated in humans.

4.1.2 Viral delivery. The viral delivery of the CRISPR/Cas9
system is the most used delivery strategy of plasmid DNA for
brain applications. The viral delivery can be performed with
lentivirus and adeno-associated viruses (AAVs). Lentiviruses
can infect non-dividing cells, and their packaging limit is 8.5
kb, which is sufficient to package most Cas9 genes, guide
RNA, and specific promoters.**° The vector has been used for
deleting synaptic proteins in neurons®*' and transcriptional
regulation,”®® both in vitro*®" and in vivo,”* in this case by
intracerebral administration.

AAVs are the most used vectors for in vivo delivery of the
CRISPR/Cas9 system. Smaller Cas9 orthologs, such as spCas9
(4.2 kb) and saCas9 (3.2 kb), are the most attractive ones
because they can be packaged in a single AAV vector for brain
gene editing.”"**° The following AAV particles have been used
fOr in Vivo Studies: AAVl’266,270,277,282,284,292 AAV2’282,293
AAV2g9,>"° AAV8,*®* and AAV9.?7>?81:28 Thege viral vectors
have been used for the transfection of brain cells in dentate
gyrus,”®* prefrontal cortex,>** primary visual cortex,>®* olfactory
bulb’275,284 Striatum’266,275,284 hippocampus’270,275,284 and
hypothalamus®®* (Fig. 4A and B). According to some results,
AAV229 seems to have a higher tropism to neurons than other
brain cells, whereas AAV9 can transfect both neuronal and
glial cells*”® (Fig. 4C). In most studies, the viral particles were
administered in the brain by intracerebral
administration,?¢©27>?82:292 and the introduction of knockout
mutations through NHE]J*°%20%275282.292 apq HDR,>8%:281,284
HDR-based targeted gene knock-in strategies have limitations
because HDR is mainly active in dividing cells; however, some
methodologies have been developed to allow DNA knock-in in
both dividing and non-dividing cells in vitro and in the mouse
brain.?®**** Importantly, studies have shown that AAVs can be
used for the in vivo delivery of CRISPR/Cas9 to delete one
or multiple genes in the brain.*®* Due to the limited capacity
of AAVs to package a large amount of genetic information,
vectors containing different information have been used.
For example, for the brain Mecp2 knockout, two AAVs have
been used, one to express Cas9 and one to express the sgRNA
and GFP.*®* These viruses were mixed and injected into
the hippocampus where they resulted in ~80% co-transduc-
tion rate and up to 70% reduction in Mecp2-positive cells in
the dentate gyrus. Similarly, a dual AAV-mediated strategy was
successfully used to knock out the brain mutant huntingtin
(HTT) gene in an HD mouse model**®?**° as well as the
APPswe mutation found in Tg2576 mice, an AD mouse
model.>”°
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Table 2 Viral and non-viral formulation for CRISPR/Cas9 delivery for brain gene editing
Repair
Delivery method Cargo mechanism  Target Efficiency Brain disease target Ref.
Viral
AAV1/2 AAV-U6-sgRNA-Cre NHE] NeuN locus/ High with an indel Brain cancer mutations 292
vector Rbfox3 gene formation near the
predicted cleavage site
AAV1/2 Dual vector system: NHE] Mecp2, Dnmt1, High Neurodevelopmental 282
AAV-SpCas9 and Dnmt3a and disorders
AAV-SpGuide Dnmt3b genes
AAV9 and AAV2g9 Vectors packaging two ~ NHE] MIR137 gene Significant increase in ~ Schizophrenia 300
guide RNAs (gRNAs) mutant allele
frequency
AAV serotypes 8 Multiple vector system: ~ HDR Tubb3 gene Low, partial recovery of Retinitis pigmentosa and 281
and 9 (HIFI) AAV-Cas9, AAV-sgRNA MERTK gene vision Hutchinson-Gilford and
and AAV-HDR-donor progeria syndrome 294
rAAV2/1 Multiple vector system:  NHE] Mutant huntingtin ~ High knock out levels ~ Huntington’s disease 269
rAAV2/1-SpCas9 and gene (mHTT) and
rAAV-hU6sgRNA 308
AAV AAV-SaCas9-sgRNA NHE] CREB gene Lower efficiency in vivo  Bipolar disorders 293
AAV1 and AAV9 AAV-Cas9-gRNA NHE] Mutant human Limited gene- Alzheimer’s disease 270
APP gene (APPsw)  disruption efficiency
in vivo
AAVS AAV-sgRNA Upregulate Neurogenic High Parkinson’s disease 264
gene transcription
expression factors: Ascl1,
Neurog2 and
Neurod1
AAV1 AAV1-SaCas9-sgRNA NHE] Huntingtin (HTT) Moderate increases Huntington’s disease 309
gene lifespan (~15%) and
improves certain
motor deficits in these
same mice
AAV-SB-CRISPR AAV-SB-sgRNA NHE] Pdia3 and Mgat5 High Glioblastoma 310
gene
AAV1 and AAV9 Dual vector system: NHE] cbp gene (CREB- High Rubinstein-Taybi 278
AAV-SaCas9 and AAV- binding protein) syndrome
SgRNA
CRISPRI lentivirus  All-in-one lentiviral NHE] Syt1 gene in the Very high Neurodevelopmental 263
system (dCas9-KRAB dentate gyrus disorder
and two or three (DG)
sgRNAs)
lentiCRISPR Lentiviral backbone Deletion GRIN1 gene high Neurodevelopmental 291
plasmid (lentiCRISPR) disorder
encoding Cas9 and
2RNA
Physical
In utero Cas9-gRNA plasmid Knockout Grinl gene High Neurodevelopmental 311
electroporation disorder
In utero Cas9-sgRNA plasmid Deletion Nf1, Trp53 and High Brain tumour 289
electroporation Pten genes
In-utero Cas9-sgRNA plasmid Knockout Satb2 gene High Neurodevelopmental 312
electroporation disorder
Nucleofection Cas9-sgRNA plasmid HDR IL2RG, HBB, CCR5  Very low in vivo Krabbe disease 286
and donor-plasmid genes correction
Nucleofection and  Cas9 ribonucleoprotein loxP-stop cassette High NA 283
Stereotaxic (RNP) complexes
infusion of
complexes
Non-viral
Bio-reduceable Cas9 RNP NHE] EGFP gene Cre- Highly protein delivery NA 92
lipids recombination but minimal diffusion
nanoparticles
CRISPR-gold Cas9 RNP Knockout loxP-stop cassette High Fragile X syndrome 272
nanoparticles and mGIuR5 gene
Magneto-electric Cas9 RNP Knockout HIV-1-LTR gene Significantly reduced HIV-1 infection 307
nanoparticles latent infection in HIV
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Repair

Delivery method Cargo mechanism  Target Efficiency Brain disease target Ref.
Colloidal gold Cas9 RNP and donor HDR CCR5 receptor Highest levels of HDR  Infectious diseases 306
nanoparticles ssDNA in CD34 + cells

No-editing was

observed in brain
NanoMEDIC spCas9-sgRNA Deletion SAMHD1 gene and  High efficiently edit Duchenne muscular 305
(extracellular plasmids DMD (Dystrophin) ~ the SAMHDI1 gene in dystrophy
vesicles) gene neurons

AAV: adeno-associated virus; NHE]J: nonhomologous end-joining; HDR: homology-directed repair (HDR); HIFL: homology-independent targeted
integration; CRISPRi: CRISPR interference; SPH: SunTag-p65-HSF1; HD: Huntington’s disease; SB: sleeping beauty transposon; NanoMEDIC:
nanomembrane-derived extracellular vesicles for the delivery of macromolecular cargo; DMD: Duchenne muscular dystrophy; NA: not applicable.

Physical delivery

Viral delivery

|

\

\
. ‘
Microinjection |

\

Non-viral delivery

Polyplex LipidNP  Gold NP

|
\
\
§ Y N
| = §
‘ TI0
\
|

Electropora'tlon/ AAV Laitlvirae
Nucleofection
| |
| |
PACKAGING NA | MOD'' \ HIGH
GENOMIC INTEGRATION LOW ‘ HIGH 2 | LOW
EDITING EFFICIENCY MOD | HIGH ‘ MOD to HIGH 3
IMMUNIGENICITY LOW HIGH # LOW
SPATIO-TEMPORAL CONTROL NA ! MOD 5 ! HIGH
CLINICAL TRANSLATIONAL LOW \ HIGH ¢ ‘ HIGH
| |

MOD: Moderate. NA: Not applicable

"The packaging capacity of AAV and lentivirus is around 4.5 kb **> and 8.5 kb ?', respectively
2|t has been shown 47% of gene integration according to ref. 27°
3In general, the in vivo gene editing efficiency, using the non-viral formulation, varied between 15% 2% and 70% *°

“Higher immunogenicity has been associated to AAV-CRISPR delivery

27

® Possibility of doxycycline (Dox)-dependent activation of CRISPR/Cas9 gene editing 2*3

5The use of AAV delivery is increasing popularity due the higer efficiency and a good safety profile in a wide range of animal models

256

Fig. 3 CRISPR/Cas9 delivery strategies. A variety of physical, viral and nonviral methods have been derived to achieve successful delivery across the

cell membrane.

The viral delivery of the CRISPR/Cas9 system in brain cells
is, in general, very efficient after intracerebral injection of the
viral particles (even when two viral particles are needed to
deliver the complete gene-editing formulation); however, the
strategy has limitations in case the viral particles are adminis-
tered by a less invasive route such as the intravenous route.
Indeed, in most studies reported so far, the brain gene editing
mediated by the CRISPR/Cas9 system occurred after adminis-
tration of viral particles by stereotaxic injection; however, this
allows the transduction of a few cubic millimetres of brain
tissue, and the invasiveness of the procedure makes this deliv-
ery strategy less likely to be translated to the clinic. AAVs have
been engineered for the efficient delivery of genes to the
central nervous system after intravenous administration;*
however, the systemic administration of the virus still results
in off-targets in the liver, kidney, and heart. Another limitation
of the viral particles is linked to their immunogenicity and
integration in the genome of the edited cell. A recent study has

1076 | Biomater: Sci, 2021, 9, 1065-1087

shown that up to 47% of AAVs were integrated in the genome
of cells edited by the CRISPR/Cas9 system.>?® In addition, the
limited gene editing in some brain regions as well as the
limited efficiency of HDR repair processes may require more
than one administration of the gene-editing formulation.
Unfortunately, the immunogenicity associated with AAVs®®”
makes this possibility unlikely. Another issue that
deserves further attention is the control of the lifespan of Cas9
transgene expression in brain cells in order to reduce its
immunogenicity and off-target editing. To reduce the
potential toxicity of Cas9, several studies have used self-
destructing versions of Cas9, which removed Cas9 expression
via a Cas9-specific gRNA or homologous recombination.>*®
Yet, the complexity of multiple genetic modifications may be a
problem in protein activity and can potentially induce neuro-
toxicity. As an alternative, Cas9 has been fused with cell-cycle
regulators to restrict its expression in specific cell-cycle
phases.”®®

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Viral and non-viral delivery in gene-editing efficiency. (A) AAV-HDR for the delivery of a sgRNA and HDR donor template to insert the human
influenza hemagglutinin (HA) tag in the embryonic brain. HA tag sequence is fused either to the N terminus of endogenous p-actin (which expresses
ubiquitously in most of cell types) or to CaMKlla (which expresses exclusively in neurons). Confocal microscopic images of whole sagittal brain sec-
tions of Cas9 mice showing immunoreactivities for NeuN (magenta) and the HA tag (green) fused to the N terminus of endogenous p-actin (top) and
CaMKlla (bottom). Reproduced with permission.®® Copyright 2017, Elsevier. (B) Genome-editing efficiency in distinct cell types regulated by
AAV-HDR administration in E10 mouse embryonic. Adapted from ref. 66. (C) Gene-editing efficiency in multiple brain cells types depends on the
CRISPR delivery system. In the case of viral delivery, the AAV2g9 seems to have a higher tropism to transfect neurons than other brain cells, whereas
AAV9 can transfect preferentially astrocytes, neuronal and glial cells.®® Non-viral delivery shows higher gene editing in astrocytes and microglia
(more proliferative cells), but they also can target neuro stem cells and neurons, according to ref. 272 and 283.

4.1.3 Non-viral delivery. Non-viral CRISPR/Cas delivery
systems have emerged in the last 5 years as an alternative to
viral or physical delivery approaches. The non-viral vectors
include lipid nanoparticles,”*>°! 283,289,302,303
capsules,”®* gold nanoparticles,
cles.’®® These formulations have been used for the delivery of
both mMRNA Cas9 and sgRNA*®" Cas9 protein and
SgRNA,?>7>283:302301 or plagmid Cas9 and sgRNA** to induce
gene editing through NHEJ***?%%>* or HDR?***® repair pro-
cesses. However, very few formulations have been tested in the
context of the brain.’>?”!?72283289 Thege non-viral vectors
have been administered by the intracerebral route and used
for the transfection of brain cells such as neurons,’*?>7283:289
microglia’’> and neural stem/progenitor cells*®**%°
cortex,”® dentate gyrus,”’> cerebellum,”® striatum,
hippocampus.>’>*® In vitro studies have shown that formu-
lations were taken up by brain cells by caveolae/raft-dependent
endocytosis.>®* In general, the in vivo gene-editing efficiency
varied between 15%>7> and 70%>”" (Fig. 4C).

The principles used for the preparation of the non-viral for-
mulations took into consideration the selection of the CRISPR/
Cas system components and strategies to facilitate the cellular
internalization of the formulation (Fig. 5). First, apart from
two studies,”®>*°! Cas proteins have been used as gene-editing
enzymes. In general, the complexation of the sgRNA to Cas
proteins has been made before the preparation of the nano-
particle. Second, the formulations have been prepared with
components that enhanced (i) cellular internalization, (ii)

polyplexes, nano-

272,304 gand extracellular vesi-

in the

283 and

This journal is © The Royal Society of Chemistry 2021

endolysosomal compartment escape, and (iii) nuclear localiz-
ation. To increase cellular uptake, the CRISPR/Cas9 system
components were encapsulated or complexed with polycationic
agents such as poly(ethyleneimine) (PEI),**° lipofectamine,>®®
or a cationic endosomal disruptive polymer PAsp (DET).>”>3%*
To increase nuclear targeting, the Cas9 protein has been modi-
fied with four copies of SV40-NLS,”®* whereas bio-reducible
lipid nanoparticles have been used to increase endolysosomal
escape.”” Third, some formulations, particularly those for
HDR repair processes,”’” have used the core of the nano-
particle to immobilize the repair template by hybridization
with complementary oligonucleotides immobilized in the
surface of the nanoparticle.

In general, non-viral formulations compare favourably to viral
formulations concerning the absence of its integration in the
cellular genome, packaging capacity, and control in spatio-tem-
poral release of the CRISPR/Cas cargo (Fig. 3). An important
safety aspect related to brain gene editing is related to the
immune response to the Cas9 RNP. Some studies indicate that
Cas9RNP NPs delivered in the mouse brain did not activate
microglia, the mainstay of the immune cells of the central
nervous system.”®® Therefore, the formulations seem to be safe;
however, further studies are necessary to investigate this issue in
greater detail (Fig. 5). In addition, although some formulations
tested so far in the context of the brain showed a higher prefer-
83 the control of gene
editing in specific brain cell populations remains to be demon-

ence for neurons than for astrocytes,

strated. Another issue that remains to be investigated is whether
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Fig. 5 CRISPR-Cas9 ribonucleoprotein complex challenges related to improving gene-editing efficiency (left) as well as tools and biomaterials for

designing more efficient delivery systems in the future (right).

the non-viral formulations can be administered by the intrave-
nous route and accumulate in the brain. This strategy could sim-
plify enormously the application of gene-editing formulations
for brain applications. Recently, a magnetically guided non-inva-
sive delivery of nanoparticles containing CRISPR/Cas9 vector was
demonstrated that can cross the blood-brain barrier (BBB) to
inhibit latent HIV-1 infection in microglial cells.*””

4.1.4 Outlook. In the last decade, significant progress has
been made in the delivery of gene therapies to the brain. We
now have a better understanding of the properties of the deliv-
ery vehicles (viral and non-viral) to target specific brain
cells,"** knowledge about strategies to overcome the blood-
brain barrier and reach specific brain sites,>"**'* tools to
reproduce in vitro human BBB models and test formulation
permeability,>*>*'® and advanced formulations to cross the
BBB.>'7*'® As a consequence of this progress, several clinical

1078 | Biomater. Sci, 2021, 9, 1065-1087

trials (https://clinicaltrials.gov/) have been carried out on brain
gene therapies for the treatment of PD (e.g. for the expression
of GDNF in the brain) (NCT04167540),>'° AD (e.g. for the
expression of active telomerase, apolipoprotein E2)
(NCT03634007; NCT04133454),*°**" gangliosidosis (e.g. by
the delivery of a functional copy of the GLB1 gene to the CNS)
(NCT03952637),>>> and  metachromatic  leukodystrophy
(NCT03725670).>*> Most of these strategies involve the
expression of proteins to replace those missing or mutated
(and thus not active).

Presently, brain gene-editing approaches have not reached
the clinical trial stage. However, gene-editing approaches
outside the brain are now in clinical trials. For example, a
recent study has demonstrated the safety and feasibility of
gene-editing human T lymphocytes in cancer patients in order
to improve their antitumor activity.>* In coming years, clinical

This journal is © The Royal Society of Chemistry 2021
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trials in brain gene editing are expected. CRISPR/Cas9-
mediated genome editing will provide important advances in
novel therapeutic targets or in multiple targets. Non-viral
systems have great potential for packaging and delivering large
genetic payloads and reducing the risk of insertional errors
that can occur with viral gene delivery. Gene-therapy formu-
lations for the silencing of specific brain genes may also find
applications in the context of certain neurodegenerative dis-
eases. For example, Patisiran, a lipid-siRNA formulation devel-
oped by Alnylam® Pharmaceuticals (https:/www.alnylam.com/),
has been approved in the US and Europe to target transthyre-
tin-mediated amyloidosis.**’

A limiting problem in brain gene therapy is brain delivery.
This limitation is due to the high complexity of the brain and
the impermeability of the blood-brain barrier. Formulations
have been developed that are able to cross the BBB efficiently
and accumulate in the brain parenchyma.?'”'® In addition,
the transient opening of the BBB by the use of focused ultra-
sounds may further enhance the accumulation of formulations
in the brain.*'* These tools should now be investigated for the
delivery of gene therapies in the brain.
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