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Abstract The study of neurological infections by viruses
defines the field of neurovirology, which has emerged in
the last 30 years and was founded upon the discovery of a
number of viruses capable of infecting the human nervous
system. Studies have focused on the molecular and biolog-
ical basis of viral neurological diseases with the aim of
revealing new therapeutic options. The first studies of
neurovirological infections can be traced back to the
discovery that some viruses have an affinity for the
nervous system with research into rabies by Louis
Pasteur and others in the 1880s. Today, the immense public
health impact of neurovirological infections is illustrated
by diseases such as neuroAIDS, progressive multifocal
leukoencephalopathy, and viral encephalitis. Recent re-
search has seen the development of powerful new tech-
niques for gene editing that promise revolutionary oppor-
tunities for the development of novel therapeutic options.
In particular, clustered regulatory interspaced short palin-
dromic repeat-associated 9 system provides an effective,
highly specific and versatile tool for targeting DNAviruses
that are beginning to allow the development of such new
approaches. In this short review, we discuss these recent
developments, how they pertain to neurological infections,
and future prospects.
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Introduction and Overview

A number of organisms are able to infect the central nervous
system (CNS) and can cause diseases with significant morbid-
ity and mortality in the human population. These may be
fungal, protozoal, bacterial, or viral in nature. A large number
of viruses have been found to be capable of infecting the
human nervous system and their study has defined the field
of neurovirology, which has emerged as a discipline over the
last 30 years [1]. The brain is well protected from viral infec-
tions by multiple layers and by the action of the immune
system. Nevertheless, it is possible for a number of viruses
to invade the CNS, and infections by these viruses usually
begin by the virus entering peripheral tissues and then spread-
ing to the CNS either via the peripheral nervous system or by a
hematogenous route [2]. By definition, viruses are infective
agents that consist of a nucleic acid molecule in a protein coat
and are only able to multiply within the living cells of a host.
As viral life cycles occur intracellularly, it is common for them
to utilize host cellular proteins, making it hard to identify
therapeutic targets that are specific for the virus. This is espe-
cially true for viruses that cause neurological infections but
then enter an inactive persistent/latent state where production
of viral proteins does not occur or is limited to a very few
proteins. Two examples of viruses that cause neurological
infections but can then become inactive are the HIV-1 and
polyomavirus JC (JCV). HIV-1 infection in the CNS can
cause HIV-associated neurocognitive disorders, which include
neurological disorders of various degrees of severity such as
HIV-associated dementia, HIV encephalopathy, and mild
neurocognitive disorder [3, 4]. JCV causes progressive
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multifocal leukoencephalopathy (PML), a severe and often
fatal, demyelinating disease of the CNS [5–7]. Thus, it would
be therapeutically advantageous to develop methodologies
that are capable of specifically targeting the nucleotide se-
quences of these and other CNS viruses. The clustered regu-
latory interspaced short palindromic repeat (CRISPR)-associ-
ated 9 (Cas9) system provides such a methodology and is able
to target JCV because it is a DNAvirus and HIV-1 because it is
an RNA retrovirus that has a DNA proviral replication inter-
mediate. CRISPR/Cas9 provides an effective, highly specific,
and versatile tool for targeting DNAviruses or DNA interme-
diates of RNA viruses. In this review, we will discuss how
CRISPR/Cas9 has been used against human viruses that cause
neurological infections, including HIV-1 and JCV, and future
prospects for therapeutic approaches to these and other
neurovirulent viruses.

Viral Diseases of the CNS

A large variety of different viruses of a range of types are able
to cause infections of the CNS resulting in disease. As men-
tioned above, the neurotropic polyomavirus JCV causes PML
[5–7]. Interestingly, JCV infects a large proportion of the pop-
ulation during childhood but then enters a persistent/latent
state, where viral proteins are not produced, which resides in
a variety of tissues, including the glial cells (oligodendrocytes
and astrocytes) of the CNS [8]. However, rarely and usually
only under conditions of immune dysfunction, JCV
reactivates in glia, leading to enlarging lesions of demyelin-
ation and the development of PML [7]. HIV-1 infects cells in
the CNS and HIV-associated neurocognitive disorders are
linked with encephalopathy induced by HIV infection and
fueled by immune activation of macrophages and microglia
[9, 10]. JCVand HIV-1 are important examples of neurotropic
viruses causing neurological infections to which the CRISPR/
Cas9 gene editing approach has been applied and thus they
will be discussed first [11, 12]. Potentially, the CRISPR/Cas9
could be applied to other DNA viral infections of the human
CNS, including herpes simplex encephalitis, which can be
caused by herpes simplex type 1 (HSV1) or type 2 (HSV2)
[13, 14]; cytomegalovirus (CMV) encephalitis, caused by
CMV and seen in patients with AIDS [15, 16]; adenovirus
infection-associated CNS dysfunction in children [17]; and
varicella zoster encephalitis caused by varicella zoster virus,
which is the agent that causes chickenpox in children and
shingles in adults [18]. These are also mentioned below. At
the present time, there is no such methodology applicable to
neurological infections by RNAviruses such as subacute scle-
rosing panencephalitis (Measles virus), West Nile virus, po-
liomyelitis, equine encephalitis, rabies, and progressive rubel-
la panencephalitis, or mumps meningoencephalitis.
Nevertheless, there may be cellular genes that produce co-

factors necessary for the RNA virus life cycle that may pro-
vide suitable targets. Neurological viral infections and their
amenability to treatments by the CRISPR approach are sum-
marized in Table 1.

Recent Advances in Gene Editing Methodologies

Over the last several years, there have been remarkable ad-
vances in the development of gene-editing methodologies
with a broad range of important basic science and clinical
applications, including the treatment of cancers and viral in-
fections [19, 20]. Three new types of reagents have been de-
veloped that specifically target nucleotide sequences within
viral genomes and provide important novel antiviral strate-
gies. First, zinc-finger nucleases (ZFN) are fusion proteins of
the catalytic DNA cleavage domain of the restriction enzyme
FokI with custom-designed specificity-conferring Cys2–His2
zinc-finger domain [21–23]. Second, transcription activator-
like effector nucleases are also fusion proteins of FokI, but the
specificity-conferring targeting domain in this case is derived
from the Xanthomonas transcription activator-like effector
proteins [24, 25]. Third, and most powerful, is clustered reg-
ulatory interspaced short palindromic repeat (CRISPR)-asso-
ciated 9 (Cas9), which is effective, highly specific, and incred-
ibly versatile while providing an unprecedented degree of
control over genome editing [23, 26–28]. This review will
focus on the actual and potential applications of CRISPR/
Cas9 system against human neurological viral infections.

CRISPR/Cas9

CRISPR/Cas9 is elegant in its simplicity and ease of use.
Because it makes use of a guide RNA (gRNA) to target a
specific sequence for cleavage, it is adaptable and flexible to
different target nucleotide sequences simply by changing the
sequence of the gRNA [29, 30]. CRISPR/Cas nucleases
evolved in bacteria as an adaptive immune system, a defense
mechanism to deal with attack by viruses, and are found in
nearly all Archaea and about half of bacteria [31, 32]. This
adaptive immune system has been developed into a very pre-
cise gene editing tool, in which a short gRNA is employed to
direct the degradation of DNA in a sequence-specific fashion.
CRISPR/Cas9 has 2 components: the gRNA and the Cas9
endonuclease. Expression of both the gRNA and Cas9 togeth-
er in cells results in the DNA target sequence being modified
or disrupted. Binding of the 20 base-pair gRNA to the DNA
target by Watson–Crick base-pairing recruits the gRNA/Cas9
complex to its target. Additionally to this complementary
gRNA guide sequence, Cas9 targeting and subsequent endo-
nuclease cleavage require a trinucleotide protospacer-adjacent
motif located immediately 3’ to the target site. The Cas9 en-
donuclease cuts both strands of the DNA target causing a
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double-strand break (DSB), which lies 3–4 nucleotides up-
stream of the protospacer-adjacent motif. The DSB may be
repaired by the error-prone nonhomologous end-joining DNA
repair pathway, often resulting in the introduction of
insertions/deletions at the DSB site. In protein-coding regions,
this may lead to frame shifts and/or premature stop codons,
which effectively disrupt the open reading frame of the target
gene ablating gene function. If 2 gRNAs are employed to
different sites on the same DNA, it is possible to delete large
segments of DNA that lie between the sites of the DSBs [33].
As opposed to the unpredictable mutations resulting from
DSB repair by nonhomologous end-joining, targeted DSBs
can be repaired by precise gene editing through homology-
directed recombination with an exogenously supplied donor
template. Thus, the co-delivery of Cas9/gRNA along with a
vector containing DNA homologous to the break site enables
high-efficiency homology-directed recombination-based gene
editing. Sequence differences present in the donor template
can be incorporated into the endogenous locus allowing cor-
rection of mutations [23].

As Cas9 is a general endonuclease, all that is required is
the gRNA, and this can be generated by chemical synthesis,
in vitro transcription, or cellular expression resulting on the
production of a highly specific gene editing tool. This ease
of use has allowed it to be used in a number of applications
in the last 2 years [26, 27]. The relative ease with which new
sites can be targeted, by changing the sequence of the short
region of the gRNA that determines specificity, has made
CRISPR/Cas9 a highly attractive technique for the intro-
duction of site-specific DSBs. In additional, CRISPR/Cas9
protein is highly amenable to multiplexing by using multi-
ple gRNAs to induce DSBs at several loci. Given the occur-
rence in nature of multiple diverse CRISPR systems, it is
probable that new and improved CRISPR gene editing sys-
tems will emerge, such as the recently discovered Cpf1 en-
donuclease and others [34, 35].

CRISPR/Cas9 also achieves a high degree of specificity and
offers virtually exclusive on-target cleavage, which is impor-
tant for potential clinical applications, given the large size of
the human genome. In addition, assays of off-target cleavage
have revealed this to be a very rare event [36], and the Cas9

system is remarkably specific. Modifications and improve-
ments to CRISPR/Cas9 continue with respect to genome
editing efficiency and reduction of off-target events [37, 38].
Thus, the high specificity of CRISPR/Cas9 means that it has
the potential to attack viral DNA in cells without harming the
host genome. In principal, eradication of viral neurological
infections by CRISPR/Cas9 should be applicable to any
DNA virus or RNA virus that has a DNA intermediate in its
life cycle [12, 26, 27]. Current progress and future potential for
such applications are discussed below. A schematic diagram of
CRISPR/Cas9 action on viral DNA is shown in Fig. 1.

Fig. 1 Schematic of clustered regulatory interspaced short palindromic
repeat (CRISPR)/CRISPR-associated 9 (Cas9) action on viral DNA. A
guide RNA (gRNA) is designed that is specific for a target sequence
immediately adjacent to a 3’ protospacer adjacent motif (PAM)
sequence (blue) within the genome of the virus. The gRNA is
expressed in host cells together with the Cas9 endonuclease, which are
shown schematically as scissors. CRISPR cleaves the viral DNA at the
target site resulting in a double-strand break (DSB), which is repaired by
nonhomologous end-joining (NHEJ). As NHEJ is error prone, small
insertions and deletions (InDel) are found in the repaired DNA that
inactivate the target gene

Table 1 Neurological viral infections and the clustered regulatory interspaced short palindromic repeat (CRISPR) approach

Virus Neurological disease Viral genome Amenability to CRISPR Approach used References

HIV-1 NeuroAIDS RNA Yes Yes [36, 40–42, 44, 45, 49–51]

JCV PML DNA Yes Yes [11]

HSV Encephalitis DNA Yes Yes [59]

CMV, VZV, etc. Encephalitis DNA Yes No

Measles, WNV, etc. Encephalitis RNA No No

JCV = polyomavirus JC; HSV = herpes simplex virus; CMV = cytomegalovirus; VZV = varicella zoster virus; WNV = West nile virus
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Application of CRISPR/Cas9 to Specific Human
Viruses

HIV-1

Since its discovery in the 1980s, HIV-1/AIDS remains a sig-
nificant public health problem worldwide. Despite the devel-
opment of highly effective treatments that suppress viral rep-
lication and robustly reduce viral load in the blood, that is,
combination antiretroviral therapy (cART), HIV-1/AIDS re-
mains incurable as HIV-1 is a retrovirus that is able to integrate
into the genome of host cells permanently as a DNA copy
thereby creating a persistent proviral reservoir from which it
can potentially reactivate. This latent HIV-1 reservoir is locat-
ed in tissues throughout the body, including bone marrow,
lymphoid tissue, the genital tract, and the CNS [39]. Thus,
HIV-1 remains as a chronic, life-long infection that is invisible
to the immune system and not sensitive to anti-HIV drugs,
which means there is the risk of viral reactivation, even after
effective cART. Therefore, there is a need for HIV-1 genome
eradication strategies that give a permanent or Bsterile^ cure of
HIV-1/AIDS. The CRISPR/Cas9 system has been used to
target the HIV-1 long terminal repeat (LTR) of integrated pro-
viral DNA in the genome of cells in tissue culture [36, 40]. Hu
et al. [36] were able to inactivate viral gene expression and
replication in a variety of latently infected cell types, including
microglial, promonocytic, and T cells. This is an important
first step in a potential therapeutic advance to eliminating all
the permanently integrated DNA proviral copies of HIV-1 in
an infected individual and indicates the efficacy of CRISPR/
Cas9 in cells to which it is delivered independent of cell type.
In this study, specific targets in the HIV-1 proviral genome
were identified within the HIV-1 LTR U3 region that flank
the provirus and allow complete excision of the integrated
provirus [36], as shown in Fig. 2.

Furthermore, not only can the CRISPR/Cas9 be used to
remove provirus present in cells, but also the addition of
HIV-1-specific gRNAs and Cas9 to uninfected cells prevents
their infection by HIV-1; that is, CRISPR/Cas9 has the poten-
tial to be prophylactic, as well as therapeutic [36]. Important
properties of the Cas9/gRNAs used in this study are that they
caused neither genotoxicity nor off-target editing to the ge-
nome of host cells, which was revealed by the use of whole-
genome sequence analysis and SURVEYOR assays. Recently,
Zhu et al. [41] tested 10 sites in HIV-1DNA for CRISPR/Cas9
in the JLat10.6 cell line, which is latently infected by HIV-1
and showed that each of the target sites in the HIV-1 proviral
DNAwas efficiently mutated and that HIV-1 gene expression
and virus production were reduced 20-fold. Liao et al. [42]
demonstrated that HIV-targeted CRISPR/Cas9 disrupted la-
tently integrated HIV-1 genome and provided long-term adap-
tive defense against new viral infection, expression, and rep-
lication in engineered human-induced pluripotent stem cells,

which could then be efficiently differentiated into HIV reser-
voir cell types and maintained their resistance to challenge
with HIV-1.

Another approach to addressing the HIV-1 reservoir prob-
lem has been dubbed the Bshock and kill^ strategy, where
latent virus is deliberately reactivated in order to expose it to
the action of cART and the immune system [43]. Owing to
their poor efficiency and tendencies towards nonspecific and
toxic effects, the therapeutic efficacy of the agents currently
used in this approach is disappointing. Zhang et al. [44] re-
ported a novel catalytically deficient Cas9-synergistic activa-
tion mediator technology to allow more selective and potent
reactivation of latent HIV-1. Multiple gRNAs were screened
and HIV-1 regions were identified that permit induction of
robust reactivation of HIV-1 provirus in latently infected cell
lines, including the TZM-bI epithelial HeLa cell derivative,
Jurkat T lymphocytes, and CHME5 microglia [44].
Reactivation induced cell death mediated by a toxic build up
of viral proteins in the Jurkat and CHME5 cell lines, indicat-
ing that the deficient Cas9-synergistic activation mediator sys-
tem has the potential to serve as a novel therapeutic tool for
reversing HIV-1 latency, allowing permanent eradication of
latent HIV-1 reservoirs [44]. Limsirichai et al. [45] also
showed that engineered transcriptional activation systems
based on CRISPR/Cas9 can activate HIV-1 gene expression
cell line models of HIV-1 latency and further demonstrated
that complementing the Cas9 activators with latency-
reversing compounds enhanced HIV-1 transcription. In this
study, modulation of the epigenome using CRISPR-based
acetyltransferases also promoted HIV-1 gene activation [45].

Saayman et al. [46] used a similar approach and reported
activating gRNAs that transcriptionally modulated the HIV-1
latent provirus genome across multiple different in vitro laten-
cy cell models. They detected consistent and effective activa-
tion of latent virus by this method using gRNAs, whereas
latency reversal agents produced variable activation re-
sponses. By transcriptomic analysis, it was shown that the
transcriptional activation was highly specific, while the well-
characterized chemical activator tumor necrosis factor-α in-
duced widespread cellular gene dysregulation [46].

In addition to targeting the HIV-1 genome, an alternative
approach is to employ CRISPR/Cas9 to target cellular genes
that encode proteins that are required for HIV-1 infection such
as C-C chemokine receptor type (CCR) 5, which is a co-
receptor for HIV-1 entry [47, 48]. Wang et al. [49] transduced
HIV-1 susceptible human CD4+ cells with lentiviral vectors
expressing Cas9 and CCR5-specific gRNAs and showed
CCR5 gene disruption that became resistant to HIV-1 infec-
tion and has no mutations at potential off-target sites, for ex-
ample CCR2. Hou et al. [50] showed that human C-X-C che-
mokine receptor type 4 gene disruption by CRISPR/Cas9 led
to HIV-1 resistance in human primary CD4(+) T cells and that
this was highly specific with negligible off-target effects.
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Kang et al. [51] reported successful targeting of CCR5 by
Cas9/gRNA in green fluorescent protein-marked human in-
duced pluripotent stem cells, resulting in resistance to
CCR5-tropic virus challenge.

Thus, the CRISPR/Cas9 system has shown the clear poten-
tial to be developed to provide a specific and effective ap-
proach to combating HIV-1/AIDS, even when virus is present
in a latent state. This approach has been employed both pro-
phylactically and therapeutically in a number of cell types but
has not yet been applied to cell types from the CNS, which
comprise a significant viral reservoir in individuals infected
with HIV-1. An important future goal is to test the feasibility
of this approach in a clinical setting.

JCV

JCV is the etiological agent of PML, a severe disorder involv-
ing opportunistic infection of the CNS by JCV and usually
associated with malfunctions of the immune system [7].
Similar to HIV-1, JCV can establish an asymptomatic persis-
tent infection within the CNS from which it can reactivate to
cause PML [8]. The public health significance of PML has
increased in recent years with the growth in size of at-risk
populations, especially HIV-1/AIDS patients and those

receiving new immmunomodulatory therapies for diseases
such as multiple sclerosis and rheumatoid arthritis. Although
JCVwas isolated > 40 years ago [52], there is still no effective
therapy for PML [6]. JCV is a has a small (~5.1 Kb), circular
DNA genome comprised of 2 coding regions for the early and
late proteins, and a noncoding control region with promoter/
enhancer elements and the origin of viral DNA replication
[53]. The early protein, large T-antigen (T-Ag), accumulates
during the early phase, initiates viral DNA replication and is
essential for the viral life cycle. A number of treatment options
have been applied to PML, including possible viral entry in-
hibitors and small molecule inhibitors of viral replication,
largely without success [6]. Clearly, new therapeutic options
are urgently needed for PML.

We have reported the use of CRISPR/Cas9 to eradicate the
genome of JCV by targeting regions within the coding region
of T-Ag by using different T-Ag gRNAs [11]. Our reasoning
was that T-Ag would provide a key target because it is essen-
tial for viral DNA replication and, by binding proteins such as
p53 and pRb, advancing the cell cycle into S-phase, where the
cellular factors required for viral DNA synthesis become
available [54, 55]. This latter function means that T-Ag causes
the transformation of cells in culture and can promote tumor-
igenesis in experimental animals [54]. This offered us the

Fig. 2 Schematic of excision of integrated HIV-1 proviral DNA by
(CRISPR)/CRISPR-associated 9 (Cas9). A guide RNA (gRNA)
specific for the HIV-1 long terminal repeat (LTR) present at each end of

the HIV-1 proviral genome is used together with Cas9. This results in
cleavage at 2 sites that flank the HIV-1 genome and consequently the
excision and subsequent degradation of the proviral DNA
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possibility of performing functional assays for T-Ag and its
disruption by the CRISPR/Cas9 system by in vitro and in vivo
experiments.We found that co-expression of Cas9 and JCV T-
Ag-specific gRNA in glial cells generated T-Ag deletions and
the knockdown of the T-Ag protein expression level [11]. This
resulted in loss of T-Ag function in transient transfection as-
says and JCV infection was inhibited. Derivatives of the T-Ag-
transformed HJC-2 cell line, which express doxycycline-
inducible Cas9, showed loss of expression of T-Ag upon
transduction with a lentiviral vector expressing a JCV T-Ag-
specific gRNA and addition of doxycycline to the culture.
This correlated with reduced clonogenicity in colony forma-
tion assays indicative of the loss of T-Ag function [11]. Off-
target events occurring in the most closely related cellular
genes to T-Ag in the HJC-2 cells expressing Cas9 and
gRNAs were not detected by SURVEYOR assay. Thus,
CRISPR/Cas9 is a promising tool with which to eradicate both
actively replicating and persistent JCV infection from the hu-
man CNS and has the potential to be developed as a therapeu-
tic agent for PML.

HSV

As noted above, HSV encephalitis can be caused by HSV-1
and HSV-2 [13, 14]. As these are DNA viruses, they are, in
principle, amenable to targeting by CRISPR/Cas9; indeed, the
identity and function of several HSV genes that are essential
for the HSV life cycle have been defined [56–58]. On the one
hand, to our knowledge, there are no published studies of the
use of HSV-specific CRISPR/Cas9 against HSV1 or HSV2.
On the other hand, there is one published study using
CRISPR/Cas9-directed inactivation against cellular proteins
that are necessary for the HSV life cycle. Turner et al. [59]
employed CRISPR/Cas9 against the proteins Torsin A and
Torsin B, which are involved in nuclear egress, and their stim-
ulatory cofactors lamina associated polypeptide 1 (LAP1) or
luminal domain like LAP1 [60, 61]. CRISPR/Cas9 TorsinA/
TorsinB double knockout reduced viral production only mar-
ginally, but knockout of for luminal domain like LAP1 re-
duced HSV-1 production by > 1 order of magnitude, while
knockout of LAP1 had no effect on viral production [59].

Other Viruses

Other viruses that are capable of causing neurological diseases
are amenable to treatment with CRISPR/Cas9 if their genome
is DNA, for example, varicella zoster virus or CMV, or they
are a retrovirus and have a DNA intermediate in their life
cycle. RNA viruses are not amenable to treatment with
CRISPR/Cas9 unless a cellular DNA target is available that
is necessary for their life cycle, that is, retroviruses. As well as
HIV-1, human T-lymphotropic virus-1 (HTLV-1) is another
retrovirus that causes human neurological infections. HTLV-

1 is the etiological agent of adult T-cell leukemia and can lead
to neurological pathologies such as HTLV-1-associated-mye-
lopathy/tropical spastic paraparesis [62]. CRISPR/Cas9 di-
rected against the HTLV-1 DNA provirus may be a potential
feasible approach for treatingHTLV-1 neurological infections.
As far as we are aware, no studies have attempted application
of CRISPR/Cas9 for HTLV-1. However, Tanaka et al. [63]
designed a ZFN that specifically recognized the conserved
region of the HTLV-1 LTR and introduced it into HTLV-1-
positive human T-cell lines. The ZFN disrupted the promoter
function of the LTR, specifically killed HTLV-1-infected cells,
and was effective in an in vivomodel of adult T-cell leukemia
indicating that gene editing approaches have the potential to
form the basis for eradication of HTLV-1 infections.

Delivery of CRISPR/Cas9

The greatest challenge for utilizing the CRISPR/Cas9 is
obtaining efficient delivery to the cells of the nervous system.
There are various available means of delivery and these in-
clude viral transduction with adenovirus, adeno-associated vi-
rus (AAV) or lentiviruses [64–66], as well as physical methods
[67]. Adenovirus vectors are useful but restricted in applica-
tion because they are immunogenic [64]. However, lentiviral
vectors, which are frequently derived from HIV-1, are capable
of effecting permanent genetic alterations to their DNA targets
but are limited by off-target events if the presence of the trans-
duced nuclease is not transient. Therefore, integrase-defective
lentiviruses or self-inactivating replication-incompetent lenti-
viruses are preferable because they give transient expression
and have the ability to transduce both dividing and nondivid-
ing cells [65, 66]. The feasibility of lentiviral CRISPR/Cas9
delivery vectors is illustrated by many studies, including the
eradication of latent infection by HIV-1 and JCV [11, 12].
AAV lacks an integration machinery and so, unlike lentivi-
ruses, does not integrate and remains mostly in an episomal
state. Further advantages of recombinant AAV vectors are low
pathogenicity and low immunogenicity, and the capacity to
transduce both dividing and nondividing cells without inte-
grating. However, AAV is limited by the small size of the
transgene that can be accommodated. There are a number of
approaches to this problem, including delivering Cas9 and
gRNAs in separate AAV vectors [68], splitting the Cas9 en-
zyme into halves that are delivered separately [69], or using a
split-Cas9 with split-inteins and intein-mediated trans-splicing
reconstitution of the full-length Cas9 protein [70]. Ran et al.
[71] reported that Cas9 from Staphylococcus aureus (SaCas9)
is able to edit with similar efficiency to Cas9 from
Streptococcus pyogenes but is > 1 kb shorter.

The same general considerations outlined above apply to
the suitability of viral vectors for gene delivery specifically to
the CNS. Because the potential benefits of gene therapy for
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neurological diseases such as Alzheimer's, Parkinson's, and
amyotrophic lateral sclerosis are enormous, significant effort
has been made in developing vectors capable of delivering
therapeutic genes to the CNS. In most applications, AAV is
presently the most appropriate vector for the delivery of ther-
apeutic genes to the CNS [72].

Conclusions and Future Directions

The CRISPR/Cas9 is a new and powerful tool for specific,
straightforward, and facile genetic manipulation of any DNA
target and is applicable to the eradication of DNA viruses, in-
cluding those that cause neurological infections. As noted in the
previous section, the major challenge to adopting CRISPR/
Cas9 for the therapy of neurological infections is achieving
efficient delivery to the cells of the nervous system. Although
CRISPR/Cas9 has only been available for use in eukaryotic
cells for about 3 years, it has already shown huge potential for
the development of therapeutic applications to human diseases.
Surely this is only the beginning and the rapid pace of advance-
ment in this field will continue in the future.
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