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Abstract

The CRISPR/Cas9 system is a revolutionary gene editing technology that combines simplicity of use and efficiency of muta-
genesis. As this technology progresses toward human therapies, valid concerns including off-target mutations and immunoge-
nicity must be addressed. One approach to address these issues is to minimize the presence of the CRISPR/Cas9 components by
maintaining a tighter temporal control of Cas9 endonuclease and reducing the time period of activity. This has been achieved to
some degree by delivering the CRISPR/Cas9 system via pre-formed Cas9 + gRNA ribonucleoprotein (RNP) complexes. In this
review, we first discuss the molecular modifications that can be made using CRISPR/Cas9 and provide an overview of current
methods for delivering Cas9 RNP complexes both in vitro and in vivo. We conclude with examples of how Cas9 RNP delivery
may be used to target neuroinflammatory processes, namely in regard to viral infections of the central nervous system and
neurodegenerative diseases. We propose that Cas9 RNP delivery is a viable approach when considering the CRISPR/Cas9

system for both experimentation and the treatment of disease.
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Introduction

CRISPR/Cas9 gene editing technology has become an invalu-
able scientific tool and has great potential the treatment of
disease. This technology allows for editing of genomic re-
gions by targeting a DNA nuclease (Cas9) to a specific
DNA sequence resulting in a double-stranded break in the
DNA (Doudna and Charpentier 2014). The sequence specific
targeting is achieved using guide RNA (gRNA) that is com-
plementary to the target sequence (Jinek et al. 2012). The
host’s cellular repair mechanisms then act on the “broken”
DNA and the repaired DNA is modified from the original
sequence (or it is cut again by the nuclease). For example,
non-homologous end joining (NHEJ) is one mechanism of
repairing DNA breaks and it results in insertions and deletions
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(indels) in the region which can change the function of the
target gene (Cong et al. 2013). Another repair mechanism is
homology dependent repair (HDR), which incorporates new
genetic material by way of a donor template (e.g. an exoge-
nously provided DNA construct or homologous chromosome)
containing homologous arms to the site affected by the double
stranded break (Chang et al. 2013; Kim and Kim 2014). Thus
CRISPR/Cas9 technology provides a means to specifically
manipulate the genome of almost any organism.

Originally characterized as a bacterial immune system, in-
vestigators have adapted the two key components- Cas9 en-
donuclease and the original guide RNA (gRNA) for use in
other model organisms (Jinek et al. 2012). This has been
achieved primarily by delivery of genetically-encoded com-
ponents, via plasmid-based transfection or lentiviral transduc-
tion (Shalem et al. 2014; Wang et al. 2014); however, newer
forms of Cas9 are compatible with other vectors such as
adeno-associated virus vectors (Ran et al. 2015; Swiech
et al. 2015). The packaging and delivery of CRISPR/Cas9
by viral vectors produces robust, and long term expression
of Cas9 and gRNA. Unfortunately, a growing body of evi-
dence suggest DNA based methods of delivery may lead to
negative effects within the targeted cell population, including
the unintentional integration of Cas9/gRNA genetic material
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(Cradick et al. 2013; Fu et al. 2013), the heightened occur-
rence of off target mutation due to its long-term or constitutive
expression (Hsu et al. 2013), and the development of an im-
mune response (Chew et al. 2016). Thus, alternative delivery
methods of CRISPR/Cas9 are needed to aid in the translation
of this technology into human therapies.

An established approach of CRISPR/Cas9 delivery uses a
pre-formed ribonucleoprotein (RNP) Cas9 + gRNA complex.
Seminal work by Kim et al. demonstrate that this protein-
based delivery of CRISPR/Cas9 offers many benefits includ-
ing transient activity of Cas9, rapid evidence of mutagenesis,
decreased incidence of off-target mutation, and increased via-
bility of cell populations when compared to plasmid based
methods (Kim et al. 2014). Many of these attributes address
the concerns of CRISPR/Cas9-based gene editing. This man-
uscript will review the current uses and methods of Cas9 de-
livery as a ribonucleoprotein complex both in vitro and in vivo
which include i.) direct injection of Cas9 RNP, ii.) Cas9 RNP
delivery by electroporation, iii.) Cas9 RNP modification by
penetrating peptides, iv.) Cas9 packaging by cationic
lipoplexes/nanoparticles, and v.) Cas9 RNP packaging by ex-
tracellular vesicles. The use of Cas9 RNPs to modulate
neuroinflammatory processes will also be discussed.

Mechanisms and Applications
of CRISPR-Based Genome Editing

Non-Homologous End Joining (NHEJ)

The Cas9 protein from S. pyogenes, as well as its orthologs
from other bacteria, uses sequence homology provided by a
guide RNA molecule cofactor to bind to and produce a
double-strand break at a defined location within a double-
stranded DNA molecule (Cong et al. 2013; Jinek et al. 2013;
Mali et al. 2013). As described above, when this technology is
used to produce effects on a eukaryotic genome, the break is
typically resolved by NHEJ. The “error-prone” NHEJ process
typically results in a deletion or insertion of nucleotides at the
break site (Fig. 1). This type of repair typically leads to an
insertion or deletion of nucleotides (indel) around the break
site. An indel occurring within the coding region of a gene
frequently produces a change in the protein sequence or
causes a frameshift. However, it should be noted that the sto-
chastic nature of this process creates heterogeneity, both with-
in a single cell containing two or more target loci to create a
complex mutant heterozygote and within a population of sim-
ilarly treated cells. Despite the stochastic nature of the geno-
types within an otherwise isogenic population, the use of
CRISPR for NHEJ-mediated gene disruption has become
commonplace using various modalities including plasmid
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and viral vectors, as well pre-formed ribonucleoprotein com-
plexes of Cas9 protein and gRNA (i.e.RNPs) (Cong et al.
2013; Jinek et al. 2013; Ran et al. 2013; Wang et al. 2013;
Zallar et al. 2018)

The use of viral vectors to deliver CRISPR for gene dis-
ruption in the rodent brain has been demonstrated for protein
coding genes and miRNAs (Murlidharan et al. 2016; Swiech
et al. 2015; Yamaguchi et al. 2018). RNPs have used with
oocytes and germlines (Nakagawa et al. 2016; Paix et al.
2017) and zygotes (Teixeira et al. 2018) to create genome-
edited/transgenic lines. Other studies have used RNPs
(Campbell et al. 2019; Jacobi et al. 2017; Liu et al. 2015;
Mangeot et al. 2019; Montagna et al. 2018). In fact,
Mangeot et al. (2019) have demonstrated that RNP-loaded
viral-like particles can be used for genome editing in vivo by
successfully mutating the Hpd gene in the mouse liver.
Methods of RNP delivery are discussed in more detail in sec-
tions below.

In addition to exploiting the NHEJ process to create
targeted indel mutations, progress has been made towards
achieving more predictable outcomes by using homology di-
rected repair and base editing.

Homology-Directed Repair (HDR)

The earliest demonstration of a pre-determined outcome
from CRISPR-based DSBs was made by providing a
“repair template” along with the Cas9 and gRNA compo-
nents (Wang et al. 2013). While the structural details of
the repair template can vary based on the model organ-
ism’s target cell type and delivery mechanism, in general,
there is a common structural layout of the template. For
example, there is a region of novel or mutant sequence
flanked by segments that are identical or highly homolo-
gous to that of the termini of the induced DSB (aka ho-
mologous arms). These regions of homology are used by
recombinational machinery of the cell to bridge the gap
between the DSB termini, filling the interval spanning the
break with the novel sequence (Fig. 1b). Double-stranded
DNA as well as single-stranded DNA with arms and novel
sequences of varying lengths have been used to generate
base changes and codon substitutions as well as insertions
of epitope tags or entire transgene cassettes at precise
locations.

One caveat with this method is that it requires the delivery
of an additional component, i.e. the repair template DNA, to
the target cell. Once all elements are delivered to a cell, there is
no guarantee that a cell will use homology-directed repair
processes unless some form of selection is built into the de-
sign. DNA that is repaired by NHEJ, for example, will create
indels within the population or possibly within the same cell.
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Fig. 1 Examples of genome modification using CRISPR/Cas9. a A
depiction of a Cas9-induced DSB being resolved by NHEJ processes to
produce an indel. b The same DSB as in A, being resolved by homology-
directed repair using a repair template consisting of a novel sequence

For example, the resulting DNA at a target site within a single
cell may be heterozygous with a novel sequence on one chro-
mosome and a deletion on the other; both differing from the
original target sequence.

Despite this caveat to HDR following CRISPR/Cas9 expo-
sure, modifications in vivo have been successfully performed.
For example, clinically relevant alleles causing alpha-1
antitrypsin deficiency (AATD) in the liver have been repaired
in mice (Shen et al. 2018) adding epitope tags to endogenous
genes (Aird et al. 2018; Nishiyama et al. 2017), and knocking
in large DNA fragments (Bak and Porteus 2017) have all been
successful using various combinations of transgenic animals
and viral vectors to deliver the necessary components
(Mizuno et al. 2018). The use of virus-like particles for the
delivery of Cas9 RNPs and a repair template has also been
reported (Mangeot et al. 2019), where a single-stranded DNA
donor molecule was adhered or complexed to the exterior of
the particle using polybrene prior to delivery. Future studies
that further optimize the co-delivery of repair template will be
essential for exploiting HDR for in vivo genome editing and
repair.

b Homologous Novel Homologous
Arm Sequence Arm

DA

XA T

HR-based codon replacement

DADDADIDIDIDIIDG

flanked by homologous arms. ¢ Cas9-BE variant modifying a single
base within the gRNA targeting region without making a double-
stranded break

Base Editing

CRISPR-Base edit (CRISPR-BE) seeks to circumvent
the variable outcomes associated with the processing
of Cas9-induced double-strand breaks by avoiding the
chromosomal cleavage all together. The binding activity
of Cas9 to specific DNA sequences in an RNA-directed
manner is separable from the DNA domains. These two
domains can be independently rendered non-functional
by specific point mutations (D10A and H840A, respec-
tively) to create “nickases” (Cas9n) which only break
one strand of the DNA target site or mutated simulta-
neously to encode a cleavage-dead protein, dCas9 (Jinek
et al. 2012). These variants can then be appended on
the both the amino- and carboxyl- ends with orthogonal
functional domains, and when combined with a guide
RNA, will localize these new effectors to a specific
genomic locus.

When paired in this manner with the cytidine deaminase
(APOBECI1) and uracil-N-glycosylase inhibitor (UGI), Cas9-
BE can make specific modifications that result in the
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conversion of C-G basepairs into T-A basepairs (Komor et al.
2017). The same group also engineered an adenosine deami-
nase to enable editing of A-T basepairs into G-C basepairs
(Gaudelli et al. 2017). Others have extended the versatility
this technology by datamining the available genome data in-
tent on cataloging and evaluating all potential gRNAs that
could produce an early stop codon in their target gene when
paired with Cas9-BE reagents (Billon et al. 2017; Kuscu et al.
2017).

CRISPR-BE has been applied for in vivo editing by direct
injection of expression plasmids and ribonucleotide protein
complexes into mouse embryos (Kim etal. 2017) and xenopus

Fig. 2 Summary of Cas9 RNP
assembly and delivery methods.

Cas9 RNP Assembly

embryos (Park et al. 2017). The adaptation of base editing
tools for delivery in virus-like particles has not yet been re-
ported, however the modifications needed to produce Cas9-
BE ribonucleoprotein complexes from existing regents seems
straightforward.

Methods of Cas9 RNP Delivery
The utilization of Cas9 RNP varies with both RNP assembly

and the method of delivery. Fig. 2 shows a summary schematic
of both processes that will be described. Table 1 summarizes the
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Table 1  Comparison of Cas9 RNP efficiencies
Delivery Direct injection Electroporation Cell penetrating Nanoparticles Microvesicles
mechanism peptides
Reference Paix Chen Staahl Lee Montagana
Model Targets  C. elegans Mouse Embryo Neural Progenitor Cells hiPS, hES HEK293FT cells
Experimental NHEJ, HDR NHEJ, HDR, Viability Casette deletion/tdTomato HDR NHEJ
Enpoint Fluoresence
Cas9/gRNA Plasmid mRNA Cas9 RNP withno SV40NLS Cas9 RNP (lipofection and Plasmid
Form 1 nucleofection) (transfection)
Cas9/gRNA in vitro assembled in vitro assembled Cas9 RNP Cas9 RNP with 4x SV40NLS Cas9 RNP by CRISPR-Gold VEsiCas
Form 2 Cas9 RNP
Efficiency Form 11% Roller phenotype 60% Bi-allelic mutation, 10% ~0.5% tdTomato positive ~0.5% HDR; 1-2% HDR ~30% NHEJ
1 viability cells
Efficiency Form  50% Roller Phenotype 88% Bi-allelic mutation, 50% ~5% tdTomato positive cells  ~3.5% HDR ~65% NHEJ

2 viability

A summary of selected data comparing mutagenesis efficiencies within each delivery method and within a single study. Abbreviations: hiPS human
induced pluripotent stem cells, #ES human embryonic stem cells, RNVP ribonucleoprotein complex, NLS nuclear localization signal, DR homology

directed repair, NHE.J non-homologous end joining

relative efficiency of each method when compared to previous
models of CRISPR/Cas9 delivery.

Direct Injection of Cas9 RNP

Early work with Cas9 RNP’s involved direct injection into
Caenorhabditis elegans (Cho et al. 2013; Paix et al. 2015).
In this method, the ribonucleoprotein complex was created
using purified Cas9 (commercially acquired or prepared
through purification methods (Kim et al. 2014)) and in vitro
transcribed gRNA, which will associate by mixing of Cas9
and gRNA in the appropriate buffers. The purified Cas9, as
with Cas9 expressed from a DNA source in eukaryotic cells,
has a nuclear localization signal which facilitates its transfer to
the nucleus. After assembly the RNP complex can be used
directly for injection.

Studies utilizing this method have been highly successful.
In C. elegans, investigators have targeted the genes dpy-3 and
dpy-10, mutations of which led to an easily observable phe-
notype. In experiments targeting dpy-3, investigators injected
Cas9 ribonucleoprotein into cytoplasm of the syncytial
germline of PO generation hermaphrodites. Progeny (F1 and
F2) were analyzed for mutations and were confirmed to have
site specific mutation within the dpy-3 region as shown by the
T7 Endonuclease I assay (which is used to determine indels)
and sequencing, in addition to exhibiting the “dumpy” phe-
notype (Cho et al. 2013).

For targeted repair of dpy-10, investigators used a single-
strand oligodeoxyribonucleotide and HDR to introduce a mis-
sense mutation to create a “roller” phenotype. They observed that
the incidence of roller phenotypes using Cas9 RNP delivery is a

significant improvement (50%) versus their previously observed
experiments that utilized plasmid based delivery (11%) (Paix
et al. 2015). Thus, direct injection of Cas9 RNP is shown to be
suitable for both gene disruption and homology directed repair.

Overall, the method of Cas9 RNP delivery by direct injec-
tion continues to be utilized and is translatable to other scien-
tific models including human cell lines/primary cells (Lin
et al. 2014), mice (Hirano et al. 2016), crustaceans
(Kumagai et al. 2017), and others.

Cas9 RNP Delivery by Electroporation

Electroporation of Cas9 RNP has primarily been used for its
delivery to a wide variety of cell types in vitro. The assembly
of the Cas9 + gRNA complex is made by co-incubation of
purified Cas9 and in vitro transcribed gRNA. The Cas9 RNP
is prepared in a solution of electroporation compatible buffer.
A cell pellet is resuspended in electroporation buffer and com-
bined with the Cas9 RNP in an electroporation cuvette.
Electroporation is performed, after which cells can be returned
to culture and assayed for genomic modifications, protein ex-
pression and functional changes.

As noted, the electroporation procedure is commonplace in
producing CRISPR/Cas9 mediated mutagenesis in vitro. In
one example, investigators utilized this method to produce
transgenic mice through the electroporation of mouse zygotes
with the Cas9 RNP complex (Chen et al. 2016; Qin et al.
2015; Teixeira et al. 2018). Collectively, the studies describe
increased mutations, recombinations and viable offspring
using this method when compared to Cas9 RNP microinjec-
tions. Interestingly, Chen et al. identified that a 10 ms pulse
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length and 16 uM Cas9 RNP concentration allowed for 100%
bi-allelic edited embryos, but at a cost to embryo viability
(30% viability). Ultimately, the investigators found that a
pulse duration of 3 ms with a Cas9 RNP concentration of
8 UM combined the benefits of 67% bi-allelic editing efficien-
cy with 60% of embryos developing to viable offspring.
Additionally, in experiments comparing mRNA injection to
RNP delivery, an increase both editing efficiency (60 to 80%)
and viability (10% to 50%) were observed.

Other investigators have used Cas9 RNP electroporation on
human immune cells including T cells and B cells. The genetic
modification of immune cells is an attractive approach to create
unique targeted therapies to specific disease states. In primary T
cells, Cas9 RNP electroporation has been used to decrease the
expression of the HIV co-receptor CXCR4 to combat HIV infec-
tion, and the surface receptor PD-1 to enhance immune cell
clearance of cancers (Schumann et al. 2015). B cell editing of-
fered similar results, including high editing efficiency (upwards
of 80%) and the ability to modify both undifferentiated and dif-
ferentiated B cell populations (Wu et al. 2018).

Cas9 Modification and Delivery by Penetrating
Peptides

Another approach to Cas9 RNP delivery involves the mod-
ification of the Cas9 protein itself using cell-penetrating
peptides. These peptides allow for the delivery of cargo
(DNA, RNA, protein, small molecules) across the cellular
membrane through passive “energy-independent” or active
endocytic pathways. The energy-independent pathways in-
volve disruption of the cellular membrane, enabling the di-
rect translocation of the cargo into the cytosol. This type of
membrane disruption is often associated with antimicrobial
peptides, which are typically positively charged amphipath-
ic molecules capable of direct interaction with phospholipid
groups of cellular membranes (Hancock and Scott 2000;
Zasloff 2002). The endocytic pathway consists of a subset
of cellular pathways (e.g. caveolac-mediated endocytosis,
clathrin-depending endocytosis, macropinocytosis) for
moving substances from outside the cell to the interior.

All of these subsets follow a basic mechanism
encompassing membrane binding, membrane folding and in-
vagination, endocytosis of a host, membrane-derived vesicle
containing the cargo, and endosomal escape, leading to the
delivery of the cargo into the cytosol (Gestin et al. 2017).

In one study, investigators modified the N-terminus of
Cas9 with increasing numbers of Simian vacuolating virus
40 nuclear localization sequences (SV40-NLS, 0x, 1x, 2x,
4x, 7x-NLS) to allow for penetration of the Cas9 RNP com-
plex into target cells (Staahl et al. 2017). The investigators
used a tdTomato reporter model, where the reporter was
proceeded by a loxP flaked SV40 polyA sequence (i.e. a stop
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cassette). The stop cassette was then targeted by unique gRNA
sequences to cause its excision, thereby allowing for the tran-
scription of tdTomato. The investigators observed that increas-
ing the number of nuclear localization sequences up to 4x-
NLS significantly enhanced the expression of tdTomato in
neural progenitor cells. However, the 7x-NLS modification
did not provide an increase in tdTomato, suggesting limita-
tions to the modifications that can be made to Cas9.
Furthermore, injection of 4x-NLS Cas9 RNP into the brain
parenchyma resulted in tdTomato expression co-localizing
with neuronal populations, suggesting that this method of pen-
etration could be used in vivo.

Another group of investigators applied a different approach
using cell penetrating peptides by co-incubating the
preformed Cas9 RNP with an engineered cell penetrating pep-
tide (HIV-Tat variant PTD4) combined with an endosomal
leakage domain (CM18) to make 6His-CM18-PTD4
(Del'Guidice et al. 2018). Co-incubation and administration
of the Cas9 RNP complex successfully edited the HPRT and
DNMTTI genes in Jurkat and primary natural killer cells.

Cas9 RNP in Combination with Nanoparticles

Nanoparticles are nano-scale (less than 100 nm) inorganic
materials that possess unique characteristics e.g. conduc-
tance, melting temperature, malleability (Laura Soriano
et al. 2018). One group has successfully combined a modi-
fied Cas9 RNP with a gold nanoparticle (Mout et al. 2017).
The use of nanoparticles, including the gold nanoparticle
(AuNP) has been shown to successfully deliver protein
components for immune and cancer therapies (Almeida
et al. 2014). Cas9 was first modified to have increasing
numbers (0, 5, 10, 20) of glutamate residues (E-tag) on the
N-terminus to allow for a localized negative charge on the
Cas9 protein, facilitating the interaction with the AuNPs.
Increasing the number of E-tags, subsequently enhanced
nanoassembly and improved direct delivery of Cas9 into
the cytoplasm of the target cells resulting in roughly 30%
editing efficiency.

Another group performed Cas9-initiated, homology-
directed repair using a nanoassembly containing a AuNP,
Cas9 RNP, a donor DNA molecule, and an endosomal-
disruptive polymer PAsp(DET), resulting in the formation
of what they termed “CRISPR-Gold” (Lee et al. 2017).
They show successful gene editing and homology directed
repair in human embryonic stem cells, induced pluripotent
stem cells, and a mouse model of Duchenne muscular dys-
trophy. In the mouse model, muscle function was improved
in the CRISPR-Gold treated animals and analysis of inflam-
matory markers indicated that no aberrant inflammatory ef-
fects were observed as a consequence of CRISPR-Gold
treatment. The lack of an inflammatory response supports
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further evaluation of Cas9 RNP nanoassembilies for in vivo
applications.

Cas9 RNP Packaged into Microvesicles

Recently, the discovery and study of extracellular vesicles
has revealed their importance in biological functions in-
cluding the communication between organ systems, pack-
aging and delivery of macromolecules (e.g. DNA, RNA,
protein), and a role in disease pathogenesis (Robbins and
Morelli 2014; Skog et al. 2008; van Niel et al. 2018). The
microvesicle is a specific type of extracellular vesicle
which is formed through budding of the cellular mem-
brane, creating vesicles ranging from 100 to 1000 nm in
diameter (Kalra et al. 2012). Packaging Cas9 RNP into a
microvesicle usually involves a transfection of a producer
cell line (such as HEK293FT cells) with at least 3 com-
ponents; Cas9, the chosen guide RNA, and a microvesicle
inducing protein. After this step, microvesicles containing
Cas9 RNP that are released into the media can be purified,
concentrated, and subsequently used to deliver Cas9 RNP
to the recipient cell or organism.

Two recent papers describe the use of microvesicles formed
by expressing vesicular stomatitis virus protein g (VSV-G) in
HEK293 producers cells to cause microvesicle formation and
packaging of Cas9 RNP’s. Using an EGFP reporter protein as
a target, Montagana et al. (Montagna et al. 2018) confirm
effective packaging and editing utilizing both wild type
Cas9 and Cas9 nickase, suggesting that microvesicles can
package at least two gRNA’s simultaneously. Additionally,
the investigators edited EGFP expression in induced pluripo-
tent stem cells and the heart of an EGFP expressing mouse,
confirming the ability of microvesicle-based delivery in vitro
and in vivo.

Additionally, VSV-G based microvesicles have been used
to deliver Cas9 RNP to microglial cells harboring an HIV
provirus (Campbell et al. 2019). Using a microglia model with
a stably integrated provirus, our lab demonstrated that
microvesicle delivery of a Cas9 RNP targeted to the HIV long
terminal repeat (LTR) resulted in both mutation of the viral
promoter and excision of the HIV provirus. This led to de-
creased proviral activity including decreased expression of the
HIV viral protein Nef after simulation with pro-inflammatory
factors such as lipopolysaccharide and tumor necrosis factor
alpha. Furthermore, we observed a dose-dependency of Cas9
RNPs supporting need for pharmacological studies of Cas9
RNPs in microvesicle.

In conclusion, the five described methodologies show that
Cas9 RNP delivery confers improved efficiency of genome
modification (see Table 1), transient period of Cas9 activity,
low cellular toxicity and minimal off-target mutagenic effects.

All of which suggest that utilizing Cas9 RNPs may be a viable
approach for CRISPR/Cas9 based therapies.

Targeting Neuroinflammation with Cas9 RNPs
Virus Mediated Neuroinflammation

In the central nervous system, microglia are the primary
cellular reservoir for HIV and have received much attention
for their role in the neuroinflammation associated with an
HIV-infected brain (Chen et al. 2017; Ghorpade et al. 2005;
Heaton et al. 2011). As the resident macrophage of the
brain, microglia can be productively infected with HIV
and harbor latent, integrated proviral genomes. Over time,
both replication competent virus and viral proteins can be
released from infected cells, leading to damage of surround-
ing neuronal populations which manifest into cognitive, mo-
tor, and behavioral abnormalities (Zhou and Saksena 2013).
Furthermore, once the virus has infected the brain environ-
ment, it is no longer within the reach of many anti-retroviral
drugs which have sub optimal penetration into the CNS due
to the blood brain barrier, leading to active viral production
even in the case of undetectable viral load in the periphery
(Letendre et al. 2008). Indeed, studies confirm that HIV
strains isolated from the CNS can have a different clonal
expansion than from other tissue sites (Schnell et al. 2010),
emphasizing the need for new strategies to target microglia
to effectively diminish viral outgrowth and subsequent
pathogenesis.

Unfortunately, an efficient and reproducible method to
genetically manipulate microglia remains elusive, which
may be due in part to their ability to sense and react to
foreign DNA (Jeffries and Marriott 2017; Reinert et al.
2016). Thus, Cas9 RNP’s may serve as a useful tool in this
regard, bypassing the need for DNA delivery and shielding
the gRNA within the ribonucleoprotein. Preliminary data from
our lab has shown that microvesicle-based, CherryPicker Red
containing “gesicles” can deliver Cas9 protein to primary mi-
croglia populations both in vitro and in vivo (Fig. 3).
Application of gesicles to primary microglia cultures exhibit
co-localization of the gesicle marker CherryPicker Red with
Iba-1 positive cells (Fig. 3a). Additionally, gesicles were ste-
reotaxically injected into the striatum of rats and co-
localization of CherryPicker Red and Iba-1 fluorescence was
observed on brain sections. While there were CherryPicker
Red positive Iba-1 cells, the red fluorescence also co-
localizes with other cellular populations, suggesting the asso-
ciation of gesicles to a wide array of cell types (Fig. 3b). These
data suggest that microvesicles have potential as method to
deliver Cas9 RNP’s targeting the HIV provirus in microglia
populations.
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Fig. 3 Microvesicle delivery of a
CherryPicker Red to primary
microglia in vitro and in vivo.
Microvesicles labeled with
CherryPicker red protein were
used to monitor the association
with primary rat microglia (Iba-1
positive cells). a
Immunocytochemistry of Iba-1
(green), CherryPicker Red (Red)
and merged image with DAPI
(nuclear stain; blue) 24 h post-
application of microvesicles
directly to cultured microglia. b
Immunofluorescent labeling of rat
striatum for Iba-1 (green),
CherryPicker Red (Red) and b
merged image with DAPI stain.
Brains were processed 24 h after
intrastriatal injection with
CherryPicker Red labeled
microvesicles. Scale bar =50 uM

t

Another viral-based neuroinflammatory disease is progres-
sive multifocal leukoencephalopathy, which occurs from re-
activation of the human polyomavirus JC. This disorder is
commonly associated with HIV infection and can result in
the disruption of myelin formation, inflammation and ulti-
mately death (Berger 2011). Investigators have utilized plas-
mid based CRISPR/Cas9 delivery to target the large T antigen
(T-Ag) of this virus in order to disrupt proviral reactivation
and transcription. Targeting the gene regions of T-Ag resulted
in decreased T-Ag expression which in turn decreased viral
activation via a JCV promotor driven luciferase reporter
(Wollebo et al. 2015). To date, no data is available that dis-
plays Cas9 RNP delivery to oligodendrocyte populations. The
development of this technology would be beneficial for not
only polyomavirus JC infection, but to other demyelinating
diseases such as Multiple Sclerosis.

Neuroinflammatory and Neurodegenerative Diseases

CRISPR/Cas9 technology can be targeted other cells in the
CNS including neurons, astrocytes, and oligodendrocytes to
potentially be used as a treatment for neurodegenerative and
neuroinflammatory diseases. Neuroinflammation can occur in
many neurological diseases and injuries, for example brain
trauma, ischemia, viral infection, and neurodegeneration.
Thus, targeting the underlying genetic components to these
disease states may ultimately decrease inflammatory
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processes. For example, in Huntington’s disease, a mutant
form of the huntingtin gene contains excessive (greater than
36) CAG tri-nucleotide repeats. When transcribed, an elongat-
ed, mutant form of the protein is produced that ultimately
leads to protein aggregation, inflammation, and neuronal tox-
icity. Plasmid-based nucleofection of CRISPR/Cas9 compo-
nents (5 pg Cas9 Nickase; 2 x 5 ug gRNA in ~1 x 10° to 5 x
10° cells) has been used to cause partial excision of CAG
repeats (Dabrowska et al. 2018) in cell lines and patient-
derived fibroblasts. This approach led to a 70-80% decrease
in levels of total huntingtin protein.

The pathogenesis of Alzheimer’s Disease continues to be
uncovered, with aspects including amyloid beta cleavage,
apolipoprotein ¢4 allele inheritance, and tau/neurofibrillary
tangles and chronic inflammation all contributing to neuronal
death and progressive dementia (Dionisio-Santos et al. 2019).
CRISPR/Cas9 have recently been used to target amyloid pre-
cursor protein and its subsequent cleavage. For example,
CRISPR/Cas9-mediated alterations to the C-terminus of am-
yloid precursor protein (APP) have been introduced to pro-
mote splicing towards the neuroprotective « cleavage form
(Sun et al. 2019). Using lentivirus based delivery approaches
in both wild type iPSCs and cells harboring the familial
Alzheimer’s mutation (London mutation) the investigators ob-
served a significant reduction of full length APP, with an in-
crease in secreted APPx (neuroprotective form) by western
blot and a decrease in A[340/42 (pathogenic form) by ELISA.
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The same approach has been performed in familial forms of
Alzheimer’s stemming from the Swedish mutation of amyloid
precursor protein (Gyorgy et al. 2018). In fibroblasts, electro-
poration of ~ 1 x 10° cells (with 20-50% transfection efficien-
cy) led to decreased A(340/42 expression by 50%. In vivo, the
investigators utilized Tg2576 mice which harbor the Swedish
mutation. AAV injection (10*~10° genome copies per cell) of
Cas9/gRNAs into the hippocampus resulting in a ~1.3% indel
formation. These studies illustrate the potential for CRISPR/
Cas9 use in AD.

For neurodegenerative diseases associated with known ge-
nomic mutations that cause altered gene expression, such as
Huntington’s disease or Alzheimer’s disease, Cas9 RNP de-
livery may offer therapeutic hope. Much of Huntington’s dis-
ease affects the basal ganglia, therefore stereotaxic injections
of Cas9 RNP’s (by cell penetrating peptides, nanoparticles,
etc.) targeting the CAG repeats may serve as a therapeutic
approach enabling long lasting effects with temporary expres-
sion of Cas9. Alzheimer’s disease will likely require a more
ubiquitous delivery of Cas9 in the brain. One method that may
offer a minimally invasive means of delivering RNPs broadly
or to a specific area of the brain is focused ultrasound (FUS)
coupled with microbubbles for disrupting the blood-brain-
barrier (BBB) (Song et al. 2018). FUS has been used to tran-
siently open the BBB and delivery a variety of macromole-
cules including RNA, DNA and proteins (Munoz et al. 2018).
It may be possible to conjugate RNPs in some form to
microbubbles then use FUS to deliver them to specific brain
regions (Slagle et al. 2018). Research and development are
needed for Cas9 RNPs capable of specifically targeting resi-
dent cells of the brain when administered systemically.

Pain and Neuroinflammation

An acute injury often results in the direct activation of periph-
eral neurons at the site of injury and indirect activation of
central neurons that convey sensations of pain. If the pain does
not resolve over time, a persistent condition of “‘chronic pain”
can occur that often has debilitating consequences to the af-
fected individual. In the United States in 2016, an estimated
20% of adults (50 million) had chronic pain and 8% of adults
(20 million) had high-impact chronic pain (Dahlhamer et al.
2018). One of the primary factors associated with chronic pain
is neuroinflammation (Ji et al. 2014). Current approaches to
treating chronic pain often involve trying to reduce the asso-
ciated neuronal activity both peripherally and centrally as well
as try to reduce inflammatory processes. For example, non-
steroidal anti-inflammatories (NSAIDs) and opioids are rou-
tinely used for pain management and work by reducing in-
flammation and suppressing the sensation of pain. Although
these approaches have some efficacy, long term use of pre-
scription opioids causes tolerance which decreases opioid po-
tency and increases user dependence. As a consequence,

excessive prescriptions of opioids propagate the current opi-
oid addiction epidemic (Volkow and McLellan 2016). There is
an immediate need for alternate strategies to treating chronic
pain.

The CRISPR/Cas9 system presents new opportunities to
modify the expression of genes involved in neuroinflamma-
tion and chronic pain. For example, lentiviral delivery of
CRISPR/Cas9 to rat dorsal root ganglion decreased expres-
sion the voltage-gated sodium channel Nav1.6 and reduced
spontaneous pain and mechanical allodynia (Qin et al.
2017). CRISPR/Cas9 has also been used to create neurofibro-
matosis type 1 model in rats by intrathecal delivery of plasmid
encoding Cas9 and gRNA to neurofibromin (Moutal et al.
2017). CRISPR/Cas9 has also been successfully used to re-
duce expression of proinflammatory cytokines associated
with neuroinflammation as well. We propose that using extra-
cellular vesicles engineered to selectively deliver Cas9/gRNA
RNP to knockout modulators of pain transmission and neuro-
inflammation such as inflammatory mediators and pain-
related receptors and channels may provide an alternative
treatment to chronic pain. However, the consequences of re-
moving a particular gene or genes from a particular cell type
must be thoroughly investigated to ensure the such modifica-
tions do not worsen or create new challenges for a patient.
More importantly, the use of CRISPR/Cas9 RNPs to treat
any human disease through genomic modification must con-
tinue to be approached with extreme caution and rigorous pre-
clinical evaluation. As research in this area progresses, the use
of RNPs for transient delivery Cas9 should be evaluated in
models of pain and neuroinflammation.

Enhancements in Cas9 RNP Delivery

A benefit to Cas9 RNP utilization is the transient expression of
Cas9, which has been reported to undergo degradation by 24 h
using various delivery methods including nucleofection (Kim
et al. 2014), cell penetrating peptides (Del'Guidice et al.
2018), and microvesicles (Campbell et al. 2019; Montagna
et al. 2018). This is in contrast to DNA based delivery
methods, whereby Cas9 is expressed for up to 72 h by plasmid
transfection (Kim et al. 2014).

Currently, efforts are being made to further decrease the
half-life of Cas9 protein through protein modifications. One
group of investigators tagged Cas9 with ubiquitin-
proteasomal degradation signals and found significantly de-
creased Cas9 expression after 24 h using plasmid delivery (Tu
etal. 2017). Another group of investigators decreased the half-
life of Cas9 in neuronal cells by appending a Geminin tag that
is decreased in G1/GO phase of cell division. They showed
that Geminin-tagged Cas9 expression is reduced both in vitro
and in vivo after intrastriatal injection (Yang et al. 2018).
Future experiments to combine Cas9 RNP delivery mecha-
nisms with these short half-life variants of Cas9 could be used
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Fig. 4 Microvesicle delivery of Cre recombinase to cell lines of
differing tissue origin. Human cell lines of different origins were
transfected with a Cre-dependent, nuclear localized, red to green
fluorescent protein construct. The presence of GFP denotes functional
Cre recombinase delivery and nuclear translocation. Microvesicle

to minimize the duration of Cas9 activity yet still produce a
phenotypic effect that would be therapeutically meaningful.

Additionally, several other factors can be improved upon.
First, target specificity needs to be increased to optimally de-
liver Cas9 RNP. One approach is to alter the membrane pro-
teins of the microvesicle by engineering the producer cells to
express ligands that promote cell specific interactions and up-
take. As our data show, “gesicles” can effectively deliver ac-
tive protein cargo such as Cre recombinase to a wide variety of
cell types (Fig. 4). Additional engineering of this microvesicle
to provide cell specific effects would further enhance its via-
bility in future therapeutics. Furthermore, systemic injection
of microvesicles containing Cas9 RNP can be performed to
ascertain the bioavailability, spread and immune response to
this delivery method. A Cas9 dependent fluorescent reporter
mouse similar to Staahl et al. (2017) would be a useful model
to evaluate Cas9 delivery in vivo.

Concluding Remarks

In this review, we have provided a brief overview of how
CRISPR/Cas9 is being used to alter target sequences in the
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“gesicles” containing CherryPicker Red and Cre recombinase were
applied to cells and GFP expression was visualized after 24 h. Left
panel: brightfield image of all cell lines; Middle panel: Cherry
fluorescence denoting both gesicle delivery (small red dots) and red to
green transfected cells; Right panel: GFP fluorescence

genomes of eukaryotic organisms. We focused on the cur-
rent methods of Cas9 delivery as a ribonucleoprotein com-
plex to alter gene function with examples related to neuro-
inflammation. Although using CRISPR/Cas9 can be con-
sidered a form of gene therapy, the use of Cas9 RNPs pro-
vides a pharmacological approach to gene therapy where the
transgenic components used to alter genetic makeup of a
cell is present transiently (hours to days) compared to viral
or plasmid based gene therapies that can sustain transgene
expression for weeks, months and years. The method of
Cas9 RNP delivery has huge appeal as a therapeutic includ-
ing reduced chance of off target effects and decreased
chance of developing a strong immune response to the
Cas9. The latter concern was recently reviewed as
CRISPR/Cas9 delivery by viral vectors continues to be con-
sidered for gene therapy applications (Crudele and
Chamberlain 2018). Lastly, the engineering of non-viral
particles to deliver Cas9 RNPs to specific cells has immense
therapeutic potential and should be given consideration
when embarking on CRISPR/Cas9-related research. As
the field continues to move towards engineered particles
for cell-specific targeting, standardized methods for com-
paring the efficiencies of Cas9 RNP delivery systems are
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needed at the single cell level if a therapeutically viable
approach is to be realized.
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