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Abstract

The recent progress in harnessing the efficient and precise method of DNA editing provided by
CRISPR/Cas9 is one of the most promising major advances in the field of gene therapy. However,
the development of safe and optimally efficient delivery systems for CRISPR/Cas9 elements
capable of achieving specific targeting of gene therapy to the location of interest without off-target
effects is a primary challenge for clinical therapeutics. Nanoparticles (NPs) provide a promising
means to meet such challenges. In this review, we present the most recent advances in developing
innovative NP-based delivery systems that efficiently deliver CRISPR-Cas9 constructs and
maximize their effectiveness.
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. Introduction

While first reported in 1987 by Ishino et al. (1), it was not until 2002 that the currently used
acronym for clustered regularly-interspaced short palindromic repeats, CRISPR, started to
be more widely used by scientists (2, 3). This family of DNA sequences, reported first in
Escherichia coli, then later in other bacteria, including Streptococcus pyogenes, was found
to be a part of the prokaryotic adaptive immune defense against bacteriophages and plasmids
(4, 5), where an endogenous RNA-guided nuclease-based machinery recognizes and
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destroys invading foreign nucleic acid material. To explain, CRISPR loci in the DNA of
bacteria and archaea comprise DNA sequence repeats separated by spacers. These spacers
are derived from the fragments of foreign nucleic acid material (from phages and plasmids
from a previous infection) (6) and act as the ‘memory element’ in the prokaryote’s immune
defense. These sequences of repeats and spacers are usually adjacent to genes that encode
for the CRISPR-associated (Cas) family of endonucleases (5). The CRISPR loci are
transcribed to ultimately produce CRISPR RNA (crRNA). In the CRISPR type Il system, the
crRNA is base-paired with trans-activated crRNA, and this dual-RNA element, containing
complimentary sequences to the exogenous (viral) DNA, ‘guides’ the Cas endonuclease
protein (in this case Cas9) to the target region of the DNA and induces breaks and damage,
essentially inactivating the target (7). This dual RNA guide system has now been engineered
as a single guide RNA (sgRNA), sometimes referred to as gRNA, for the purposes of
targeted genome editing in eukaryotic cells (7, 8). The resultant CRISPR-based genome
editing systems consisting of sSgRNA and Cas9 can be designed to target any specific gene
by inducing double stranded DNA breaks at the targeted gene; and either knocking out
mutated genes, or knocking in desired genes (7-12). Knocking in genes can be more
problematic since, in addition to the delivery of the CRISPR/Cas9 components to cells,
donor DNA is also required to repair mutated genes via homology directed repair. The
detailed mechanisms by which these editing processes occur have been described
expansively elsewhere and will not be the focus of this review (10, 12, 13).

The CRISPR/Cas9 system adds a robust and versatile tool to the mammalian genome editing
toolbox, which includes meganucleases, zinc finger nucleases (ZFNs), and transcription
activator-like effector nucleases (TALENS). The success rates of gene editing of CRISPR/
Cas9 and TALEN systems are higher than those of meganucleases and ZFNs (14). In
addition, in contrast to CRISPR/Cas9 systems which requires the designing of sgRNA that
compliments with the target DNA, both ZFNs and TALENS require the more demanding
task of engineering of a new highly-specific protein for each target gene, since both
techniques depend on protein-target DNA interaction (12). Also, unlike RNA interference
(RNAI) techniques, CRISPR-Cas9 therapy is potentially a one-time treatment with lasting
effects since the target is DNA as opposed to RNA (10, 15). Following the discovery of its
genome editing capabilities, the number of publications that reported using CRISPR-Cas9
for gene editing has increased dramatically (Figure 1).

In 2016, the first clinical trial using CRISPR-Cas9 therapy began in China (16). The results
of this and similar studies are yet to be published in peer-reviewed articles, however, the
therapy involves ex vivo genome editing of cells (knocking down PD-1 expression) that are
subsequently transfused back into the patient (with metastatic lung cancer) as opposed to
direct delivery of the editing apparatus to the patient. The treatment aims to improve the
patient’s antitumor immune response by knocking out PD-1 gene (an immune checkpoint
protein) from the patient’s own T cells. The general consensus is that direct delivery of the
CRISPR/Cas9 system to patients will require a safe and efficient carrier system and,
particularly for systemic delivery, this would imply the use of appropriately formulated
nanocarriers or NPs. Thus, much recent research has focused on the development of novel
non-viral vectors that can safely and effectively deliver the CRISPR/Cas9 elements to cells
and tissues in /n vitro and/or in vivo settings. NPs have emerged as an attractive option for

AAPS J. Author manuscript; available in PMC 2019 October 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Givens et al.

Page 3

delivering CRISPR-Cas9 based therapies for several reasons. First, they can be engineered to
bind preferentially to specific types of cells or tissues, providing efficient disease-targeting
capabilities (17-20). Second, they can provide protection of the loaded cargo from
degradation until they reach the site of delivery (21-27). Third, NPs are also capable of
delivering large-sized cargos such as plasmids and large proteins, such as CRISPR/Cas9
components. Fourth, many of the materials used for NP manufacture have very acceptable
safety profiles, and they are not expected to elicit mutagenicity per se, as opposed to viral
vectors (28, 29). Finally, NP manufacture generally has a very good scale-up potential,
which, when added to their improved safety profiles, can facilitate their clinical translation
(30).

Il. CRISPR/Cas9 Delivery Systems: Strategies and Barriers

CRISPR/Cas9 components

Typically, a CRISPR/Cas9 system adopted for genome editing consists of the endonuclease,
Cas9, and the specific gene-targeting sgRNA. Cas9 and sgRNA can be delivered in various
forms that include: 1) the Cas9 endonuclease protein itself and the sgRNA, 2) a plasmid that
encodes for both Cas9 and sgRNA, 3) two separate plasmids each encoding Cas9 or sgRNA,
4) Cas9mRNA and sgRNA, and 5) a Cas9/sgRNA complex (usually called
ribonucleoprotein (RNP)). Thus, when considering a NP-based delivery system for CRISPR/
Cas9, it is important that the formulation takes into account what form the CRISPR/Cas9
components are in so as to ensure optimal compatibility. It is also important that formulation
parameters designed to accommodate the particular physical properties of the cargo do not
significantly compromise the NPs other desired attributes such as cargo protection, stealth,
targeting or capacity to efficiently transfect cells (2). One major advantage of using a single
plasmid encoding both Cas9 and sgRNA over other strategies is only requiring to load a
single element (the plasmid) into the NPs, whilst other systems require either co-loading of
NPs or the use of separate NP formulations (2). In addition, if required, a knock-in gene can
also be integrated within the same delivered plasmid (13). However, a plasmid encoding for
all of the CRISPR/Cas9 elements will have a relatively large size, and resultingly can
become more difficult to deliver (29). Researchers may also wish to avoid using plasmids
when translational therapies are being considered due to the plasmid, as opposed to RNA,
being more persistent and “outstaying its welcome” by potentially generating off-target
insertions or deletions (indels) long after the desired gene editing has been performed (31,
32). Since the ultimate goal is to deliver the Cas9/sgRNA complex to the nucleus of the host
cell, RNP delivery may be regarded as the most straightforward strategy, as it requires the
least amount of intracellular processing, since the functional complex has been generated
prior to delivery. In addition, complexing sgRNA and the Cas9 within the RNP assembly
provides significant protection for the sgRNA (33). Finally, RNPs provide transient and
efficient gene editing, with relatively less off-target indels being generated (12). Each system
has its advantages and disadvantages when considering them in the context of NP
formulations.
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Delivery approaches

One of the most commonly investigated methods of delivering nucleic acids encoding a
desired protein to cells is through viral vectors (34—36). However, viral vectors, despite
being very efficient at delivering the CRISPR/Cas9 cargo through cell transduction, can
cause unwanted immunogenicity and mutations in the host, thus limiting their clinical
translation (37, 38). Although delivery approaches such as electroporation and
microinjection have been used to deliver genome editing systems such as CRISPR/Cas9 to
cells, they are generally limited to being used in /n vitro, or at best ex vivo, situations since
in vivo delivery by these methods is, for the most part, impracticable (39). Thus, non-viral
vectors, particularly NP formulations are currently being tested in preclinical situations.

NPs are usually taken up by cells through endocytosis. Most receptor-bound nanoparticles
are translocated into the cells by clathrin-mediated and caveolin-mediated endocytosis,
whilst non-targeting NPs may also be engulfed nonspecifically by a non-receptor-mediated
form of micropinocytosis and, for certain cell types, phagocytosis (19, 40). Once NPs are
taken up by endocytosis, they are located inside endosomes (pH 6.5-6.8), which develop
into late endosomes (41). Late endosomes (pH 5.2—6.0) deliver their cargo to lysosomes (pH
4.5-5.2) that then destroy the engulfed material through a combination of the acidic pH and
enzymatic degradation (19, 41). The escape of the NP cargo from the endosomes prior to
being exposed to the harsh environment of the lysosome is crucial to maintain the integrity
of the delivered cargo and to achieve the desired nuclear translocation. Many cationic
nanocarriers, such as those made from polyamidoamine (PAMAM)-based dendrimers,
polyethyleneimine (PEI), or chitosan, have been proposed to escape the endosomal
compartment via a proton sponge mechanism (42-45). This is a process where the cationic
moiety becomes protonated, thus acting as a sponge to protons, due to the acidic endosomal
environment, which results in a flow of ions and water into the endosome followed by its
swelling and rupture (19, 42, 46). As will be seen in this review, researchers have often
applied strategies that promote endocytic escape and/or cytoplasmic entry.

Following nanocarrier translocation into the cytosol, a significant proportion of the payload
has to enter the nucleus if the genetic cargo requires transcription for subsequent functional
effects or if the payload, such as RNPs, needs to immediately access the target gene. Several
techniques can be found in the literature that enhance nanocarrier nuclear translocation. For
example, a nuclear localization signal (NLS) is a short amino acid sequence that may be
used to tag macromolecule cargos to improve their nuclear targeting (47-49). Several gene
delivery systems with tagged NLS have been reported, including PAMAM-, and PEI-
mediated carriers (50-52). On the other hand, some cell penetrating peptides (CPPs) such as
HIV-Tat (transactivator of transcription) peptide, which will be discussed more later, have
the added ability to penetrate the nucleus, and have been utilized to direct macromolecules
and NPs to the nucleus with considerable success (563-57). Furthermore, other researchers
have adopted active targeting to increase NP nuclear localization by adding ligands that
target nuclear membrane receptors to the formulation (58).

The NP-based CRISPR-Cas9 delivery strategies presented in this review include liposomal/
lipid-based NPs, polymeric NPs/polyplexes, and CPPs. Figure 2 describes different forms of
NPs, and the pathways of NP-mediated CRISPR/Cas9 delivery to the nucleus.
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A. Lipid-based delivery—Lipids are a diverse group of naturally occurring or synthetic
organic compounds which include fatty acids and their derivatives. However, it is
amphiphilic phospholipids that are the primary component of the cell membrane and
liposomes. Liposomes are three-dimensional spherical structures that can encapsulate
hydrophilic or hydrophobic molecules and can enter cells via endocytosis (40, 46, 59).
Additionally, in the case of cationic liposomes, as opposed to classical liposomes, DNA and
RNA can form strong associations via electrostatic attractions, adsorbing them onto their
surfaces (60). This complexation protects against nucleic acid degradation and enhances the
likelihood of DNA and RNA entering the cell for transcription and translation, respectively.
Cationic liposomes and commercially available lipid-based transfection kits are commonly
used for RNAI gene delivery as well as for the delivery of pDNA, thus using these
liposomes/lipid-based reagents as delivery systems for CRISPR-Cas9 has potential and has
been investigated as discussed below.

Commercial lipid-based reagents: Lipofectamine™, TurboFect™, and Stemfect™ are
nanoparticulate-based commercial transfection kits employing cationic lipid compounds that
have been used to enhance DNA and RNA delivery to cells /n vitro. They have also been
used to complex CRISPR-Cas9 components to increase transfection efficiency and thus
DNA editing in cells. Recent research found that Lipofectamine avoids microtubule-
mediated intracellular trafficking, thus circumventing lysosomal degradation that many
nucleic acid cargos are exposed to when other delivery systems are used; this potentially
explains the enhanced transfection efficiencies of Lipofectamine-based reagents (61). A
recent product called Lipofectamine CRISPRMAX optimized for CRISPR-Cas9/sgRNA
complex-based delivery showed superiority in CRISPR-mediated gene editing to the more
commonly used Lipofectamine 3000 and Lipofectamine RNAIMAX, whilst also exhibiting
less cytotoxicity (62). The two most common cell lines so far targeted with these agents are
the human embryonic kidney cell line, HEK293 (and its variants), and the human cervical
adenocarcinoma cell line, HeLa, which are both well-established cell lines for gene
transfection. The aforementioned transfection kits are usually used /n vitro because their
safety profiles make their /n vivo use impractical, although the search for safer commercial
transfection reagents is still ongoing (62). In addition, once complexed with optimal
amounts of pDNA for transfection, the size of the complexes can vary from 200 — 700 nm in
diameter which would make them unsuitable for systemic delivery.

Stemfect™, X-tremeGENE™ and Lipofectamine 2000 were used for the transfection of
HEK?293 cells with pDNA encoding for sgRNA, Cas9, and GFP in two pioneering studies
that exploited the genome editing capability of CRISPR/Cas9 in human cells (8, 63). In one
of those studies Lipafectamine 2000 was used to demonstrate the functionality of a CRISPR/
Cas9 system delivered as pDNA to HEK293FT cells (63). They also showed the potential
for reducing off-target mutations by generating a form of Cas9 that acted as a nickase rather
than nuclease thus prompting DNA repair through the less error prone mechanism of
homology directed repair as opposed to non-homologous end joining. Although editing
efficiencies were low (<20%) and there was little focus on the delivery system itself, these
studies highlighted the potential of CRISPR/Cas9 for gene therapy. Another early study
utilized CRISPR/Cas9 in an attempt to eradicate the latent HIV-1 genome in HIV-1-infected
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HelLa cells and a human CD4+ T cell line (Jurkat) (64). Although this group used
Lipofectamine 2000 to transfect the separate pDNAs (one encoding sgRNA targeting the
LTR of HIV; the other encoding Cas9) into HeL a cells, they used electroporation for the
more clinically relevant T cell line. The reasons for using the different modes of transfection
were not discussed but may have reflected the poor capacity of lipid-based reagents to
transfect T lymphocytes. Nevertheless, the results in the HelLa cells demonstrated a
significant, albeit marginal, effect where it was shown that reactivation of the latent virus
occurred in approximately 35% of the latently HIV-infected HeLa cells that were transfected
with the negative control versus 25% for those cells transfected with the CRISPR/Cas9
system targeting the LTR (64). In a separate study, a comparison of editing efficiencies of
CRISPR/Cas9 RNP cargo (targeting the HPRT gene), delivered independently to
HEK?293FT cells in vitroby three different commercial lipid-based transfection reagents
(Lipofectamine 3000, Lipofectamine 2000 and RNAIMAX), was made (65). The editing
efficiencies were calculated 48 hours after transfection using a GeneArt® Genomic
Cleavage Detection Kit and the percent indels were found to be higher for cells treated with
either Lipofectamine 3000 or RNAIMAX (mean: 28-29%) compared to Lipofectamine 2000
(~18%).

Rolling circle transcription (RCT) is an isothermal nucleic acid amplification approach that
enables the production of long repetitive RNA units that may take the form of nanocircles or
NPs (66—68). The authors suggested that polymeric RNA made by RCT have demonstrated
relatively stronger complexes with cationic carriers, compared to monomeric RNA, due to
the high density of the negative charge of the polymerized nucleic acid material (38, 69). Ha
et al. prepared polymeric sgRNA using RCT, and sgRNA units were complexed with Cas9
proteins to produce 50 nm poly-RNP NPs (38). Short interfering RNA (siRNA) sequences
were incorporated within the polymeric-sgRNA sequences. SIRNA is a substrate to the
endogenous ribonuclease Dicer; and once the poly-RNP nanoparticles enter the cells, they
get cleaved by intracellular Dicer, yielding numerous monomeric RNP complexes. The
polymeric assembly of RNP complexes provides enhanced /in vivo stability, compared to
monomeric RNP. The poly-RNP NP size increased to 80 nm once they were complexed with
Stemfect®, which was essentially used to enhance cellular uptake as outlined by the authors
(38). The zeta potential shift of the RNP nanoparticles from —12 mV to +29 mV after
complexation with the cationic Stemfect reagent may in part explain the enhanced cellular
uptake of the RNP/Stemfect complex compared to uncomplexed RNP NPs. In this study, all
CRISPR/Cas9 constructs used were complexed with Stemfect. In GFP-expressing Hel a
cells, poly sgRNA/siRNA RNPs were superior to poly sgRNA RNPs and mono sgRNA
RNPs in terms of gene disruption percentage, with values of 61%, 13.5%, and 8.7%,
respectively, when evaluated using a T7 Endonuclease 1 assay. Indel percentage assessment
with Sanger sequencing confirmed these results, although the values were noticeably lower.
The same trend was also found when the target GFP protein was assessed by Western
blotting. Flow cytometry revealed that 58% of the cells became GFP-negative following
transfection with poly sgRNA/siRNA RNP with Stemfect®, compared to 28% and 39% with
poly sgRNA and mono sgRNA RNPs, respectively. This almost 7-fold increase in gene
disruption emphasized the crucial value of polymerization of sgRNA RNP into nanoparticles
using RCT, provided that a Dicer substrate (in this case, any double stranded siRNA of at
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least 23 base pairs regardless of gene specificity) is integrated within the polymerized RNP
NPs. The crucial role of siRNA sequences integrated within the polymerized sgRNA/Cas9
system was further highlighted in the /n vivo experiment using GFP-expressing HelLa
tumors-bearing nude mice. Only polymeric RNPs with Dicer-sensitive siRNA significantly
attenuated GFP expression in the tumors. In addition, polymerization of the RNA
components was successful to preserve their integrity following injection, in contrast to the
monomeric RNA RNPs, where the /n vivo instability is thought to be responsible for the lack
of functionality. The off-target gene disruption was found to be minimal, as no indels were
found in two non-target locations that share some similar sequences with thee target genes
(38).

Lipid-based and lipid-like NPs: As an alternative to commercial lipid-based reagents,
lipid-based NPs, including liposomes, can be prepared in the laboratory and have frequently
been used for siRNA delivery to cancers in preclinical studies, as well as having been tested
in clinical trials (70). Several liposome-based formulations (e.g. Doxil®, Myocet ®, and
AmBisome®) are already on the market. However, liposomes per se, aside from the
commercially available Kits discussed above, have been rarely used to deliver CRISPR/Cas9
components. The classical liposomal structure comprises a phospholipid bilayer forming a
vesicle capable of encapsulating lipophilic drug cargos within the bilayer, or hydrophilic
cargos within the aqueous core. Hydrophilic, charged molecules such as nucleic acids and
RNPs can be adsorbed onto the liposomal surface if the surface is cationic. Aside from the
more conventional type liposomes described above, cationic lipid-based NPs can be used to
deliver CRISPR/Cas9 components. These comprise a lipidic core containing cationic
constituents, including cationic lipids (e.g. 1,2-dioleoyl-3-trimethylammoniumpropane
(DOTAP)) capable of complexing with negatively-charged nucleic acid molecules and RNPs
(71-73). Unlike liposomes, these lipid-based NPs do not possess a phospholipid bilayer and
aqueous core; alternatively they contain monalithic lipid cores and their surfaces can still be
decorated with cationic moieties (71, 73). The general consensus is that lipid-based NPs,
when delivered intravenously, tend to target the liver which, depending on whether one is
trying to target the liver, could be considered an advantage or a drawback (74). This tropism
of lipid-based NPs for the liver is because they associate with certain proteins in the serum,
such as apolipoprotein, and are subsequently taken up by hepatocytes through receptor-
mediated endocytosis.

A wide range of lipid-based nanocarriers have been tested independently for their ability to
deliver CRISPR/Cas9 systems. In one study, Polo-like kinase-1 (Plk1), a master regulator in
mitosis and overexpressed in many different types of cancer, was targeted using a lipid-gold
NP formulation (75). In this study, cationic gold nanoclusters were modified with HIV-1 Tat
peptide in order to improve nuclear targeting, and were complexed with Cas9 protein and
pDNA encoding sgRNA (targeting P/kZ) via electrostatic attraction. However, because this
complex had a negatively charged surface (due to the sgRNA), a cationic lipid shell made
from DOTAP, dioleoyl-phosphatidylethanolamine (DOPE), and cholesterol terminated with
distearoyl-phosphatidylethanolamine (DSPE)-PEG was applied (75). The resultant NPs were
spherical, 70 nm in diameter (when measured by scanning electron microscopy) and had a
zeta potential of approximately +35 mV. The hydrated diameter of the particles, when
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measured by dynamic light scattering, was approximately 103 nm. This discrepancy is often
observed, particularly for NPs with electron dense cores (76). Preliminary cell culture
studies revealed that the DSPE-PEG coating improved intracellular uptake and nuclear
localization compared with uncoated particles. The transfection efficiency of a human
malignant melanoma cell line, A375, by the NPs (containing sgP/kZ pDNA that also
encoded GFP), revealed (after 48 h): 1) approximately 55.7% of NP-treated cells were GFP-
positive and 2) 26.6% cleavage of the P/kI gene with no evidence of off-target effects at 10
predicted potential off-target locations. Corresponding Western blot analysis of PLK1
protein content revealed a 70% down-regulation compared with PBS-treated controls.
BALB/c athymic nude mice challenged with A375 tumors were treated with the NPs via
intratumoral injection after tumor volumes reached approximately 50 mm3. Tumor growth
was significantly inhibited in mice treated with the NPs (delivered every other day for 15
days) compared with the PBS-treated control. PLK1 protein was down-regulated in tumor
tissues and tumoral DNA possessed frame-shift mutations at the P/kZ gene locus (Table 1)
(75). Systemic delivery was not investigated and this may have been partially due to the high
positive charge of these NPs that may have limited their circulatory half-life. Issues of
potential cytotoxicity need to be further investigated if this formulation is to progress toward
the clinic.

Recently, a valuable study was performed where intravenously injected lipid NPs were used
to deliver chemically modified sgRNAs and Cas9 mRNA, resulting in > 80% editing
efficiency of the targeted Pcsk9 gene (encoding proprotein convertase subtilisin/kexin type
9) in the liver in mice (74). The chemical modifications, not detailed in this review, were
made to the sgRNAs targeting Pcsk9to improve duplex stability and engender nuclease
resistance. Using these RNA maodifications, transfection efficiency and indel incidence were
improved (77). Targeting of the Pcsk9 gene was conducted with two different chemically
modified SgRNAS plus Cas9 mRNA which were formulated with cholesterol, C14-PEG
2000, DOPE and an ionizable lipid, cKK-E12, in a molecular ratio of 46.5:2.5:16:35 in order
to form lipid NPs (~70 nm diameter). The aim of this study was to target a gene that had
clinical relevance and to do so using NPs that could be delivered systemically and had
potential to be used in the clinic. The Pcsk9gene is a target for the treatment of familial
hypocholesterolemia. Five days post intravenous injection, serum levels of Pcsk9 were
undetectable, total cholesterol levels decreased by 35-40%, and 83% editing events were
detected in the liver DNA with indels found primarily in hepatocytes (Table 1) (77). The
editing efficiencies observed when unmodified SgRNAS were used was very poor,
suggesting that the NPs themselves were not very protective against nucleases or that the
improved duplex stability caused by the modifications was a very important factor in
determining indel frequency. These results are highly promising from a therapeutic
perspective and the authors suggest that these NP formulations may have potential for
treating other liver diseases. Furthermore, it was demonstrated that these NP formulations,
when delivered to mice, exhibited no liver toxicity and did not induce cytokine production,
suggesting their high potential for clinical translation.

In a separate study, liposomal NPs were formulated with bioreducible lipids, cholesterol,
DOPE, and C16-PEGqgg-ceramide at a wt/wt ratio of 16:4:1:1 (78). The bioreducible lipids
were synthesized by a Michael addition of primary or secondary amines as well as an
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acrylate comprising a disulfide bond and a 14-carbon hydrophobic tail. The authors asserted
that the bioreducible lipids would make the NPs vulnerable to the reductive intracellular
conditions experienced subsequent to endocytosis, resulting in relatively fast liposomal
degradation and release of cargo. When the lipid NP formulations were tested for the ability
to knock down GFP expression (with CRISPR/Cas9 RNPs as the cargo) in GFP-expressing
HEK?293 cells it was found that 3 formulations (varying only in head group chemical
structure) were capable of knocking down GFP expression by 70% (i.e. 70% of cells were
GFP negative 3 days after treatment) (Table 1). This level of knock down was comparable to
that seen when the researchers used Lipofectamine 2000. What properties the head
structures of the bioreducible lipids possessed that contributed to more efficient knock down
when they were used in lipid NP formulations carrying RNPs was not discussed nor was it
evident from comparing their chemical structures to those lipids that were formulated into
lipid NPs that were less efficient at GFP knock down. Although not specifically investigated
in this report, the authors suggest that the synthesis of lipids by the described combinatorial
strategy can result in lower levels of toxicity and immunogenicity compared to other lipid
based formulations such as Lipofectamine. This was based on their own and other
researchers previous findings (79, 80). The authors nevertheless acknowledge the further
need to establish the safety of these NP formulations in animal models.

Recently, the same group utilized a combinatorial library of chalcogens (O, S, Se) to prepare
lipid-like NPs for CRISPR/Cas9 RNP delivery with promising results (81). Lipid-like
nanoparticles are usually made from lipid-like, or lipidoid, compounds, in addition to other
materials (e.g. phospholipids, cholesterol, and polyethylene glycol) (82, 83). Lipidoids are a
structurally diverse library of amino-alkyl acrylate and amino-alkyl acrylamide compounds
with diverse lipid tails and have shown great potential in delivering nucleic acid materials
(82-85). The aforementioned chalcogen-containing lipidoids were generated by reacting
lipophilic tails possessing O, S and Se ethers with various amines (R-O17X; R = amine head
group; X =0, S or Se). The authors’ ultimate goal was to generate NPs capable of being
used for clinical translation and thus, in these studies, were attempting to find NP
formulations capable of editing efficiencies that were comparable to Lipofectamine 2000 but
were less toxic. Initially, a library of lipidoid NPs (n = 51) was generated by mixing the
lipidoids with a Cre recombinase protein tagged with a negatively supercharged GFP ((—
30)GFP-Cre) and allowing for electrostatic interactions to yield the NPs. The reason for
using (-30)GFP-Cre in the NP formulations initially was so that screening of NP uptake and
functional performance of cargo could be readily assessed. Hela-DsRed cells were used
which would fluoresce red upon Cre-mediated recombination (a measure of cargo functional
performance), whilst the GFP tag would indicate uptake efficiency. NPs containing lipidoids
with O17Se tails were most efficacious (>20% GFP+ve cells) at being taken up by the HelLa
cells. Those efficacious NPs (n = 12) were then tested for Cre protein function and
cytoxicity in HeLa-DsRed cells, where four formulations (containing 76-017S, 76-0O17Se,
77-017S or 77-0O17Se) exhibited high Cre-recombination levels of between 31 and 41%
which were comparable or greater than that achieved with Lipofectamine 2000 (33.5%). In
addition, these four formulations exhibited low cytoxicity (>80% viability) compared to
Lipofectamine 2000 (~70% viability). Subsequently, Ail4 mice, containing a loxP-flanked
STOP cassette that inhibits expression of tdTomato, were injected (IV) with one of three
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lipidoid NP formulations (including 76-017Se) containing (—30)GFP-Cre. After 20 days
various organs (heart, liver, spleen, kidney and lungs) were harvested and from analyzed
sections high levels for fluorescence were observed in the lungs for two of the lipidoid
formulations (containing 76—-017Se or 76-017S). The reasons for the lung tropism were not
known but are currently being investigated. The authors acknowledge the need for now
fabricating lipidoid NPs loaded with CRISPR/Cs9 RNP that function /n vivo and are capable
of targeting specific organs (78). In order to confirm that the lipidoid NPs were capable of
delivering functional CRISPR/Cas9 components, /n vitro studies were performed using
HEK?293-GFP cells that demonstrated 50 — 60% GFP expression loss upon treatment with
NPs carrying CRISPR/Cas9 targeting GFP (Table 1). The need to establish safety and
efficiency using /n vivo studies remains.

As stated earlier non-commercial-based liposomes have rarely been used to deliver CRISPR/
Cas9. However, one group did manufacture cationic liposomes surface embedded with an
RNA aptamer that targeted prostate cancer cells (by recognizing prostate-specific membrane
antigen) for the purposes of CRISPR/Cas9 pDNA delivery (86). The ability of these
liposomes (size = ~150 nm; zeta potential = +40 mV; formulated with DOTAP, cholesterol,
protamine and calf thymus DNA) to specifically target prostate cancer cells was shown by
competitive inhibition studies performed /n vitrowith LNCap cells (human prostate cancer
cell line). The ability of the prostate cancer cell-targeting liposomes to knock down mRNA
expression of PlkZ was demonstrated /n vitro using LNCap cells and showed significantly
enhanced down-regulation of mMRNA compared to when Lipofectamine 2000 or non-
targeting liposomes were used to deliver the CRISPR/Cas9 cargo (Table 1). Intravenous
injection of the aptamer-functionalized liposomes carrying CRISPR/Cas9 pDNA targeting
PIk1 in mice with LNCap tumors resulted in significant reduction in tumor volume
compared to PBS treated tumors (Table 1). Although not significant, treatment with the
targeting liposomes trended towards reduced tumor volumes and enhanced survival
compared to the non-targeting liposomes. The degree to which the targeting liposomes
accumulated in other tissues was not discussed and would have been interesting to know as
well as any off-target effects that may have occurred. From a clinical translation perspective
it was promising that the A10-liposome-CRISPR/Cas9 NPs did not cause a significant drop
in mouse body weight, affect viability, nor display signs of immunogenicity by inducing the
production of cytokines (IFN-alpha and I1L-12) upon /n vivo administration.

Zwitterionic NPs have gained attention due to their “stealth” properties, thereby increasing
resistance to protein corona formation and circulation time /n vivo (87). Zwitterionic amino
lipids (ZALSs) contain a zwitterionic sulfobetaine head group with an amine-rich linker to the
hydrophobic tail group, and, in one particular study, were used to form zwitterionic NPs
(ZAL NPs) capable of co-delivering Cas9 mRNA and sgRNA (88). One of the primary aims
of the research was to develop a safe /n vivo delivery option for CRISPR/Cas9. As discussed
above, delivering CRISPR/Cas9 in RNA form rather than DNA form is potentially safer, and
the authors here argue that zwitterionic lipids are particularly appropriate for the delivery of
long nucleic acids, such as Cas9mRNA, and the shorter sgRNA within the same NP.
Preliminary /n vitro screening assays (for effective delivery of SgRNA and mRNA to cells)
of the many ZAL NPs generated, identified one particular formulation (ZA3-EP10; Table 1)
that was subsequently tested /n7 vivoin a range of different mouse strains. Mice that were
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transgenic for the Lox-Stop-Lox tdTomato cassette were treated IV (5 mg/kg RNA dose:
ratio 1:4 of sgRNA:mRNA) with ZA3-EP10 carrying Cas9 mRNA and sgRNA (targeting
LoxP). This NP formulation was designed to delete the stop cassette and induce tdTomato
expression. Confocal microscopy revealed increased tdTomato fluorescence in the liver,
kidneys and lungs after one week, and maintained expression was observed for at least two
months (in the liver and kidneys), providing further confirmation that this method of delivery
is reliable for Cas9-based gene editing (Table 1) (88). /n7 vivo administration of these NPs to
mice had no significant effect on body weight over the succeeding 4 days, suggesting a lack
of toxicity. However, further studies into immunogenicity and toxicity are required in the
future.

As a proposed therapy for transthyretin (TTR) amyloidosis, a fatal disease caused by the
extrahepatic accumulation of TTR fibrils (89), Finn et a/. described a lipid-based nanocarrier
system that could deliver CRISPR/Cas9 to target the murine 77/ gene (90). The CRISPR/
Cas9 was delivered as a combination of Cas9 mRNA and chemically modified sgRNA
targeting 77R. The chemical modification of the sgRNA involved end modifications with
phosphorothioate. The lipid nanocarrier was formulated by microfluid mixing of the lipid
solution comprising LPO1 (a biodegradable synthetic proprietary lipid), cholesterol,
distearoylphosphatidyl choline and PEGylated 1,2-dimyristoyl-rac-glycero-3-
methylpolyoxyethylene at molar ratio of 45:44:9:2, with the CRISPR/Cas9 RNA solution at
an N:P ratio of 4.5:1. The authors’ rationale for using LPO1, which is readily biodegraded
through its ester bonds, is that, unlike the more commonly used non-biodegradable ionizable
lipids, LPO1 is quickly cleared from the liver, thus avoiding potentially toxic accumulation.
The resultant lipid NPs of interest were approximately 105 nm diameter and were
demonstrated to be safe in both rats and mice as determined by body weight and cytokine
measurements. The CRISPR/Cas9 system was delivered as SgRNA and mRNA for Cas9
translation. The lipid-based nanocarrier system achieved more than 97% reduction in the
serum TTR levels in CD-1 mice when the sgRNA used was chemically modified with
phosphorothioate at both ends (90). This CRISPR/Cas9 non-viral delivery system was also
successful in rats, achieving editing percentages as high as ~65% when highly modified rat-
specific TTR sgRNA was used (Table 1).

B. Polymeric delivery—Polymers are used extensively for drug delivery applications
(25, 91-107). Positively charged polymers are advantageous in gene delivery because they
easily complex with negatively charged nucleic acids via electrostatic attraction, often
condensing large nucleic acids into discrete nano-sized packages (Figure 2C) (104, 106, 108,
109). They are also believed to enter cells via the same clathrin-mediated endocytosis
mechanism as positively charged lipids (110).

Poly(ethylenimine) (PEI): PEI is a cationic polymer commonly used in gene and drug
delivery (108, 111, 112). Both PEI and poly(amido amine) (PAMAM,; discussed below)
impart cytotoxicity at high doses, however, both have also shown marked improvements in
transfection efficiency over lipid-based delivery (113, 114). Much like cationic liposomes
and PAMAM, the net positive charge on PEI interacts electrostatically with nucleic acids
(108). The ratio of polymer to DNA is often expressed as the N/P ratio for gene transfection
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experiments, which is the ratio of nitrogen (amine) groups in the polymer to the phosphorus
(phosphate) groups in the nucleic acid. Access of PEI nanoplexes to the cytoplasm is likely
mediated by the proton sponge effect post-endocytosis (60). Progression of PEI-based
formulations into the clinic has been slow, primarily due to concerns over cytotoxicity. A
PEI-based nanoparticle formulation that delivers siRNA for the treatment of multiple
myeloma (SNS01-T, Senesco Technologies inc.) was being evaluated in a dose-escalating
open-label phase 1b/2a clinical trial (clinicaltrials.gov, identifier. NCT01435720) in 2014
(115). No further information could be found about the progress of this trial.

Reports where PEI per se was used as a delivery system for CRISPR/Cas9 are rare. One
group used Polyethyleneimine Max™ (PEI Max) to transfect HEK293T cells infected with
herpes simplex virus-1 (HSV-1) with CRISPR-Cas9. However, the authors did not divulge
the molecular weight of the PEI used, nor was the N/P ratio mentioned (116). Also, the
polyplexes generated from mixing pDNA with PEI were not characterized. Nevertheless, the
study showed that transfection of HEK293T cells containing the HSV-1 genome resulted in
knockdown of the target gene when using PEI Max polyplexes that comprising pDNA
encoding for Cas9 and sgRNA. Two sgRNA sequences were used independently, each
targeting a separate HSV-1 gene. It was found that the editing efficiency was significantly
affected by the gene being targeted. Specifically, when the sgRNA targeting glycoprotein E
(9E) was used an editing efficiency of 33% (of transfected cells) was observed whilst, when
the thymidine kinase gene was targeted an editing efficiency of 5.8% was achieved (116). A
separate study, where PEI was used as coating of a DNA nanoclew-based delivery system
for CRISPR/Cas9, is discussed below.

Poly(amido amine) (PAMAM): PAMAM has a high density of primary amine groups on
the periphery of the polymer, facilitating strong complexation with DNA molecules (20,
109). Additionally, there is a high density of tertiary amines on the interior of PAMAM,
which helps promote endosomal escape of DNA nanoplexes (114, 117). PAMAM is a
dendrimer and the generation (G) number refers to the size of the dendrimer. When forming
nucleic acid/polymer based polyplexes, as is also the case for PEI, the ratio of PAMAM to
DNA or RNA is often referred to as the “N/P ratio”.

In a recent promising study, constructions of G5 PAMAM dendrons attached to a polymeric
backbone composed of 2-hydroxyethyl methacrylate and glycidyl methacrylate, and referred
to here as G5 dendronized polymers (G5DP), were prepared to enhance gene delivery and
reduce cytotoxicity compared with the original G5 PAMAM dendrimer (117). The authors
were looking for an efficient and safe delivery system for large plasmids, a situation that
would apply to the delivery of a CRISPR/Cas9 system encoded by the one plasmid. The
authors argued that viral vectors and liposomal complexes were less than ideal when it came
to delivering large plasmids due to limited packaging capacity (for viral vectors) and rapid
clearance, lability and high cytotoxicity (for lipoplexes) (118, 119). PEI, another cationic
polymer, was considered excessively cytotoxic and not very efficient at delivering large
plasmids (118, 120). Preliminary studies determined that the G5DPs were more effective
than G1-G3 dendronized polymers at delivering pDNA to “difficult-to-transfect” cells
(MCF-7: a human adenocarcinoma breast cell line) and were also more effective and less
toxic than the G5 dendrimer counterpart. The authors subsequently demonstrated that
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fluorination of G5DPs further improved MCF-7 transfection efficiencies and that GSDP
polyplexes containing large pDNA (~10 kb), expressing EGFP, were more effective at
transfection than when Lipofectamine 2000 was used. Fluorination is known to improve the
cellular uptake, to enhance endosomal escape, and to provide serum resistance of polyplexes
formed from polymers and DNA (121). The authors then investigated the ability the G5DP
constructs to deliver CRISPR tools such as sgRNA(s) and deactivated (devoid of nuclease
activity) Cas9 (dCas9) bound to VP64 (a first generation transcriptional activator) (122) in
order to increase the expression of the tumor suppressor mammary serine protease inhibitor
(MASPIN) protein. Transfected MCF-7 cells were found to express increased MASPIN by
approximately 5-fold (compared to negative control plasmid), whilst only a 2-fold increase
was observed when Lipofectamine2000 was used as the delivery agent (Table 1) (117). Loss
of MASPIN expression is associated with increased invasiveness and metastatic potential of
breast cancer. This study demonstrated the versatility of PAMAM, the potential of G5DP
constructs for delivery of CRISPR/Cas9 systems, as well as the improved transfection
strength cationic polymer-based delivery systems can have over lipid-based compounds. The
authors suggest this delivery platform should be suitable for translation into the clinic,
however, no /n vivo studies were performed.

Chitosan: Chitosan is an abundant, non-toxic, biodegradable, naturally occurring
polysaccharide carrying a net positive charge, making it an attractive choice in drug and
gene delivery (123). As with other cationic polymers, such as PEI, chitosan can form
complexes with DNA via electrostatic interactions, however, transfection efficiencies are
often comparatively lower (114). Previously, chitosan-coated poly(lactic-co-glycolic acid)
NPs were used to deliver mMRNA in ZFNs and TALENS to correct surfactant protein B
deficiency (124), a hereditary lung disease (125), in mice. Given these findings researchers
considered chitosan may be a good compositional candidate for CRISPR/Cas9 delivery
systems.

Liu et al. designed self-assembling nanocarriers (size: ~300 nm; zeta potential: =9 mV)
composed of an inorganic core (containing protamine sulfate, calcium carbonate and
calcium phosphate), encapsulating a CRISPR/Cas9 plasmid, and a hydrophilic chitosan
coating with targeting moieties. The pDNA expressed Cas9, sgRNA for CDK11 gene
knockout, as well as GFP (to document transfection efficiencies) (58). Also the pDNAs were
tagged with YOYO-1 so as to assess uptake efficiencies. The hydrophilic chitosan layer,
consisting of biotinylated carboxymethyl chitosan and AS1411 aptamer-conjugated
carboxymethyl chitosan, surface-adorned the inorganic core through electrostatic
interactions. The purpose of employing protamine sulfate was not only to increase the
loading efficiency of the pDNA within the nanoassemblies, due to its ability to tightly bind
and condense DNA, but to facilitate nuclear delivery through a putative NLS that protamine
sulfate possesses (126—128). Biotin receptors are overexpressed on many cancer cell lines
(129), including the MCF-7 human breast cancer cells (130), and are not overexpressed on
non-cancerous cells such as HEK293T. Also, the AS1411 aptamer targets nucleolin, which
is usually overexpressed on the cell surface and in the nucleus of actively dividing cells and
cancer cells, providing a means for nuclear translocation (131, 132). The target gene,
CDK11P10 s 3 cyclin-dependent kinase gene that regulates cancer cell survival,
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proliferation, and growth, and is associated with poor prognosis in breast cancer patients
(133). Knocking down CDK11P110 has been found to found to cause apoptosis in cancer
cells (133-135). The presence of the two targeting moieties, biotin and the AS1411 aptamer,
on these nanocarriers significantly enhanced uptake by MCF-7 cells, as measured by
confocal microscopy and flow cytometry (YOYO-1 fluorescence) after 4 h of treatment,
compared to nanocarriers containing no, or only one, of the targeting moieties. As expected,
in HEK293T cells, substantial uptake was observed for all formulations, however, no
significant enhancement in uptake was observed when the dual-targeting nanocarriers were
used. Transfection efficiencies were not quantitatively assessed thus it was difficult to
objectively arrive at conclusive comparisons based on the confocal images presented. More
convincing were the cell viability and western blotting data. It was shown that the viability
of the MCF-7 cells dropped substantially (< 40% viability after 48 h), when the dual
targeting nanocarriers were used, compared to non-targeting nanocarriers (~60% viability).
Meanwhile the cytotoxicity imposed on the HEK293T cells was negligible after 48 h of
treatment (> 80% viability). Western blotting revealed that MCF-7 cells expressed > 90%
less CDK11P110 than untreated control cells when the dual-targeted nanocarriers were used
whilst HEK293T cells expressed approximately 35% less CDK11P110 jllustrating again
greater potency when targeting CDK1.2°10in cancer cells versus non-cancer cells (Table 1).
No /n vivo studies were performed, and in order to determine the potential effectiveness of
these formulations in the clinic such studies will be necessary.

C. Cell penetrating peptides and other miscellaneous delivery systems—Cell
penetrating peptides (CPPs), also known as protein transduction domains, belong to a class
of short peptides that can move across the cell membrane (136-138). The mechanism by
which they translocate across cell membranes is not yet fully understood, however, receptor-
independent direct membrane penetration, and endocytosis-based transport are among the
proposed mechanisms (137). The HIV-Tat peptide, or simply Tat peptide, was the first
member of this family of peptides to be discovered in 1988 (136), followed by a number of
other peptides such as GALA and polyarginine. Many CPPs can be used as vectors to deliver
nucleic acids and other macromolecules across the cell membrane (137, 139). Covalent
attachment to protein molecules (140), electrostatic interaction (141), supramolecular
assembly with the therapeutic macromolecule (32), or surface attachment onto nanocarriers
(59, 139, 142) are among strategies to adopt CPP into drug and gene delivery platforms.

The first study that employed CPPs for intracellular delivery of CRISPR/Cas9 to
mammalian cells was reported by Ramakrishna et al. (140). Whereas previous studies used
mechanical delivery methods such as electroporation and microinjection, the authors here
co-delivered Cas9 covalently conjugated to a CPP (consisting of four glycines, nine
arginines, and four leucines, linked to maleimide, and abbreviated as m9R) and SgRNA
(targeting C-C chemokine receptor type 5 (CCR5)) complexed with a similar CPP without
the maleimide functionality (abbreviated as 9R). A cysteine residue was chemically bound to
the C-terminus of Cas9 in order to promote SH-maleimide conjugation. Gene disruption
efficiencies (percent indels) at the CCR5 gene locus were evaluated in a number of human
cell lines, including HEK293T, HeLa, NCCIT (human pluripotent embryonal carcinoma cell
line), human dermal fibroblasts, and H9 human embryonic stem cells, and the values were
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found to be 16%, 5.5%, 2.7%, 8.4%, and 2.3%, respectively (140). Even though the gene
disruption percentages are relatively low, the importance of this work stems from it being
one of the earliest studies involving non-viral vectors for CRISPR/Cas9 gene editing
delivery, and it is the first report that employed CPPs for that purpose. It also showed
genome editing potential in human embryonic stem cells, which if properly optimized, may
have significant therapeutic applications. The potential of CRISPR/Cas9 applications in the
field of human pluripotent stem cell is reviewed elsewhere (143).

Supramolecular assembly of NPs made from an amphiphilic protein and Cas9 RNPs has
been described by Lostale-Seijo et al. (32). The amphiphilic protein (PT,,) was composed of
a cationic cell-penetrating peptide (denoted by P) covalently and independently attached to a
variety of lipophilic aldehyde tails (T, via hydrazone bonding. The authors screened a
library of NPs formulated with lipophilic aldehydes of different carbon chain lengths by
assessing percent knockout of the EGFP gene in EGFP-expressing HelLa cells. Resultantly,
an NP formulation using PT,4, comprising an oleic aldehyde (n = 24), was found to be
optimal (32). Efficient complexation between the amphiphilic protein (PT24) and Cas9 RNP
was confirmed by gel electrophoresis. The particles appeared spherical when analyzed by
transmission electron microscopy (TEM), possessing a dense core (with a less dense
external layer), an average particle size of ~ 270 nm and a zeta potential of +4 mV. (32). The
uptake of these NPs by HelL a cells was found to be primarily due to macropinocytosis and
not caveolin-dependent nor clathrin-mediated endocytosis. Indels were quantified by a T7
Endonuclease 1 assay 48 h following treatment of HeLa cells with either PTy4 or
Lipofectamine 2000, both complexing Cas9 RNPs targeting the HPRT1 gene. It was found
that editing efficiencies were similar although PT,4 was marginally more efficient when
lower concentrations of RNP were used, whilst Lipofectamine2000 was more efficient at
higher RNP doses, however, the PT,4/Cas9 RNP complexes were less cytotoxic than the
Lipofectamine2000 counterpart (32). Overall, the maximum gene editing efficiency obtained
with PT,4/Cas9 RNP was approximately 30-40% (Table 1). Editing efficiencies of clinically
relevant genes are yet to be investigated. Animal studies were not performed here and will
be required in the future to assess the efficacy, toxicity and immunogenicity of PT24/Cas9
RNP complexes, thus determining the feasibility for translation into the clinic.

In a recent study, Wang et al. prepared PEGylated NPs (size: ~100 nm; zeta potential: ~+20
mV), referred to as P-HNPs, using a synthetic cationic a-helical poly-glutamate-based
polypeptide, poly(y—4-((2-(piperidin-1-yl) ethyl) aminomethyl) benzyl-L-glutamate)
(PPABLG), for the delivery of two plasmids independently encoding Cas9 and sgRNA (29).
The Cas9 encoding plasmid either encoded a GFP fusion protein or was tagged with the
fluorescent YO-YO-1 tag for transfection and uptake studies, respectively. This class of a-
helical synthetic poly-glutamates, previously utilized for various nucleic acid delivery
applications (144-147), exhibit several intriguing features, including high cell membrane
penetration capability that surpasses that of the HIV-Tat peptide, and enhanced endosomal
escape; with both properties attributed to the stable a-helical structure and the strong
cationic charge of these peptides (29, 145). Importantly, unlike other CPPs, these
polypeptides have been found to be resistant to most proteases (29). The NPs were
PEGylated by mixing polyethylene glycol 2000-polythymine 40 conjugate (PEGok-Tag)
with the plasmid prior to the addition of PPABLG. It is worth noting that PEGylation
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decreased NP-induced cytotoxicity in HEK293T cells /n vitro, and significantly improved
the nanoplex stability in serum-containing media, the latter trait suggesting the potential for
these P-HNPs to possess stealth properties /n7 vivo, however, this was not tested in these
studies. Surface-coating of the NPs with PEG, instead of adding it to the plasmid, was found
to significantly decrease the transfection efficiency of the Cas9-GFP plasmid-loaded NPs,
most likely because surface PEG masked the cellular membrane penetrating capability of
PPABLG. Cellular uptake studies revealed that, as well as relying partially on endocytosis, a
large proportion (36%) of the P-HNPs entered the cells by an energy-independent,
endocytic-independent pathway. Indirect evidence suggested that the P-HNPs entering cells
in an endocytic-independent manner directly accessed the cytoplasm by punching holes in
the outer membrane. The genome editing efficiencies of these P-HNPs independently loaded
with sgRNA or Cas9 pDNA were investigated. First, the authors obtained comparable
editing efficiencies when they either targeted AAVSI gene (42.5%) or the HPRT1 gene
(46%) in HEK293T cells using the relevant sgRNA for each gene, or when they co-delivered
both sgRNAs in the same NP (41.9% for the AAVSZ gene and 47.3% for the HPRT1 gene)
(Table 1). Finally, a P-HNP system independently loaded with Cas9 pDNA and sgRNA that
targeted the survival gene P/k1 significantly suppressed the growth of HeLa tumors in nude
mice, and significantly extended the median survival of such mice, following 10
intratumoral injections over the range of 10 days (Table 1) (29). This P-HNP-based therapy
was shown to not cause any reduction in mouse body weights compared to control mice,
indicating a lack of toxicity. Nevertheless, further in vivo studies evaluating toxicity and
immunogenicity are required if progression into clinical studies is to occur.

Self-assembling DNA nanoclews are yarn-like structures that are formed by rolling circle
amplification. Nanoclews were investigated as a novel delivery system for sgRNA/Cas9
RNPs. sgRNA/Cas9 RNPs were complexed with DNA nanoclews containing sequences
complementary to the 5’ end of the sgRNA (targeting £GFP) in order to promote reversible
complexation. Subsequent to complexation, PEI (linear PEI Max; MW: 40,000) was then
added in order to facilitate endosomal escape presumably via the proton sponge effect. After
coating with PEI, the nanoplexes had a positive charge (zeta potential: +18 mV; size: ~56
nm). The editing efficiency of these nanoplexes was assessed /n vitro by transfecting U20S-
EGFP cells (a human bone osteosarcoma cell line expressing EGFP) and was demonstrated
to be 36% (Table 1). When PEI alone was used to complex the sgRNA/Cas9 RNPs the
editing efficiency was only 5% (148). It was determined that uptake of the complexes was
primarily due to lipid raft-dependent (i.e. caveolae-mediated) endocytosis and
micropinocytosis and that these complexes exhibited no cytotoxicity. Intratumoral (U20S-
EGFP cells) injection of the nanoplexes targeting EGFP demonstrated reduction in EGFP
expressing cells proximal to the injection site (10 days post-injection) as determined by
analysis of frozen tumor sections using fluorescence microscopy (Table 1). Future /in vivo
studies examining the toxicity and immunogenicity of nanoclews complexed with sgRNA/
Cas9 RNPs are required in order to assess their potential for clinical translation.

Inorganic nanomaterials can also be chemically modified in order to utilize them for nucleic
acid delivery. In one study, cationic arginine-functionalized gold nanoparticles (ArgNPs)
were used to deliver Cas9 RNPs, comprising chemically modified Cas9 protein and sgRNA
(149). Gold nanoparticles were functionalized with arginine. Cas9 and sgRNA (1:1 molar
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ratio) were mixed with the ArgNPs, resulting in “self-assembled nanoassemblies”. It should
be noted that although the authors refer to them as nanoassemblies they were in actuality
approximately 475 nm in diameter, which technically implicates them as microparticles
rather than NPs as defined by the International Union of Applied Chemistry (150). However,
they were self-assembled particles made from nanosized components (ArgNP: 10 nm; Cas9:
7.5 nm; sgRNA: 5.5 nm). The Cas9 used was either modified with a glutamate peptide tag at
the N-terminus (Cas99'u%) or remained unmodified. The main purpose of the glutamate
peptide tag was to impart a negatively charged region to the highly positive Cas9, thus
enabling stronger binding to the positively-charged arginine residues on the ArgNPs (149).
Also, the C-terminus of the Cas99!Ut molecule was modified by the addition of a nuclear
localization signal (NLS) to improve nuclear delivery. Surprisingly, /n vitro cellular uptake
studies using HeLa cells revealed that these nanoassemblies entered into the cytoplasm
directly through cholesterol-mediated membrane fusion, rather than by endocytosis, as
determined through the use of inhibitors of both processes of cell entry (149). The authors
do not expand on the specificities as to what properties these nanoassemblies possessed that
would have contributed to their cytosolic delivery by membrane fusion. Particle-based drug
delivery via non-endocytic pathways has proven to very difficult and usually requires the
presence of virally derived fusogenic peptides/proteins (151). Nevertheless, efficient uptake
and nuclear delivery were reported to have been achieved. Genome editing efficiency values
in the range of 23-30% were obtained following the incubation of the nanoassemblies using
a variety cell lines (Table 1)(149). Although these nanoassemblies are not appropriate for 1V
delivery (primarily due to their size), the authors argue that they could still be of use in many
in vitro situations. There were no animal studies performed to determine the effectiveness of
these nanoassemblies, which will ultimately be necessary if they are to move forward into
the clinic. More promisingly, in terms of potential applications for /n vivo therapy, one group
developed a gold NP-based system capable of simultaneously delivering Cas9 RNP, sgRNA
and donor DNA and efficiently correcting the mutated gene responsible for Duchenne
muscular dystrophy DMDD) in mice (152). The delivery system, CRISPR-Gold, also
contained an endosomal disruptive cationic polymer, PAsp(DET). Manufacture of the
CRISPR-Gold involved coating gold NPs with thiol-terminated DNA which was then
hybridized to the donor DNA and then Cas9 RNP was allowed to absorb to the NPs. Then
the NPs were coated with silica and subsequently PAsp(DET) was added. One drawback of
CRISPR-Gold was the tendency to aggregate once placed in solution for times extending
beyond 5 minutes, making them inappropriate for I\ administration. /n vitro experiments
using HEK cells suggested the mechanism of uptake of CRISPR-Gold was via caveolae/raft-
mediated endocytosis and that the uptake depended on the presence of PAsp(DET). DMD is
a lethal disease resulting from mutations in the dystrophin gene and for which there is not
current effective remedy. Using C57/BL/10ScSn-DmdmaxlJ (mdx) mice, which possess a
nonsense mutation in the dystrophin gene, it was shown that one intramuscular injection of
CRISPR-Gold (formulated to target the dystrophin gene) at 6 mg/kg was capable of a 5.4%
correction rate of the mutated dystrophin gene to the wild type (152). In addition, enhanced
dystrophin protein expression occurred at the site of the injected muscle and the mice
exhibited enhanced strength using clinically relevant assays (152).
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Metal-organic frameworks (MOFs) have been investigated as delivery systems for CRISPR/
Cas9. MOFs, which are a subclass of coordination polymers, generally comprise metal ions
that are complexed with organic ligands, potentially forming 3-dimensional structures
containing empty pockets of tunable volumes that are capable of hosting molecular cargo.
Recently, zeolitic imidazolate framework-8, a coordination of Zn** and 2-methylimidazole,
and a subclass of MOFs were used to deliver Cas9 protein and sgRNA targeting EGFP to
Chinese hamster ovary cells expressing EGFP (CHO-EGFP) (153). It was shown that this
nanoformulation ( ~100 nm diameter and +5 mV) could reduce EGFP fluorescence levels by
37% within 4 days of incubation with CHO-EGFP /n vitro (Table 1). In addition, aside from
being biocompatible, it was shown that the nanostructures were stable at neutral pH but
sensitive to degradation at the acidic/endosomal pH of 5.5. In order to demonstrate the
potential for translation of this nanoformulation into the clinic, it will need to be tested in
animal models for efficacy, toxicity and immunogenicity.

Another potential candidate for CRISPR/Cas9 delivery was investigated /i vitro that
involved NPs made from dual functionalized graphene oxide (GO), PEG, and PEI (154). The
resultant NPs were formed by modifying planar GO with PEG, then covalently linking to
PEI and complexing with sgRNA (targeting EGFP) and Cas9 protein via self-assembly.
Using a human gastric adenocarcinoma cell line expressing EGFP, AGS-EGFP, it was shown
the manufactured NPs ( ~220 nm and +18.5 mV) had an editing efficiency of 39% (Table 1).
Promisingly, it was also shown that the carrier component of the NPs (GO-PEG-PEI) could
protect the cargo (SgRNA/Cas9) from enzymatic hydrolysis. The authors suggest the
potential for these types of NPs to be used /n vivo, however, as yet they have not presented
any animal-based efficacy or toxicity studies, which will be required if these formulation are
to progress into the clinic.

D. The potential for successful clinical translation of CRISPR/Cas9 delivery
systems—While many of the CRISPR/Cas9 delivery systems described above are novel
formulations, many other similar NP formulations have been previously employed to deliver
SiRNA, plasmids, and other therapeutic molecules. Table 2 enlists some examples of such
formulations that are currently being evaluated in clinical trials, and that contain components
that are also used to deliver CRISPR/Cas9 molecules. As shown, treatment- or vehicle-
related toxicity issues are not severe, with the most adverse events reported being grade 1 or
2. As detailed above, some of the novel formulations delivering CRISPR/Cas9 have
undergone preliminary tests for toxicity in /n7 vivo murine models where promising results
were obtained. Nevertheless, each of these formulations will likely require further preclinical
assessments of /in vivo toxicity, immunogenicity and efficacy if they are to progress to
clinical trials. Many of these novel systems are comprised of familiar components that have
independently exhibited strong biocompatibility and have been either FDA-approved. For
example, FDA-approved PEG has been used in many clinical formulations (155, 156). Many
lipid-based NP formulations delivering siRNA, chemotherapy or pDNA have recently
entered into clinical trials and the results from these trials could well inform their potential
for use as vectors for CRISPR/Cas9 components (157, 158) (159) (160). Formulations
comprising gold NPs, such as Auroshell, have been recognized by the FDA as medical
devices and have been assessed for safety in clinical settings with promising results (161).
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Nevertheless, further biodistribution, clearance and cytotoxicity studies in a clinical context
are required if the full therapeutic potential of gold NPs are to be evaluated. Finally, CPPs
have been extensively tested for safety in a range of clinical trials over the past decade with
favorable outcomes (162).

Aside from issues of toxicity and antigen independent immunogenicity, another potential
barrier to CRISPR/Cas9 is that a large percent of the human population possess pre-existing
immunity to Cas9 (163) (primarily derived from the common human commensals,
Staphylococcus aureus or Streptococcus pyogenes). This can potentially lead to antibody-
mediated neutralization of the CRISPR/Cas9 system when Cas9 is delivered in protein form.
Thus, NP formulations that protect the cargo from being recognized by the host’s Cas9-
specific antibodies would be ultimately desired. An additional concern related to pre-
existing immunity is the potential for cell-mediated based immune eradication of cells
expressing Cas9. To explain, cells targeted with CRISPR/Cas9, where the Cas9 is delivered
in nucleic acid forms, can be potentially recognized and eliminated by pre-existing Cas9-
specific cytotoxic T cells, since most cells express cell surface MHC class | and will
therefore present Cas9 epitopes to the host’s immune system. One way of decreasing the
chances of this occurring would be to deliver the Cas9 to the target cells in protein form
rather than in nucleic acid form as this would result in significantly reduced presentation of
Cas9 epitopes in association with MHC class | and therefore the target cells would be less
readily detectable by the host’s pre-existing Cas9-specific cytotoxic T cells.

Finally, a major concern for using CRISPR/Cas9 is the pathogenic potential caused by off-
target or on-target mutations (164). Whilst NP based delivery may enhance targeting to
certain tissues and promote delivery to the nucleus, at this stage the delivery vehicle itself
will unlikely be capable of resolving this important issue which needs serious attention prior
to using CRISPR/Cas9 as a therapeutic tool.

lll. Conclusion and Future Perspectives

This review article has summarized many of the novel NP-based approaches currently being
investigated as potential modes for delivering CRISPR/Cas9 gene editing systems to cells.
Many of the early studies used commercial lipid-based delivery systems primarily to
establish the feasibility of delivering CRISPR/Cas9 to cells. Subsequently, however, many
researchers have developed novel NP carriers with the ultimate goal of these formulations
being capable of safely and efficiently delivering CRISPR/Cas9 based therapeutics directly
to patients in order to ablate a specific disease. Some of the studies compared editing
efficiencies of the novel NP delivery systems with commercial lipid-based delivery systems
such as Lipofectamine 2000, often revealing comparable results, however, the novel NP-
based strategies were usually shown to be less cytotoxic. Also, whilst only a few of the NP
formulations were tested by intravenous administration, many of those yet to be tested are
being designed with this potential application in mind. Thus, while commercial lipid-based
delivery systems may still have some clinical applications where ex vivo delivery of
CRISPR/Cas9 will suffice, in order to progress to direct treatment of patients such delivery
systems are not practical, and the need for appropriate NP-based formulations are required.
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Many researchers have addressed the potential of delivering NP-based CRISPR-Cas9 as a
therapeutic by assessing editing and phenotypic efficacies /n vivo, with very promising
results (Table 1). The finding that lipid-based NPs could essentially ablate expression of a
target gene (expressed by hepatocytes) when administered intravenously in a murine model
is very promising, particularly for liver diseases, given the tropism of lipid-based NPs for the
liver. Some of the formulations were tested for anticancer activity /n vivo by intratumoral
injection of NP formulations using murine tumor models, achieving promising results.
While intratumoral injection is a useful tool to confirm the proof of concept of many
experimental anti-cancer therapeutics, its potential for clinical translation is limited to
certain situations or tumor types. Due to the metastatic nature of cancer, other administration
routes, particularly 1V, are more clinically relevant and delivery of NP formulations need to
be tested preclinically using these routes in order to assess safety and efficiency.

Although CRISPR/Cas9 is still in its infancy as a potential therapeutic, the future is looking
promising with clinical trials, albeit ex vivo based therapy, having already begun. The
finding that different formulations can have a predilection for a particular organ such as the
lung or the liver (Table 1) should prove to be very useful when treating organ-specific
pathologies and can only be further improved upon by the generation of actively targeting
NP formulations. Of course, assiduous monitoring of off-target effects /n vivowill be an
imperative as preclinical investigations move forward into the clinic.
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Figure 1.
Incidence rate of publications in the PubMed database from 2010 through December 2017

using the search terms, “CRISPR” or “CRISPR Cas9.”
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Figure 2. The pathways of NP-mediated CRISPR/Cas9 delivery to the nucleus.
Such NPs can take several forms, including PEGylated cationic lipid NPs, cationic polymers

and liposomes, and cationic lipid- or polymer-coated gold NPs (top panel). The NPs may
enter the cell via (A) endocytosis (in case of inorganic, or polymeric-/lipid-based NPs) or
(B) direct cell membrane penetration (e.g. in the case of CPPs). While CPPs facilitate direct
entry into the cytosol, other types of NPs are first engulfed into endosomes, from which the
NPs have to escape into the cytosol. Once in the cytosol, NPs (regardless of their cellular
uptake mechanism) need to release their CRISPR/Cas9 cargo. This cargo can be: (1) a
CRISPR plasmid that has to be transported to the nucleus to be transcriptedinto sgRNA and
Cas9 mRNA. Cas9 mRNA is then translated into Cas9, which is complexed with SgRNA to
form the sgRNA/Cas9 RNP, which finally enters the nucleus to induce double-stranded
DNA breaks at the target sites; (11) the sgRNA and Cas9 mRNA,; (111) sgRNA and Cas9
protein, or (IV) sgRNA/Cas9 RNP.
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