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Clustered regulatory interspaced short palindromic repeats or CRISPR/Cas9 has emerged as a potent and
versatile tool for efficient genome editing. This technology has been exploited for several applications
including disease modelling, cell therapy, diagnosis, and treatment of many diseases including cancer.
The in vivo application of CRISPR/Cas9 is hindered by poor stability, pharmacokinetic profile, and the
limited ability of the CRISPR payloads to cross biological barriers. Although viral vectors have been
implemented as delivery tools for efficient in vivo gene editing, their application is associated with high
immunogenicity and toxicity, limiting their clinical translation. Hence, there is a need to explore new deliv-
ery methods that can guarantee safe and efficient delivery of the CRISPR/Cas9 components to target
cells. In this review, we first provide a brief history and principles of nuclease-mediated gene editing, we
then focus on the different CRISPR/Cas9 formats outlining their potentials and limitations. Finally, we
discuss the alternative non-viral delivery strategies currently adopted for in vivo CRISPR/Cas9 gene

Received 16th September 2021,
Accepted 13th April 2022

DOI: 10.1039/d1bm01452h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 1401. Downloaded on 21/11/1404 07:42:47 ..

[{ec

rsc.li/biomaterials-science editing.

1. Introduction

In the past decades, great breakthroughs have been made in
the development of molecular therapies to treat genetic dis-
orders, neuropathies, cancer, and viral infections. These thera-
peutic approaches utilise molecular probes (i.e., small interfer-
ing RNAs (siRNAs), antisense oligonucleotides (ASOs), and
messenger RNAs (mRNAs)) acting at the genetic level to delete,
replace, or alter the expression of specific genes, with the final
aim of offering a more efficient and durable treatment." With
the US Food and Drug Administration (FDA) approval of
Mipomersen sodium (Kynamro™) (2013),> a second-gene-
ration ASO based therapy for the treatment of Transthyretin
amyloidosis (ATTR), substantial efforts have been made
towards the designing of vectors that can improve the bio-
availability of these molecular probes and promote their clini-
cal translation. This, in turn, stimulated the development of
different genetic medicines that are currently being used in
the clinic** including the most recently approved vaccines®®
against COVID-19.

Recently, considerable attention has shifted towards a new
generation of molecular probes characterized by site-specific
nucleases capable of performing precise gene editing. Among
these machineries, the first to be discovered were Zinc Finger
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Nucleases (ZFNs)’ followed by Transcription Activator-Like
Effector Nucleases (TALEN),'® and more recently the Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)
and its CRISPR associated Cas protein (CRISPR/Cas) (Fig. 1)."*

As shown in Fig. 1, mechanistically, these nucleases create
double-strand breaks (DSBs) in the locus of interest, which are
subsequently repaired by host cellular machinery via either
non-homologous end-joining (NHE]) or homology-directed
repair (HDR),'? resulting in the deletion, correction and modi-
fication of the target gene.

From an early stage, CRISPR/Cas has quickly gained
momentum as a versatile tool for relatively easy and fast gene
editing in a multitude of cell types,'>"* and organisms."*" Its
application has been exploited for different purposes, includ-
ing the generation of genetically engineered mouse models,'®
identifying genes underlying drug resistance’” and providing a
better understanding of cancer biology.'® Furthermore, there
has been great enthusiasm in developing the CRISPR/Cas
toolbox for use in clinical medicine, as a potential screening
and therapeutic tool. While its application in vitro is relatively
easy, its use in humans comes with multiple hurdles, which
may include potential off-target effects, instability in the
bloodstream and immunogenicity.'® To mitigate these limit-
ations, many different strategies have been employed. One
such method is to bypass these obstacles entirely and perform
ex vivo gene editing, whereby autologous or allogenic cells are
edited in vitro before being infused into patients.>® The safety
and feasibility of this method is evinced by the explosive
increase in the number of clinical trials that utilise this tech-

This journal is © The Royal Society of Chemistry 2022


http://rsc.li/biomaterials-science
http://orcid.org/0000-0001-5165-2699
http://crossmark.crossref.org/dialog/?doi=10.1039/d1bm01452h&domain=pdf&date_stamp=2022-06-24
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1bm01452h
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM010013

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 1401. Downloaded on 21/11/1404 07:42:47 ..

(cc)

View Article Online

Biomaterials Science Review
F— DNABinding Domain ——F— Nuclease Dimer —F— DNA Binding Domain —}
f Zinc
(\k. g g Fingers
) ) N
ZeN I e T e LT RN IE /
3 bp ® O) O) L.
5-7 bp ) )
F— DNABinding Domain ——F— Nuclease Dimer —F— DNA Binding Domain —]
p TALE
00000 0
TALEN [T /
1b (|
g 12-25 bp L. L”U. .
Cas9
CRISPR

T |, IO

Double-sErénded break

NHE)

Disrupts gene of interest

l l
Z '//
e e e

Nucleotide deletion

} 1

T T I
Disrupted DNA

Fig. 1 Schematic diagram of nuclease-driven gene editing technologies.
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Zinc Finger Nucleases (ZFN) were the first nuclease-driven gene editing
Effector Nucleases (TALEN), and most recently by Clustered Regularly

Interspaced Short Palindromic Repeats (CRISPR). The three types of nucleases can induce double-strand breaks that are repaired by either one of
two DNA repair processes: non-homologus end joining (NHEJ) or homology-directed repair (HDR). The first, NHEJ, is an error prone mechanism
that causes insertions and deletions (indels) which results in target gene disruption. HDR, is a more accurate process, by which, in the presence of a
donor DNA, precise DNA modifications can be introduced to repair a certain gene. Scheme adapted from Karim Shalaby and Esmée Dragt by
BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-templates

nique for the treatment of different types of malignancies,
sickle cells disease and f-thalassemia, which have been
reviewed recently.>*??
problematic, CRISPR/Cas may be delivered in vivo via viral and

In cases where ex vivo gene editing is

non-viral vectors. While viral vectors have been demonstrated
to be highly efficient at in vivo gene editing in multiple disease
models, such as Duchenne muscular dystrophy (DMD),>*
cardiovascular diseases®® and various malignancies,*® their

This journal is © The Royal Society of Chemistry 2022

application in humans raises concerns associated with safety
and immunogenicity. For this reason, much effort has been
invested in designing non-viral carriers for in vivo gene
editing.

Besides being stable, biocompatible, and efficient, non-viral
vectors should guarantee the following: (1) physiochemical
stability of the cargos to ensure protection from enzymatic
degradation in the extracellular, cellular, and intracellular
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compartments, (2) facilitate cellular internalization and endo-
somal escape of the cargos, (3) limit off-target effects, and (4)
reduce immunogenic side effects.

These features could be achieved only by the incorporation
of chemical modifications of the different CRISPR/Cas cargoes
as well as by exploiting several types of biomaterials to formu-
late efficient and safe delivery systems.

Among non-viral vectors, the most commonly utilised are
based on lipid, polymeric, organic or hybrid nanoparticles, as
well as cell-penetrating peptides. These vectors have proven to
efficiently and safely deliver CRISPR/Cas components in vivo to
different target genes in multiple tissues such as eyes,*” adipo-
cytes,?® muscles,* brain,*® liver,>" as well as superficial** and
internal®® malignancies. Herein, we provide an overview of the
CRISPR/Cas9 technology, followed by an outline of different
physical and viral methods used for CRISPR/Cas9 delivery. We
will then, describe the latest advances in the implementation
of non-viral approaches for in vivo gene editing while discuss-
ing the landscape and challenges for clinical translation.

2. CRISPR

CRISPR was first observed in Escherichia coli in 1987 by Nakata
et al,** and subsequently identified in an increasing number
of prokaryotic organisms including bacteria and archaea.’® It
was not until 2007 that its function in bacteria as an adaptive
immune system was elucidated®® and it was further adapted as
a gene editing tool.

The bacterial genomic construct of CRISPR arrays features
two key elements, the first of which is the CRISPR cassette.
Cassettes consist of conserved, repeating sequences of DNA,
typically 21 to 48 base pairs in length with unique non-repeat-
ing DNA sequences known as spacers interspersed between
them.?® Spacers of individual cassettes are similar in length,
often between 26-72 base pairs. They are derived from DNA of
previous infective agents such as bacteriophages, invasive plas-
mids and other mobile genetic elements.?” Through the incor-
poration of pathogenic-DNA into their genome, bacteria and
archaea have evolved a mechanism of heritable acquired
immunity, which aids in recognition and defence against
future pathogens. The second key element of CRISPR arrays
are CRISPR-associated (Cas) genes, which encode numerous,
highly diverse Cas proteins.?”*

Mechanistically, CRISPR immunity utilises a self-non-self-
discrimination principle®” which can be broadly divided into
three phases: (1) immunization, (2) generation of CRISPR RNA
(crRNA), and (3) interference.*® In phase 1, foreign nucleic
acids from invading pathogens are selected, processed and
integrated into the CRISPR array as spacer sequences.’® This
provides a ‘memory’ of prior infections that allows the host to
defend against future infections by the same pathogen. In
phase 2, CRISPR arrays are transcribed to generate precursor
crRNA (pre-crRNA). Pre-crRNAs are further processed via endo-
nucleolytic cleavage into mature crRNAs, short sequences of
approximately 20 nucleotides that are complementary to the

3412 | Biomater. Sci, 2022, 10, 3410-3432

View Article Online

Biomaterials Science

foreign DNA (or RNA).*”*>*! The 5’ end of the crRNAs encodes
the spacer sequence, whilst the 3’ end encodes part of the
CRISPR-array repeat sequence. When re-infection occurs
(phase 3), crRNAs are loaded onto effector modules, structures
that consist of either a single Cas protein or a complex of Cas
proteins. Guided by crRNAs, the effector modules cleave comp-
lementary sequences (proto-spacers) in the pathogenic
genome. Invading DNA is then identified via recognition of
protospacer adjacent motifs (PAMs). These are 2-6 base pair
nucleotides sequences that are typically found 3-4 base pairs
downstream of protospacer sequences in the pathogenic
genome."”

Two classes of CRISPR systems have been established (1
and 2), with class 1 systems divided into types I, III and IV,
and class 2 systems divided into types II, V and VI.*® The
different CRISPR systems are classified based upon the struc-
tural composition of their effector modules, which are respon-
sible for the processing and transcription of CRISPR arrays, as
well as interrogation and cleavage of foreign DNA or RNA.*”*?
In class 1, effector modules contain multiple Cas proteins,
whereas class 2 systems employ a singular Cas protein.*® The
type II CRISPR system (CRISPR/Ca9) is the simplest and most
commonly used for genome editing, as it requires the fewest
components to induce DSBs.**

In CRISPR/Ca9, a second RNA sequence, trans-activating
CRISPR RNA (tracrRNA), a non-coding RNA sequence, is tran-
scribed from a genomic locus upstream of the CRISPR locus.
In type II systems, this is essential for the maturation of pre-
crRNA, as well as for binding of crRNA with Cas9 protein.**
tracrRNA forms a complex with pre-crRNA by base-pairing with
the repeat sequence present in the pre-crRNA. This results in a
double-stranded RNA, which is subsequently cleaved by RNase
II enzyme. The end result is a functional single guide RNA
(sgRNA) complex containing a single spacer sequence.*” As
shown in Fig. 1, the sgRNA guides the Cas9 protein to the
target site, where the Cas9 nuclease upon recognition of the
PAM sequence (5-NGG-3') downstream of the target site,
induces DNA cleavage. Unlike its predecessors, ZFNs and
TALENS, target recognition in CRISPR/Ca9 is not directed by
protein DNA-binding domains, but by the 20-nucleotide
sgRNA sequence complementary to the target DNA.*® This
offers many advantages over ZFNs and TALENs. Namely, by
eliminating the need to engineer individual protein domains
for each DNA target, CRISPR/Ca9 has better scalability for
large-scale genomic manipulation.”” Though CRISPR/
Cas9 holds great promise in performing simple and precise
gene editing, its safe and efficient translation for in vivo appli-
cations is still limited, due to multiple factors that will be out-
lined later in this review (Table 1).

3. CRISPR/Cas9 gene editing formats

As shown in Fig. 2, there are 3 common formats into which
CRISPR/Cas9 technology can be incorporated: plasmid DNA
(pDNA), messenger RNA (mRNA), and ribonucleoprotein

This journal is © The Royal Society of Chemistry 2022
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Table 1 Comparison of different gene editing format characteristics

Plasmid mRNA RNP
Cas9 expression rapidity Low Moderate High
Editing efficiency Moderate/high Moderate Moderate/high
Stability High Moderate Moderate
Persistence in cells High Moderate Low
Immunogenicity High Moderate Moderate
Cytotoxicity Moderate Low Low
Insertional mutagenesis High — —
Production speed High Moderate Low
Cost Low Moderate High

(RNP) complexes. The choice of which CRISPR editing format
to use relies on several factors, including but not limited to
transfection efficiency, the required speed/duration of
expression, and safety.

3.1 Plasmid mediated CRISPR/Cas9 gene editing

Both Cas9 protein and sgRNA can be encoded into single or
multiple plasmids.** As shown in Fig. 2, plasmid DNA requires
nuclear translocation and transcription to Cas9 mRNA
(mCas9) prior to Cas9 protein translation.*' Plasmids are easy
to design and do not require high manufacturing costs
making them an appealing approach for gene editing.
Compared to mRNA and RNP, plasmids exhibit greater stabi-
lity, offering a prolonged expression of the CRISPR com-
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ponents.*® This, however, could increase the likelihood of off-
target effects and immunogenic reactions.”’ Plasmid DNA is
also prone to random integration into host-cell DNA (inser-
tional mutagenesis), which can lead to unintended mutations
of genes and subsequent phenotypic changes.’® Plasmid DNA
is physically larger than both the mRNA and RNP formats,
which presents an additional challenge in the formulation of
delivery vectors that can effectively encapsulate them.>

3.2 RNA mediated CRISPR/Cas9 gene editing

RNA based transfection methods utilise a strategy whereby
mRNA encoding for Cas9 protein is delivered alongside a
sgRNA, avoiding the need for the transcription step, but still
requiring translation of the Cas9 mRNA into its functional
protein. Compared to DNA, mRNA turnover in the cell is
faster, limiting the persistence of the protein, thus reducing
potential off-target effects. However, mCas9RNA can be subject
to enzymatic degradation resulting in poor stability. For this
reason, Cas9 mRNA is often synthesized incorporating an Anti-
Reverse Cap Analog (ARCA) at the 5’ end and a poly(A) tail at
the 3' end.’* These modifications can ensure more efficient
mRNA translation as well as increasing mRNA stability in the
cytosol.>® Another stumbling block, is represented by the reco-
gnition of the mCas9 by Toll-like receptors (TLRs), which can
activate a cascade of events triggering moderate to severe
immune responses.’® Uridine depletion and incorporation of
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Fig. 2 Schematic representation of CRISPR/Cas9 delivery to the cell using three different formats: plasmid DNA, RNA (Cas9 mRNA/sgRNA) and
ribonucleic protein (RNP) complexes. Once the plasmid enters the cells it is translocated from the cytoplasm to the nucleus, where transcription
into Cas9 mRNA and sgRNA happens. Then, once into the cytoplasm, the Cas9 mRNA is translated into Cas9 protein that complexes with the sgRNA
forming the RNP. Afterwards, the RNP are internalized into the nucleus to target a specific DNA sequence and induce gene insertions or deletions.

Created with BioRender.com.
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pseudo bases during Cas9 mRNA synthesis have been used to
further increase mRNA stability as well as reduce
immunogenicity.’>* Genome editing research mainly
employs a chemically synthesized sgRNA containing a fusion
loop between the tracrRNA and crRNA.>> Further chemical
modifications have also been implemented for sgRNA syn-
thesis with the final aim of increasing their stability, RNP com-
plexation ability, shelf-life, thermostability and reducing their
immunogenicity.>® Although these chemical modifications can
increase the stability of both Cas9 mRNA and sgRNA, it is of
the utmost importance that the RNA is formulated with a
delivery system that can both protect it from enzymatic degra-
dation as well as guarantee its efficient cellular uptake and
endosomal escape.’”®

3.3 RNP mediated CRISPR/Cas9 gene editing

RNP mediated gene editing involves the delivery of Cas9
protein and sgRNA to the cell. Compared to pDNA and
mRNA, delivery of RNP bypasses both transcription and trans-
lation and only requires the formation of the RNP complex
and its subsequent translocation to the nucleus.”” As the
RNP is delivered directly to the cell, it guarantees a high gene
editing efficiency while limiting the probability of potential
off-target effects given their shorter half-life."**° However,
Cas9 protein is susceptible to enzymatic degradation once
injected into the bloodstream. Furthermore, its large size
limits trafficking through the cell membrane, requiring the
need for formulation with a complex delivery vector.®® The
delivery system should also help to mask the presence of the
Cas9 protein, which can elicit immune responses. Several
independent studies have reported the presence of antibodies
against Cas9 protein in both humans and mice.®>** In depth
in vitro and in vivo studies showed that pre-exposure to Cas9
was responsible for the enrichment of different lineage of
Cas9 reactive T cells.®*"®® In immunized mice, it was observed
that CRISPR/Cas9 gene edited liver tissues elicited a strong
CD8" T cell response, which induced a rapid clearance of
gene edited hepatocytes, without compromising the regener-
ation of the liver through proliferation of unedited cells.®?
Additionally, whilst Cas9 protein can be easily obtained from
several suppliers, the protein purification process is costly
and laborious.

4. The need for a non-viral delivery
vector

In vivo delivery of all three of these CRISPR/Ca9 formats pre-
sents both general and specific problems requiring delivery
vectors that can guarantee stability and specificity for target
cells. Whilst many CRISPR/Cas9 delivery strategies have been
developed,® they are typically physical interventions® (e.g.,
electroporation,®” hydrodynamic injection,"” microinjection)
or virally vectored delivery®® (e.g., adeno-associated virus
(AAVs),*® lentivirus (LVs)”®). Although there has been some
success with these delivery methods, there are still questions
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to address concerning their safety and clinical applicability.
Physical approaches often rely on techniques that are not
translatable for in vivo use. For example, the microinjection
technique involves microscopic-guided injection of the gene
editing cargo into the target cells and is technically difficult to
perform, often resulting in mechanical damage.”*
Electroporation is another example of a physical delivery
approach, in which an electrical field is applied to temporarily
induce pores in the membrane of target cells, facilitating the
permeability of the gene editing cargos into the cytoplasm.**
The need for large voltages to achieve the desired levels of
gene transfer can induce significant cell apoptosis, limiting its
application both in vitro and in vivo. Hydrodynamic injection
via the tail vein has been used successfully to induce in vivo
gene editing of hepatocytes in animal models,”*”® but is
limited to preclinical murine models.”* In contrast, saphenous
vein injection was used for the delivery of both siRNA and
pPDNA to muscle cells.”” This process has been successful in
gene transfer in both small animals and primates, ®’”
however, the need for a surgical procedure represents a limit-
ing factor for safe and easy clinical translation.

Viral vectors have been extensively used to deliver CRISPR/
Cas9 constructs resulting in efficient in vitro and in vivo gene
editing.”® Despite this, their potential clinical translation is
hampered by several concerns. LVs are single-stranded RNA
viruses capable of efficiently infecting both dividing and non-
dividing cells. However, LVs can integrate their genome into
host cells, potentially resulting in persistent expression of
CRISPR/Cas9 components, the generation of unwanted off-
target effect, insertional mutagenesis and persistent immune
reactions.”® AAVs are single-stranded DNA vectors, with a
reduced packaging capacity compared to LVs (4.7 kb vs. 8 kb),
this often necessitates the need to use multiple vectors, one
for the Cas9 protein and one for the sgRNA. AAVs do not
induce persistent genomic integration, but instead deliver the
genetic material in an episomal form, which reduces
unwanted off-target effects and potential immunogenic
responses.””®” While AAVs have been extensively utilised, there
is evidence to suggest that their application for in vivo gene
editing might still be limited due to the presence of multifunc-
tional immunological responses against CRISPR-AAVs.®"®?
Mice receiving CRISPR-AAVs not only showed humoral and
cell-mediated immunity against Cas9, but also anti AAV
capsid-specific antibodies could be detected.® Epitope
mapping further confirmed the presence of B cell epitopes in
the three different isoforms of viral proteins VP1/2/3, with
higher prevalence of VP3 which is expressed on the surface of
the capsids. These findings are in line with other research
studies investigating the immune response to AAVs in humans
and which have reported the manifestation of both cell-
mediated and humoral immunity against different AAVs.?"%?
Combined, these in vivo immunogenicity findings have raised
concerns about the feasibility of the clinical translation of AAV
mediated gene editing.

By exploiting different biomaterials, non-viral vectors offer a
powerful and safer alternative in delivering genetic payloads,

This journal is © The Royal Society of Chemistry 2022
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drugs, and proteins. While the in vivo gene editing efficiency
of non-viral approaches is arguably lower than viral vectors,
there is an increased interest in their implementation due to
their perceived benefits and safety profile. Successful non-viral
vectors should, minimally, sequester the nucleic acids from
enzymatic degradation and mask them from recognition by
TLR receptors on immune cells,®® increase their bioavailability
in specific organs, promote cellular internalization and aid in
endosomal escape. In addition, the use of nanocarriers may
also have many unique benefits over viral vectors. For example,
the nanocarrier may be designed to carry therapeutic cargos of
different physico-chemical characteristics, ranging from small
drugs to large biologicals such as CRISPR plasmids and RNP.
This affords the opportunity to simultaneously deliver multiple
therapeutic modalities which may synergise with the thera-
peutic outcome of gene-editing.

5. Non-viral vectors for in vivo gene
editing

An advanced literature search was carried out on PubMed for
publications published prior to September 2021, the following
search terms were utilised: “CRISPR”, “CRISPR/Cas9”,
“CRISPR-Cas9”, “RNP”, “plasmid”, “RNA”, “Cas9 mRNA”,
“sgRNA”, “in vivo gene editing”, “in vivo delivery”, “non-viral
delivery”, “non-viral vector”, “nanoparticles”, “nanocomplex”.
Articles that did not include in vivo investigation or included
non-clinically translatable routes of administrations (ie.,
hydrodynamic injection) were excluded. The studies extracted
explored the delivery of CRISPR/Cas9 as a potential therapeutic
approach when used as a single agent or in combination with
other modalities in animal disease models. As can be seen in
Fig. 3A, cancer was the most investigated disease (47.5%), fol-
lowed by diabetes (15%) and hypercholesteremia (7.5%). In
these studies, the most common platform for CRISPR/Cas9
delivery was plasmid, followed by RNP and RNA. As shown in
Fig. 3B and C, different routes of administration and delivery
systems were employed for each CRISPR/Cas9 format. In the
sections below, a critical overview of the delivery systems uti-
lised for in vivo gene editing will be provided. For each study,
the key information, including the nature of the nanoparticles,
target genes, animal model and findings are summarized in
Tables 2-4.

5.1 Lipid-based nanoparticles

In the past decades, lipid nanoparticles (LPNs) have been used
to deliver a plethora of cargos, including small molecules,
drugs'"” and nucleic acids."'® Recently, their application for
CRISPR research has shown great progress in enhancing the
stability of the CRISPR machinery as well as improving its bio-
availability in vivo. Lipid nanoparticles are typically formulated
through rapid mixing of a water phase containing the nega-
tively charged nucleic acids and a positively charged organic
phase made of different lipids: a sterol (e.g. cholesterol), a
helper lipid (e.g. 1,2-distearoyl-sn-glycero-3-phosphocholine

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

Alzheimer's disease
Androgenetic alopecia
ATTR amyloidosis
Cancer

Cardiovascular diseases
Diabetes

Duchenne muscular dystrophy
Fragile X syndrome
Hepatitis B virus
Hypercholesterolemia
Inflammatory diseases
Transplant rejection
Retinal diseases

I0R0DRERDNDE

Total=44

(@]

20+ 25

SR 20+

-
o
1

PNP
LNP
HNP
GNP
CPP

Number of studies

=

1

= |
Number of studies
N R

DnengEbgEnN

o-

S & &
S
Q

R
S &S
Q

Fig. 3 Overview of the studies exploring in vivo non-viral delivery of
CRISPR/Cas9. Representative pie chart of the diseases for which
CRISPR/Cas9 in vivo non-viral gene editing have been investigated (A).
Representative bar charts of the number of studies delivering CRISPR/
Cas9 in the form of plasmid, RNA or RNP and the corresponding route
of administration and vectors utilized (B and C). Abbreviations: SR = sub-
retinal, IVT = intravitreal, IV = intravenous, IT = intratumoural, IP = intra-
peritoneal, IM = intramuscular, IC = intracranial, PNP = polymeric nano-
particles (NP), LNP = lipid NP, HNP = hybrid NP, GNP = gold NP, CPP =
cell penetrating peptide.

(DSPE)), a cationic lipid (i.e., 1,2-dioleoyl-3-trimethyl-
ammonium-propane (DOTAP)) and a polyethylene glycol
(PEG)-lipid (e.g. o-(3"-{[1,2-di(myristyloxy)propanoxy]carbonyla-
mino}propyl)-w-methoxy, polyoxymethylene (PEG2000-
C-DMG)). Cationic lipids electrostatically complex with the
anionic nucleic acids to form the nanoparticles and guarantee
high encapsulation efficiency of the cargoes.”® Cholesterol and
helper lipids confer structural stability to the lipid bilayer and
enhance transfection efficacy via membrane fusion and endo-
somal escape.''® PEGylated lipids are arrayed on the outer
layer to reduce LNPs aggregation and opsonization in the
bloodstream."*°

A number of studies have employed LNPs for the delivery of
CRISPR plasmids to disrupt different genes (Nf1, CD80, CDS86,
CD40, Plk1, BCR-ABL, DNMT1) and have significantly
enhanced the therapeutic outcomes in animal models for type
1 and 2 diabetes (T1D, T2D),**°>°> melanoma,®” chronic leu-
kaemia®" and ovarian cancer."” While promising, plasmid
delivery, like viral vectors, still carries a risk of genomic inte-
gration, as well as immunogenicity, this has shifted the atten-
tion towards developing RNA-based gene editing (Cas9 mRNA/
sgRNA) approaches.
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Cationic lipid assisted nanoparticles (CLAN) encapsulating
mCas9/sgRNA were utilised to knockout NLRP3 in macro-
phages and alleviate LPS-induced septic shock, monosodium
urate crystal-induced peritonitis and high-fat diet-induced
T2D.'% In another study, the same group used CLAN to deliver
mCas9/sgCD40 to knockout CD40 in dendritic cells (DCs) to
limit allogenic immune response caused by antigen presen-
tation to T cells responsible for transplants rejection.'®?
Others have employed the use of different types of LNPs for
the treatment of hypercholesterolemia,®"'°! transthyretin amy-
loidosis,'% glioblastoma and ovarian cancer.?® As reported in
Tables 2 and 3, CLANs have been used in multiple studies for
the in vivo delivery of CRISPR plasmids and RNAs. CLANs were
originally designed for siRNA delivery'>> and later adapted for
the delivery of CRISPR plasmids®®°> and RNAs, they are fabri-
cated by a double emulsion method and comprise an inner
core of cationic lipid N,N-bis(2-hydroxyethyl)-N-methyl-N-(2-
cholesteryloxycarbonyl aminoethyl) ammonium bromide
(BHEM-Chol), and an external layer of polyethylene glycol-
block-poly(p,i-lactic-co-glycolic  acid) (PEG-b-PLGA). Both
surface charge and PEGylation can have effects on the uptake
of the LNPs by specific subsets of cells. For example, Xu, C.
et al. in their screenings found that a higher surface charge
and moderate PEG density could ensure a better cellular
internalization by macrophages.'”

A significant step forward in the formulation of LNPs was
the substitution of permanently cationic lipids with ionizable
lipids. Ionizable lipids can electrostatically bind nucleic acids
at low pH, ensuring high encapsulation efficiency and stability
of the complex. At physiological pH, the ionizable lipid confers
a near neutral charge on the LNP, which reduces interactions
with serum proteins in the bloodstream. Within the acidic
lumen of the endosome, the lipid head becomes charged inter-
acting with the negatively charged membrane, while the non-
polar tail facilitates fusion and endosomal escape, releasing
the nucleic acid content to the cytosol.'*® Progress in lipid
design and LNPs formulation led to the FDA approval of
ONPATTRO™ in 2018, a siRNA-based drug, formulated by the
incorporation of an ionizable lipid 4-(dimethylamino)-buta-
noic acid, (10Z,1372)-1-(9Z,127)-9,12-octadecadien-1-yl-10,13-
nonadecadien-1-yl ester (DLin-MC3-DMA)."**

Many groups have designed and incorporated different
ionizable lipids into their formulations to further improve
transfection efficiency, reduce toxicity and increase the bio-
availability of the encapsulated cargos.”® For example, to allay
concerns associated with the bioaccumulation of lipids follow-
ing systemic delivery of LNPs, Intellia Therapeutics developed
a branched ionizable lipid (LP01), that due to the inclusion of
liable ester linkages, is rapidly cleared from the liver when
compared to LNPs formulated with DLin-MC3-DMA (6 h vs.
24 h).'°® Rosenblum et al. formulated LNPs with a novel ioniz-
able lipid (L8) which, unlike DLin-MC3-DMA, possesses an
ethanolamine linker group between the linoleic fatty acid
chain and the ionizable amine head group in place of the ester
linker moiety.*® In their experiments, it was shown that
although mCas9/sgRNA LNPs formulated with L8 or DLin-
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MC3-DMA shared similar physicochemical properties and
encapsulation efficiency, L8-LNPs were significantly superior at
reducing green fluorescent protein (GFP) expression in vitro.
Using confocal microscopy, Ramishetti et al. in their previous
studies designed different ionizable lipids for the delivery of
siRNA and demonstrated that LNPs formulated with L8 were
better internalized by cells than other lipids.'*® It could be
speculated that this improved internalization capacity is
responsible for the improved gene editing efficiency. Many
groups synthesised libraries of lipids with the aim of
enhancing the properties of ionizable lipids to deliver nucleic
acids in vivo. For example, the group of Anderson screened a
range of ionisable lipids for the delivery of CRISPR RNAs to
knockout proprotein convertase subtilisin/kexin type 9 (Pcsk9),
resulting in the development of branched lipopeptide 3,6-
bis(4-(bis(2-hydroxydodecyl Jamino)butyl)piperazine-2,5-dione
(cKK-E12).'°'2° In more recent studies they showed that
LNPs formulated with ckk-E12 enhanced serum stability and
albumin corona formation which promoted LNP uptake by
hepatocytes.' %127

In the majority of the studies identified in Tables 2 and 3,
intravenous (IV) injection was utilised as the route of adminis-
tration. Following IV injection, it is reported that LNPs are
mainly internalised by hepatic tissues."*® Cheng and co-
workers reported a Selective Organ Targeting (SORT) strategy
where nanoparticles are engineered to target specific organs,
by adjusting the percentage of a 5 lipid added into the tra-
ditional four component mix.** Cheng et al. demonstrated that
by increasing the percentage of 1,2-dioleoyl-3-trimethyl-
ammonium-propane (DOTAP), a permanently cationic lipid,
from 20% DOTAP to 50%, SORT LNP could be redirected from
the liver to the lungs. With a similar logic they incorporated
into the formulation 10 to 30% of 1,2-dioleoyl-sn-glycero-3-
phosphate (18PA), a permanently negative lipid, and observed
that the delivery of luciferase mRNA (mLuc) was selectively
confined to the spleen. Then they studied the effect of incor-
porating and additional ionizable lipid such 1,2-dioleoyl-3-di-
methylammonium propane (DODAP). Interestingly in this case
they did not observe a change in the biodistribution profile,
but instead showed that addition of 20% DODAP resulted in
10-fold higher liver delivery as compared to SORT LNP with
lower or higher % of DODAP. They used this model to deliver
Cas9 mRNA/sgRNA against Cre gene after intravenous admin-
istration in Cg-Gt(ROSA)26Sortm9(CAGtdTomato)Hze/] mice.
Optical imaging of ex vivo organs ten days post injection con-
firmed tdTomato expression, as a result of successful Cre
recombination, in both liver and lungs consistent with their
hypothesis. As a therapeutic proof of concept, they utilized
20% DODAP SORT LNP to target Pcsk9. Following three IV
injections, they confirmed efficient gene editing and achieved
100% reduction in Pcsk9 serum levels.

Many studies attempted to perform gene editing in for
cancer therapy. Rosenblum et al. have developed anti-EGFR-
antibody functionalised LNPs, following peritoneal adminis-
tration (IP), LNPs were demonstrated to accumulate in OV8
ovarian cancer.*® The same group utilised direct intracranial
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administration to perform gene editing of EO0 GBM tumours
and reduce the off-target effects.> To enhance the tumour
accumulation of the CRISPR/Cas9 plasmid and reduce off
target effects, Li et al. formulated cationic liposomes conju-
gated to R8-dGR (Cys-RRRRRRRRAGR), a cell penetrating
peptide displaying a dual affinity to integrin a,f; and neuropi-
lin-1 (NRP-1) receptors, both highly expressed on pancreatic
cancer cells.”® Liposomes consisting of cholesterol, DOTAP
and DSPE-PEG,,- R8-dGR were formulated by film hydration
method. The chemo drug paclitaxel (PTX) and CRISPR
plasmid targeting hypoxia-inducible factor-1a (HIF-1a) were
encapsulated into the liposomes using the post-insertion
method. In vivo biodistribution studies confirmed higher
accumulation of the R8-dGR-liposomes into BXxPC-3 xenografts
compared to the non-functionalized ones. These results were
also reflected in the therapy studies where R8-dGR liposomes
outperformed untargeted liposomes in inhibiting the tumour
growth. Moreover, it was encouraging to see that applying gene
editing and chemotherapy modalities outperformed single
therapeutic approaches in suppressing metastasis and
prolonging animal survival.

While in the studies described above different groups have
used either a passive or active targeted LNP administered par-
entally, Ryu et al. have developed a unique multicompartment
ultrasound-guided lipid-based vector for topical use in the
treatment of alopecia.''* First RNP targeting steroid type II
5-alpha-reductase (SRD5A2) were complexed and encapsulated
into nanoliposomes (NL) following lyophilization, rehydration
and then extrusion. Next, lipidic microbubbles (MB) were gen-
erated by Sulphur hexafluoride (SF6) gas bubbling. NL were
then conjugated onto the MB following pyridyl disulfide reac-
tion chemistry. The microbubbles conjugated nanoliposome
(MB-NL) system, when applied with concomitant ultrasound,
showed promising results in enhancing the formation of the
hair follicle and hair growth compared to the control groups
(Table 4).

5.2 Polymer-based nanoparticles

Polymeric nanoparticles (PNPs) hold the promise of being a
potential alternative for safer non-viral delivery of genetic
cargos. PNPs are commonly synthesized using cationic poly-
mers that can electrostatically bind the negatively charged
phosphate moieties of the DNA/RNA backbone. Once com-
plexed, PNPs can ensure that the nucleic acids are protected
from nucleases found in the body, reduce immunogenicity
and improve cellular uptake of the genetic cargos."* Common
polymers used in the synthesis of polymer-based nanoparticles
include poly(lactic-co-glycolic acid) (PLGA), polyethyleneimine
(PEI), poly-beta-amino ester (PBAE), poly r-lysine (PLL), chito-
san and poly(amidoamine) (PAMAM)."*°

Zhang et al. formulated polymeric nanoparticles using
cholesterol (CHO)-terminated ethanolamine-aminated poly
(glycidyl methacrylate) (CHO-PGEA) rich in hydroxyl groups to
deliver a plasmid cassette encoding Cas9 and sgRNA against
fibrillin-1 (Fbn1), which mutations are responsible for Marfan
syndrome carrying several complications including aortic
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aneurysms."*' CHO-PGEA was selected based on previous find-
ings suggesting that the presence of hydroxyl groups in both
lipid-"** and polymer-"** based transfection reagents improved
their safety, biocompatibility and transfection efficiency. Du
et al. showed how the formulated nanoparticles significantly
reduced the protein adsorption and weakened the haemolytic
properties as compared to polyethyleneimine (PEI)-CRISPR
conjugates. Because accumulation of nanoparticles is difficult
to achieve in the aorta, Du et al. treated the animals daily for 7
days with a pressor dose of Angiotensin II (Ang II) prior to the
administration of the nanoparticles. They hypothesized that
this process would increase vascular wall pressure, enhancing
the vascular permeability, thus facilitating nanoparticles
accumulation in the aorta. This was confirmed by ex vivo
optical images showing that, following intravenous adminis-
tration, Sulfo-Cyanine5 (Cy5) labelled CHO-PGEA NPs accumu-
lated in the aorta with a higher significance in animals pre-
treated with Ang II. In further studies, the authors confirmed
successful gene editing of Fbn1, with no signs of toxicity.

Qi et al. formulated lactose-derived branched cationic bio-
polymers (LBP) delivering plasmid encoding for Cas9 and
sgRNA against Survivin to treat orthotopic hepatocellular carci-
noma (HCC).** The authors hypothesised that lactose is likely
to be a highly efficient carrier for HCC therapy, due to the
great affinity between asialoglycoprotein receptor (ASGPr),
expressed prevalently on parenchymal liver cells and hepatic
cancer cells and the galactose residues present in the lactose.
First, lactose was reacted with cystamine to produce amine
lactose (L-NH,). Then, an open-ring reaction between L-NH,
and triglycidyl iso-cyanurate was performed to obtain LBP. The
highly cationic LBP were then electrostatically complexed with
the LBP. In the formulation process, cysteamine was used to
introduce disulphide linkages that can be easily degraded in
the reductive intra-cellular space. In fact, in the cytoplasm and
nucleus, the high concentrations of redox molecules, such glu-
tathione, facilitate the cleavage of the disulphide bonds and
the release of the nucleic acids."** To confirm their hypothesis
on LBP affinity to liver cells via galactose and ASGPr inter-
action, the authors intravenously administered LBP or negative
control PEI labelled with Cyanine7-N-hydroxysuccinimide ester
(Cy7-NHS). Optical imaging of liver tissues four hours post
injection showed significantly higher Cy7 signal in the
animals injected with LBP as compared to those injected with
PEL Therapy studies revealed that animals receiving LBP had
reduced tumour growth compared to untreated controls.
Efficacy of Survivin gene editing was further enhanced by co-
administration of sorafenib, a multi-kinase inhibitor clinically
used for the treatment of HCC.

In another study, Tu et al. utilised PEG-coated PEI-PLGA
PNPs for the co-encapsulation of CRISPR/Cas9-Cdk5 plasmid
and paclitaxel to trigger immunogenic cell death in tumour
models for melanoma and colon carcinoma.’® Given the
hydrophobicity of PXT, the drug was firstly encapsulated into
PEI-PLGA. Then, the CRISPR/Cas9-Cdk5 plasmid was incu-
bated with PXT-PEI-PLGA nanoparticles (NPpxy) to facilitate
electrostatic condensation of the nucleic acids onto the posi-
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tively charged nanoparticles. The PXT-CRISPR nanoparticles
(NPpxr.cars), were then coated with PEG conjugated to maleic
acid amide linker (PEG-CDM) to protect the plasmid from
enzymatic degradation and reduce opsonization and phagocy-
tosis of the PNPs. Once the PEG-CDM coated NPpxr.cdks, reach
the acidic tumour microenvironment the CDM linker is
cleaved, and the cationic NPpxr.cqrs are taken up by cancer
cells through endocytosis. IV injection of these nanoparticles
caused efficient Cdk5 gene KO, which resulted in the reduction
of the programmed death-ligand 1 (PD-L1).
Immunohistochemical (IHC) analysis of tumour tissues identi-
fied the presence of different damage-associated molecular
patterns (DAMPs) in the groups treated with paclitaxel, con-
firming PTX triggered immunogenic cell death. Animals
receiving combination treatment showed significantly reduced
tumour growth as compared to untreated controls and
animals treated with either gene editing or chemotherapy.
Cdk5 targeting using PNPs was also adopted by Deng et al. for
the treatment of melanoma.’” To address toxicity concerns
caused by the polymer PEI, Deng et al utilized the bio-
degradable cationic polymer poly(f-amino esters) (PBAEs).
Intravenous injection of these PNPs resulted in successful
gene editing leading to significantly reduced tumour growth
compared to anti-PD-L1 antibody treatment controls in both
B16F10 and 4T1 tumour models.

Conjugation of tumour-specific aptamers to NPs is often
utilized to increase tumour accumulation of the NPs with the
final aim of improving treatment efficacy and concomitant
reduction of overall toxicity. Liang et al. designed
PEG-PEI-Cholesterol (PPC) NPs encapsulating CRISPR plasmid
targeting VEGFA and conjugated with an osteosarcoma cell-
specific aptamer.® These NPs showed an improved tumour-
specific biodistribution compared to their non-functionalized
counterpart. The delivery system could induce significant
VEGFA KO, which resulted in reductions in tumour growth
and reduced lung metastasis.

To encapsulate pCas9/sgRNA and donor Retinoschisin 1
(RS1)-GFP-plasmid, Chou et al. developed supramolecular
nanoparticles (SMNP) generated through the self-complexation
of three different polymers, namely p-cyclodextrin (CD)-grafted
branched polyethyleneimine (CD-PEI), adamantane (Ad)-
grafted poly-amidoamine dendrimer (Ad-PAMAM), and Ad-
grafted poly(ethylene glycol) (Ad-PEG), as an application for
X-linked juvenile retinoschisis treatment.>” Following a high-
throughput approach based on two microfluidic systems'?” the
authors screened different formulations in vitro in B16 cells
and identified the best formulation which was then intravitre-
ally injected into the mice eyes. SMNP treatment resulted in
successful RS1/GFP expression at 18 post injection as detected
by optical coherence tomography, Sanger sequencing and IHC
analysis, with no evidence of histological abnormalities.

5.3 Cell-penetrating peptides

Cell-penetrating peptides (CPPs) are short lengths of amino
acids (typically 5-30 amino acid residues in length) that can be
cationic, amphipathic, or non-polar. They can enhance trans-
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port of proteins, drugs, nucleic acids and imaging agents
directly across the cell membrane or following -clatherin-
mediated endocytosis.>® CPPs have been safely used in vivo in
several pre-clinical and clinical research studies for imaging
and therapeutic purposes.**®

Wang et al. formulated PEGylated helical polypeptide nano-
particles (P-HNPs) which consisted of poly(y-4-((2-(piperidin-1-
yl)ethylJamino-methyl)benzyl-i-glutamate) (PPABLG) surrounded
by PEG-pgencapsulating Plk1 targeting CRISPR plasmid.*
PPABLG was chosen based on previous findings by the Cheng
group,”®” who proposed a core of o-helical polypeptide with
side-chains featuring a cationic terminus to facilitate effective
gene transfer. Due to the non-natural amino acid sequence in
the PPABLG backbone and the long hydrophobic side chains,
P-HPNs featured improved stability against nucleases. Following
three intratumoural injections of P-HNPs, successful in vivo
PLK1 gene knockout was confirmed by Western Blot. Reduction
in PIk1 expression significantly inhibited HeLa xenograft growth
and improved overall animal survival.

To increase CRISPR/Cas9 gene editing specificity to target
cells and reduce potential off-target effects Chung et al. formu-
lated oligoplexes consisting of adipose tissue targeting
sequence (ATS) peptide (CKGGRAKDC) conjugated to a 9-mer
of p-arginine (9R),>® previously reported to specifically bind
Prohibitin protein expressed on the membrane of adipose
tissues."*® CRISPR plasmid for dead Cas9 (dCas9) and sgRNA
against fatty acid binding protein 4 (Fabp4) were complexed
with ATS-9R to form nanocomplexes as a treatment for obesity
induced metabolic syndrome. Peritoneal injection of these
nanocomplexes in high fat diet (HFD) mouse models resulted
in reduced inflammation in adipose tissues as well as
reduction in blood glucose levels and body weight.

Owing to the amphiphilic nature, R7L10 peptide (NH2-
RRRRRRRRLLLLLLLLLL-COOH) has been widely used to
encapsulate hydrophobic drugs into the core of self-assem-
bling peptide-micelles."** R7L10 micelles possess a highly cat-
ionic surface charge making them good candidates for nucleic
acid encapsulation and delivery. Park et al used R7L10
peptide to formulate nanocomplexes carrying RNP to target
beta-secretase 1 (Bacel) and tyrosine hydroxylase (Th) in post-
mitotic neurons.'® The complexation of R7L10 peptide and
the RNP was facilitated by electrostatic interactions between
the negatively charged RNP and cationic R7L10. As reported in
Table 4, gene knockout in the brain was confirmed and was
able to induce measurable therapeutic improvement in
Alzheimer’s disease mouse models such as significant plaque
reductions and improved spatial working memory.

5.4 Gold-based nanoparticles

Gold nanoparticles (GNP) are inorganic vectors which due to
their tuneable size, shape and large surface area can be uti-
lized to load different cargos via ionic or covalent coupling,
electrostatic interactions or physical adsorption.’*° Notably
GNP benefit from surface plasmon resonance properties
making them suitable for thermal and photodynamic thera-
peutic applications.'*!
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In the context of in vivo CRISPR delivery, GNP were utilized
to deliver large cargoes such plasmids and RNP. Following the
loading of the CRISPR cargoes onto the GNP, these were func-
tionalized through different approaches to enhance their cellu-
lar and nuclear internalization. Based on previous reports
suggesting that HIV-1-transactivator of transcription (TAT)
peptide can promote nuclear localization of GNs and improve
pPDNA in vitro transfection,'*” Jiang group loaded TAT peptide
onto gold nanoclusters (GNs) generating positively charged
TAT-GNs.%¢ This binary complex was then electrostatically com-
plexed with Cas9 protein and sgPlk-1 plasmid. To protect the
cargoes from enzymatic degradation and facilitate the circula-
tion of the nanoclusters in the bloodstream, TAT-GNs-Cas9-
sgPlk-1 complexes were coated with a cationic lipid shell con-
sisting of DOTAP, DOPE and cholesterol and a PEG layer
(DSPE-PEG). This vehicle could induce significant reduction in
Plk-1 expression as well as ensuring significant suppression of
melanoma tumours following a course of multiple intratu-
moural injections.

To enhance membrane fusion of GNPs and facilitate trans-
location of the RNP directly into the cytosol bypassing endo-
somes, Lee et al. formulated arginine coated self-assembling
gold nanocomplexes.'®® Following systemic administration of
these nanocomplexes, significant accumulation of gold was
observed in macrophages of liver and spleen, which resulted
in efficient gene editing of phosphatase and tensin homolog
(PTEN) gene. The authors speculate that the preferential
accumulation of the nanocomplexes in macrophages might be
due to the large particles size (285 nm) and the absence of
PEGylation. These two factors can facilitate the passive target-
ing of macrophages as described by Chan’s group in their
studies investigating the macrophages’ uptake of GNs in corre-
lations with the nanoparticles size, PEGylation and protein
corona adsorption.'*?

Lee et al. designed CRISPR-gold nanoparticles which
showed efficient transfection in different cell lines.”>*>” The
carrier utilized in this study was composed of an internal gold
core which was firstly coated with a 5’ thiol modified single
stranded oligonucleotide, containing a region complementary
to the donor DNA. Then, the donor DNA was hybridized with
DNA-SH, followed by adsorption of RNP, forming a CRISPR-
gold complex. Next, the CRISPR-gold complex was coated with
a cationic endosomal disruptive polymer Poly-N-[N-(2-amino-
ethyl)-2-aminoethyl] aspartamide (PAsp(DET)). Pasp(DET) fea-
tures selective membrane destabilizing properties within the
acidic endosomal compartment enabling efficient endosomal
escape of the cargoes.'**'*® Once in the cytoplasm, gluta-
thione cleaves the thiol linker of DNA-SH allowing the release
of the donor DNA and RNP. The cationic charge of the
polymer triggered endosomal disruption causing the release of
the CRISPR components. Lee et al. utilized these nanoparticles
for the correction of a point mutation in the dystrophin gene
for the treatment of Duchenne Muscular Dystrophy (DMD).>
Intramuscular injection of the designed nanoparticles could
ensure 5.4% editing of the dystrophin gene which was
reflected in improved strength and agility of the treated
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animals. These nanoparticles were then utilized by the same
group in another study to deliver RNP targeting the metabotro-
pic glutamate receptor 5 (mGluR5) gene.*® The study showed
that intracranial injection of the nanocomplex induced suc-
cessful mGIluR5 knockout and subsequently reduced phenoty-
pic repetitive behaviours associated with Fragile X Syndrome.
In vitro biocompatibility testing also concluded that CRISPR-
gold showed no adverse effects on neuronal membrane health
or neuronal excitability. However, in vivo testing only adminis-
tered very small quantities (picomoles) of gold to mice brain
tissues. Furthermore, the study acknowledged that with mul-
tiple injections of CRISPR-Gold, the gold nanoparticle core
could potentially accumulate in tissues of the brain and cause
toxicity. This is a significant limitation when it comes to clini-
cal translation.

5.5 Hybrid nanoparticles

Hybrid nanoparticles (HNP) are formulated combining mul-
tiple types of materials, with the aim of enhancing the pro-
perties or creating synergy between the individual com-
ponents. HNP, with different compositions, were utilized in
four studies for the delivery of CRISPR plasmid and RNP.

Wang et al. generated hybrid nanoparticles combining
gold, targeting peptides and lipids.** Plk-1 targeting plasmids
were electrostatically complexed with the TAT-GNs and coated
with a combination of lipids (DOTAP, DOPE, cholesterol,
PEG2000-DSPE). The therapeutic effect of TAT-GNs mediated
Plk-1 gene editing of subcutaneous melanoma tumour model
was further enhanced by concomitant application of
irradiation, resulting in greater tumour eradication.

Li et al. developed hybrid nanoparticles featuring a poly-
meric fluorinated core encapsulating CRISPR plasmid, which
was then coated with a multifunctional shell composed of PEG
functionalized hyaluronan (HA) and linked to RGD peptide
octa-arginine conjugates (RGD-R8).%> The authors hypoth-
esized that the incorporation of RGD-R8 tandem peptide, into
the RGD-R8-PEG-HA core-shell resulted in an artificial virus-
like structure (RRPHC) that could guarantee specific targeting
to integrin a,f; often overexpressed on tumour vascular endo-
thelial cells. Once in the tumour, HA could be partially
degraded by the hyaluronidase overexpressed in the intracellu-
lar compartments of the cells, releasing the plasmid complex.
RRPHC, injected intraperitoneally, were able to successfully
knockout the MTH1 gene of human ovarian cancer in a meta-
static model, which resulted in a significant reduction of
tumour nodules compared to control groups.

Guo et al formulated a tumour targeted non-cationic,
deformable nanolipogel (tNLG) to encapsulate CRISPR plas-
mids.”® The nanolipogel was based on a combination of non-
cationic lipid and polymeric components. The use of non-cat-
ionic components bypassed reliance on electrostatic inter-
actions to form the complex, whilst also avoiding cationic
charge-induced toxicities. The lipid bilayer of tNLG was com-
prised of two lipids and a naturally occurring biopolymer (algi-
nate). This created a polysaccharide network between the algi-
nate hydrogel and lipid bilayers, which ensured encapsulation
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and retention of the CRISPR plasmids within the nano-
particles. Intracellular Adhesion Molecule 1 (ICAM-1) anti-
bodies were then conjugated to the surface of the nano-
particles to allow for tissue-specific targeting of triple-negative
breast cancer (TNBC) tissues. ICAM-1 tumour specificity was
confirmed both in vitro and in vivo. Higher uptake of ICAM-1
tNLG was observed in orthotopic TNBC model compared to
TNLG alone. Systemic delivery of these hybrid nanoparticles
ensured high Len2 gene knockout, resulting in significant
tumour growth reduction.

Liu et al. created a virus like nanoparticles (VLN) for the
delivery of RNP in a melanoma disease model. Co-delivery of
RNP with the anticancer drug Axitinib was also investigated.""*
The core of VLN consisted of surface-thiolated mesoporous
silica nanoparticles (MSN). For co-delivery studies, Axitinib, a
small molecule inhibitor of tyrosine kinase, was loaded into
the pores of the nanoparticles. The pores were then ‘locked’ by
conjugation with the RNP via disulphide bonds. The complex
was coated with a lipid layer in order to protect RNP from enzy-
matic degradation. The mechanism of RNP release from the
VLN core was based on the glutathione cleavage of the disul-
phide bonds between RNP and the MSN core. Since gluta-
thione tends to be aberrantly overexpressed by tumour cells,
the authors hypothesized that this approach could guarantee a
tumour-specific release of the RNP. This phenomenon was
confirmed by in vitro Forster resonance energy transfer (FRET)
analysis, which demonstrated that RNP detachment from VLN
occurred exclusively in the presence of glutathione. In vivo co-
treatment with RNP and Axitinib showed the most efficient
inhibition of tumour growth compared to mono treatment
controls.
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6. Discussion

The CRISPR/Cas9 system sparked a revolution in the field of
gene editing, representing a powerful tool to be exploited in
different disciplines from basic science to disease modelling
and development of clinical and pre-clinical therapeutic appli-
cations. The sharp increase in popularity of this technology
relies on the simple design, versatility in potentially targeting
any gene, and its relatively low cost. Though promising, several
factors must be considered before the CRISPR/Cas9 technology
can be adopted for clinical applications.

Whilst it is relatively simple to perform in vitro gene
editing, the in vivo translation is limited by a multitude of
factors. Firstly, a key obstacle is the inability to administer any
of the naked CRISPR formats directly into the body. Once
injected, CRISPR cargos are quickly degraded by endogenous
endonucleases and proteases found in the bloodstream.
Secondly, due to their large size, anionic charge and hydro-
philic nature, CRISPR formats have limited ability to cross the
cell membrane and traffic into the intracellular compartments,
thus impeding specific and efficient gene editing. The delivery
of naked genetic material (pDNA, RNA) can rapidly induce an
innate immune response via the pattern recognition receptors
(e.g. TLR3, TLR7/8), which can then result in the acquisition of
adaptive immunity.’*® Adaptive immunity could also be eli-
cited by the delivery of Cas9 protein which is commonly
derived from Streptococcus pyogenes, and Staphylococcus
aureus, bacteria that frequently infect humans.®® There is,
therefore, the need for a delivery system that could guarantee
protection of the CRISPR/Cas9 components, efficiently deliver
it to the target cells, and attenuate its immunogenic pro-

Examples of the different delivery systems for CRISPR/Cas9 in vivo gene editing

PNP

HNP

GNP CpPP

Examples of surface modifications for improved cell targeting of the delivery systems

QS
)
\Y 4 ¢
\g
Antibodies Peptides

Aptamers PEGylation

Fig. 4 Examples of different delivery systems and surface modifications adopted for CRISPR/Cas9 in vivo gene editing. Representative schematic
illustration of polymeric nanoparticles (PNP), lipid nanoparticles (LNP), hybrid nanoparticles (HNP), gold nanoparticles (GNP) and cell penetrating
peptides (CPP) utilized for the delivery of CRISPR/Cas9 cargos. Surface modification of these nanoparticles includes incorporation of antibodies,

peptides, aptamers, and PEGylation. Created with BioRender.com.
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perties. While viral vectors have been widely used for in vivo
CRISPR/Cas9 gene editing, their human translation is intrinsi-
cally limited by genotoxicity, mutagenesis, and immunogeni-
city concerns.

Different organic and inorganic materials have been
employed to formulate nanoparticles with controlled size,
shape and surface charge enabling efficient encapsulation of
the different CRISPR/Cas9 cargos (Fig. 4). Among these, lipid-
based NPs represent the major class of non-viral vectors that
have been utilized to overcome the main challenges of
CRISPR/Cas9 in vivo application. Cationic lipids can electro-
statically complex with the anionic nucleic acids and RNP
forming nanoparticles characterized by an external phospholi-
pidic bilayer and an aqueous core in which the genetic
material lies, thus protecting the payloads from enzymatic
degradation.

Nanoparticles, once injected, can be easily opsonized, and
cleared through the reticuloendothelial system (RES), hinder-
ing the delivery of the cargos to the target -cells.
Functionalization of the nanoparticles with hydrophilic poly-
mers, such as PEG, is often implemented to reduce the adsorp-
tion of serum proteins onto the NPs. This can prolong the NPs
stability in the physiological fluids as well as reducing its clear-
ance by the RES.

Once the target site has been reached, the NPs must guar-
antee the internalization of the cargos into the intracellular
compartments. Due to their fusogenic properties, lipids are
often incorporated not only in lipid-based nanocarriers but
also as a coating for other types of carriers such as polymeric
and gold nanoparticles, to facilitate the endocytosis of the NPs
into the intracellular compartments.

Once internalized by the endosome, the NPs must remain
intact and facilitate endosomal escape prior to lysosomal
digestion, which otherwise will eventually degrade the genetic
material. Depending on the composition of the NPs, endo-
somal escape could be achieved through different approaches.
In the acidic environment of the endosome, pH-responsive
lipids protonate and fuse with the endosomal membrane de-
stabilizing it, enabling the release of the cargos into the
cytosol."”” Cationic polymers like PAMAM and PEI, can also
induce endosomal escape via the proton sponge effect,'*14
Cell-penetrating peptides can be utilized alone or to coat NPs
to enhance endosomal membrane disruption or facilitate the
formation of micropores that enables the release of the
cargos.'*®

NPs are often conjugated with peptides or antibodies that
can specifically bind to receptors overexpressed on the target
cells (i.e., EGFR or o,f; on cancer cells). This approach can
enhance the uptake of the nanoparticles in the organ of inter-
est and limit unwanted off-target effects on healthy tissues.

As highlighted in this review, several types of non-viral
vectors have been successfully developed to mediate the deliv-
ery of CRISRP/Cas9 in vivo with therapeutic efficacy. While
promising, each technology holds specific limitations that
should be accurately addressed to increase its efficacy, safety
and suitability for clinical translation. A noteworthy Phase I

This journal is © The Royal Society of Chemistry 2022
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clinical study sponsored by Intellia Therapeutics, has been
evaluating the safety and pharmacodynamic of NTLA-2001, a
lipid-based nanoparticle system encapsulating Cas9 mRNA
and sgRNA targeting TTR protein in patients affected by her-
editary ATTR amyloidosis with polyneuropathy.’> A dose-
dependent response was observed 28 days post single adminis-
tration, with maximal reduction in TTR expression (87%) in
the group that received a dose of 0.3 mg per kilogram. This
study represents the first proof of concept of the feasibility of
in vivo non-viral CRISPR/Cas9 mediated gene editing in
humans. While further examination is still required, these
early positive outcomes are highly encouraging, further incen-
tivising pre-clinical and clinical research for a safer and
efficient in vivo non-viral CRISPR/Cas9 gene editing.
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