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The CRISPR-Cas system has revolutionized the biomedical research field with its simple and flexible
genome editing method. In October 2020, Emmanuelle Charpentier and Jennifer A. Doudna were
awarded the 2020 Nobel Prize in chemistry in recognition of their outstanding contributions to the dis-
covery of CRISPR-Cas9 genetic scissors, which allow scientists to alter DNA sequences with high pre-
cision. Recently, the first phase | clinical trials in cancer patients affirmed the safety and feasibility of
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ex vivo CRISPR-edited T cells. However, specific and effective CRISPR delivery in vivo remains challenging
due to the multiple extracellular and intracellular barriers. Here, we discuss the recent advances in novel
lipid nanomaterials for CRISPR delivery and describe relevant examples of potential therapeutics in
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1. Introduction

Gene manipulation holds tremendous potential for curing
genetic and infectious diseases by modifying DNA or RNA
sequences of the living organism genome." Since the discovery
of targeted gene disruption and integration in eukaryotic yeast
cells and mammalian cells in the 1980s, several genome tar-
geting nucleases have been introduced over the years, includ-
ing meganucleases, zinc finger nucleases (ZFNs), and tran-
scription activator-like effector nucleases (TALENSs).> While all
three nucleases target specific DNA sequences via protein-
DNA binding, targeting of the meganucleases and ZFNs
requires protein engineering and TALENs require complex
molecular cloning.’® The discovery of the clustered regularly
interspaced short palindromic repeat (CRISPR)-Cas (CRISPR-
associated) system revolutionized the gene-editing field: from
extensive protein re-programming to simple guide RNA (gRNA)
synthesis. The design flexibility and specificity of CRISPR
greatly simplify the targeting process, leading to massive adop-
tion of the CRISPR-Cas system in the biological field.””®
CRISPR was originally known as the immune defense
mechanism for prokaryotes to resist virus invasions.” The
CRISPR-Cas immunity is developed by adding a new spacer,
which is a small segment of the newly encountered virus
genome, to the CRISPR locus. The CRISPR locus is then tran-
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cancers, genetic disorders, and infectious diseases.

scribed and processed into CRISPR RNA (crRNA) containing a
single spacer that specifically directs the Cas endonucleases to
generate a double-stranded break (DSB) at the predetermined
viral genome.'® The resulting DSB undergoes endogenous
DNA repair pathways via non-homologous end joining (NHE])
or homology-directed repair (HDR). Both pathways result in
genome editing at the cleavage site: the predominant NHE]
pathway pastes together the two ends of the broken DNA,
which often introduces insertion or deletion mutations, while
HDR results in precise repair with the help of a donor
sequence."! Therefore, the CRISPR-Cas system can be easily re-
programmed to target specific genomes with the right gRNA.
Due to the specificity and simplicity of the CRISPR system, it
has been highly utilized in in vitro experiments for gene
editing. However, the application of CRISPR technology for
humans both in vivo and ex vivo remains controversial due to
safety concerns related to potential off-target effects. In 2020,
the results of the first-in-human clinical trial using the
CRISPR engineered T cell to treat late-stage lung cancer
showed few off-target genome editing events and no severe
treatment-related adverse events, thus supporting its safety
and feasibility for clinical use.'?

Many Cas proteins are currently being investigated for gene
editing. The widely used class 2 type II endonuclease Cas9
system can be reprogrammed by engineering a single guide
RNA (sgRNA), which is the heterologous recombinant of
crRNA and transactivating crRNA (tracrRNA).'*'* In recent
years, many Cas proteins have been repurposed to assemble
with gRNA to form effector complexes, resulting in precise
sequence recognition and targeted cleavage. Among them, the
DNA-targeting Cas12a and RNA-targeting Casl3a are being
extensively studied as they only require one short crRNA for
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target editing.">'® Furthermore, second-generation CRISPR,
like base editing and prime editing, uses catalytically deficient
Cas9 (dCas9) with functionally distinct DNA binding and
encodes the desired edit, without inducing DNA double-
stranded breaks."”'® For example, the adenine base editor
(ABE) enables point mutations of A-T to G-C more efficiently
with fewer off-target editing events compared to Cas9 nuclease
and does not require DSB, HDR, or donor DNA templates."”
With its programmable targeting ability, the versatile dCas9
offers other biological applications beyond gene editing,
including gene regulation, epigenetic editing, and chromatin
imaging and topology.”

While CRISPR technology has the potential to essentially
edit any gene, delivering the CRISPR system into the target cell
remains a barrier for CRISPR-based gene editing in vivo. For
example, the Cas-gRNA ribonucleoprotein (RNP) complex may
suffer from instability and poor intracellular viability due to its
large size, varying surface charge, and fragile tertiary struc-
tures.”® Furthermore, CRISPR-Cas gene editing depends on the
complex of Cas nuclease and gRNA in the nucleus of the target
cell. Thus, the appropriate dosage of all CRISPR components
must be delivered to the target cells within the desired time
frame.”’ Early in vivo genome editing used viral vectors to
deliver CRISPR genes for gene transduction through self-
amplification, extrachromosomal amplification, or even host
genome integration. However, viral-based delivery may prolong
the presence of the RNP complex and may increase off-target
mutations.>”> To achieve safe delivery with high efficiency,
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novel materials and delivery strategies are emerging in the bio-
material research community.>* Here, we discuss the recent
advances in lipid nanomaterial-mediated CRISPR delivery with
a focus on therapeutic genome-editing applications.

2. The CRISPR delivery system

CRISPR delivery can be divided into two categories: the
CRISPR-Cas format and the delivery vehicle. The CRISPR-Cas
system can be provided in the format of a plasmid DNA encod-
ing both the Cas nuclease and gRNA; Cas mRNA and gRNA
separately; or a Cas-gRNA ribonucleoprotein (RNP) complex
(Fig. 1). The selection of delivery vehicles is largely dependent
on the application and format of the CRISPR-Cas system.

2.1. The CRISPR-Cas format

To achieve gene editing, a functional RNP complex must be
present in the cell nucleus. Direct RNP delivery has two major
advantages: quick onset as it skips the transcription and trans-
lation processes, and transient expression that reduces off-
target editing and related toxicity. However, the large size of
the Cas nuclease and the heterogeneous charge of the RNP
complex complicates the passage through both the cell and
*' For example, Streptococcus pyogenes
Cas9 (spCas9) nuclease is relatively large compared to

nuclear membranes.

common delivery cargos, with a molecular weight of around
158.3 kDa.”® The excess positively charged residues of the Cas9
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Fig. 1 Intracellular pathways for plasmid-, RNA-, and RNP-based CRISPR delivery.
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nuclease and the negatively charged long phosphate backbone
of the guide RNA make it difficult to cross multiple cellular
membranes and reduce the stability of the RNP complexes.>*
Yet, the CRISPR-Cas system is highly flexible and has been
adapted into plasmid- and RNA-based formats, allowing the
target cell to produce its own RNP.*®

Plasmid-based delivery is currently the primary approach
used to deliver CRISPR components under laboratory settings
due to its stable nature and low production cost. The nucleus-
targeted CRISPR-Cas system can be engineered by encoding
gRNA sequences into a CRISPR plasmid or using separate plas-
mids for each component.'® Similar to RNP-based delivery,
plasmids encoding the Cas-gRNA sequence must cross both
the cell and nuclear membranes to exert their therapeutic
effects. Once inside the nucleus, the plasmid replicates as part
of the host genome and results in sustained expression of the
Cas nuclease, which may lead to a higher chance of off-target
effects and raises safety concerns.”®?’

The third option is to use mRNAs encoding the Cas protein
sequence, which can be translated by ribosomes in the cyto-
plasm and then joined together with gRNA to form RNP.*®
Similar to RNP-based delivery, the transient nature of mRNA
greatly reduces the off-target effect by limiting the number of
Cas nucleases in the cell.”® Furthermore, both mRNA and RNP
delivery methods offer no risk of integrating the host genome
with exogenous DNA. However, the complex manufacturing
process and preservation of the biological activities of RNA
and RNP restrict the widespread application of these delivery
methods.?® Recent progress has been made towards an engin-
eered CRISPR-Cas system by either redesigning crRNA or mod-
ifying the Cas nuclease-encoded mRNA.>>*" ¢rRNA can be
engineered through structural alteration in the stem region
and chemical modification in the linkage, ribose, and
nitrogenous base. For example, 2-O-methyl-3'-phosphonoace-
tate (MS) or 2’-O-methyl-3’-thioPACE (MSP) modification at
specific sites in the crRNA significantly reduces the off-target
effect and enhances the genome editing efficiency for both
RNA- and RNP-based deliveries.**** Chemical modification of
mRNA modulates the stability, expression, and biological
activities of mRNAs in the cell.** Pseudouridine- (¥-), 5-meth-
oxyuridine- (5moU-) and methylpseudouridine-modified
(me'y-) mRNAs have been reported to increase the mRNA half-
life, improve protein expression, and reduce immunogenicity.*> >
Optimized chemical modifications of CRISPR-Cas mRNA and
2RNA lead to further development of CRISPR-associated biological
applications in vivo.

2.2. Current CRISPR delivery platforms

Three common approaches are used for the CRISPR-Cas
system delivery: physical delivery, viral vector, and non-viral
vector.>® The common physical delivery is accompanied by cell
membrane disruption: microinjection delivers a controlled
dosage of the cargo to the intended cellular sites using a
micron-level needle, while electroporation and hydrodynamic
delivery manipulate external forces to disrupt the cellular
membrane.”’ Viral vectors, including adeno-associated virus
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(AAV), adenovirus, and lentivirus-based vectors, are commonly
used for CRISPR delivery due to their long-term editing
efficacy and high versatility for in vitro, ex vivo, and in vivo
applications.?**!
off-target effects that can trigger mutagenesis or carcinogen-
esis which questions the safety of repeated administration.*?
Alternatively, a wide variety of non-viral vectors using organic
or inorganic materials have been reported over the last decade
as an emerging field of research. Common non-viral vectors
include lipid- and polymer-based nanoparticles, DNA nano-
clews, cell-penetrating peptides (CPPs), and inorganic
nanoparticles.*®** This article focuses on the recent advances
in lipid-based nanoparticles (LNPs) for CRISPR delivery
(Fig. 2).

LNPs are colloidal lipophilic systems composed of multiple
components, like phospholipids, cholesterol, and polyethylene
glycol (PEG).***> PEGylation cloaks the LNPs from the body’s
reticuloendothelial system and increases their colloidal stabi-
lity, resulting in prolonged circulation time.*® LNPs can be pro-
duced through various methods, such as the thin-film
hydration method, the active loading method, or the recently
developed microfluidic technology.*”*®* LNPs have unique fea-
tures that are beneficial for CRISPR delivery, including great
biocompatibility, high loading efficiency, good stability, ease
of modification and large-scale production.** However, con-
cerns have been raised over the biodistribution and toxicity of
LNPs, as well as their tendency to trigger immune responses
in vivo.>

To overcome the

However, virus-based vectors may provoke

aforementioned concerns, several
approaches were developed by modifying the lipid chemical
structure and its pharmacological properties.”’® Zhang et al.
developed and screened a library of functionalized N*,N* ,N°-tris
(2-aminoethyl)benzene-1,3,5-tricarboxamide derivatives (FTT) to
achieve efficient liver delivery. Among them, FTT5-mediated
delivery of mRNA encoding adenine base editors (ABEs) and
sgRNA targeting PCSK9 showed high genome editing efficiency
in the mouse liver at a low dose of 0.125 mg kg™".>” Cell-specific
LNP delivery reduces toxicity and off-target effects by binding to
the desired cell via targeting ligands, such as proteins, anti-
bodies, aptamers, small molecules, and carbohydrates.’®
Targeted delivery can also be achieved through the engineering
of multifunctional LNPs, which utilizes the physiochemical pro-
perties and lipid composition of LNPs to achieve different
biodistributions.>*®® Sun et al. developed a pH-sensitive multi-
functional amino-lipid, (1-aminoethyl)iminobis[N-(oleoylcystei-
nyl-1-aminoethyl)propionamide] (ECO), for plasmid- and RNA-
based CRISPR delivery as ECO-derived lipids efficiently self-
assemble with nucleic acids. Nucleic acids can form an electro-
static complex with the protonatable amino headgroup in ECO,
conjugate with cysteinyl residues via disulfide bond cross-
linking, and be further condensed by the hydrophobic lipid
tails. The ECO lipid carriers induced minimal hemolysis at
neutral pH, whereas the hemolytic activity increased signifi-
cantly in an acidic environment.”® Additionally, changes in lipid
compositions and structures can also achieve different LNP bio-
distributions. For example, incorporation of additional cationic
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Fig. 2 Anillustration of the types of lipid-based nanoparticles (LNPs) for CRISPR delivery.

or anionic lipids can lead to selective organ targeting (SORT) in
the lungs, spleen and liver following intravenous administration
in vivo.** More recently, Liu et al. synthesized a library of multi-
tailed ionizable phospholipids (iPhos) for mRNA-based CRISPR
delivery. By tinkering with the chemical structures of iPhos,
they were able to alter in vivo editing efficiencies and enable
organ selectivity.®”

Complex delivery systems that combine lipid materials
with other carriers provide an attractive avenue to improve
the specificity and efficiency of CRISPR delivery. One
approach is to deliver each CRISPR component separately by
taking advantage of different platforms. For example, in a
mouse model of human hereditary tyrosinemia, mice were
treated with LNP-encapsulated Cas9 mRNA to allow transient
nuclease expression while AAV-encapsulated U6-sgRNA cas-
sette and HDR repair template prolonged the expression of
sgRNA. This combination corrected more than 6% fumaryla-
cetoacetate hydrolase (Fah)-splicing mutation in the mouse
liver.® Another approach is to fuse or coat the carrier with
lipid materials to maximize the beneficial properties and
specificity of both carriers. Hybrid nanoparticles that fuse
exosomes and liposomes significantly increase an exosome’s
efficiency in encapsulating large CRISPR plasmids while
maintaining their ability to cross stringent biological bar-
riers.®* Moreover, applying a positively charged lipid bilayer
to colloidally stable stellate mesoporous silica nanoparticles
(MSN) results in rapid degradation into non-toxic silicic acid
under physiological conditions, which makes it possible to
accommodate CRISPR components for a degradation-
mediated delivery.®’
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3. Applications of LNP-mediated
CRISPR delivery

3.1. Cancers

Cancers are caused by certain changes in the genome that
affect normal cellular functions, especially proliferation and
differentiation. CRISPR provides a novel anti-tumor strategy by
targeting essential genes for survival or by correcting the
genome errors in tumor cells. LNPs greatly facilitate the
accumulation of the CRISPR system at the tumor site through
multiple mechanisms, such as the enhanced permeability and
retention (EPR) effect, surface modification with a targeting
ligand, and pH/H,O,-responsive nanoparticles. This section
focuses on LNP-based CRISPR therapy via direct tumor target-
ing and cancer immunotherapy (Table 1).

3.1.1. Direct tumor targeting. Direct tumor targeting
directs the LNPs specifically to tumor cells, followed by the
release of the CRISPR-Cas system that targets essential genes
for survival and growth. The most straightforward strategy for
locating tumor cells is to target tumor-specific extracellular
proteins or other membrane-associated compositions. For
example, R8-dGR is a modified cell-penetrating peptide that
binds to the integrin a,f; and neuropilin-1 receptors, which
are often overexpressed in various cancers.”® Li et al. encapsu-
lated paclitaxel and CRISPR plasmids encoding Cas9 nuclease
and sgRNA targeting hypoxia-inducible factors-1a (HIF-1a),
which is a transcriptional modulator of cellular responses to
adapt to the oxygen-deficient tumor microenvironment, in R8-
dGR-modified cationic liposomes (R8-dGR-lip). Systemic

This journal is © The Royal Society of Chemistry 2021
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Table 1 Examples of lipid-based CRISPR-Cas delivery systems for cancer treatments
Delivery vehicle Cell line  Cargo Editing target ~ Model system Ref.
Direct Targeting Cationic lipid-encapsulated TAT A375 Plasmid Plk-1 In situ injection in xenograft 66
tumor genome peptide-modified gold mice model of human
targeting nanoparticles (LACP) melanoma
Ionizable amino lipid nanoparticle = GBM mRNA  Plk-1 Intracerebral injection of LNPs 67
005 into GBM 005 bearing mice
Ionizable amino lipid nanoparticle Human  mRNA  Plk-1 Intraperitoneal injections of 67
with EGFR-targeting ligand 0ovs EGFR-targeted LNPs into ovarian
mice model
Poly(ethylene glycol)-b-poly(lactic K562 Plasmid BCR-ABL Intravenous injection of CLANs 68
acid-co-glycolic acid) (PEG-PLGA)- fusion into chronic myeloid leukemia
based cationic lipid-assisted (CML) mice model
polymeric nanoparticles (CLANS)
Targeting Phenylboronic acid (PBA) derived HeLa mRNA  HPVISE6 HelLa cell culture 69
tumor cell lipid nanoparticles (PBA-BADP
LNPs)
R8-dGR modified cationic BxPC-3 Plasmid Hypoxia- Intravenous injections of R8- 70
liposome (R8-dGR-lip) inducible dGR-lip into pancreatic cancer
factor-1a (HIF-  xenograft and metastasis mouse
1a) model
Cancer immunotherapy Virus-like nanoparticles (VLN) co-  B16F10  RNP PD-L1 Intravenous injection into 71

delivering CRISPR-Cas9 system
with small molecule drugs

administration of R8-dGR-lip encapsulating Cas9/sgHIF-1a
plasmids markedly enhanced the cellular uptake and downre-
gulated HIF-1a expression in pancreatic BxPC-3 tumor cells.”®
In addition, they showed that the HIF-1a blockade could work
synergistically with paclitaxel in inhibiting tumor growth and
suppressing pancreatic cancer metastasis.”® In another study,
phenylboronic acid (PBA)-derived LNPs significantly enhanced
the cellular uptake of Cas9 mRNA/sgRNA in cancer cells over-
expressing sialic acid (SA) through surface PBA/SA inter-
actions.®® PBA LNP-mediated Cas9 mRNA/sgHPVISE6 delivery
knocks out the HPV18E6 gene, which functions as an onco-
gene by inducing p53 degradation, thus effectively inhibiting
HeLa cervical cancer cell growth and reducing cell viability by
50% in vitro.*®

Targeting an oncogene is also a commonly used strategy to
limit toxicity within the tumor. Most chronic myeloid leukemia
(CML) is caused by a chromosomal translocation that fuses the
breakpoint cluster region (BCR) gene with the Abelson murine
leukemia viral oncogene homolog (ABL) gene, which leads to
the overproduction of tyrosine kinase in abnormal blood
cells.”” Liu et al. designed a lipid-assisted polymeric CRISPR
delivery system to specifically target the overhangs of BCR-ABL
fusion without interfering with the BCR and ABL genes in the
normal cells. Intravenous injection of the Cas9/sgBCR-ABL
plasmid encapsulated in PEG-PLGA-based LNPs significantly
improved CML symptoms with minimal off-target effects and
increased the overall survival rate of CML mice.*® Also, the
mitotic protein kinase Polo-like kinase 1 (Plk-1) is often over-
expressed in tumor cells; thus targeting the Plk-1 gene demon-
strates great anti-tumor potency.”> Wang et al. condensed the
Cas9/sgPlk-1 plasmid (CP) into nucleus-targeting TAT peptide-
modified gold nanoparticles (AuNPs). The resulting AuNPs/CP
were further coated with lipids (DOTAP, DOPE, cholesterol,
and PEG) to maintain high stability of the inner core and

This journal is © The Royal Society of Chemistry 2021

B16F10 melanoma xenograft
mouse model

facilitate tumor cell internalization. After entering the tumor
cell, AuNPs are subjected to laser-triggered photothermal treat-
ments and release the Cas9/sgPlk-1 plasmid in the cytosol,
thereby enabling efficient Plk-1 knockout in melanoma tumor
cells and inhibiting tumor growth.®® Most recently, Rosenblum
et al. demonstrated efficient orthotopic glioblastoma inhi-
bition with a single intracerebral injection of amino-ionizable
LNPs encapsulating Cas9 mRNA and sgRNAs targeting the Plk-
1 gene (sgPlk-1-cLNPs).’” To reach disseminated ovarian
tumors, they further engineered the sgPlk-1-cLNPs with EGFR-
targeting antibodies. Intraperitoneal injections of EGFR-tar-
geted sgPlk-1-cLNPs selectively delivered into disseminated
ovarian tumors, which resulted in ~80% of gene editing
in vivo, inhibited tumor growth and increased the overall survi-
val rate by 80%.%” Although significant progress has been
made in utilizing the CRISPR system to directly modify cancer
cells, the mutagenic and evolving nature of cancer cells may
become resistant to such strategies. Thus, additional efforts
are needed to ensure lasting, safe, and efficient editing to
combat cancer.

3.1.2. Cancer immunotherapy. Most cancers can be recog-
nized and attacked by the body’s immune system, but the
immune suppressive nature of the tumor microenvironment
restricts the endogenous anti-tumor activities. Delivery of the
CRISPR system has broad prospects in cancer immunotherapy
by engineering therapeutic immune cells and the tumor
7475 Immune checkpoint blockade disrupts
the negative immune regulatory signals and reactivates the
immune response against tumors. Immune checkpoint inhibi-
tors toward programmed cell death 1 (PD-1) and cytotoxic T
lymphocyte antigen 4 (CTLA-4) on T cells have shown early
success in the clinic.”® Recently, the first-in-human clinical
trial reported that CRISPR-Cas9 knocked out PD-1 in T cells
with limited off-target effects, and extended the median survi-

microenvironment.
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val time in non-small cell lung cancer patients."> Besides
editing T cells, attenuated programmed death-ligand 1 (PD-L1)
expression on tumor cells can also disturb the PD-1/PD-L1
pathway.”” Liu et al. designed a virus-like nanoparticle (VLN)
to regulate multiple cancer-associated pathways by delivering
the CRISPR-Cas system with small molecule drugs. After
loading Cas9/sgPD-L1 RNP and axitinib in mesoporous silica
nanoparticles (MSN), a lipid layer composed of DOTAP, DOPC,
and PEG,,,-DSPE was formed on the surface to extend the cir-
culation time and protect RNP from enzymatic degradation.
CRISPR-mediated PD-L1 knockout in tumor cells reversed the
“cold” tumor immunity and enhanced the anti-tumor efficacy
of axitinib.”*

The aforementioned clinical and preclinical studies demon-
strate the potential therapeutic applications of lipid nano-
particles in overcoming CRISPR delivery limitations and devel-
oping long-lasting gene editing efficiency in cancer treatments.
However, the high recurrence rate and the emergence of drug
resistance in most types of cancer have prompted the continu-
ous development of new treatment modalities.

3.2. Genetic disorders

CRISPR technology also holds clinical potential for curing
many genetic disorders besides cancers, as a change in a
single nucleotide may reverse the disease-causing situation.
Recently, two patients were treated for sickle-cell anemia and
B-thalassemia by deleting the BCL11A gene in the stem cell
using CRISPR-Cas9 technology. Initial results showed long-
term allelic editing in hematopoietic stem cells, increased fetal
hemoglobin expression, and elimination of vaso-occlusive epi-
sodes.”® Gene-editing procedures have the potential to over-
come the barriers related to traditional treatment such as stem
cell or bone marrow transplant, namely donor availability and
compatibility. Treatments for most genetic disorders include
correcting the disease-associated mutation and inactivating
deleterious protein expression (Table 2).

Correcting the disease-associated mutation is the most
straightforward treatment for genetic disorders. For example,
an out-of-frame deletion mutation in the Duchenne muscular
dystrophy (DMD) gene alters the structure of the dystrophin
protein, which is primarily located in the skeletal and heart
muscles for movement. DMD is a severe and fatal monogenic
disease as patients suffer from breathing complications and
cardiomyopathy.?” CRISPR technology provides possibilities to
permanently remove the disease-causing mutation, thereby
restoring dystrophin expression and rescuing muscle
functions.”® %% For this purpose, sgRNA has been designed
to restore the reading frame by deletion of DMD exons.
Incorporation of 10% (molar ratio) permanent cationic lipid
DOTAP into the 5A2-SC8 ionizable LNPs formulation (5A2-
DOT-10 LNPs) promotes the encapsulation of Cas9/sgDMD
RNP in a neutral buffer. Mice with DMD exon 44 deletion,
which disrupts the dystrophin reading frame through splicing
of exons 43 and 45, were intramuscularly injected with 5A2-
DOT-10 LNPs encapsulating Cas9/sgDMD RNP to allow splicing
between exons 43 and 46. The treated mice showed a restored
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dystrophin reading frame as well as increased DMD protein
expression by 4.2%.”° More recently, CRISPR-editing was
applied to treat hereditary deafness by disrupting the trans-
membrane channel-like gene family 1 (Tmc1), which is the
major deafness-associated allele in the Beethoven (Bth) mouse
model. Cas9/sgTmc1®™ RNPs were mixed with cationic lipids
to form nanocomplexes and intracochlearly injected into neo-
natal Tmc1®"* mice, which induced up to 10% of Tmc1®"
allele disruption in vivo and significantly reduced progressive
hearing loss.*°

Inactivating deleterious protein expression has also been
investigated. Hypercholesterolemia has been widely investi-
gated in the last decade due to the discovery of proprotein con-
vertase subtilisin/kexin type 9 (PCSK9). Disrupting the func-
tion of PCSK9 helps maintain low cholesterol levels and
reduces the risk of atherosclerotic cardiovascular disease.”® In
vivo CRISPR editing presents a possible approach for the thera-
peutic antagonism of PCSK9.””®>°! zhang et al. developed
galactose-modified lipid encapsulated gold nanoclusters com-
plexed with Cas9/sgPCSK9 RNPs to target the asialoglycopro-
tein receptor (ASGPR) on hepatocytes. Compared with PEG-
coated nanoclusters, the galactose-lipid layer significantly
increased RNP delivery to the liver by eight-fold in vivo and
resulted in ~30% cholesterol reduction.’’ Besides RNP,
Cas9 mRNA/sgPCSK9 delivered by BAMEA-O16B bioreducible
LNPs was shown to accumulate in the mouse liver after sys-
temic administration and reduce serum PCSK9 levels down to
20% of the wuntreated group. The ionizable head in
BAMEA-016B facilitated RNA encapsulation, while glutathione
(GSH)-induced disulfide bond degradation triggers the release
of the RNAs intracellularly.®> The optimized cationic lipid-
assisted PEG-b-PLGA nanoparticle (CLAN) has also been used
to treat multiple genetic disorders. CLAN represents a safe,
effective, and controllable platform to protect nucleic acids,
overcome delivery barriers, and increase the encapsulation
efficiency.”> For example, the CLAN targeting B-cell activating
factor receptor (BAFFR) genome (CLANcqso/sgrarrr) alleviates
rheumatoid arthritis by downregulating the number of B
cells.*” In a separate study, CLANn330/snen inhibited macro-
phage netrin-1 expression in Type 2 Diabetes (T2D) mice using
the Cas9/sgNtn1 plasmid driven by the macrophage-specific
CD68 promoter, which subsequently improved glucose toler-
ance and insulin sensitivity.®*

Although in its infancy, CRISPR-based genome editing
holds tremendous potential for tackling a number of genetic
disorders that are unattainable by traditional therapies. With
an efficient and safe delivery method, the accessible and
affordable CRISPR-based therapy will undoubtedly be a game-
changer in clinical applications.

3.3. Infectious diseases

The sequence-specific targeting capability of CRISPR-Cas
allows it to easily recognize and eliminate foreign genetic
elements. The CRISPR-Cas machinery can be easily repurposed
into an offense against specific viruses or bacteria by directing
the sgRNA to essential chromosomal genes. The major form of
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Table 2 Examples of lipid-based CRISPR-Cas delivery systems for genetic diseases
Disease Delivery vehicle Cargo Editing target Model system Ref.
Correcting the Duchenne Muscular 5A2-DOT-10 lipid RNP Dystrophin gene Intramuscular injection 79
disease- Dystrophy (DMD) nanoparticles into DMD exon 44
associated deletion mice
mutation Hearing loss Cas9: guide RNA: lipid RNP Tmc1%™ allele In cochlea injection into 80
complexes neonatal Tmc1®"* mice
Inactivating Hypercholesterolemia Galactose-modified RNP Serine protease Intravenous injection 81
deleterious lipid-coated gold proprotein convertase into C57BL/6 mice
protein nanoclusters (Gal-LGCP) subtilisin/kexin type 9
expression (PCSK9)
5A2-DOT-5 lipid RNP Serine protease Intravenous injection 79
nanoparticles proprotein convertase into C57BL/6 mice
subtilisin/kexin type 9
(PCSK9)
BAMEA-O16B mRNA  Serine protease Intravenous injection 82
bioreducible lipid proprotein convertase into C57BL/6 mice
nanoparticles subtilisin/kexin type 9
(PCSK9)
Functionalized TT mRNA  Serine protease Intravenous injection 57
derivatives (TT3 and proprotein convertase into BALB/c mice
FTT5) lipid subtilisin/kexin type 9
nanoparticles (PCSK9)
Type 2 Diabetes Mellitus  Cationic lipid-assisted Plasmid Netrin-1 gene (Ntn1) Intravenous injection 83
(T2DM) PEG-b-PLGA into T2D mice
nanoparticles (CLAN)
Lecithin-based RNP Dipeptidyl peptidase- Intravenous injection 84
liposomal nanocarrier 4 gene (DPP-4) into type 2 diabetes
particle (NL) mellitus (T2DM) db/db
mice
Rheumatoid Arthritis Cationic lipid-assisted Plasmid B-cell activating factor Intravenous injection 85
(RA) nanoparticle (CLAN) receptor gene (BAFFR) into DBA/1 mice
system
Transthyretin Biodegradable, ionizable mRNA  Transthyretin (7tr) Lateral tail vein injection 86

amyloidosis (ATTR) lipid nanoparticles

(LNP-INTO1)

the viral genome in hepatitis B virus (HBV)-infected hepato-
cytes is the HBV covalently closed circular DNA (cccDNA).
Using optimized N',N° N°-tris(2-aminoethyl)benzene-1,3,5-tri-
carboxamide-3 (TT3) derived lipid-like nanoparticles (LLNs),
Jiang et al. demonstrated robust Cas9 protein expression in
mouse liver 6 h post tail vein injection of Cas9 mRNA encapsu-
lated in TT3 LLNs. TT3 LLNs efficiently diminished HBV
protein production by targeting the HBV cccDNA in the estab-
lished HBV mouse model.”’ CRISPR-Cas based gene-editing
has also been applied to disrupt essential entry co-receptors of
the human immunodeficiency virus (HIV), like chemokine
receptor type 5 (CCR5) and C-X-C chemokine receptor type 4
(CXCR4) for the host-targeting antiviral approach.®®® In 2019,
a global pandemic erupted due to the rise of a sudden yet
highly disruptive virus, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). To combat this pandemic, Abbott
and co-workers developed an RNA-guided RNA-targeting
Cas13d PAC-MAN (prophylactic antiviral CRISPR in human
cells) system that recognizes and degrades highly conserved
RNA sequences from SARS-Cov2 in respiratory epithelial cells.
While PAC-MAN identified six crRNAs that can target more
than 90% of sequenced coronaviruses, an effective and safe
delivery method is needed.’® It has been reported that Cas13d
and its cognate crRNA can be delivered in vivo using polymer
or lipid nanoparticles.>*>%¢

This journal is © The Royal Society of Chemistry 2021

in CD-1 mice

Antimicrobial-resistant (AMR) bacteria is a worldwide
public health challenge that threatens the effective prevention
and treatment of bacterial infections. Various LNPs have
been developed to encapsulate antibacterial peptides or
small molecule drugs for systemic or topical antimicrobial
treatments.”” °® CRISPR-based antibacterials represent a novel
and programmable platform to attack disease-causing bacteria
by designing gRNAs to target essential genes for pathogen
virulence or survival.'’ CLANs encapsulating Cas9 mRNA/
sgRNA targeting NLRP3 (CLAN,casossgnzrps) inhibited NLRP3
inflammasome activation in macrophages, and subsequently
mitigated lipopolysaccharide (LPS)-induced septic shock.'**
Besides lipid-based delivery of the CRISPR system, polymer-
based nanoparticles have been developed for antimicrobial
treatment.'%>'%® Recently, covalent binding of Cas9 nuclease
to cationic polymer was utilized for delivery into methicillin-
resistant Staphylococcus aureus (MRSA). Subsequent complexa-
tion of the nanoparticle with sgRNAs targeting mecA, a major
gene in methicillin resistance, significantly reduced the MRSA
growth rate in the presence of oxacillin by 1/5th of the control
group.'*

Overall, CRISPR technology demonstrates great potential
for treating numerous infectious diseases. Additional research
needs to be conducted to be better prepared for future pan-
demics and the rise of antibiotic-resistant bacteria.

Biomater. Sci,, 2021, 9, 6001-6011 | 6007
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4. Conclusion and perspective

The CRISPR platform represents an unprecedented leap in the
field of novel gene-editing technologies and treatments for
various diseases, with simplified target design and higher
editing efficiency compared to previous genome-editing strat-
egies. Here, we summarized the recent progress in lipid nano-
particle-assisted CRISPR delivery in the treatment of cancers,
genetic disorders, and infectious diseases. Despite the great
potential for the translation of CRISPR into clinical appli-
cations in the near future, off-target editing remains a major
concern. Newly evolved CRISPR systems, such as base editors,
can introduce point mutations more efficiently and have fewer
off-target editing events. Therefore, improving delivery speci-
ficity is needed to accommodate these emerging technologies
for safe and effective delivery in vivo. The versatile lipid-based
nanoparticles can be modified for specific-cell/tissue targeting.
For example, LNPs not only accumulate in the tumor tissue
through the EPR effect, but can also target via appropriate
surface modification with a targeting ligand or pH/hydrogen
peroxide-responsive lipids. Furthermore, LNPs are capable of
delivering all forms of CRISPR, including plasmids, mRNAs,
and RNPs, circumventing immune system surveillance and
avoiding blood protease degradation. In spite of LNPs’ out-
standing performance in delivering the CRISPR system, more
research needs to be conducted regarding the manufacturing
complications and in vivo biodistribution, toxicity, and immu-
nogenicity. Given the fact that the CRISPR system is a powerful
and promising tool for gene editing, we envision that the dis-
covery of novel effective delivery platforms is of great impor-
tance for bringing advanced CRISPR therapeutics to the clinic.
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