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ABSTRACT: Gene editing mediated by CRISPR/Cas9 systems is due to
become a beneficial therapeutic option for treating genetic diseases and some
cancers. However, there are challenges in delivering CRISPR components
which necessitate sophisticated delivery systems for safe and effective genome
editing. Lipid nanoparticles (LNPs) have become an attractive nonviral delivery
platform for CRISPR-mediated genome editing due to their low immunoge-
nicity and application flexibility. In this review, we provide a background of
CRISPR-mediated gene therapy, as well as LNPs and their applicable
characteristics for delivering CRISPR components. We then highlight the
challenges of CRISPR delivery, which have driven the significant development
of new, safe, and optimized LNP formulations in the past decade. Finally, we
discuss considerations for using LNPs to deliver CRISPR and future

perspectives on clinical translation of LNP-CRISPR gene editing.
KEYWORDS: lipid nanoparticles, CRISPR/Cas9, genome editing, nanomedicine, gene therapy

Bl INTRODUCTION

Gene therapy aims to deliver RNA- or DNA-based drugs to
target the genetic cause of disease, rather than to alleviate
downstream pathways or resulting symptoms. Gene therapies
generally involve silencing pathological genes, expressing
therapeutic proteins, or corrective editing of disease-causing
genes.' ™ Silencing pathological genes is typically achieved by
siRNAs, microRNAs, or oligonucleotides such as antisense
oligonucleotides (ASOs).* Therapeutic proteins can be
expressed within cells by introducing therapeutic DNA or
RNA molecules. Corrective gene editing is of significant
interest, as there are over 6500 known monogenic diseases, less
than 5% of which have viable treatments.” While correcting the
underlying genetic causes of such diseases is an exciting
prospect, gene therapies are often limited by a lack of safe and
effective delivery methods.

Corrective editing of pathologically mutated genes can be
achieved using zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs), or clustered
regularly interspaced short palindromic repeats (CRISPR).
ZFNs are fusion proteins with multiple zinc-finger based
domains attached to a bacterial enzyme that recognize up to 18
base pairs. Although the assembly of these domains produces
ZFNs with high affinity to a specific sequence, their production
is time-consuming and often expensive. TALENSs rely on the
same bacterial protein as ZFNs but pair with a TALE repeat
that specifically binds to individual base pairs. The resulting
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TALEN system is easier to customize than ZFNs but still
requires the design and synthesis of a new protein for each
target site. In contrast, CRISPR-based systems use a designable
guide RNA that directs a bacterial-derived gene-editing protein
(such as a nuclease, a base editor, a transposase/recombinase,
or a prime editor) to the desired genomic target.4’6 Compared
to proteins, the relative ease and versatility of customizing
guide RNAs allow higher throughput targeting of multiple
genomic locations and expand the potential therapeutic
applications of CRISPR-based systems.
CRISPR/Cas9-mediated genome editing has become a
popular approach since it is a robust and versatile tool that
targets DNA and can provide long-lasting therapeutic benefits
after a single treatment. CRISPR systems typically include an
endonuclease protein, such as Cas9, and a dual-guide RNA
consisting of a trans-activating CRISPR RNA (tracrRNA) and
a crRNA that guides the endonuclease to its target using
sequence complementarity. While dual-guide RNAs are still
extensively used for in vitro and ex vivo experiments,
engineered single-guide RNAs (sgRNAs, or gRNAs for
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Figure 1. Visual representation of examples of different lipid nanoparticle (LNP) formulations for CRISPR/Cas9 delivery in plasmid, mRNA, and
ribonucleoprotein (RNP) forms. The main components of LNP formulations are shown with specific examples of modifications used to enhance
the delivery of different types of cargo. (A) Protamine is used to condense plasmid DNA (pDNA) to increase the encapsulation efficiency of pDNA
within LNPs. (B) Ionizable cationic lipids conjugated with a ligand (top) and PEG lipids conjugated with antibodies (bottom) to mediate delivery
to targeted cells expressing the corresponding receptors. (C) Biodegradable or bioreducible ionizable lipids are used to improve encapsulation and
intracellular release with mRNA delivery. (D) Dendrimer ionizable lipids are used to enhance mRNA delivery. (E) Cationic bioreducible lipids are
used in conjunction with a polyanionic macromolecule to increase encapsulation efficiency for RNP delivery. (F) Ionizable cationic lipids used in
the absence of solvent enable efficient encapsulation and delivery of the active RNP complex.

simplicity) are used for most in vivo studies. gRNAs can be
designed to target a specific genomic sequence of interest to
knockout a gene by inducing insertion or deletion mutations
(indels) via nonhomologous end joining (NHE]), or to knock-
in a donor sequence via homology-directed repair (HDR).?
Recently, the CRISPR/Cas9 system has been engineered to
expand its range of functions. For instance, introducing point
mutations into either of the Cas9 nuclease domains (D10A or
HB840A) creates a Cas9 nickase (nCas) that induces single-
stranded nicks instead of double-stranded breaks. nCas9 can
also be complexed with other functional domains to generate
base editors or prime editors, which introduce targeted and
precise single-base or small corrections, respectively.
Catalytically inactive Cas9 protein can also be tethered to
transcriptional activators or suppressors to regulate gene
transcription.” Furthermore, CRISPR/Cas9 systems can be
designed to target mRNAs of a pathologically mutated gene or
the RNA genomes of viruses to block RNA replication and
protein synthesis. Using dCas13, this approach has been used
to block replication of the SARS-CoV-2 virus by targeting its
viral RNA genome and its subsequence mRNA products.'’
CRISPR-mediated genome editing can also be used in
modifying gene expression by altering DNA methylation and
chromatin configuration and has many other uses and
applications.””

The therapeutic impact of CRISPR and other gene therapies
cannot be achieved without safe and effective delivery
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methods. Despite first entering clinical trials in the early
1990s, only 20 nucleic acid based therapeutics have been
approved by the Food and Drug Administration (FDA) and
the European Medicines Agency (EMA),'" as the safety of
gene therapies is a consistent barrier to their clinical
translation. In 1999, a 17 year old patient suffered a fatal
immune response following the administration of an
adenovirus vector containing therapeutic DNA."” This tragedy
emphasized the need for safer delivery methods for gene
therapies that do not involve the use of viruses. In this review,
we discuss recent advances in LNP-based delivery that have
established the technology as a safe nonviral delivery platform
for CRISPR gene-editing machinery.

B DELIVERY VECTORS FOR NUCLEIC ACIDS

Viral vectors have been extensively used by researchers as tools
for nucleic acid delivery. These systems transfer genetic
material using engineered viruses such as retroviruses,
adenoviruses, and adeno-associated viruses.'> However, the
suitability of viral vectors for therapeutic applications is limited
by their potential to induce inflammatory and adverse
immunogenic responses. The long-lasting expression of nucleic
acid constructs delivered by viral transfection also makes gene-
editing applications using this delivery system challenging,
since sustained expression may increase the likelihood of
adverse effects caused by recombination with the host genome
or pathological insertional mutagenesis.”> Consequently,
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Figure 2. Intracellular delivery of CRISPR/Cas9 components in plasmid, mRNA, and ribonucleoprotein (RNP) forms using lipid nanoparticles
(LNPs). LNPs are taken up by cells via endocytosis (A—C). As the pH of the endosomes decreases, ionizable cationic lipids gain a positive charge
and mediate cargo release. (A) Plasmid DNA (pDNA) enters the nucleus where it is transcribed by RNA polymerases. The transcribed mRNA
returns to the cytoplasm where it is translated and complexes with gRNAs to form RNPs. The resulting RNPs, which contain a nuclear localization
signal enter the nucleus to induce gene editing. (B) Cas9 mRNA must be translated in the cytoplasm and ultimately complex with gRNAs to form
RNPs before entering the nucleus to induce gene editing. (C) LNP-mediated delivery of preformed RNP complexes can directly enter the nucleus

to induce gene editing without any in cell production of Cas9.

nonviral vectors are becoming a popular alternative. They are
less immunogenic, easier to assemble, form stable complexes
with nucleic acids, provide protection against serum nucleases,
and can be more easily scaled-up for industrial commercializa-
tion.”"> Nonviral vectors also have lower restrictions on
payload size and packaging which is integral for the delivery of
large nucleic acids.”"”

Nanoparticles can be structurally divided into two families:
nanospheres and nanocapsules. Nanospheres have a homoge-
neous matrix throughout the particles that hold active
compounds, whereas nanocapsules have a core—shell structure
where the inner core contains the payload.'* Lipid-based
nanoparticles contain lipid moieties in their structures and
have tremendous biomedical potential in drug delivery and
gene therapy.'® Lipid-based nanoparticles are typically nano-
spheres that encapsulate therapeutic compounds such as
nucleic acids or proteins.'® Compared to viral and other
nonviral nanoparticle systems, lipid-based nanoparticles offer
advantages including ease of formulation, spontaneous self-
assembly, high potency, high biocompatibility, larger payload
capacity, and versatility in design for specific applications.'®
LNPs are currently one of the most popular and sophisticated
nonviral delivery platforms. They have enabled clinical
translation of the siRNA drug ONPATTRO (patisiran)'’
and the mRNA-based COVID-19 vaccines developed by
Pfizer-BioNTech and Moderna."®

In 1987, Felgner et al. published the earliest report of a lipid-
mediated DNA transfection procedure where cationic lipids
were used to encapsulate DNA. The cationic lipids complexed
with DNA through electrostatic interactions with the
negatively charged phosphate backbone, and enabled cellular
uptake by interacting with negative charges on cell
membranes.'” Extensive research has improved LNPs as a
delivery vector since this application of cationic lipids for
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cellular transfection. LNP formulations have been optimized to
improve particle stability, increase circulation time, reduce
toxicity, and lower immunogenicity.”’>* Tissue- and cell-
specific targeting has also been achieved by modifying LNP
compositions. These features mean LNPs are a robust method
for drug delivery, as evidenced significantly by the 2018
approval of the LNP-siRNA drug ONPATTRO.

ONPATTRO contains siRNA targeting TTR mRNA to
reduce hepatic transthyretin protein translation for treatment
of hereditary transthyretin (ATTR) amyloidosis.””> ATTR
amyloidosis is caused by the accumulation of misfolded TTR
proteins in tissues.”’ After being tested in 225 patients,
ONPATTRO demonstrated promising phase 3 clinical trial
results (NCT01960348) and received an FDA approval as the
first nonviral systemic gene therapy.”>”>° The drug includes a
novel ionizable cationic lipid, DLin-MC3-DMA (MC3), which
drives encapsulation, cellular uptake, and endosomal release of
the siRNA.** The ONPATTRO formulation is often used by
other researchers as a reference during evaluation of novel
ionizable cationic lipids and LNP formulations or for delivery
of other cargoes.”” The successful clinical translation of LNPs
for siRNA delivery has recently expanded to include mRNA
with the approval of LNP-mRNA COVID-19 vaccines
developed by Pfizer-BioNTech and Moderna. Current research
is heavily focused on the development and optimization of
LNPs for other applications including CRISPR/Cas9-based
gene editing.

Bl LNP COMPOSITION FOR NUCLEIC ACID DELIVERY

LNPs are a common and popular tool for therapeutic nucleic
acid delivery. They typically include four primary lipid
components: ionizable cationic lipids, polyethylene glycol
(PEG) lipids, zwitterionic phospholipids, and cholester-
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ol'®***? (Figure 1). LNPs primarily enter cells via the
endocytosis pathway (Figure 2).>*° These primary compo-
nents confer unique functional elements to LNP systems that
work synergistically to enable payload encapsulation, transport,
and delivery.

lonizable Cationic Lipids. Ionizable cationic lipids have
significantly improved nucleic acid encapsulation and delivery
by LNPs. Initially, permanently cationic lipids were used in
LNP formulations. Their positive charge interacts with
negatively charged nucleic acids to drive nucleic acid loading
into particles. The standard commercial reagent for cellular
transfection Lipofectamine is made from a permanently
cationic lipid which results in a high delivery efliciency in
vitro; however, its utility in vivo is limited due to rapid plasma
clearance, immune activation, and adverse toxicity.31 These
effects are caused by the permanent charge of the cationic lipid,
which interacts with negatively charged serum proteins and
leads to rapid clearance of the nanoparticles from circulation.
Permanently cationic lipids can also interact with endogenous
anionic lipids and disrupt cell membranes resulting in toxic
effects.”” The strong charge interaction between permanently
cationic lipids and nucleic acids further leads to poor nucleic
acids release following cellular uptake, which decreases their
bioavailability.

Ionizable cationic lipids were developed to overcome the
limitations associated with permanently cationic lipids. The
incorporation of ionizable cationic lipids in LNP formulations
enables efficient payload encapsulation, improves in vivo
circulation time and cellular uptake, and permits endosomal
cargo release.'®*”** LNP formulation typically occurs at acidic
pH, where ionizable cationic lipids are protonated and capable
of binding negatively charged cargoes. A common method of
LNP preparation involves microfluidic mixing of a lipid-
containing organic solvent and an aqueous solvent containing
nucleic acids. When the two phases are combined, the nucleic
acids interact with positively charged ionizable lipid head
groups and form the core LNP structure. Hydrophobic
interactions between the lipid tails and hydrophilic interactions
between lipid head groups and aqueous buffer drive formation
of the outer LNP surface.

Formulation of LNPs containing proteins is more complex:
Denaturation and resultant loss of activity can occur in acidic
conditions or in the presence of organic solvents, and
encapsulation efficiency is dependent on protein charges
which are highly variable and dictated by amino acid sequence
and secondary structure. While Cas9 protein is cationic, with a
net charge of +22, complexation with gRNA produces a
ribonucleoprotein (RNP) with an overall negative net
charge.’* Tonizable cationic lipids are therefore crucial for
encapsulation of all forms of CRISPR/Cas9 components
(plasmid DNA, mRNA, or RNP).

In addition to driving particle encapsulation, ionizable
cationic lipids can increase circulation half-life and improve
the efficiency of endocytosis by target cells. At physiological
pH (approximately 7.4), ionizable lipids are uncharged, which
prevents sequestration by immune cells.” Upon endocytosis,
LNPs are taken up into endosomes™” that undergo progressive
acidification and contain lysosomal enzymes that can degrade
payloads.® Tonizable lipids provide protection from degrada-
tion by enabling rapid cargo release. As endosomal acid-
ification also causes ionizable lipid protonation, binding of
protonated head groups with negatively charged lipids in the
endosomal membrane causes membrane rupture””*” and cargo
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release into the cytosol (Figure 2). The inclusion of ionizable
lipids in LNP formulations for delivery of CRISPR/Cas9 is
essential as they ensure that a higher proportion of CRISPR/
Cas9 components escape endosomal degradation and are
released into the cytosol.

Modifications to ionizable cationic lipid chemistry can
significantly influence the potency and safety of LNP.**™*’
Examples of modified ionizable lipids include those that are
biodegradable or bioreducible, as well as dendrimer ionizable
lipids.

Biodegradable or bioreducible ionizable lipids incorporate
labile elements (including disulfide linkages or ester bonds)
that are rapidly broken down into nontoxic products in
intracellular environments.””*" Efficient degradation of ioniz-
able lipids used in LNP formulations means treatment carries a
reduced risk of cytotoxicity, especially in multidosing regimens.
Incorporation of biodegradable or bioreducible lipids into LNP
systems is particularly useful for delivery of CRISPR/Cas9
components, because highly efficient ionizable-lipid-mediated
transfection increases the likelihood of effective gene editing in
target tissues and cells, while minimal toxicity means that LNP
therapeutics are safe and repeated administration is plausible.
Gene editing in the liver has been enabled by delivery of Cas9
mRNA and gRNA using LNPs containing bioreducible lipids,
where on-target editing was detected in the absence of off-
target effects and overt toxicity.”” ** Degradable ionizable
lipids have also successfully delivered mRNA to B lymphocytes
and lung tissues,”*>** indicating that this lipid class could be
useful for Cas9 mRNA delivery to cells that are not easily
transfected by conventional LNPs. Bioreducible lipids have
also been used for Cas9 plasmid and RNP delivery.*”**

Dendrimers are three-dimensional macromolecules com-
prised of polymeric branches anchored to a central core.””>
The branches and core molecules can be uniquely function-
alized, so dendrimers can be designed for specific applica-
tions.”' Dendrimer lipids with ionizable amine cores have been
incorporated into LNP formulations to enable nucleic acid
encapsulation and delivery. These formulations have been used
both independently from>> and in combination with other
LNP excipients and have successfully delivered siRNA, mRNA,
and Cas9 RNP to hepatocytes, liver endothelial cells,
hepatocellular carcinomas, and extrahepatic tissues.”***™>°
Tissue- and cell-type-specific delivery can be tuned by altering
the ratios at which dendrimer ionizable lipids are combined
with other LNP components and by modifying the branches
conjugated to the ionizable amine.”*** Bioreducible chemistry
can also be incorporated into the design of dendrimer ionizable
lipids. These combined elements, which confer both safety and
targeted delivery, mean that LNP systems prepared with
dendrimer ionizable lipids may be well-suited for CRISPR/
Cas9 applications. LNPs incorporating dendrimer ionizable
lipids have been used to deliver both Cas9 mRNA and RNP
and have achieved potent editing and homology-directed
repair both in vitro and in vivo.”**°

PEG Lipids. PEG lipids improve LNP stability, regulate
particle size, decrease immunogenicity, and increase circulation
time.'>"” PEG lipids are comprised of PEG molecules attached
to lipid head groups. When PEGylated lipids are used to
prepare LNPs, the outer LNP surface is coated with PEG
molecules. This coating preserves particle size by preventing
particle aggreﬁgation during formulation, storage, and in
circulation,' "'®*”*® and it also increases systemic circulation
time by preventing opsonization and phagocytosis.”” Opsoni-
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zation occurs when opsonins bind the LNP surfacem which
triggers recognition and subsequent clearance by phagocytes.
For example, complements C3, IgG, and the serum opsonin
fibrinogen can coat the particles’ surface which are then
recognized and sequestered by Kupffer cells.”” PEGylated
lipids have a hydrophilic property, and their incorporation into
LNP formulations create a barrier of water molecules around
the outer surface that sterically hinders and protects against
opsonization and particle aggregation. Therefore, PEG lipids
are an especially important LNP component for in vivo
applications by allowing to maintain the administered dose
concentration in circulation. As a result, a higher circulation
half-life can contribute to a higher percentage of CRISPR/
Cas9 molecules delivered to target cells for efficient on-target
genome editing. The concentrations and combinations of PEG
lipids in LNP formulations can be altered to modify LNP
delivery efficiency.

Zwitterionic Phospholipids. Zwitterionic phospholipids
are mostly present in the outer lipid layer of LNPs and are used
to improve structural stability and delivery efliciency.
Combinations of phospholipids (also called helper lipids)
can be added to LNP formulations to modify their biophysical
characteristics including particle size and surface charge to
promote optimal encapsulation, stability, and endosomal
release.”’

Cholesterol. Cholesterol is used in LNP formulations to
increase particle stability by filling gaps between the
phospholipids. Cholesterol also promotes membrane fusion
during cellular uptake by augmenting the activity of positively
charged lipids and promoting destabilization of the cellular
bilayer during fusion.' %’

The ratios at which the four components of LNP
formulations are combined also impacts the functionality of
the particles. Optimization of the molar ratios of the
components in ONPATTRO involved the testing of over
three hundred ionizable lipids in thousands of combinations
with different excipients. The final formulation contains a
molar ratio of 50/10/38.5/1.5 MC3 (ionizable lipid)/DSPC
(phospholipid) /cholesterol/PEG-lipid.'® The Pfizer-BioN-
Tech and Moderna COVID-19 LNP-mRNA vaccines under-
went a similarly rigorous testing process to identify optimal
formulas."®

B INHERENT TARGETING OF LNPS TOWARD THE

LIVER

LNPs interactions with blood proteins upon intravenous
administration determines where they will ultimately be
localized. Serum proteins that adsorb on onto the surface of
LNPs act as ligands for their cognate receptors on cell
surfaces.”’ ~®* Once they enter circulation, LNPs are opsonized
by electrolytes, lipids, apolipoproteins, immunoglobulins,
coagulation, and other factors creating a specific “biomolecular
corona”®* that plays a role in the distribution of LNPs. One of
the most important serum proteins that coat the LNPs surface
is apolipoprotein E (ApoE). ApoE is recognized by low-density
lipoprotein (LDL) receptors, which highly expressed on
hepatocytes. When LNPs are systemically administered,
serum ApoE adsorbed onto the surface of the particles creates
an inherent receptor-mediated uptake into hepatoma cells and
hepatocytes.”"°”® Yan et al. demonstrated the hepatic
clearance of liposomes via ApoE as a ligand—receptor-
mediated uptake process using ApoE-deficient mice.”’ LNPs
also passively accumulate in the liver as a consequence of
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physiology since the liver is a highly perfused organ with
fenestrated capillaries.”®

This endogenous ligand—receptor-mediated targeting sug-
gests that similar approaches using exogenous ligands may be
useful for LNP targeting to different cell and tissue types.®>*°
For example, the PEG-conjugated ligand anisamide interacts
with sigma receptors expressed by murine melanoma cells
(B16F10) and has been used to increase LNP-mediated siRNA
delivery to lung tumors and metastases.”” However, the
efficacy of anisamide for LNP targeting may be limited by the
subcellular organization of sigma receptors and the impact of
anisamide on LNP endocytosis.’®

In other studies, incorporating small-molecule ligands into
LNP formulations has enabled particle targeting and improved
cellular uptake. The small-molecule ligand strophanthidin has
been incorporated in LNP formulations to improve in vitro
transfection of cells derived from different tissue types. PEG-
conjugated strophanthidin improved LNP uptake in cell lines
derived from cervix, ovary, lung, pancreas, liver, prostate, and
breast.”” In a library screen of phage-displayed peptides that
bind endothelia of tumor vasculature,”” the nanopeptide LyP-1
bound tumor cells, tumor lymphatics, and macrophages
associated with tumors.”"’> LyP-1-conjugated liposomes
showed enhanced uptake into SPC-Al cells and mouse
metastatic lymph nodes.”” Polymeric conjugation with
hyaluronan, a natural polysaccharide ligand for CD44 receptors
expressed by multiple types of cancer cells, has also been
explored for LNP targeting.”* Hyaluronan-conjugated LNPs
have efficiently delivered siRNA to glioblastoma multiforme
(GBM) cell lines and primary glioma samples isolated from
GBM patients.”*

Antibodies are another common method used for LNP
targeting. Murine CD4" T lymphocytes targeted with siRNA-
LNPs conjugated to the anti-CD4 monoclonal antibody
efficiently bind and take up anti-CD4-conjugated particles
and induce silencing in the blood, spleen, inguinal lymph
nodes, and bone marrow.”®

In vivo tissue targeting has also been achieved using a
strategy termed selective organ targeting (SORT) that uses a
fifth permanently cationic lipid for direct delivery of CRISPR
components to the lung, spleen, and liver of mice’® (Table 1).

Particle surface modifications used for LNP targeting must
be undertaken carefully since the orientation of conjugated
ligands and changes to particle size and surface charge caused
by ligand conjugation may hinder cellular uptake and reduce
formulation efficacy.

Bl USING LNPS TO DELIVER CRISPR COMPONENTS
FOR GENE EDITING

Challenges of Nucleic Acid Delivery. The benefit of
gene editing lies in the ability of the approach to permanently
target the root cause of genetic diseases, which could result in
the prevention or treatment of hereditary or acquired diseases
and disorders.”"* However, the direct injection of nucleic acids
(e.g., plasmid DNA or mRNA encoding Cas9) for in vivo gene
editing faces multiple challenges. DNA and RNA molecules are
large polynucleotides that are hydrophobic, negatively charged,
and unstable on their own.”” These physiochemical character-
istics prevent their spontaneous entry into cells by creating a
repulsive effect with the cell membranes. Nucleic acids also
have a short half-life in circulation because of serum nuclease
activity making it difficult for unprotected nucleic acids to
reach specific target tissues. These nucleic acids go through
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rapid renal clearance and may also induce immunostimulatory
effects via interactions with pattern recognition recep-
tors, 12477

Overcoming these challenges warrants sophisticated pack-
aging and delivery systems. An important advantage of using
LNPs as drug carriers is their ability to escape recognition by
the innate immune system and have higher circulation time.”®
These features are especially useful for delivering hydrophobic
drugs with short circulation half-lives such as nucleic acids and
proteins. Sufficient circulation time enables LNPs (including
those containing CRISPR components in either nucleic acid or
protein forms) to reach target tissues and induce efficient on-
target therapeutic genome editing.

CRISPR components in a variety of formats can be delivered
to cells using LNPs. The most common approaches are
encapsulating (1) plasmid DNA (pDNA) encoding both Cas9
protein and gRNA or pDNA encoding Cas9 protein in
combination with gRNA oligos, (2) Cas9 mRNA and gRNA,
and (3) Cas9/sgRNA (protein/RNA) RNP complex (Figure
2). There are advantages and limitations to each of these
techniques, so each approach must use a unique set of LNP-
specific formulation criteria to ensure optimal compatibility
without compromising function.

Commercially available transfections reagents originally
designed for delivery of plasmids and siRNAs can be used to
deliver plasmid-based Cas9/gRNA, RNA mixtures of Cas9 and
sgRNA, and even RNPs to cell lines such as HEK293FT,
U20S, mouse ESCs, N2A, and A549.”° However, in vivo
applications of these transfection reagents, including lipofect-
amine, are limited by their cytotoxic and inflammatory
effects.”” The development of novel synthetic ionizable
cationic lipids and LNP formulations has overcome many of
these barriers and has made LNP-mediated therapeutic gene
editing a realistic prospect.79

LNP Delivery of pDNA Encoding Cas9 and gRNA.
CRISPR/Cas9 gene-editing machinery can be delivered using
pDNA forms of both Cas9 and gRNA. There are several key
considerations for LNP—pDNA delivery for gene editing.
Plasmids must be transcribed within the nucleus, so LNP
formulations of pDNA must facilitate nuclear entry (Figure
2A). This can be achieved in actively dividing cells when the
nuclear membrane is compromised during mitosis, but the
relatively large size of CRISPR plasmids (>10000 bp) can
hinder encapsulation efficiency. Thus, the negative charge of
poorly encapsulated pDNA can interfere with negatively
charged cell membranes.”’ Therefore, LNP formulations
must overcome these barriers to encapsulation and cellular
uptake.

To optimize LNP—pDNA delivery, Kulkarni et al. used an
LNP formulation containing DLin-MC3-DMA and replaced
the saturated helper lipid distearoylphosphatidylcholine
(DSPC) with unsaturated phosphatidylcholine (PC) helper
lipids (Table 1). The performance of formulations containing
different ionizable cationic lipids in combination with
unsaturated PC helper lipids was also evaluated. In primary
embryonic mesenchymal cells isolated from chicken embryos,
the most efficient formulation contained DLin-KC2-DMA and
1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC). This
formulation achieved ~90% transfection efficiency and >85%
cell viability compared to just 50% transfection and 33% cell
viability using lipofectamine.*

Despite these limitations, commercial transfection reagents
Lipofectamine 2000 and RNAIMAX have been used as proof-
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of-concept delivery systems for CRISPR/Cas9 pDNA. Using
these reagents, targeting an EGFP reporter gene in U20S-
EGFP cells achieved gene editing and resulted in the loss of
EGFP fluorescence® (Table 1). CRISPR/Cas9 pDNA trans-
fection using RNAIMAX was also tested for three endogenous
genes (EMX1, CTLA2, and VEGF) in HEK293T cells and
resulted in editing efficiencies between 18 and 46%* (Table
1).

Zhang et al. overcame several previously identified barriers
to pDNA delivery: plasmid volume for encapsulation, cell
membrane penetration, cytotoxicity, and nonspecific inter-
actions with serum or extracellular proteins.”' Encapsulation
efficiency was increased by condensing the plasmids’ volume
using chondroitin sulfate and protamine to form a compact
LNP core (Figure 1A and Table 1). Their LNP formulation
consisted of cholesterol, a permanently cationic lipid
(DOTAP), and a helper lipid (DOPE). The latter two lipids
improved transfection by creating electrostatic interactions
with cell membranes. Further modification with DSPE-PEG
improved stability and solubility, reduced toxicity, increased
half-life, and lowered immunogenicity.21 The DOTAP/DOPE
ratio (optimal at 0.8:1) significantly impacted particle size,
polydispersity index (a measurement of particle size distribu-
tion), and zeta potential (a fundamental parameter of particle
stability representing the magnitude of LNP surface charge that
affects electrostatic interactions between particles).”’ This
formulation was used to treat cancer cells (A375, PC3, and
MCF-7) that overexpress PLK-1, a master gene regulator in
mitosis. In A37S cells, flow cytometry results showed ~47%
transfection efficiency followed by high-throughput sequencing
that detected between 1 and 20 indels in PLK-1. When
compared to Lipofectamine 2000, this formulation achieved a
higher genome editing efficiency both in vitro and in vivo.”!
A375-tumor bearing BALB/c nude mice received intratumoral
injection of the formulation which reduced expression of PLK-
1 and suppressed tumor growth by 67%.”' Together, these
strategies improved encapsulation efficiency, resultant cellular
uptake, CRISPR/Cas9 expression, and ultimately genome
editing efficiency.

LNP-mediated delivery of CRISPR/Cas9 pDNA targeting
PLKI1 has also achieved gene editing in vitro and in vivo in the
absence of plasmid condensation reagents. In a proof-of-
concept study, Li et al. used a reporter gene system to transfect
HepG2-Luc cells and HepG2-Luc-xenograft tumor-bearing
mice with a novel ionizable LNP formulation®' (Table 1). This
formulation effectively encapsulated CRISPR/Cas9 pDNA
targeting PLKI using an additional incubation step to
reassemble and stabilize the LNPs.”" Resultant PLKI editing
led to 32% mRNA knockdown in vitro and significantly
reduced tumor growth rate, reduced PLKI mRNA, and
increased tumor cell apoptosis in vivo."'

LNP Delivery of Cas9 mRNA and gRNA Simultaneously or
Separately. As an alternative to pDNA delivery, research is
becoming increasingly focused on Cas9 mRNA delivery. LNPs
can be used to coencapsulate Cas9 mRNA and gRNA into
single particles, or to encapsulate them separately.*”** Co-
encapsulation of Cas9 mRNA and gRNA may achieve more
effective genome editing than separate encapsulation, as it
leads to a higher probability that the optimal gRNA and Cas9
mRNA ratio will be delivered to each cell for sufficient
complexation*”*” (Figure 2B). Many LNP formulations for
targeted genome editing have been developed to coencapsulate
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Cas9 mRNA and gRNA simultaneously, but separate
encapsulation methods have also been successful®® ** %,

Liu et al. delivered Cas9 mRNA and gRNA simultaneously
using an LNP formulation containing the bioreducible
ionizable lipid (Figure 1C), BAMEA-O16B, to achieve fast
and efficient genome editing both in vitro and in vivo™ (Table
1). This strategy reduced cellular GFP expression by 90% in
vitro in HEK293-GFP cells.** In vivo, tail vein injection of
CS56BL/6 mice with a formulation containing Cas9 mRNA and
sgPCSK9 resulted in liver accumulation and reduction of
serum PCSK9 by 80%." No signs of inflammation or obvious
hepatocellular injury were observed, suggesting that LNPs
prepared with BAMEA-O16B are a potential biocompatible in
vivo delivery system for gene editing in the liver."

LNPs have also been used for delivering adenine base editor
mRNA and gRNA for in vivo targeting of PCSK9. An
ONPATTRO-like LNP formulation encapsulated with base
editor mRNA and a gRNA targeting PCSK9 in the liver has
efficiently induced up to 67% editing in mice and up to 34%
editing in macaques®* (Table 1). Importantly, the editing rates
were low in nonhepatic tissues in both mice and macaques®*
demonstrating the tissue specificity of the formulation.
Although there was a transient increase in serum transaminase
(which indicates hepatocellular injury) following LNP
administration, animals were asymptomatic and elevated levels
were quickly resolved.®* A similar study developed an ionizable
cationic lipid formulation to deliver base editor mRNA and
sgPCSK9 both in vitro (primary human and cynomolgus
monkey hepatocytes) and in vivo (mouse and cynomolgus
monkey livers)® (Table 1). Intravenous infusion of a lower
LNP dose (1.0 mg kg™") resulted in a mean 63% base editing
in the cynomolgus monkey liver accompanied by a mean 81%
reduction in serum PCSK9 and a mean 65% reduction of
serum LDL cholesterol.*> Subsequently, a higher dose (3.0 mg
kg™') was tested for durability which demonstrated a mean
66% base editing where serum PCSK9 reached its lowest level
in 1 week and remained stable at 90% reduction for 8
months.*” In another study, a single administration of LNPs
encapsulating a cytidine base editor mRNA and gRNA
targeting the Pah gene in mice achieved 10.7% editing, with
5.5% of RNA sequencing reads (Table 1) suggesting Pah
enzyme restoration in whole liver lysate.”® This rate was
further increased to 18.8% editing and 10.8% functional
enzyme restoration after re-dosing 1 week later.”® The dosing
regimens were sufficient to reduce L-Phe levels below the
therapeutic threshold and resulted in reversion of a PAH-
associated fur color phenotype.*® These studies demonstrate
the versatility of LNPs for delivery of various types of CRISPR
gene editors.

Finn et al. developed the LNP system LNP-INTO1 that
achieved efficient encapsulation and delivery of Cas9 mRNA
and gRNA (Table 1).** LNP-INTO1 contains a biodegradable
ionizable lipid (LP01), a helper lipid, and PEG-DMG (Figure
1C).** Liver bioaccumulation of LPOl was significantly
reduced compared to levels observed with nonbiodegradable
ionizable lipids such as MC3, and was cleared from the liver
with a half-life of ~6 h.** The authors also found that highly
modified gRNA increased durability in vivo by conferring
protection from degradation until sufficient Cas9 protein is
translated for RNP complexation within cells.** By leveraging
the LDL receptor-mediated uptake of LNPs in the liver, Finn
et al. designed gRNAs targeting the mouse Ttr gene to evaluate
the therapeutic potential of gene correction in treating hepatic
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amyloidosis.** The transiency of CRISPR components was
assessed by quantifying Cas9 mRNA and end-modified sgRNA
in plasma and the liver, both of which were rapidly cleared and
undetectable after 72 h.** Rapid clearance is desirable for gene
therapies that permanently alter the genomic DNA to avoid
inducing long-term off-target effects. After just a single
systemic administration at the highest dose, LNP-INTO1
resulted in >97% serum Ttr knockdown in CD-1 mice and
~70% editing efficiency for 12 months following treatment.**
Greater cumulative editing was observed when LNP-INTO1
was administered weekly or monthly.** Multidosing allows for
titratable genome editing which is an important therapeutic
feature for clinical translation of LNP-based gene therapy
drugs. One of the significant attributes of ONPATTRO that
contributed to its successful clinical translation is the ability to
administer multiple doses of siRNA.

Lipid conjugation can be used to target LNPs to extrahepatic
tissues. For example, conjugation of the cationic lipid BADP
with phenylboronic acid (PBA) promotes LNP interaction
with the cellular surface receptor sialic acid (SA) that is
overexpressed in cancer cells (Figure 1B and Table 1).
Encapsulating CRISPR/Cas9 mRNA with this formulation
allows selective targeting of cancer cells for gene editing®” since
PBA ligands on the surface of LNPs interact with SA expressed
by cancer cells to facilitate their cellular uptake. PBA—-BADP
LNPs were used to target the HPVISE6 gene that is
overexpressed in HeLa cervical cancer cells.®” This treatment
induced indels in 18.7% of cells (a higher rate than the level of
editing achieved using BADP LNPs without PBA) and
effectively inhibited HeLa cell growth.”” The therapeutic
benefit and relative safety of this intervention was also
demonstrated by HeLa cell viability: PBA—BADP LNP-treated
cells were 50% viable (indicating successful growth arrest
induced by HPV18EG6 editing), compared to the >80% viability
measured in cells treated with negative control scramble
mRNA (indicating the LNP system itself is relatively
nontoxic).*” The highest dose of Cas9 mRNA most
significantly reduced HeLa cell viability”” suggesting that
LNP-mediated HPV18E6 knockout is effective for reducing
cancer cell proliferation in this model system. These findings
propose that cell selective gene targeting can be achieved
through modifications of LNP formulations for targeted
CRISPR/Cas9 mRNA delivery.

Qiu et al. used an LNP formulation containing the lipid
306—012B to deliver Cas9 mRNA and gRNA targeting
ANGPTL3 (Table 1).* 306—012B was chosen after screening
a library of novel bioreducible ionizable lipids for effective
luciferase mRNA delivery in vivo using wild-type BALB/c
mice.” This lipid formulation produced the most robust liver
bioluminescence in the library reporter screen. In the liver, it
achieved a median editing rate of 38.5% and induced 65.2,
56.8, and 29.4% reductions in serum ANGPTL3, LDL
cholesterol, and triglyceride levels, respectively.*’ These results
corresponded to over a 2-fold improvement compared to those
achieved using MC3-based LNPs.”> Serum markers of liver
function including aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and proinflammatory cytokine tumor
necrosis factor alpha (TNF-a) were examined and no
significant changes were observed.”” Serum cytokine levels
were elevated at 6 h post-LNP administration but were
transient and resolved by 48 h.*’ Like the studies conducted by
Liu et al. and Finn et al,, this study demonstrates the utility of

https://doi.org/10.1021/acs.molpharmaceut.1c00916
Mol. Pharmaceutics 2022, 19, 1669—1686


pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

EVIE

bioreducible LNP formulations for efficient genome editing in
the liver.

Also using an in vivo lipid screening approach, Kenjo et al.
identified a novel ionizable lipid, TCL0S3, for intramuscular
mRNA delivery (Table 1).** LNP formulations containing
TCLOS3 were used to separately encapsulate Cas9 mRNA and
gRNA and were tested in a humanized mouse model of
Duchene muscular dystrophy (DMD) with a mouse Dmdl
exon 44 deletion and knock-in of human DMDI exon 45.%
Treatment with this formulation resulted in ~10% exon-
skipping efficiency in the tibialis anterior muscle which was
approximately 5-fold higher than exon skipping achieved using
MC3-based LNPs.** Serum cytokine levels were elevated 6 and
24 h postadministration, which resolved by 7 days post-
injection.”” Due to the low immunogenicity of the formulation,
safe readministration of the LNPs once, twice, or three times at
1 month intervals was evaluated and achieved cumulative
DMDI editing.*

In addition to targeting by ligand conjugation, LNP
formulations can be modified to confer nonhepatic tissue
specificity. For instance, selective organ targeting (SORT)
involves the addition of a permanently cationic lipid to a
traditional four component LNP system containing dendrimer
ionizable lipids for extrahepatic targeting following intravenous
injection in mice (Table 1).”® Increasing the molar percentage
of the permanently cationic lipid DOTAP in the formulation
shifted particle accumulation to the lung, whereas addition of
1,2-dioleoyl-sn-glycero-3-phsphate (18PA) led to spleen
targeting.”° To demonstrate the therapeutic potential of
SORT lipids, the tumor suppressor gene PTEN was targeted
by encapsulating Cas9 mRNA and gRNA into multiple SORT
LNP formulations. Formulations containing 50% DOTAP led
to 15.1% editing in the lungs, whereas those containing 20%
DODAP resulted in 13.9% editing in the liver.”® SORT lipids
are also compatible with RNP delivery of CRISPR/Cas9.
LNP—RNP formulations containing 7% DOTAP resulted in
2.7% editing in the liver whereas those with 55% DOTAP
resulted in 5.3% editing in the lungs.”®

Gene editing for cancer therapy has also been enabled by
delivering Cas9 mRNA and gRNA to tumors using LNP
systems. Incorporating safe ionizable li%pids optimized for
efficient in vivo mRNA delivery into LNPs*® (Table 1) induced
targeted disruption of the mitotic regulator PLKI at 68% of
loci following intratumoral LNP injection, which reduced
tumor growth and improved survival in glioblastoma-bearing
mice.”® In addition, preliminary evaluation of liver toxicity and
immunogenicity revealed no significant differences in liver
enzymes and cytokine levels.*® Intraperitoneal injection of the
same LNP formulation conjugated to EGFR targeting
antibodies (Figure 1B) achieved 82% PLKI editing in a
metastatic ovarian adenocarcinoma model in which similar
reduced tumor growth and improved survival rates were
observed.”*** These results demonstrate the efficacy of Cas9-
mediated gene editing as a feasible strategy for cancer
treatment and leverage the versatility of LNP systems for
targeted delivery to diverse tumor types.

LNP Delivery of Cas9/gRNA RNP Complex. Compared to
plasmid-based CRISPR/Cas9 DNA or mRNA, delivering
CRISPR RNPs is predicted to result in fewer off-target effects,
significantly higher editing efficiency, and up to 10-fold higher
target specificity.”””” Therefore, exhaustive efforts have been
undertaken to optimize LNP formulations to effectively
encapsulate and deliver CRISPR RNPs to desired targets.
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One common strategy is the addition of a polyanionic
macromolecule to enhance RNP encapsulation.

Wang et al. demonstrated that their formulation containing
bioreducible lipids can deliver polyanionic RNPs to target
GFP-expressing HEK cells (Table 1).% During endosomal
release, bioreducible lipids augment the endosomal escape of
LNP cargo, which induced the loss of eGFP signals with >50%
efficiency.*” The nuclear localization signal (NLSs) on Cas9
allowed efficient nuclear translocation and subsequent genome
editing. The authors demonstrate that using a combinatorial
strategy to screen unique LNP formulations, including
negatively supercharged proteins, and complexation of Cas9
protein with inherently polyanionic gRNAs may enable the
development of a highly efficient delivery platform for gene-
editing machinery.®

Similarly, Zuris et al. fused a polyanionic protein, (—30)
GFP, to Cas9 (Figure 1E) and Cre tyrosine recombinase
protein (a site-specific genome editing recombinase).’* They
used this strategy to drive complexation with several common
commercial cationic lipid reagents (including Lipofectamine
RNAiIMAX), which facilitated efficient protein delivery to cells
(Table 1).** The authors also showed that the inherent
negative charge of gRNAs was sufficient to facilitate complex-
ation of Cas9 protein with cationic lipids and resulted in up to
80% genome editing of human cells after one treatment in
vitro.>* Delivering RNPs with this strategy achieved 20%
genome editing within the inner ear hair cell population of live
mice.”* The success of this in vivo application suggests
therapeutic potential for hearing recovery using LNPs,
especially since many genetic deafness diseases are caused by
hair cell loss or dysfunction.”

RNP delivery is further complicated by the large size of the
Cas9 protein (~160 kDa),”® and the possibility of RNP
denaturation during LNP formulation.”® These limitations
mean that most nanoparticles used to deliver RNPs are less
effective than their nucleic acid-containing counterparts, and
are as a result limited to applications for which local
administration is suitable.”® However, Wei et al. developed
an approach to systemically deliver RNPs to muscle, liver, and
lung tissues of mice using LNPs (Table 1).** DOTAP was
added to an established LNP formulation containing the
dendrimer ionizable lipid SA2-SC8, which resulted extra-
hepatic organ delivery.”® Upon intravenous injection, relative
tissue-specific gene editing was achieved in different organs
depending on the DOTAP percentage used in the
formulations. Tissue-specific RNP editing was evaluated in a
transgenic mouse model harboring the tdTomato gene. In this
model, reporter expression is prevented by SV40 polyA stop
cassettes. Fluorescence after targeted stop cassette editing was
used to evaluate organ-specific editing. Intravenous injection of
DOTAP-modified SA2-SC8-containing LNPs produced ob-
servable T'd-Tomato fluorescence for 7 days in the liver, where
increasing the DOTAP percentage in the formulations from 5
to 60% caused a gradual shift in reporter fluorescence from
liver to lung.”®

It is important to emphasize that the methods (ethanol and
acidic buffers) used to formulate the majority of LNPs
denature RNPs and significantly increase LNP—RNP particle
size (from 10 to 150nm), which makes preparation
challenging and the resulting formulations less effective. To
resolve this issue, the authors used a neutral buffer (PBS) plus
DOTARP to facilitate encapsulation and preserve the structure
and stability the LNP—RNP complexes.”® While LNP
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formulations containing permanently cationic lipids may
achieve potent transfection as well as efficient genome editing
and can be suitable for in vitro applications, their safety for in
vivo applications must be carefully evaluated to avoid in vivo
toxicity.

An alternative approach has been developed using a novel
method of LNP complexation that eliminates the use of
solvents (such as ethanol) that may denature RNPs (Figure
1F). The approach was developed after observing that rapid
mixing of ethanolic lipids with acidic buffer in the absence of
nucleic acids produces liposomal vesicles, indicating that
vesicle formation does not depend on the presence of nucleic
acids.”””! Dialysis against the same acidic buffer to remove
ethanol does not disrupt vesicle structure. Subsequent mixing
of the vesicles with nucleic acid and pH neutralization on the
benchtop is sufficient to entrap siRNA, complete the process of
particle formation, and generate particles with in vitro activity
comparable to conventionally prepared LNP systems.”'
Because interactions between polyanionic molecules and
positively charged liposomes destabilize vesicle membranes
and drive encapsulation in this system and because the
exposure of LNP cargoes to acidic pH during particle loading
is very brief, loading of Cas9 RNP (an overall negatively
charged complex) into empty preformed vesicles using this
approach circumvents the harsh conditions required by
conventional LNP preparation and can efficiently encapsulate
the active Cas9 RNP complex.

B CLINICAL TRIALS OF CRISPR/CAS9 LNP
PLATFORMS

Novel LNP formulations and methods of manufacturing are
being developed to enable efficient delivery of CRISPR
components for therapeutic gene editing. In addition to
enabling the clinical translation of ONPATTRO, LNPs have a
history of successful in vivo applications for delivering
CRISPR/Cas9. Their inherent target specificity and accumu-
lation in the liver makes them a promising delivery platform for
treating genetic liver diseases. LNP delivery of CRISPR
systems is relatively transient, allows the flexibility of repeated
dosing, and is efficient and highly scalable, which makes this
platform an attractive option for clinical translation. The first
clinical trial using LNPs as delivery vector for CRISPR/Cas9
was initiated by Intellia Therapeutics in November 2020
(NCT04601051).”> NTLA-2001, delivered through intra-
venous infusion, is a CRISPR/Cas9 gene therapy targeting
the TTR gene in hepatocytes for the treatment of hereditary
transthyretin amyloidosis with polyneuropathy (ATTRv-PN)
(Table 1). In 2021, interim study results were published which
included six patients with ATTRv-PN.”” Three patients
received a low dose of NTLA-2001 (0.1 mg/kg) whereas the
remaining half received a high dose (0.3 mg/kg).”* At 28 days
after the initial infusion, the mean reductions of serum TTR
protein from baseline were 52 and 87% for the low- and high-
dose groups, respectively.”’ Post-treatment of NTLA-2001
adverse events were observed in three patients which were all
mild (grade 1) in severity. Increased d-dimer levels (indicative
of blood clotting) were observed 4—24 h postinfusion in five
out of six patients which resolved in all cases by day 7.7
Currently, a larger phase I clinical trial that aims to recruit 73
patients is underway.’

In November 2021, Intellia Therapeutics announced a
second clinical trial which aims to prevent angioedema attacks
in patients with hereditary angioedema (HAE).”* The
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company’s CRISPR/Cas9 LNP platform, NTLA-2002, targets
the KLKBI gene (Table 1). Preclinical studies included both
humanized KLKBI mice and cynomolgus monkeys.” A single
administration of NTLA-2002 in mice resulted in ~70%
KLKBI gene editing and a subsequent reduction of total
plasma kallikrein protein of >90%.”> In the monkey, a single
administration also resulted in ~70% gene editing and >95%
decrease in total kallikrein protein and activity.”

Bl CONSIDERATIONS AND FUTURE DIRECTIONS
FOR USING LNP TO DELIVER CRISPR/CAS9

When designing LNP formulations for CRISPR/Cas9 gene
editing, the specific and unique experimental application must
be considered. In vitro applications primarily require lipids that
enhance encapsulation and cellular uptake. In addition to
requiring these characteristics, in vivo applications also depend
on lipids that increase circulation time, can escape the innate
immune system, minimize toxicity, and in some cases, interact
with specific receptors on target cells. For hard-to-reach tissues,
PEG lipids increase circulation time and prevent phagocytosis
by macrophages in the blood to allow LNP formulations to
persist in circulation. Studies that focus on in vivo intravenous
delivery must consider formulations containing optimal ratios
of these lipids.

LNP formulations primarily target hepatic tissues when
systemically administered. Because of this inherent advantage,
the first clinical trials for both LNP—siRNA and LNP—Cas9
mRNA delivery target a liver-related genetic disease. However,
additional lipids have been incorporated into LNPs to achieve
extrahepatic delivery in mice. The overall charge and size of the
LNPs determine their biodistribution in vivo. For example,
LNPs containing novel degradable ionizable lipids can facilitate
splenic delivery and transfect B lymphocytes.”' The addition of
a negatively charged lipid (18PA) can also result in spleen
targeting.76 Lung specificity can be achieved in formulations
with PEG-lipids at 7 mol % that encapsulate mRNA.***
Ligand conjugation of lipids can further achieve target
specificity in in vitro in multiple cell lines” including those
representing cancer cells,*” as well as in lung tumors in vivo.’
Addition of permanently cationic lipids in SORT can also
achieve delivery to the lung, spleen and liver.”® Nanoparticle
size is another important factor in determining the
biodistribution of LNPs after intravenous injections. Nano-
particles that are less than 10 nm in diameter may be removed
by the kidneys via the glomerular capillaries whereas those
larger than 200 nm will activate the complement system and
are removed from the blood, accumulating in the liver and
spleen.”””” However, LNPs of <150 nm in size are capable of
escaping fenestrated capillaries in the liver.”” LNP formulations
of an appropriate size are necessary to achieve optimum
CRISPR/Cas9 delivery and subsequent genome editing
efficiency. Particle size further plays a role in colloidal
formulation stability. Ultimately, the overall charge, particle
size, lipid ratio, and receptor-mediated ligand or antibody
conjugations emphasize the versatility of LNPs as a delivery
platform suitable for gene therapy that can achieve desired
target specificity in vivo.

The format of LNP-encapsulated cargo also plays a role in
determining the most suitable approach to CRISPR/Cas9
delivery. Different lipid formulations have been developed to
enhance delivery and subsequently increase gene-editing
efficiency based on the format of the CRISPR components.
Delivering pDNA, mRNA, or RNP offers advantages and
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disadvantages that have varying degrees of relevance for
different applications of gene editing.

Designing and modifying pDNA constructs is straightfor-
ward and relatively inexpensive. pDNA delivery can be useful
for screening a high number of gRNAs or nucleases to identify
optimal sequences for targeting, editing, and evaluating off-
target effects or in applications using dividing cells in vitro.
However, the utility of pDNA is severely limited in postmitotic
cells where translocation of pDNA across the nuclear
membrane is exceedingly rare. The larger size and the less
stringently regulated plasmid expression pathway (Figure 2A)
is also a critical safety concern, because expression of DNA-
disrupting CRISPR components is difficult to control
postadministration. One of the major concerns surrounding
CRISPR gene editing is the potential for off-target editing. This
is an important factor to consider when selecting a delivery
format, because the frequency of off-target effects may by
determined in part by the format in which Cas9 editors are
encoded. The poor regulation of Cas9 expression from pDNA
vectors means there is a higher likelihood of off-target editing
using these systems. Alternatively, delivering CRISPR
components using RNP reduces the frequency of off-target
editing by minimizing exposure of the genome to unbound
Cas9 nuclease.”

Delivery of the mRNA form of CRISPR/Cas9 is supported
by research to develop safe ionizable lipids that optimize
mRNA encapsulation and delivery. Critical innovations to the
design of RNA molecules have made therapeutic mRNA
delivery possible and enabled the LNP-mRNA COVID-19
vaccines developed by Pfizer-BioNTech and Moderna. RNA
nucleoside modifications, including S-methylcytosine and
pseudouridine, shield exogenous RNAs from recognition by
the innate immune system while improving their translation
and in vivo stability.”*”” Similarly, modifications to gRNAs
used for CRISPR/Cas9-mediated gene editing improve
stability without compromising editing efficiency. These
modifications are particularly important for applications using
Cas9 mRNA because they allow gRNAs to resist nuclease
degradation during Cas9 protein translation, resulting in
efficient downstream RNP complexation.*”'* The efficacy of
LNP therapeutics that incorporate modified mRNA also varies
depending on LNP composition and the cells and tissues
targeted by the particles, indicating that interactions between
components of these systems also partially determine their
efficacy.'”"

An important consideration for delivering RNA forms of
CRISPR components is delivery of Cas9 mRNAs and gRNAs
at optimal ratios for efficient intracellular RNP assembly and
targeting (Figure 2B). gRNAs are frequently encapsulated with
and delivered in excess of Cas9 mRNA. Conversely, Cas9
RNPs are often assembled prior to delivery, which ensures that
enough of each component is delivered in a single complex
simultaneously to cells (Figure 2C). Previous work has found
that a Cas9/gRNA molar ratio of 1:3 achieves robust gene
editing and does not impact LNP size or zeta potential.”®
When compared to more persistently expressed pDNA, RNPs
are degraded rapidly after cellular delivery. This minimizes the
potential for off-target effects and makes Cas9 RNP delivery a
more desirable therapeutic option. LNP delivery results in
transient payload expression that, when combined with short-
lived mRNA and RNP cargoes, allows for flexible dose
titration, multiple dosing, and, if required, immediate
suspension of treatment.

It is also important to address that many therapeutic
applications of the CRISPR/Cas9 system involves using the
HDR pathway for gene correction, instead of NHE] (which is
useful primarily for gene knockout). This means an additional
donor DNA template containing the desired edits must also be
present. The success rate of HDR is largely dependent upon
the availability of the donor template at close proximity to the
Cas9 cut site. This complicates the delivery scheme by
requiring encapsulation of an additional DNA component.
Current research on LNP formulations usually focuses on
creating indels with the NHE] pathway or base editing, where
the delivery of only Cas9 and gRNA are sufficient. LNP
delivery systems that can efficiently deliver DNA repair
templates with RNP to maximize the frequency of gene
correction using HDR are the future of this approach.

The current pace of LNP research and the relevance of
LNPs for delivering mRNA in the BioNTech/Pfizer and
Moderna vaccines developed for SARS-CoV-2">'"'"* will
significantly contribute to the clinical translation of LNP
systems. In addition to lipids developed for the current
COVID-19 vaccines, extensive efforts have been made to
develop safe and efficient ionizable lipids to optimize in vivo
delivery. Intellia Therapeutics is currently leading the clinical
translation of LNP—CRISPR therapeutics using mRNA, and it
is likely that the clinical translation of new LNP—RNP systems
will expand into multiple therapeutic areas in the future.
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