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Lipid nanoparticles (LNPs) are becoming popular as a means of delivering therapeutics, including those
based on nucleic acids and mRNA. The mRNA-based coronavirus disease 2019 vaccines are perfect ex-
amples to highlight the role played by drug delivery systems in advancing human health. The funda-
mentals of LNPs for the delivery of nucleic acid- and mRNA-based therapeutics, are well established.
Thus, future research on LNPs will focus on addressing the following: expanding the scope of drug de-
livery to different constituents of the human body, expanding the number of diseases that can be tar-
geted, and studying the change in the pharmacokinetics of LNPs under physiological and pathological
conditions. This review article provides an overview of recent advances aimed at expanding the appli-
cation of LNPs, focusing on the pharmacokinetics and advantages of LNPs. In addition, analytical tech-
niques, library construction and screening, rational design, active targeting, and applicability to gene
editing therapy have also been discussed.

© 2022 The Japanese Society for the Study of Xenobiotics. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Lipid nanoparticles (LNPs) are becoming popular as delivery
agents for nucleic acid and mRNA-based therapeutics [1e4]. This
follows a series of clinical successes beginning with patisiran
(Onpattro®), the first approved RNA interference drug [3,5].
Particularly, the mRNA coronavirus disease 2019 (COVID-19) vac-
cines marketed byModerna and Pfizer, are a great example to show
how research and development of drug delivery systems (DDSs)
over the years has contributed to the health and welfare of hu-
manity [6,7].

LNPs refer to all nanoparticles composed of lipids, including a
variety of classes such as liposomes. Nowadays, the term is often
ical Informatics, Graduate School o

kai), skawakam@nagasaki-u.ac.jp

y of Xenobiotics. Published by Else
used to refer to stable nucleic acid-lipid nanoparticles, particularly
in the field of nucleic acid and mRNA DDSs; therefore, this article
follows this narrow usage. The strategy for developing LNPs for
delivering nucleic acid and mRNA-based therapeutics has been
fairly established, and several review articles focusing on the con-
cepts, basic components, and fundamental technologies have
already been published [1e4,8e10]. Thus, they are only briefly
described here.

Ionizable lipids play a critical role in LNPs [11e13]. Dlin-MC3-
DMA [14], used in patisiran, SM-102 [15] and SS-cleavable pH-
activated lipid-like material (ssPalm) [16,17], which are biode-
gradable lipids, and lipidoid C12-200 [18e20] are a few examples
for this. In addition to the encapsulation of nucleic acids and
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Fig. 1. The concepts, basic components, and fundamental technologies of lipid nanoparticles for delivery of nucleic acid and mRNA-based therapeutics. Nucleic acids and mRNAs are
in the lipid cores of LNPs; the outer lipid membranes of LNPs are not perfectly aligned bilayers like liposomes, but are close to micelles in structure. Ionizable lipids contribute to
efficient endosomal escape and release of nucleic acids and mRNAs from LNPs after uptake by cells, in addition to the encapsulation of nucleic acids and mRNAs into LNPs. The LNPs
modified with 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG) can detach PEG at a moderate rate in the blood circulation, resulting in efficient
intracellular delivery of nucleic acids and mRNAs. The uptake of LNPs in the hepatocytes, after the intravenous administration, is caused via the low-density lipoprotein receptor
(LDLR) because of the interaction between LNPs and apolipoprotein E (apoE) in the blood.
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mRNAs into LNPs, ionizable lipids contribute to efficient endosomal
escape and release of nucleic acids and mRNAs from LNPs after
uptake by cells (Fig. 1) [12]. One of the major challenges in
designing DDS was that polyethylene glycol (PEG) modification
improved the blood stability of nanoparticle formulations after
systemic administration, but also inhibited their uptake into target
cells [21e23]. A simple strategy to overcome this problem was the
development of 1,2-dimyristoyl-rac-glycero-3-methoxypolyethyl
ene glycol-2000 (DMG-PEG), in which the alkyl tail of the PEG-
lipid is shortened to C14 from that of the conventional type
(Fig. 1) [24]. The LNPs modified with DMG-PEG can detach PEG at a
moderate rate in the blood circulation, resulting in efficient intra-
cellular delivery of nucleic acids and mRNAs [24e26]. Furthermore,
by applying microfluidic technologies such as the T-mixer, a tech-
nology to efficiently mix lipids with nucleic acids or mRNAs was
developed, which has enabled us to produce LNPs with a high
degree of reproducibility [27e29]. LNP technology has become a
powerful tool in drug development. Using advanced analytical
techniques such as cryogenic electron microscopy and small angle
X-ray scattering, the structure of LNPs has been elucidated. LNPs are
characterized by the absence of a distinct inner aqueous phase,
unlike traditional unilamellar and multilamellar liposomes, which
possess a distinct inner aqueous phase [30]. Nucleic acids and
mRNAs are in the lipid cores of LNPs; the outer lipid membranes of
LNPs are not necessarily perfectly aligned bilayers like liposomes,
but are close to micelles in structure (Fig. 1) [1,31,32].

This review article will provide an overview of the pharmaco-
kinetics of LNPs, and the research and development aimed at
2

expanding the applications of LNPs, with particular emphasis on
recent advances.

2. General pharmacokinetics of LNPs and their analytical
techniques

Optical imaging has become the method of choice for pharma-
cokinetic analysis of nanoparticular and other formulations, due to
its high accessibility and throughput. This is despite the fact that it
is only semi-quantitative in nature, as it is a two-dimensional im-
aging technique [33]. While autofluorescence is often a problem
with fluorescence imaging, luminescence imaging can, in principle,
be expected to have an extremely high signal-to-noise ratio. Recent
improvements in charge-coupled device cameras have made them
more sensitive. Particularly in the development of gene and mRNA
therapeutics, luminescence imaging has been widely used to
evaluate the tissue distribution of exogenous protein expression
and its change over time in the same individual, using luciferase as
a reporter [34,35]. The protein expression characteristics of stan-
dard mRNA/LNPs have been reported after their administration
through several routes [34,35]. Pardi et al. reported the mRNA
translation patterns in mice of the LNPs (~80 nm in size) that
consisted of ionizable cationic lipid, phosphatidylcholine, choles-
terol, and PEG-lipid (50/10/38.5/1.5 M ratio) and luciferase mRNA
(RNA/total lipid ratio of ~0.05 wt/wt) [34]. The ionizable cationic
lipid and PEG-lipid were not clearly mentioned in their work, but
DLin-MC3-DMA or its analogs, and PEG-DMG were probably used,
respectively. It was reported that mRNA translation (luciferase
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expression) after intravenous administration of mRNA/LNPs was
mainly in the liver, and that it frequently occurred even after local
administration through intraperitoneal, intramuscular, subcutane-
ous, intradermal, and intratracheal routes, because a portion of the
mRNA/LNPs entered the systemic circulation. Interestingly, the
duration of mRNA translation varied among organs and tissues. It
rapidly declined in the liver, while intramuscular and intradermal
mRNA translation tended to be relatively persistent, and was
observed for up to a week. Intranasal administration was also
evaluated using a similar approach in another paper, which re-
ported no mRNA translation [35], although it may vary with
administration technique and condition. Recently, luciferin analogs
generating near-infrared luminescence were developed [36,37].
The increasing sensitivity of luminescence imaging may, for
example, make it possible to evaluate the efficiency of exogenous
protein expression in deeper organs and tissues with lower levels of
protein expression.

The high and specific uptake of LNPs in the liver, especially in
the hepatocytes, after this intravenous administration, was shown
to be caused via the low-density lipoprotein receptor (LDLR)
because of the strong interaction between LNPs and apolipoprotein
E (apoE) in the blood (Fig. 1) [38]. The interaction of nanoparticle
formulations with cells and proteins in blood has long been dis-
cussed [39e41]. Recently, proteins bound to LNPs, called protein
corona or biomolecular corona because of their shape, have been
the subject of much research attention as factors that contribute
greatly to LNP pharmacokinetics [42e45]. The latest findings con-
cerning protein coronas of LNPs, including the analytical technical
aspects, were recently reviewed [46]. Although there are still many
unknowns owing to the immaturity of the technology, a list of
constituents of protein coronas has been developed, that includes
serum albumin, complement factors, immunoglobulins, and apo-
lipoproteins. Proteins present in smaller quantities may be impor-
tant; improving the methods of separation of LNP-protein corona
complexes and the sophistication of proteomics technology are key
to a more detailed analysis of the protein coronas. The physiological
and pathological conditions of patients and animal models, and the
route of administration, and their impact on pharmacokinetics are
also important factors to consider.

For a detailed analysis of the intratissue distribution of LNPs, a
method that makes use of the Cre/loxP recombinase system is
beginning to be used [47e49]. This method uses transgenic mice
Fig. 2. Analysis of the intratissue distribution of LNPs using the Cre/loxP recombinase syste
cassette, blocks reporter gene expression in the absence of cyclization recombinase (Cre)
expressed. Treatment of these mice with LNPs encapsulating mRNA-encoding Cre results in

3

that have reporter genes (especially fluorescent proteins) down-
stream of the loxP-flanked stop cassette, which blocks reporter
gene expression in the absence of cyclization recombinase (Cre) in
the cells, but in the presence of Cre, the stop cassette is removed,
and the gene is expressed (Fig. 2) [50]. For example, the typical Ai14
mouse has Lox-Stop-Lox-tdTomato (LSL-tdTomato) inserted into
the Rosa26 region, which is a known safe harbor locus for gene
insertion into the mouse genome [50]. These mice can be crossed
with other transgenic mice that express Cre in a cell type-selective
manner and have been widely used to generate model mice in
which specific cell types are labeled with fluorescence [51,52].
Treatment of these mice with LNPs encapsulating mRNA-encoding
Cre results in stable expression of fluorescent protein in the
delivered cells selectively. To be precise, only cells that have un-
dergone all the following steps are fluorescently labeled: (1) mRNA
is transferred to the cytoplasm, (2) Cre protein is produced by
translation, (3) Cre is transferred to the nucleus, and (4) the stop
cassette is removed by recombination. It is useful for identifying
delivered cells and quantifying the delivery efficiency of each cell
type and is particularly convenient, in that, traces of Cre mRNA
translation and its functional expression are stably labeled with
fluorescence. This allows evaluation without optimization of the
timing of protein production. However, it should be noted that the
disadvantage of this method is that it does not allow for the
quantification of the expression levels of foreign proteins and their
changes over time. An example of the use of this method was in
evaluating the mRNA delivery efficiency to each cell type in tissues
[47]. This was done by separating the liver, lung, and spleen cells
into hepatocytes, liver sinusoidal endothelial cells, and Kupffer
cells; epithelial cells and endothelial cells; B cells, T cells, and
macrophages, respectively, using flow cytometry. In addition, in the
development of LNPs targeting the brain, a clear demonstration of
mRNA delivery beyond the blood-brain barrier (BBB) to the cells in
cerebral cortex, hippocampus, and cerebellum would also be an
example of effective application [48]. Although the introduction of
transgenic mice is a hurdle, it is expected to become one of the
popular methods of biodistribution analysis in the future.

Positron emission tomography (PET) is an imaging technique
that can be used seamlessly from rodents to humans. Its application
to pharmacokinetic research and drug development has been
explored, owing to its high quantitative and temporal resolution
[33,53e56]. The ability to directly evaluate drug concentrations in
m. The transgenic mice that have reporter genes downstream of the loxP-flanked stop
in the cells, but in the presence of Cre, the stop cassette is removed, and the gene is
stable expression of fluorescent protein in the delivered cells selectively.
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human tissues, which was previously impossible, is a breakthrough
[53e56], and is expected to lead to efficient drug development that
strongly links pharmacokinetics to drug efficacy. Although small
molecule and antibody drugs have been the main targets so far,
application of PET has recently been expanded to include nucleic
acid drugs and their DDS formulations [53e66]. Positron emitter
labeling methods with 18F and 64Cu have been established for
nucleic acid therapeutics such as antisense drugs [62e66], and the
pharmacokinetic evaluation of DDS formulations of nucleic acid
therapeutics using PET has been reported [65,66]. For example,
Mukai et al. evaluated the pharmacokinetics of a liposomal
formulation encapsulating phosphorothioate antisense oligodeox-
ynucleotides (ODNs) in a xenograft mouse model of human
pancreatic cancer cell line [65]. In this study, the authors combined
dynamic PET imaging, which can obtain highly sensitive and time-
resolved pharmacokinetic data over time in the same individual,
with LC/MS/MS, which can separately evaluate the intact drug and
its metabolites. The results demonstrated the in vivo nucleic acid
protective effect of the liposome formulation and the delivery of
intact ODNs to the tumors. In addition, based on the intact/accu-
mulated ODN ratio (calculated by dividing the tissue drug con-
centrations by LC/MS/MS analysis by those by PET analysis), it was
found that the liposomal formulation effectively protected ODNs in
blood, tumors, and kidneys, while the protective effect was very
low in the liver, resulting in the rapid degradation of ODNs.

Furthermore, PET-based pharmacokinetic evaluation of mRNA/
cholesterol-kanamycin lipidic derivatives complex were reported
[66]. The conventional positron emitter-labeling approaches are
not applicable to mRNAs synthesized by in vitro transcription,
because they essentially lack reactive functional groups suitable for
chemical modification of chelators. In their paper, Lindsay et al.
prepared positron emitter-labeled mRNA by a slightly complex but
unique method, in which mRNA was allowed to form comple-
mentary strands with biotin-modified oligonucleotides, and then
bound with 64Cu-labeled NeutrAvidin. Biodistribution data based
on PET-computed tomography were obtained over 28 h after
administration of 64Cu-labeled mRNA/cholesterol-kanamycin
lipidic derivatives complex to quadriceps of Cynomolgus ma-
caques. With the passage of time, an increase in the accumulation
in draining lymph nodes was observed, which probably reflects the
migration process following the uptake of the nanoparticle
formulation by the antigen-presenting cells. The nanoparticular
formulations were labeled with near-infrared fluorescent dye in
addition to the positron emitter; the tissues with efficient uptake
were excised under the fluorescence imaging guide; and their
distribution was evaluated at the cell-type level by flow cytometry.
Furthermore, the yellow fever prMe mRNA was labeled in a trans-
latable form, which allowed immunological evaluation. Such a
combined experimental design will be useful for analyzing the
correlation between pharmacokinetics and drug efficacy in the
same individual in preclinical studies, especially using non-human
primates in vaccine development, where individual differences are
likely to occur.

3. Advantages of LNPs: library construction and screening

Current pharmacokinetic knowledge is still insufficient to
develop the delivery system of nucleic acid therapeutics, which
must overcome the multi-step obstacles described above, to target
organs/tissues and cells in a fully rational manner. Thus, screening
approaches can be particularly powerful, as in the discovery of lead
compounds for drugs based on small molecules and antibodies. To
identify efficient delivery systems, the construction of their li-
braries with sufficient diversity and appropriate screening indices
that are easily quantifiable, are essential. With LNP, the key
4

components were narrowed down, and the preparations were
simplified to mixing, which makes it easier to construct libraries
with sizes greater than dozens. In addition, high-throughput
screening is possible with deep sequencing of nucleic acids using
next-generation sequencers, as described below [67e72]. Through
such screening, the data on lipid structure/composition-protein
production/gene silencing activity relationships is being accumu-
lated, which is expected to lead to the rational design of LNPs in
future.

Among the components of LNPs, particular emphasis has been
placed on the screening of ionizable lipids [11e20]. One of the
earliest examples was the ionizable amino lipid screening for siRNA
delivery to the liver, which led to the first RNAi therapeutic, pati-
siran (Onpattro®) [14]. Fifty-six amino lipids with the common
dilinoleyl tails and varied amine head groups and linkers were
synthesized, and a library of LNPs containing each amino lipid with
distearoylphosphatidylcholine (DSPC), cholesterol, and (R)-2,3-
bis(octadecyloxy)propyl-1-(methoxy poly (ethylene glycol)2000)
propylcarbamate (PEG-DMG) was constructed. The screening was
based on the median effective doses (ED50) of factor VII gene
knockdown (measuring factor VII protein in serum) after intrave-
nous administration of the LNP encapsulating factor VII siRNA; the
most efficient ionizable lipid was found to be (6Z,9Z,28Z,31Z)-
heptatriaconta-6,9,28,31-tetraen-19-yl 4-(dimethylamino)buta-
noate (DLin-MC3-DMA). This lipid is still one of the gold standards,
and is used for comparison in the performance evaluation of many
subsequent LNPs. In this study, the apparent acid dissociation
constants (pKa) of amino lipids that exist in LNPs were determined
using the change in fluorescence of 2-(p-toluidino)-6-naphthalene
sulfonic acid (TNS) with pH titration, and their correlation with the
gene knockdown efficiencies was investigated. The resulting cor-
relation was sharp bell-shaped, and the finding was that the
optimal range of pKa is very narrow, between 6.2 and 6.5. In
contrast, even in that range, the ED50 values can vary by up to a
factor of 15, indicating that a completely rational design of LNPs is
difficult to achieve.

The screening process for SM-102, the ionizable lipid used in the
COVID-19 vaccine developed by Moderna, has also been published
[15]. For the LNP library for intramuscularly administered mRNA
vaccines, lipids containing esters in their tails and tertiary amines
as ionization sites were used to enable rapid metabolism in vivo.
This was done to increase the focus on reducing adverse effects.
Thirty different LNPs co-encapsulating luciferase mRNA and H10N8
influenza hemagglutinin antigen mRNA, were administered intra-
muscularly to mice and screened by simultaneously evaluating
protein production and immune induction. Five candidates were
selected, and SM-102 was finally chosen as the lipid to be used in
clinical LNPs based on the subsequent studies of tolerability and
other factors. Interestingly, it is reported that the optimal lipid pKa
for immune induction was in the range of 6.6e6.8, unlike in the
case of siRNA delivery to the liver, and that there was no strong
correlation between protein production levels and immune in-
duction. This could be because lipids have the effect of an adjuvant.
In addition, the LNPs that result in high protein production tend to
be somewhat similar, but not identical, between the intravenous
and intramuscular administration.

Currently, LNPs targeting various organs/tissues, and each group
of cells constituting the liver other than hepatocytes are being
developed, where there is no easy-to-use index for screening such
as the factor VII gene knockdown mentioned above. Therefore,
versatile, quantitative, reproducible, and high-throughput methods
for evaluating their biodistributions are essential. For this reason,
DNA barcode technologies are beginning to be used [67e72].

DNA barcoding was originally a phylogenetic method in biology
that used short genetic markers to identify species from DNA
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sequences [73,74]. It has now become powerful with the advent of
next-generation sequencing technology. This approach can also be
applied to materials and has been proposed for use in high-
throughput screening of DDS formulations based on their bio-
distribution [67e72]. LNPs with different compositions encapsu-
lating nucleic acids with individual DNA or RNA sequences assigned
to each as barcodes are prepared and made into libraries (Fig. 3). By
administering the mixture of these barcoded LNPs to experimental
animals and performing deep sequencing for DNA or RNA barcode
in each tissue, the tissue distribution characteristics of LNPs with
each lipid composition can be quantified at once. This is highly
effective for the high-throughput screening of LNPs suitable for
targeting each organ/tissue. This approach leads to a reduction in
the number of animals used, direct comparisons of LNP bio-
distributions on the same individuals, and a reduction in experi-
mental effort. These factors make DNA barcoding very suitable for
the development of DDS technologies such as LNPs for drugs based
on nucleic acids and mRNA.

A proof-of-concept for the screening of LNPs with DNA barcodes
was obtained in the simultaneous evaluation of 30 different LNPs
for their distribution in eight tissues [67]. The DNA barcodes used
were 61 nucleotides long, including a barcode sequence of 10 nu-
cleotides near the middle, and Illumina adapter sequences of
approximately 20 nucleotides at each of the 50 and 30 ends. The
three nucleotides at both ends of the DNA barcodes were modified
with phosphorothioate so that they were not degraded by exonu-
clease. Although the detection sensitivity depends on the devices
and sequencing conditions, the conditions in this study, which used
Fig. 3. High-throughput screening of LNPs suitable for targeting each organ/tissue using D
dividual DNA or RNA sequences assigned to each as barcodes are prepared and made into li
and performing deep sequencing for DNA or RNA barcode in each tissue, the tissue distrib
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Illumina MiSeq, were highly sensitive. In the evaluation of LNPs
containing C12-200 having a complex structure with five alkyl
chains as an ionizable lipid-like molecule, there was a linearity
between dose and liver DNA barcode counts in the dose range of
0.0001e0.5 mg/kg. Depending on the accumulation of LNPs in the
target tissues, this linearity with low dose andwide range indicated
that the tissue distribution characteristics of dozens or hundreds of
LNPs can be evaluated in the same mouse at a time. As a demon-
stration of this method, 30 types of LNPs containing C12-200 with
different molecular weights and lengths of alkyl chain tails of PEG-
lipids and their molar ratios were evaluated for their distributions
in the heart, brain, uterus, muscle, kidney, pancreas, liver, and lung.
Data with very low variance were obtained even with 3e4 repli-
cates of animals, indicating high reproducibility of this method.
Since the ultimate function of LNPs is target gene knockdown or
exogenous gene expression, and these evaluations are necessary, it
is reasonable that this method is used to exclude LNPs that do not
function effectively. In fact, there was an approximate correlation
between the number of DNA barcodes counted in the liver after
administration of each LNP, and the decrease in its protein con-
centration in the blood when factor VII siRNA was delivered with
the corresponding LNPs. This strongly suggests that this method
can function effectively as a first-pass screening of LNPs.

An example of using this method to evaluate the tissue distri-
bution of LNPs on a larger scale is a comparison in the library that
consisted of 96 LNPs based on the ionized lipid-like molecule C12-
200, with different helper lipid types, molar ratios of cholesterol,
molecular weights of PEG-lipids, and mixing ratios of lipids and
NA barcoding. LNPs with different compositions encapsulating nucleic acids with in-
braries. By administering the mixture of these barcoded LNPs to experimental animals
ution characteristics of LNPs with each lipid composition can be quantified at once.
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DNA [69]. This systematic evaluation suggested that helper lipids,
which have not receivedmuch attention so far, may affect the tissue
accumulation characteristics of LNPs. Specifically, LNPs that contain
DOPE as a helper lipid tended to accumulate in the liver, while LNPs
that contain DSPC accumulated preferentially in the spleen. Using
the technique of quartz crystal microbalance with dissipation
monitoring, the LNPs that contain DSPC as a helper lipid were
shown to have a significantly weaker interaction with ApoE. This
may be an example of how high-throughput screening reveals new
factors that need to be optimized for the rational design of LNPs. In
addition, for the development of LNPs for mRNA drugs, the con-
struction and use of LNP libraries using barcoded mRNA, instead of
DNA barcodes, are desirable because they allow for more accurate
evaluation of mRNA/LNPs biodistribution. The library construction
of in vitro transcripted mRNAs having 10 nucleotides of barcode
sequences and unique molecular identifiers (UMIs), which reduce
errors caused by amplification and quantitative biases behind the
sequence of gene of interest have been reported [70]. This study
showed that the tissue distribution characteristics of barcoded
mRNA (typically hundreds to thousands of nucleotides) and DNA
barcodes (61 nucleotides) were different, despite LNPs with iden-
tical formulation parameters, strongly suggesting the importance of
using barcoded mRNA.

The DNA/RNA barcode-based screening not only evaluates bio-
distribution at the tissue level, but also at the cell-type level inmore
detail when combined with flow cytometry. In addition, by
combining this with the Cre/loxP recombinase system described
above, in which cells expressing foreign Cre proteins above a
certain threshold were fluorescently labeled, a high-throughput
evaluation of not only mRNA delivery, but also of foreign protein
expression was reported [71]. Specifically, a library of 75 LNPs,
encapsulating DNA barcodes and Cre mRNA together, was con-
structed and administered to Ai14 mice carrying the LSL-tdTomato
cassette. By flow cytometry selection of tdTomato-positive cells,
and further immunostaining with various cell markers, a total of
28 cell types from 7 tissues were isolated and amounts of DNA
barcodes were quantified for each, using next generation
sequencing. This method allows us to focus on the LNPs that ulti-
mately result in Cre protein expression. Thus, its advantage is that
LNPs that are taken up by the cell but have low protein expression
efficiency are excluded in principle. Interestingly, a distinctive
study was conducted using a library of LNPs based on nine
cholesterol derivatives, and cluster analysis suggested that oxida-
tive modification of the hydrocarbon tail adjacent to sterol ring D
(for example, 20a-hydroxycholesterol) may be effective for mRNA
delivery to the Kupffer and hepatic endothelial cells. Moreover, it is
worth mentioning that the development of a more sensitive
method for biodistribution evaluation of LNPs, named quantitative
analysis of nucleic acid therapeutics, was reported by applying
digital droplet PCR for absolute quantification [72]. Digital droplet
PCR is usually used to quantify rare genomic events [75].

4. Rational design and active targeting

Till date, there are only a few successful examples of rational
LNP design; the following are some examples of tuning tissue
selectivity by charge control [47] and conferring cell selectivity by
small molecule ligandmodification [48,49,76] or antibody [77e81].

The charge of nanoparticles has been well known to change
their tissue selectivity after intravenous administration, as exem-
plified in liposome formulations [82e84]. Applying this pharma-
cokinetic knowledge, several tissue-targeted LNPs have been
developed by adding cationic or anionic lipids to the general
composition of LNPs to tune their charge [47]. Specifically, based on
the LNPs composed of dendrimer-type ionizable lipid, DOPE,
6

cholesterol, and DMG-PEG (15/15/30/3 molar ratio), (which was
optimized for efficient mRNA delivery to the liver), the mixing ratio
of an additional lipid, 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), (which is cationic under physiological conditions because
of its quaternary amine), gradually increased. Although the original
LNPs predominantly expressed the luciferase reporter in the liver,
its expression in the spleen became higher by adding 10e15%
DOTAP; more than 90% of the expression was in the lung by adding
30e40% or more DOTAP. On the other hand, the addition of 10e30%
of 1,2-dioleoyl-sn-glycero-3-phosphate (18 PA), which is a nega-
tively charged lipid, resulted in an almost complete change to the
spleen-targeting LNPs. The particle sizes of lung-targeting LNPs
(50% DOTAP) and spleen-targeting LNPs (30% 18 PA) were 113.1 nm
(PdI, 0.22) and 142.1 nm (PdI, 0.13), respectively. There were min-
imal changes from those of their original LNPs, 93.2 nm (PdI, 0.14).
The zeta-potentials of the original, lung-targeting, spleen-targeting
LNPs were between �0 and �3.6 mV and almost unchanged. In
addition, with any of the LNPs, mRNA doses of 0.01e0.3mg/kgwere
reported to produce therapeutic blood levels of human erythro-
poietin, mouse interleukin-10, and other therapeutic proteins.
Furthermore, in this study, a more detailed evaluation of the
mRNA-transfected cell types and their percentages was performed
by flow cytometry in the abovementioned transgenic mice, whose
cells have the property of being labeled with tdTomato upon
recombination by exogenous Cre protein expression. The results
showed that lung-targeted LNPs transfected mRNA to ~40%, ~65%,
and ~20% of lung epithelial cells, endothelial cells, and immune
cells, respectively; the spleen-targeted LNPs transfected mRNA to
~12%, ~10%, and ~20% of B cells, T cells, and macrophages, respec-
tively. Within these cells, lung epithelial cells are targets for cystic
fibrosis therapy; B cells for Non-Hodgkin's B-cell lymphoma ther-
apy. The authors showed that this method can be applied to LNPs
with other ionizable lipids, including DLin-MC3-DMA. They named
it selective organ targeting (SORT) as a general strategy that allows
LNPs developed to target the liver, to be easily converted to those
targeting the lung or spleen. It has been speculated that the dif-
ferences in the formation of protein coronas may cause this tissue
selectivity; however, it may not be easy to expand the number of
target organs beyond the lungs and spleen, which are considered
relatively easy to target in conventional DDS development.

Taking advantage of the presence of specific sugar receptors on
the surface of cells, depending on the cell types, sugar modifica-
tions have been studied as active targeting strategies for nano-
particle formulations such as liposomes [84e89]. In particular,
mannose receptors (CD206) have been attracting attention because
they are expressed on immunocompetent cells such as macro-
phages and dendritic cells, as well as on vascular endothelial cells
[90]. Applying this strategy, an attempt tomodify the cell selectivity
in the liver by mannose modification was also reported in LNPs
[49]. The pharmacokinetics of general LNPs is determined by the
formation of protein corona especially after systemic administra-
tion, as described above. To make active targeting dominant, it is
necessary to inhibit the formation of protein corona. It has been
reported that increasing the amount of PEG-lipids reduced the
interaction with ApoE and the LDLR-mediated delivery to hepato-
cytes. Therefore, in the LNPs based on ionizable lipids, DOPE,
cholesterol, and PEG-lipid, the amount of PEG-lipid was increased
to 3%, which is higher than general LNPs, and 2.5% of it was replaced
with mannose-modified PEG-lipid. In the evaluation of firefly
luciferase mRNA as a reporter, the mannose modification of LNPs
did not change the liver-specific protein expression. The cellular
pattern of protein expression in the liver, however, changed
significantly in an evaluation using LSL-tdTomato mice. In the
original LNPs, the percentage of tdTomato-positive cells was ~70%
for hepatocytes, ~10% for liver sinusoidal endothelial cells (LSECs),
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and ~5% for Kupffer cells; in the mannose-modified LNPs, the per-
centage was ~15% for hepatocytes, ~70% for LSECs, and ~15% for
Kupffer cells. Using these mannose-modified LNPs, a single intra-
venous dose of 0.5 mg/kg siRNA was reported to reduce the serum
concentration of factor VIII, which is mainly produced by LSECs, by
nearly 10%. Notably, its significant reduction was not observed in
the original LNPs. In this report, the mannosemodification changed
their particle sizes from ~40 nm to ~100 nm, and this difference
may also contribute to LSEC targeting. By using galactose-modified
LNPs as a control, it was demonstrated that the ApoE protein
corona-mediated uptake of LNPs can be switched to active target-
ing via receptor-mediated endocytosis. In addition, the effect of
active targeting by mannose modification to LNPs has been inves-
tigated in intramuscularly and intradermally administered mRNA
vaccines using mannose-cholesterol amine conjugate, which
enhanced the induction of liquid and cellular immunities [76].

Another example is the brain-targeting LNPs modified with
neurotransmitters, which are known to penetrate the BBB [48].
Specifically, the lipidoid NT1-O14B having tryptamine, a neuro-
transmitter, in its head and two alkyl chains in its tail connected by
disulfide and ester bonds was developed. For preparation of anti-
sense oligonucleotides-encapsulating LNPs, NT1-O14B was mixed
with 306-O12B-3, a bioreducible and biodegradable lipid with di-
sulfide and ester bonds. 306-O12B-3 has been demonstrated to be
useful in the LNP-based delivery of antisense oligonucleotides, in a
3:7 wt ratio, in addition to 4 wt % of DSPE-PEG2000. The LNPs
generated to demonstrate the knockdown of tau (whose abnormal
phosphorylation causes neurofibrillary changes and is believed to
be one of the factors in Alzheimer's disease), had a particle size of
~175 nm (PdI, a little less than 0.2) and a zeta-potential of
approximately �15 mV. Intravenous administration of these LNPs
at a dose of 1 mg/kg antisense oligonucleotide, five times with 3-
day intervals reduced Tau mRNA in the brain by about half.
Furthermore, the delivery to the cerebral cortex, cerebellum, and
hippocampus was demonstrated by the experiment in which Ai14
mice were treated with the LNPs encapsulating negatively super-
charged (�27)GFP-Cre protein, and the distribution of tdTomato-
labeled cells in the brain was investigated. Although the detailed
mechanism has not been reported, these results demonstrated that
LNPs were able to cross the BBB while maintaining their structures
for delivering cargos to the cytoplasm of neural cells. It has been
shown that the optimized ratio of the two lipidoids, NT1-O14B and
306-O12B-3, is essential for efficient delivery to the neuronal cells.
Such precise design may be important to achieve a good balance
between transcytosis in the BBB andmembrane fusion in the neural
cells. Although these efforts are still in their infancy, the develop-
ment of LNPs that can cross the BBB and deliver nucleic acids and
mRNA therapeutics to neurons, astrocytes, microglia, and other
neural cells that are therapeutic targets for brain diseases, will be
one of the major challenges in the field of DDS.

Modification with antibodies is a versatile way to endow active
targeting abilities to nanoparticle formulations [91e93], and it is
beginning to be reported for LNPs. A method of presenting anti-
bodies on the surface of LNPs using scFv that binds to the Fc domain
of antibodies has been reported, which is called anchored sec-
ondary scFv enabling targeting (ASSET) by the authors [77]. Spe-
cifically, the scFv of RG7/1.30, a monoclonal antibody that binds to
rat IgG2a, was linking to its N-terminus a short peptide NlpA motif
consisting of 6 amino acids that received lipidation during its
expression in E. coli [94,95], which in turn, supported its anchoring
to the LNP membranes. This anti-rat IgG2a scFv, conjugated with
lipidated NlpA motif peptide (a kind of lipoprotein) was expressed
on the inner membrane of E. coli by using the appropriate signal
peptide. The purified lipoprotein was mixed with cholesterol to
form micelles. The micelles were mixed with siRNA-encapsulated
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LNPs having a lipid composition of DLin-MC3-DMA, DSPC, choles-
terol, DMG-PEG, and DSPE-PEG (50/10.5/38/1.4/0.1 molar ratio) for
48 h at 4 �C for post-insertion, which allowed to generate a plat-
form to produce LNPs with antibodies targeting any molecules.
Antibody-modified LNPs were completed by attaching antibodies,
which are more uniformly aligned to the preferred orientation
compared to conventional amine coupling and other random
chemical modifications. In fact, in the example of anti-CD34 anti-
body, the CD34 binding of LNPs evaluated by enzyme-linked
immunosorbent assay (ELISA) was 4.5 times higher in this ASSET
approach. In addition, the following secondary advantages were
pointed out: reduced non-specific accumulation due to the mask-
ing of the Fc domain, and a reduction in the amounts of antibodies
required by 2 orders of magnitude. In this paper, LNPs encapsu-
lating Cy5-labeled siRNAs conjugated with monoclonal antibodies
against eight different target molecules were generated. It was
demonstrated using flow cytometry that they can be used to easily
switch target cells for subtype targeting of leukocytes.

The therapeutic effects of leukocyte subtype-selective siRNA or
mRNA delivery using this system have been demonstrated in
mouse models of several types of diseases [77,78]. For example, in
mice with dextran sodium sulfate (DSS)-induced colitis, a standard
model of inflammatory bowel disease (IBD), using anti-Ly6C anti-
body-modified LNPs, TNF-a siRNAs were administered intrave-
nously three times every other day, starting on the third day after
DSS administration [77]. This resulted in a reduction of TNF-a levels
in the colon by approximately one-third and a concomitant
reduction of interleukin-6 (IL-6) levels to the same level as in non-
inflamed mice, which greatly alleviated symptoms. Incidentally,
Ly6c is a marker for mouse circulating monocytes and inflamma-
tory tissue macrophages. Similarly, in xenograft mice models
intravenously injected with mantle cell lymphoma cell line using
anti-CD29 antibody-modified LNPs, siRNA against Polo-like Kinase
1 (Plk1) gene (an oncogene encoding a kinase essential for mitosis),
was administered every 3 days starting 5 days after cancer cell
administration, resulting in nearly doubling the survival time [77].
Furthermore, this system is also effective for mRNA delivery, and it
has been demonstrated that anti-Ly6C antibody-modified LNPs can
be used to produce foreign proteins selectively and efficiently in
Ly6C-positive cells of spleen and intestine, using luciferase as a
reporter [78]. In the same mouse model of IBD as above, the mRNA
administration of IL-10 (one of the anti-inflammatory cytokines),
with anti-Ly6C antibody-modified LNPs at 3, 6, and 9 days after
induction of colitis, was reported to increase IL-10 concentrations
in the colon to near normal levels. There were also associated de-
creases in colonic TNF-a and IL-6 concentrations and improvement
in symptoms. This approach is complicated in that, it used re-
combinant lipoproteins expressed in E. coli, and there are concerns
about their toxicities.

In the generation of LNPs targeting active form of a4b7 integrin,
LNPs were modified with antibody-like molecules by a slightly
different strategy [79]. The LNPs with DSPE-PEG-maleimide,
through which the rat IgG2a antibody RG7/1.3 reduced with
dithiothreitol was conjugated, has been used in place of ASSET. For
example, leukocytes are homing when a4b7 integrin, which is
expressed and activated on their membranes, attaches to
MAdCAM-1 on intestinal endothelial cells. a4b7 integrin undergoes
a conformational change upon activation, and its natural ligand
MAdCAM-1 is known to bindwith higher affinity to this active form
[96]. Therefore, the integrin-binding domain of MAdCAM-1 was
fused to the rat IgG2a Fc, which was linked to the LNPs as a tar-
geting element. As a therapeutic demonstration using this LNP in a
mouse model of piroxicam-accelerated colitis, an interferon-siRNA
was administered every other day starting 4 days after the start of
piroxicam administration. The interferon concentration in the
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colon decreased, and accordingly, colonic TNF-a and blood IL-6 and
IL-1b concentrations decreased. The therapeutic outcome,
improvement of colon pathologies, was also shown to be compa-
rable to that of treatment with anti-TNF-a antibodies, which are
already in standard use in clinical practice.

Although there are other reports of antibodymodification of LNPs
using maleimide-thiol coupling [80,81], the indirect modification
approaches via the antibodies Fc domain binding molecule such as
that described above are more versatile. Several other Fc domain
binding molecules have been reported [97], among which peptidic
onesmay potentially be an alternative because their lipid conjugates
can be chemically synthesized. Recent advances in mRNA display
and other screening methods have made it possible to discover
peptidic ligands from the libraries with a high degree of freedom in
molecular design [98,99]. These include non-natural amino acids,
and in some cases, the peptides with affinity and specificity greater
than that of antibodies were reported to be obtained. Considering
the stability of the formulations, it is expected that the development
of LNPs with such peptidic ligands as targeting elements will be
advanced in the future. We reviewed the successful examples of
active targeting of LNPs with antibodies and other targeting ele-
ments. It is important to emphasize that these approaches do not
fundamentally change tissue selectivity, but rather provide
enhanced selectivity for cellular uptake in the tissues to which LNPs
were distributed, leading to superior drug efficacy.

5. Application to gene editing therapy

With the emergence of clustered regularly interspaced short
palindromic repeats (CRISPR) [100e102] as the third generation of
editing technology following Zinc finger and TALEN [103,104], gene
editing therapy is slowly becoming a reality [105,106]. There are
three major types of CRISPR gene editing: non-homologous end
joining (NHEJ), homology-directed repair (HDR), and base editing,
each of which requires different components based on its
Fig. 4. The mechanisms of three types of CRISPR gene editing: non-homologous end joining
double-strand break at specific locations in the genome targeted by single-guide RNAs (sgR
and premature termination codons. During the repair process, HDR occurs if there is a don
editing, base editors, which are fusion proteins of a dead Cas9 and cytidine or adenine deam
the DNA strand.
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mechanism (Fig. 4) [104,107]. Of these, NHEJ and HDR take
advantage of the fact that the Cas 9 nucleasemakes a double-strand
break at specific locations in the genome targeted by single-guide
RNAs (sgRNAs). Mutations are introduced during subsequent
repair process, causing frameshifts and premature termination
codons [104]. During this repair process, HDR occurs if there is a
donor DNA (repair template) with the same homology arms as the
adjacent sequences of the double-strand break site, or NHEJ due to
a random insertion/deletion if there is no donor DNA [104]. In base
editing, instead of Cas9, base editors, which are fusion proteins of a
mutant dead Cas9 (dCas9) having inactivated DNA cleavage and
cytidine or adenine deaminase, are used to replace C�G base pair to
T�A base pair or vice versa without cleaving the DNA strand
[107e109]. While NHEJ and HDR mainly focus on disrupting the
expression of abnormal genes that cause disease, base editing is
different, in that it normalizes the target gene sequences and
normal protein production is expected.

Efficient and safe CRISPR/Cas9 gene editing using viruses is not
easy because of the large size of Cas9 and concerns about increased
off-target efficiency due to maintaining the editing system for a
long period of time [110]. Following their success with siRNA and
mRNA, LNPs are expected to be one of the promising delivery
systems in gene editing [110e115]. For NHEJ, there are two types of
LNPs: those that encapsulate Cas9 mRNA and sgRNA together
[116e118], and those that encapsulate ribonucleoproteins (RNPs),
which are complexes of Cas9 protein and sgRNA [119,120]. A
representative demonstration of the former is the editing of the
transthyretin (Ttr) gene in the liver of mice and rats, and the sub-
sequent knockdown of its expression [116]. The composition of the
LNPs used was generally standard for liver-targeting LNPs,
including cholesterol, DSPC, and PEG2k-DMG, except for an original
biodegradable ionizable lipid with a pKa of approximately 6.1. In
addition, Cas9 mRNA and sgRNA were mixed in LNPs at a weight
ratio of 1:1. Since the length of each is approximately 4500 and 100
nucleotides, the molar ratio of sgRNA was 45 times greater than
(NHEJ), homology-directed repair (HDR), and base editing. The Cas9 nuclease makes a
NAs). Mutations are introduced during subsequent repair process, causing frameshifts
or DNA, or NHEJ due to a random insertion/deletion if there is no donor DNA. In base
inase, are used to replace C�G base pair to T�A base pair or vice versa without cleaving



H. Mukai, K. Ogawa, N. Kato et al. Drug Metabolism and Pharmacokinetics 44 (2022) 100450
that of Cas9 mRNA. Cas9 with a nuclear localization sequence
attached to its C-terminus was used. Furthermore, for sgRNAs, the
20-O-methylation of 50-terminal trinucleotide and parts of CRISPR
RNA and trans-activating CRISPR RNA moieties, combined with the
phosphorothioation of three bonds at both of the 50- and 30-termini,
were shown to dramatically improve the editing efficiency. This
chemical modification is thought to contribute to the maintenance
of sgRNAs until Cas9 is translated, and thus, to the efficient for-
mation of Cas9/sgRNA RNPs. The particle sizes of the resulting LNPs
were generally less than 100 nm with the PdI approximately 0.1,
which was comparable to those of siRNA- or mRNA-encapsulated
LNPs. A single intravenous administration of this LNP at 3 mg/kg
was reported to result in editing of approximately 70% of the Ttr
gene in the liver by 4 days, and persistent knockdown of more than
97% of serum TTR for more than 1 year. This approach has the
potential to edit genes in almost all hepatocytes, which account for
50e60% of all liver cells, and holds great promise for the treatment
of various genetic liver diseases including transthyretin-type fa-
milial amyloid polyneuropathy.

In addition, in the liver, knockdown by NHEJ gene editing of
PCSK9 and Angptl3, genes for proprotein convertase subtilisin/kexin
type 9 and angiopoietin-like 3, which are involved in the regulation
of blood lipoprotein levels, was reported [117,118]. High editing
efficiencies have been achieved by using unique ionizable lipids
selected based on screening. Notably, both used ionizable lipids and
lipidoids that contain disulfide bonds [117,118], and in the report of
Angptl3 editing, DOPC, which has a quaternary amine headgroup
and one degree of unsaturation in the tail carbon chain, was used as
a helper lipid because it was more efficient in protein expression by
mRNA delivery than DSPC or DOPE [118].

Gene editingwith NHEJ is being attempted outside of the liver, for
example, in tumors [121]. Editing of the Polo-like Kinase 1 (Plk1)
gene, an oncogene encoding a kinase required for mitosis, and its
anticancer effects were investigated [122]. Since this gene is rarely
expressed in normal, non-dividing cells that have undergone final
differentiation, it is expected that the editing of this gene in normal
cells around cancer cells do not cause abnormalities in their function
in most cases [123]. In this LNP, an ionizable amino lipid with dili-
noleyl chain and tertiary amine head group was used with DSPC,
cholesterol, DMG-PEG, and DSPE-PEG, whichwas selected by in vitro
screening, with fluorescent protein gene editing in HEK293 cells as a
reporter [121]. Incidentally, the use of the typical ionizable amino
lipid DLin-MC3-DMAwas reported not to result in any editing under
the same conditions, even though it was efficiently taken up by the
cells. In orthotopic brain transplantation model mice of aggressive
glioblastoma, a single intracerebral administration of 0.05 mg/kg of
this LNP has been demonstrated to edit 68% of the Plk1 in cancer
cells, thereby suppressing tumor proliferation and prolonging sur-
vival. For an intraperitoneal dissemination xenograft model of hu-
man ovarian cancer, gene editing by intraperitoneal administration
of LNPs displaying an anti-hEGFR antibody by the ASSET approach
described above has been investigated.While the parent unmodified
LNPs showed almost no editing, a single administration of 0.75 mg/
kg of this LNP edited about 80% of the Plk1 in cancer cells, and after
two administrations, there was a marked suppression of tumor
growth and 80% increase in survival rate. Unfortunately, it is limited
to local administration for now, but compared to siRNA-based
knockdown, the number of administrations may be greatly
reduced, and gene editing of metastatic cancer and other cancers by
systemic administration may be one of the goals of future LNPs
development.

Cas9/sgRNA RNPs can be encapsulated into LNPs by taking
advantage of their anionic nature [119,120]. Some modification is,
however, required from the general methods for nucleic acid
therapeutics, because their molecular weights are large
9

(approximately 200 kDa) and there are concerns about their
denaturation due to pH change. In a pioneering report, a buffer of
pH 5.2 was used to prepare LNPs, and the particle size of the
resulting LNPswas somewhat large (approximately 300 nm), which
only demonstrated the editing of fluorescent protein gene in vitro
[119]. In a recent paper, a method was proposed, inwhich a cationic
lipid such as DOTAP, which has a positive charge even in neutral pH
conditions, was added to ionizable lipid, DOPE, cholesterol, and
DMG-PEG to encapsulate Cas9/sgRNA RNPs with neutral buffer
solutions in order to eliminate concerns about their denaturation
[120]. It was shown that LNPs with particle sizes of less than
200 nm and PdIs of less than 0.2 could be prepared. Furthermore,
this method was quite generalizable to various combinations of
cationic lipids, ionizable lipids and neutral pH buffers. In this paper,
some NHEJ-based editing in the liver and lungs by systemic
administration combined with the abovementioned SORT tech-
nology, was demonstrated. As interesting applications, the simul-
taneous knockout of three tumor suppressor genes (PTEN, P53, and
RB1) in the liver and the generation of their fusion protein by
rearrangement of Eml4 and Alk in the lung were shown to develop
mouse models of cancer. As an example of therapeutic applications,
three intravenous administrations of this LNP (2.5 mg/kg sgRNA for
PCSK9, once a week) edited the PCSK9 gene in the liver and reduced
the serum PCSK9 concentration by approximately half. In addition,
three injections of this LNP (1 mg/kg sgRNA to cause therapeutic
exon skipping or reframing, once a week) into tibialis anterior
muscle partly restored the reading frame in Duchenne muscular
dystrophy mouse model, which restored the expression of func-
tional dystrophin protein to 4.2% of normal mice.

HDR requires the presence of donor DNA (repair template), in
addition to Cas9 and sgRNA, during the repair process after the
double-strand break. In an early report, donor DNA and sgRNAwere
made to persist for a certain period of time using adeno-associated
virus vectors, and only Cas9 mRNAwas delivered by LNP to achieve
HDR [124]. In contrast, the development of LNPs that encapsulated
all three essential components (Cas9 mRNA, sgRNA, and donor
DNA) is a more convenient, all-in-one approach [125]. The lipids
used in LNPs were a unique ionizable dendrimer-based lipid,
cholesterol, DOPE, and PEG-DMG; the sgRNAs were stabilized by
phosphorothioate modifications and 20-O-methylations at the 2e3
bases of 50 and 30 termini, which is similar to those for NHEJ
mentioned above. The optimal ratio of mRNA:sgRNA:donor DNA
was found to be approximately 2:1:3 by weight, and since the DNA
donor used in this study was single strand and approximately 130
nucleotides in size, their molar ratio was approximately 1:20:60.
This study was designed to use HEK293 cells stably expressing the
Y66H mutant of GFP, which emit blue fluorescence when unedited,
no fluorescence when NHEJ occurs, and green when HDR occurs,
and the ratios of these three states were determined by flow
cytometry. In vitro evaluations showed that as the total editing
efficiency increased, NHEJ was more likely to occur, accounting for
one-third to nearly half of the total editing efficiency. The opti-
mized LNPs edited the genes of more than 91% of the cells, of which
approximately 60% were HDR. In addition, in vivo evaluation
showed that the direct injection of LNPs into HEK293 (Y66H) xe-
nografts resulted in HDR editing in just over 20% of cells. There have
been few reports of HDR using LNP so far, and the efficiencies were
far from satisfactory. The authors of the above paper suggested that
the low utilization efficiency of donor DNA during repair, that is its
low concentration in the nucleus, may be a limiting factor for HDR
[125], which is one of the major issues to be overcome in future.
Although using double-stranded donor DNAs, the addition of Cas9
binding sequences (for example, 16 bp truncated Cas9 target se-
quences) has been reported to increase localization in the nucleus
and HDR efficiencies [126], and this approach may be a solution.
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Recently, a paper was published on the demonstration of base
editing of PCSK9 using LNPs in non-human primates, which is one
of the major milestones toward clinical applications [127]. In this
paper, the adenine base editor 8.8-m (ABE8.8), which fused an
evolved deoxyadenosine deaminase domain to the N-terminus of
the core Streptococcus pyogenes nickase Cas9 and a bipartite nuclear
localization sequence to the C-terminus [128], was used. The length
of the ABE8.8 mRNA was approximately 5300 nucleotides, and it
was encapsulated in LNPs along with PCSK9-1 sgRNA at a weight
ratio of 1:1. The PCSK9-1 sgRNA used, targeted the splice donor at
the boundary between exon 1 and intron 1 of PCSK9, and was
designed so that the disruption of the splice donor led to read-
through into the intron and its translation was stopped by the
termination codon that exists immediately inside the intron. The
single intravenous administration of this LNP at a dose of
1.0e3.0 mg/kg resulted in base-editing of more than 60% of PCSK9
in the liver of cynomolgus monkeys, and a decrease in blood levels
of PCSK9 and low-density lipoprotein cholesterol by approximately
80e90%, and 60%, respectively. In addition, these reductions were
sustained for at least 8 months. It is noteworthy that the rates of
insertion or deletion mutations were less than 0.5%, and off-target
base editing was less than 1% at only one site. Incidentally, it was
reported that base editing occurred in a similar manner in cultured
human primary hepatocytes with no discernible off-targeting
editing. Another paper with a very similar study design was re-
ported by another group at about the same time, in which anti-
bodies against Cas9 and deaminase were found to be produced one
month after LNP administration, and it was argued that this might
affect the editing efficiency of the second administration [129].

Cytidine base editing using LNPs was also demonstrated in
Pahenu2 mouse model for phenylketonuria [130]. Staphylococcus
aureus (Sa) KKH-CBE3 [131] was used as the base editor, and its
mRNA and sgRNA for restoration of mutated Pahenu2 were encap-
sulated in general LNPs and administered intravenously at a dose of
3 mg/kg twice with weekly intervals. The on-target C-to-T con-
version rate and the editing efficiency to wild-type phenylalanine
hydroxylase sequences in the liver were around 10% and 5%,
respectively, after the first dose, and around 20% and 10%, respec-
tively, after the second dose. As a result, after the second dose, the L-
Phe concentration in the blood decreased to below 360 mmol/L,
which is the therapeutic threshold. In this study, the authors spe-
cifically focused on whether off-target editing occurs and reported
that high-throughput sequencing of 10 predicted off-target loci, as
well as whole genome sequencing, did not detect any off-target
deamination. Base editing has advantages over NHEJ in terms of
low insertion or deletion mutations and off-target editing fre-
quency, and is simpler than HDR. These advantages should accel-
erate the development of base editing for clinical use.

More recently, RNA-targeted CRISPR-Cas systems were discov-
ered [132e134], and it is worth mentioning that one of them,
Cas13a, has started to be investigated for the treatment of RNAvirus
infections, especially during the current COVID-19 pandemic.
Although the delivery was not by LNPs, but by polymers, it was
demonstrated that Cas13a mRNA and CRISPR RNAs optimized for
each virus could be administered through the respiratory tract
using a nebulizer to efficiently degrade influenza RNA in the lung
tissue of influenza-infected mice. They could also reduce SARS-
CoV-2 virus replication and symptoms in hamsters receiving
them 20 h prior to infection [135].

6. Summary and future scope

LNPs for nucleic acid, mRNA, and gene editing-based thera-
peutics are among the first successful examples of bringing a full-
fledged screening-based approach to the field of DDS
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development. It has an affinity for the drug development process of
pharmaceutical companies and is expected to lead to DDS-oriented
drug development, which is the need of the hour. Fromnowon, LNP
research and development will focus on addressing the following:
expanding the scope of drug delivery to different constituents of
the human body, expanding the number of diseases that can be
targeted, and studying the change in the pharmacokinetics of LNPs
under pathological conditions.

Just as patisiran (Onpattro) targets for transthyretin-type fa-
milial amyloid polyneuropathy, the current approach using stan-
dard formulations of LNPs will be smoothly applied to nucleic
acid, mRNA, and gene editing-based therapeutics, especially for
rare hepatic genetic diseases for which no treatment exists. In
addition, recently, attempts to treat cancers by neutralizing anti-
body production in the liver [136e139] and by administrations of
multiple mRNAs have begun to be demonstrated using rodents
[140,141]. For example, intravenous administration of LNPs with
mRNA encoding bi-specific single-domain antibodies to the che-
mokines CCL2 and CCL5, was reported to convert TAMs fromM2 to
M1 phenotype, thereby suppressing immune tolerance; and in
combination with PD-1 ligand inhibitor, to prolong the survival
durations of mouse models of liver cancer and liver metastasis
[139]. Intratumoral administration of LNPs encapsulating three
types of mRNAs encoding IL-23, IL-36 and OX40L, has been shown
to be effective in recruiting immune cells, destroying tumors, and
prolonging survival durations in syngeneic models of mouse colon
cancers [140]. Another study included the treatment of propionic
acidemia/aciduria with LNPs containing twomRNAs, encoding the
genes for the mitochondrial enzymes propionyl-CoA carboxylase
subunit alpha (PCCA) and PCC subunit beta (PCCB) [141]. Also,
aimed at application in prenatal therapy, it was demonstrated
using erythropoietin as an example that vitelline vein injection of
the LNP formulations were able to deliver mRNAs in mice, mainly
to the livers of the fetuses for production of therapeutic proteins
[142].

Physiological and pathological factors that may affect delivery
and subsequent protein expression have also begun to be investi-
gated in mice. Mild TLR4 activation by moderate doses of LPS,
suppressed the translation of mRNA delivered by LNPs in hepato-
cytes, liver endothelial cells, and Kupffer cells, which was suggested
to be due to the involvement of reduction in endosomal escape and
mRNA translation, rather than reduced uptake of LNPs [143]. It has
been proposed that inhibition of TLR4 or protein kinase R, may
restore mRNA translation, and this may be one of the points to be
considered in the development of mRNA/LNPs for inflammation-
related diseases such as myocardial infarction and colitis [143]. In
addition, it was shown that an increase in basal metabolism
induced by phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
significantly suppressed the production of foreign proteins by
mRNA/LNPs in lung endothelial cells, spleen endothelial cells, and
hepatocytes. The reasons for this have been proposed to be the
depletion of intracellular resources by over-consumption, the
enhanced protein degradation, or inhibited transcription [144].
Thus, it has been suggested that the metabolic states of the cells
may be a factor that greatly affects the success or failure of LNP-
mediated nucleic acid, mRNA, and gene editing therapeutics. It
would be a useful approach to explore the drug combinations that
lead to the acceleration of mRNA delivery and translation, as was
the original aim of this study.

With future advances, we hope that the development of nucleic
acids, mRNA, and gene editing-based therapeutics based on this
LNP technology will become one of the golden standards for drug
development for a wide range of diseases, leading to reduced
development costs and shorter development times.
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