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Delivery of messenger RNA (mRNA) using lipid nanoparticles (LNPs) is expected to be applied to various dis-
eases following the successful clinical use of the mRNA COVID-19 vaccines. This study aimed to evaluate the
effect of the cholesterol molar percentage of mRNA-LNPs on protein expression in hepatocellular carcinoma-
derived cells and in the liver after intramuscular or subcutaneous administration of mRNA-LNPs in mice. For
mRNA-LNPs with cholesterol molar percentages reduced to 10 mol% and 20 mol%, we formulated neutral
charge particles with a diameter of approximately 100 nm and polydispersity index (PDI) <0.25. After the
intramuscular or subcutaneous administration of mRNA-LNPs with different cholesterol molar percentages
in mice, protein expression in the liver decreased as the cholesterol molar percentage in mRNA-LNPs
decreased from 40 mol% to 20 mol% and 10 mol%, suggesting that reducing the cholesterol molar percentage
in mRNA-LNPs decreases protein expression in the liver. Furthermore, in HepG2 cells, protein expression
decreased as cholesterol in mRNA-LNPs was reduced by 40 mol%, 20 mol%, and 10 mol%. These results sug-
gest that the downregulated expression of mRNA-LNPs with low cholesterol content in the liver involves
degradation in systemic circulating blood and decreased protein expression after hepatocyte distribution.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction these drug delivery systems (DDSs) for mRNA delivery have been

explored for their application to many targets." In particular, nucleic

Gene and nucleic acid therapeutics are promising drugs for treat-
ing and preventing cancer and genetic diseases. Various methods
have been developed to achieve effective messenger RNA (mRNA)
delivery, including mRNA conjugation, lipid nanoparticles (LNPs),
and nanomicelles. Numerous designs and routes of administration of

Abbreviations: ApoE, Apolipoprotein E; BCA, bicinchoninic acid; DDSs, Drug delivery
systems; DLS, dynamic light scattering; DMD, Duchenne muscular dystrophy; DMEM,
Dulbecco’s Modified Eagle Medium; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine;
DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DSPC, 1,2-Distearoyl-sn-glycerol-
3- phosphocholine; FBS, fetal bovine serum; FLuc, Firefly luciferase; IVIS, in vivo imag-
ing system; LDLR, low-density lipoprotein receptor; LNPs, Lipid nanoparticles; MC3,
DLin-MC3-DMA; mRNA, Messenger ribonucleic acid; PBS, phosphate-buffered saline;
PDI, Polydispersity index; PEG, polyethylene glycol; SD, standard deviation; siRNA,
Small interfering RNA.
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acid delivery using LNPs has attracted significant attention since the
approval of Patisiran, a small interfering RNA (siRNA) medicine for
hereditary variant transthyretin amyloidosis, followed by the rapid
approval of COVID-19 mRNA vaccines and their mass use worldwide.
Due to the ease of application of mRNA-LNPs to other mRNAs, several
clinical trials are currently underway to develop mRNA vaccines
against infectious diseases, cancer, and genetic diseases. In addition
to intramuscular administration, various routes of mRNA-LNP admin-
istration have been studied, including intravenous, subcutaneous,
intradermal, intraperitoneal, intratumoral, subretinal, intravitreal,
intracerebroventricular, transpulmonary, and endonodular.®>* Intra-
muscular and subcutaneous administrations are local administration
methods that require few techniques. The intramuscular or subcuta-
neous administration of mRNA-LNPs is thought to occur initially at
the site of administration and then through the lymphatic vessels®~’
to the vascular system.®

0022-3549/© 2022 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open access article under the CC BY-NC-ND license
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The liver is easily transfected by intravenous, intramuscular, and
subcutaneous administration of mRNA-LNPs.>° This preference is
related to the particle size® and surface charge'® of mRNA-LNPs, the
formation of protein corona'' after mRNA-LNPs enter the blood sys-
tem, and uptake by apolipoprotein E (ApoE) through the low-density
lipoprotein receptor (LDLR).'> When the mRNA is targeted to areas
other than the liver, it should be less expressed in the liver to improve
safety and reduce side effects. mRNA off-target expression may cause
various side effects, including inflammation, hemolysis, and allergic
reactions, as has been reported for mRNA-LNP vaccines against
COVID-19."® Cholesterol in lipids components of liposomes affects
protein expression in the liver.'* Compared to cholesterol-poor or
cholesterol-free liposomes, cholesterol-rich liposomes bind less pro-
tein after entering the circulating blood, resulting in delayed clearance
from the circulation and greater uptake by hepatocytes than nonpar-
enchymal cells."” Conversely, cholesterol-poor liposomes have a
higher amount of bound proteins, are taken up by the reticuloendo-
thelial system of the liver and spleen, and show rapid clearance from
the circulating blood. Furthermore, in liposome studies, cholesterol in
liposome constituent lipids has also been shown to inhibit liposome
aggregation and membrane stability by regulating membrane fluidity
and permeability.'® Therefore, we hypothesized that decreasing the
amount of cholesterol in mRNA-LNP constituent lipids may regulate
its expression in the liver after intramuscular or subcutaneous admin-
istration. The relationship between the lipid composition of mRNA-
LNPs and their expression distribution has been studied, including the
effects of the amount'” and type'® of polyethylene glycol (PEG) lipids,
type of phospholipids,'® and type of cholesterol.’®?' However, the
effect of cholesterol content in the lipid composition of mRNA-LNPs
on their expression has not yet been evaluated.

This study aimed to verify if decreasing the cholesterol content of
lipid composition in mRNA-LNPs enhances the local expression of the
injected site and the liver ratio in mice. In this study, we prepared
mRNA-LNPs with different molar percentages of cholesterol and trans-
fected mRNA encoding firefly luciferase into cultured cells and mice by
intramuscular administration. Protein expression of the encoded lucifer-
ase was examined. We demonstrated that a lower molar percentage of
cholesterol in mRNA-LNPs resulted in lower protein expression in the
liver after intramuscular administration of mRNA-LNPs in mice, leading
to localized protein expression in the muscle.

Material and Methods
Materials

DMG-PEG2000 (SUNBRIGHT® GM-020), DOPC (COATSOME® MC-
8181), and SS-OP (COATSOME® SS-OP) were obtained from NOF COR-
PORATION (Tokyo, Japan). Cholesterol was purchased from Nacalai
Tesque, Inc. (Kyoto, Japan); 1,2-Distearoyl-sn-glycerol-3- phosphocho-
line (DSPC) from Avanti Polar Lipids, Inc. (Alabaster, AL); DLin-MC3-
DMA (M(C3) from MedChemExpress (Monmouth Junction, NJ); DL-
malic acid from FUJIFILM Wako Pure Chemical Corporation (Osaka,
Japan); NucleoSpin Plasmid Transfection Grade from MACHEREY-
NAGEL GmbH & Co. (KG, Germany); Sap I restriction enzyme and
HiScribe T7 High Yield RNA Synthesis Kit from New England BioLabs,
Inc.(Beverly, MA, USA); DNase TURBO from Life Technologies (Carls-
bad, CA); CleanCap® Reagent AG from TriLink BioTechnologies (San
Diego, CA); 2-(N-morpholino)ethanesulfonic acid (MES) from
DOJINDO LABORATORIES (Kumamoto, Japan); and Quanti-iT™ Ribo-
Green RNA reagent from Molecular Probes (Eugene, OR).

Synthesis of Messenger RNA (mRNA) by in Vitro Transcription

Plasmid DNA encoding firefly luciferase (FLuc) was constructed as
previously described.?? Each plasmid DNA was amplified using E. coli

DH5a and purified using NucleoSpin Plasmid Transfection-grade.
Linear template DNA was produced by Sap I restriction enzyme
digestion. The mRNA was synthesized using the HiScribe T7 High
Yield RNA Synthesis Kit and CleanCap® Reagent AG.

Cell Culture

HepG2, a human hepatocellular carcinoma-derived cell line, was
obtained from the Riken BioResource Center (Ibaraki, Japan). HepG2
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
containing 1% penicillin-streptomycin-L-glutamine solution and 10%
fetal bovine serum (FBS). The cells were maintained in a 5% CO,
atmosphere at 37°C. HepG2 cells are human hepatocellular carci-
noma-derived cells commonly used for in vitro gene and nucleic acid
transfection experiments,”> and we have confirmed that transfection
with mRNA-LNPs is possible in HepG2 cells.**

Animals

Six-week-old male ddY mice were purchased from Japan SLC, Inc.
(Shizuoka, Japan). All the animals had food and water ad libitum. All
animal experiments were performed according to the regulations of
the Animal Care and Use Committee of Nagasaki University.

Preparation of mRNA-Encapsulated LNPs (mRNA-LNPs)

Lipids ((SS-OP/DOPC/Cholesterol/DMG-PEG2000) or (MC3/DSPC/
Cholesterol/DMG-PEG2000)) were dissolved in ethanol at a final con-
centration of 4.5 mM. The lipid compositions are presented in Table 1.
The mRNA was dissolved in 20 mM malic acid. The lipid-ethanol solu-
tion and mRNA solution (3:1 (v/v)) were mixed using a Nano-
Assemblr® Benchtop microfluidic device (Precision NanoSystems,
Inc., South San Francisco, CA, USA) at a total flow rate of 4 mL/min.
The SS-OP LNP solutions were dialyzed in 20 mM MES buffer (pH
6.5), and the MC3 LNP solutions were dialyzed in phosphate-buffered
saline (PBS) (—) (pH 7.4) overnight at 4 °C. These LNP solutions were
concentrated using a 10 kDa MWCO Amicon® Ultra15 (Merck Milli-
pore) at 4000 x g and replaced with PBS.

Physiological Analysis of mRNA-LNPs

The particle size (Z-average), polydispersity index (PDI), and zeta
potential of the LNPs were measured using a Malvern Zetasizer Pro
(Malvern Panalytical Ltd., Royston, UK). The encapsulation efficacy of
mRNA was measured by the Ribogreen assay with Quanti-iT™ Ribo-
Green RNA Reagent, as previously described.??

In Vitro Transfection Efficiency of mRNA-LNPs

Twenty-four h before transfection, HepG2 cells were seeded in 48-
well plates at 3.8x10* cellsjwell. Each cell line was exposed to FLuc
mRNA-LNP at 0.1 mRNA/well for 24 h. Luciferase expression was ana-
lyzed using a luciferase assay, and the amount of protein was tested
using a bicinchoninic acid (BCA) protein assay. For the luciferase assay,
cells were washed twice with PBS, and cell membranes were disrupted
in lysis buffer consisting of 0.1 M Tris-HCl (pH 7.8) containing 0.05%
Triton X-100 and 2 mM EDTA. The volume of the lysis buffer was
150 plLjwell. The collected cells were centrifuged at 206,000 g for
5 min. Then, 5 uL of supernatant was mixed with 50 uL of luciferase
assay substrate (PicaGene®, Toyo Ink Mfg. Co., Ltd., Tokyo, Japan), and
the luminescence level was measured with a luminometer (AB-2270
Luminescence Octa, ATTO Co., Ltd., Tokyo, Japan). The same superna-
tant was used for the BCA protein assay. The BCA protein assay was
performed using a BCA protein assay kit (Thermo Fisher Scientific) and
following the protocol described in the user guide.
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Table 1
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Lipid components of LNPs. We prepared three SS-OP LNPs and three MC3 LNPs, containing 10 mol%, 20 mol% and 40 mol% of cholesterol, respectively. Here we showed the lipid
components of each LNP and their mRNA encapsulation efficacy (%). Data are represented as mean +SD (n =3).

SS-OP LNP# Molar percentage (mol%) Encapsulation efficacy (%)
Cholesterol DOPC DMG-PEG2000 SS-OP

1 10 375 1.5 525 80.1+2.12

2 20 275 1.5 525 87.9+7.49

3 40 7.5 1.5 525 92.6 +9.05

MC3 LNP# Molar percentage (mol%) Encapsulation efficacy (%)
Cholesterol DOPC DMG-PEG2000 MC3

4 10 385 15 50 88.6 +5.98

5 20 285 1.5 50 89.0 +8.76

6 40 85 15 50 97.1 +£0.93

MRNA-LNPs Administration to Mice

mRNA-LNPs at a dose of 2 pug mRNA were intramuscularly
injected into mice (40 uL) with a 30G needle, or mRNA-LNPs at a
dose of 2 g mRNA were subcutaneously injected into mice (200 L)
with a 27G needle.

In Vivo Transfection Efficiency of mRNA-LNPs

For the luciferase assay, FLuc mRNA-LNPs were administered
intramuscularly or subcutaneously at a dose of 2 g mRNA per
mouse. When the mRNA-LNPs were administered intramuscularly,
the muscles and livers of mice were collected. When mRNA-LNPs
were administered subcutaneously, the skin and livers were collected.
All tissues were collected at 4.5 h after mRNA-LNP administration and
homogenized with lysis buffer. The luminescence level was measured
using a luminometer with a luciferase assay substrate. The amount of
protein in the samples was measured using the BCA protein assay.

For in vivo imaging system (IVIS) imaging evaluation, we selected
luciferase mRNA SS-OP LNPs containing 10, 20, and 40 mol% choles-
terol. Naked FLuc mRNA or FLuc mRNA-LNP was administered intra-
muscularly at a dose of 2 wg mRNA per mouse. One hundred
microliters of 30 mg/mL D-luciferin (Syd Labs, Inc., Natick, MA) solu-
tion was injected intraperitoneally at 4.5, 9, 24, 48, and 72 h after
mRNA-LNP administration, and luciferase protein expression was
observed by IVIS imaging (IVIS Lumina II, Caliper Life Sciences, MA)
under 2% isoflurane anesthesia. The value of the total flux in the mus-
cle to that in the liver was calculated from the imaging results. It is
included as a reference value to characterize the luciferase expression
among muscle and liver.

We used mRNA-LNPs within a day stored at 4 °C in all in vivo
experiments in this study.

Statistical Analysis

Statistical analysis was performed using one-way analysis of vari-
ance (ANOVA) with Tukey’s multiple comparisons test. Significant
differences between groups are expressed as *P < 0.05. All statistical
analyses were performed with the statistical software EZR (Saitama
Medical Center, Jichi Medical University, Saitama, Japan).

Results

Physicochemical Properties of mRNA-LNPs Containing Different Amounts
of Cholesterol

To investigate the effect of cholesterol content on the lipids con-
stituting the mRNA-LNP formulation, 6 different mRNA-LNPs (SS-OP
LNPs containing 10, 20, and 40 mol% cholesterol; MC3-LNPs

containing 10, 20, and 40 mol% cholesterol) were prepared. In previ-
ous studies, mRNA-LNPs containing 40 mol% cholesterol with a stan-
dard lipid composition were used as mRNA-LNPs. Cholesterol
contributes to the structural stability of mRNA-LNPs. We focused on
the role of cholesterol in lipid membranes and expected that the
reduction of the cholesterol molar percentage in the lipid composi-
tion of mRNA-LNPs would alter the pharmacokinetics of mRNA-LNPs.
All lipids were prepared in ethanol with lipid compositions shown in
Table 1, followed by microfluidic mixing with aqueous mRNA solu-
tions at 1:3. In the mRNA encapsulation assay, all mRNA-LNPs encap-
sulated more than 80% of the mRNA (Fig. 1). We characterized the
hydrodynamic size of LNPs and the zeta potential using dynamic light
scattering (DLS), and all LNPs prepared with different lipid composi-
tions showed diameters ranging from 75.5 to 140 nm and a narrow
distribution (PDI < 0.25), with neutrally charged (Table 2). The
mRNA-LNPs containing 40 mol% cholesterol showed a much nar-
rower distribution (PDI < 0.2) than the mRNA-LNPs containing
10 mol% or 20 mol% cholesterol.

To further evaluate the differences in the structural stability of
mRNA-LNPs with different cholesterol contents, physicochemical
properties (particle size, PDI, and mRNA encapsulation efficiency)
were analyzed by DLS and ribogreen assay at 0, 1, 3, and 7 days after
mRNA-LNP preparation at 4 °C. The RNA quantification assay showed
that the mRNA encapsulation efficacy in the 10 mol% cholesterol
group of SS-OP LNPs decreased to 67.0% after 1 week of storage, a sig-
nificant difference compared to 1 day after storage when the maxi-
mum encapsulation efficacy was reached. However, the other groups
maintained an mRNA encapsulation efficacy of more than 75.2% after
1 week of storage. The particle size of the 10 mol% cholesterol group
of SS-OP LNPs increased significantly after 1 week of storage com-
pared to the day LNPs were prepared (Fig. 2).

Effect of Cholesterol in mRNA-LNPs on in Vitro Expression

The transfection efficiency was evaluated for mRNA-LNPs with
different cholesterol molar percentages. HepG2 cells were treated
with LNPs encapsulating FLuc mRNA and assayed 24 h after transfec-
tion. For both SS-OP LNPs and MC3 LNPs, the cholesterol molar per-
centages in the 10 mol% and 20 mol% groups had significantly lower
luciferase expression than the 40 mol% groups (Fig. 3).

Effect of Cholesterol in mRNA-LNPs on Luciferase Expression in Mice

Based on the in vitro results for mRNA-LNPs with varying choles-
terol molar percentages, we investigated mRNA expression in vivo.
SS-OP LNPs and MC3 LNPs encapsulating 2 ug of FLuc mRNA were
administered intramuscularly or subcutaneously to 6-week-old male
ddY mice, and luciferase expression levels and organ specificity were
analyzed.
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Figure 1. Physicochemical property of mRNA-LNPs. The particle size and polydispersity index (PDI) of SS-OP LNPs containing 10 mol%, 20 mol%, and 40 mol% of cholesterol. These
closed bars mean the size of mMRNA-LNPs. These dots mean the PDI of mRNA-LNPs (Left). The particle size and PDI of MC3 LNPs containing 10 mol%, 20 mol%, and 40 mol% of choles-
terol. These closed bars mean the size of mMRNA-LNPs. These dots mean the PDI of mRNA-LNPs (Right). Data are represented as mean + SD (n =3—4).

Table 2
The zeta potential of mMRNA-LNPs. We prepared three SS-OP LNPs and three MC3 LNPs,
containing 10 mol%, 20 mol%, and 40 mol% of cholesterol, respectively. Here we
showed the zeta potential of mRNA-LNPs (mV). Data are represented as mean +SD
(n=3).

SS-OP LNPs

10 mol% Chol -1.62+1.35mV
20 mol% Chol -231+£148mV
40 mol% Chol -325+1.76 mV
MC3 LNPs

10 mol% Chol —3.68 £0.89 mV
20 mol% Chol —4.03 £ 0.99 mV
40 mol% Chol —3.85+1.59 mV

Luciferase expression levels were measured 4.5 h after adminis-
tration of SS-OP LNPs containing 10 mol%, 20 mol%, and 40 mol% cho-
lesterol and MC3 LNPs containing 10, 20, and 40 mol% cholesterol.
After intramuscular administration, luciferase expression in the liver
showed the same tendency as observed in vitro in the HepG2 cell
line. The luciferase expression of SS-OP LNPs was significantly higher
in the 40 mol% cholesterol group than in the 10 mol% (615-fold) or
20 mol% (118-fold) groups. (Fig. 4A) For MC3 LNPs, the luciferase
expression was significantly higher in the 40 mol% cholesterol group
than in the 10 mol% (13.1-fold) or 20 mol% (15.3-fold) groups.
(Fig. 4B) In contrast, the intramuscular luciferase expression was sim-
ilar in all groups. However, intramuscular luciferase expression was
significantly higher in the LNP group than in the naked mRNA intra-
muscular group (data not shown). The luciferase expression of mus-
cle to that of liver in 10 mol% cholesterol of SS-OP LNPs was 434,
20 mol% was 64.7, and 40 mol% was 1.22, and the muscle-to-liver
value of 10 mol% cholesterol of SS-OP LNPs was 627, 20 mol% was
34.3, and 40 mol% was 7.51.

In terms of luciferase expression in the liver after subcutane-
ous administration, the luciferase expression of SS-OP LNPs was
significantly higher in the 40 mol% cholesterol group than that in
the 10 mol% (333-fold) or 20 mol% (157-fold) groups. (Fig. 5A)
For MC3 LNPs, luciferase expression was 107- and 67.9- fold
higher in the 40 mol% cholesterol group than in the 10 mol% or
20 mol% groups, respectively. (Fig. 5B) There was no significant
difference in luciferase expression in the skin near the adminis-
tration site. However, the trend of mRNA-LNP transfection was
40 mol% > 20 mol% > 10 mol%.

The Kinetics of SS-OP LNPs

Based on the results of in vivo transfection, we selected intramus-
cular administration of SS-OP LNPs because they have high luciferase
mRNA expression efficiency. We evaluated the effect of cholesterol in
the mRNA-LNP constituent lipids on the kinetics of mRNA translation
of mMRNA-LNPs in mice. Mice were intramuscularly administered
naked FLuc mRNA or SS-OP LNPs containing 10 mol%, 20, or 40 mol%
cholesterol. Mice were intraperitoneally administered 3 mg of D-
luciferin at 0, 4.5, 9, 24, 48, and 72 h after transfection. Luminescence
imaging was performed using the IVIS imaging system at each time
point (Fig. 6A and B). We then analyzed the luminescence levels of
the muscle and liver from these images. The levels of muscle to those
of the liver are shown in the graph of Fig. 6B as values to demonstrate
the transfer of mRNA-LNP to the liver when administered intramus-
cularly under the same conditions.

Discussion

This study showed that mRNA-LNPs could be successfully formu-
lated even when the cholesterol molar percentage was reduced to 10
or 20 mol% (Table 1, Figs. 1 and 2). The protein expression levels of
mMRNA-LNP transfection in HepG2 cells and the liver of mice after
intramuscular administration were in the order of cholesterol molar
percentage of 40 mol% > 20 mol% > 10 mol% (Figs. 3 and 4). To evalu-
ate whether these results show a similar trend when administered
subcutaneously, experiments were conducted with subcutaneous
administration, which is used to administer various vaccines by local
administration similar to intramuscular administration. The value of
the expression in the injected site-to-liver in subcutaneous adminis-
tration was higher with lower cholesterol levels of mRNA-LNPs, simi-
lar to what was observed in intramuscular administration (Fig. 5).
These results support our hypothesis that reducing the cholesterol
molar percentage of mRNA-LNPs decreases protein expression in the
liver during intramuscular or subcutaneous administration of mRNA-
LNPs.

Intramuscular administration of mRNA-LNPs in mice decreased its
expression in the liver as the molar percentage of cholesterol in
mRNA-LNPs decreased from 40 mol% to 20 mol% and 10 mol% (Figs. 4
and 6). These results are consistent with previous studies that
showed that cholesterol-rich liposomes were distributed in hepato-
cytes compared to cholesterol-poor liposomes and cholesterol-free
liposomes during intravenous administration in mice,'> and as the
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Figure 2. The one-week stability of mRNA-LNPs. All LNPs were tested at 0, 1, 3, and 7 days after the preparation while they were stored at 4 °C. (A) The mRNA encapsulation efficacy
of SS-OP LNPs (Left) and MC3 LNPs (Right). Data are represented as mean + SD for encapsulation efficacy (n =3—4). (B) The particle size of SS-OP LNPs (Left) and MC3 LNPs (Right).
(C) The PDI of SS-OP LNPs (Left) and MC3 LNPs (Right). Data are represented as mean = SD for particle size and PDI (n =3—4). Statistical analysis was performed by one-way ANOVA
Tukey’s multiple comparisons test. “P < 0.05, between Day 0 and Day 7 of SS-OP LNPs containing 10 mol% cholesterol groups.

percentage of cholesterol in liposomes increased, blood protein bind-
ing decreased and plasma clearance was delayed.'*?° Considering
that intramuscularly administered mRNA-LNPs finally enter the sys-
temic circulation like liposomes having neutral charge and about
100 nm mean particle size.® Intramuscular administration of mRNA-
LNP at a lower cholesterol molar percentage of mRNA-LNP can be
degraded in the systemic circulation and decrease its protein expres-
sion in the liver.

Protein expression in muscle was more sustained than the protein
expression in the liver. In Fig. 6A, we evaluated the elimination of the
luciferase activity in muscle and liver. Not only cellular uptake as

mRNA-LNPs, but also mRNA expression leaked from unstable mRNA-
LNPs may contribute to the protein expression at the injected site for
intramuscular administration, as Wolff et al. reported that protein is
expressed even after intramuscular administration of naked mRNA.?®
For protein expression in the liver, mRNA-LNP uptake via LDLR in
hepatocytes has been reported, and the contribution of LNP particle
stability is assumed to be relatively large. It has also been reported
that protein expression efficiency may vary from tissue to tissue
because mRNA release efficiency in tissues may be different.® The
tendency is consistent with previous reports, suggesting differences
in expression profiles by tissue.
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Figure 3. In vitro transfection efficiency of mRNA-LNPs. The luciferase expression levels of HepG2 cells transfected by using SS-OP LNPs containing 10 mol%, 20 mol%, and 40 mol%
of cholesterol (Left) and MC3 LNPs containing 10 mol%, 20 mol%, and 40 mol% of cholesterol (Right). Data are represented as mean +SD (n = 3). Statistical analysis was performed by

one-way ANOVA Tukey’s multiple comparisons test (*P < 0.05).

To date, there have been few reports on the effect of the choles-
terol content of mMRNA-LNPs on protein expression in cultured hepa-
tocytes. To estimate the effect of the cholesterol content of the lipid
composition of mMRNA-LNPs on protein expression after reaching the
liver, we evaluated the efficiency of protein expression in HepG2
cells. Protein expression also decreased in HepG2 cells as the
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cholesterol molar percentage of mRNA-LNPs decreased from 40 mol%
to 20 mol% and 10 mol%. (Fig. 3) It has been reported that the bending
stiffness of nanoparticles varies with the cholesterol content.>’” The
mechanical stiffness of liposomes is often defined by the bending
stiffness of the membrane, an important parameter of particle stabil-
ity.?® Furthermore, The bending stiffness of liposome membranes has
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Figure 4. In vivo transfection efficiency of mRNA-LNPs by intramuscular administration. Transfection efficiency of SS-OP LNPs (A) and MC3 LNPs (B) by intramuscular administra-
tion. Mice were intramuscularly administrated with FLuc mRNA LNPs, containing 10 mol%, 20 mol%, 40 mol% cholesterol. Four and a half h after administration, luciferase expression
levels were analyzed in the muscle and the liver (n=3—4). Statistical analysis was performed by one-way ANOVA Tukey's multiple comparisons test (*P < 0.05). Data are represented

as mean + SD (n=3—4).
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been reported to play a key role in cellular uptake by endocytosis.?’
Even if blood protein binding is not involved, the membrane stability
of the mRNA-LNPs might be involved in protein expression in HepG2
cells. We revealed the possibility that the downregulated expression
of mRNA-LNPs with low cholesterol content in the liver involves not
only degradation in systemic circulating blood, but also decreased
protein expression after hepatocyte distribution.

In this study, we considered MC3 as the gold standard ionizable
lipid for LNP because it was also used in Patisiran and was the ioniz-
able lipid on the market at the beginning of the study. On the other
hand, we chose SS-OP>° which has been reported to have superior
endosomal escape ability because of the aromatic ring in its structure
and show higher protein expression efficiency compared to MC3, and
because it forms LNPs with a different phospholipid, DOPC. We pre-
pared formulations of various ionizable lipids (SS-OP or MC3), phos-
pholipids (DOPC or DSPC), DMG-PEG lipids, and cholesterol. We
arranged the cholesterol molar percentages of mRNA-LNPs as we
arranged the phospholipids molar percentages to assess the effect of
cholesterol content on the expression of mRNA-LNPs. The cholesterol
molar percentage of SS-OP LNPs was arranged from 10 mol% to
20 mol% or 40 mol%, while the DOPC molar percentage was changed
from 27.5 mol% to 17.5 mol%, 7.5 mol%. The cholesterol molar per-
centage of MC3 LNPs was arranged from 28.5 mol% to 18.5 mol%,
8.5 mol% because ionizable lipids are responsible for the transfection
efficiency of mRNA-LNPs, and PEG lipids are related to size

limitations. The particle sizes of all mRNA-LNPs ranged from 75.5 to
140 nm, and the PDI of the mRNA-LNPs was <0.25. The standard cho-
lesterol levels in mRNA-LNP are 30—50 mol% because cholesterol
contributes to structural stability.>! On the other hand, cholesterol-
free liposomes were formulated in some previous studies about lipo-
somes. However, their expression characteristics differ from lipo-
somes containing cholesterol.'*'>?> Thus, we hypothesized that it
would also be possible to formulate particles in mRNA-LNPs. This
study found that mRNA-LNPs can be formed even when the choles-
terol molar percentage is reduced. However, we also found that the
stability of the one-week formulation was inferior in mRNA-LNPs
with a 10 mol% cholesterol molar percentage compared to the 20 or
40 mol% groups (Fig. 2), suggesting that the cholesterol molar per-
centage contributes to the structural stability of mRNA-LNPs. This
information can be valuable for the rational use of mRNA-LNPs with
a lower cholesterol content.

Although we evaluated the effect of cholesterol content in mRNA-
LNPs on protein expression in vitro and in vivo, we acknowledge that
the limitations of this study should be described here. Based on the
process of protein expression in tissues after local administration,
various factors should contribute to the protein expression in the
liver after intramuscular or subcutaneous injection of LNP, including
the adsorption into the blood (via lymph), the clearance from blood
circulation, the interaction with ApoE and the cholesterol of mRNA-
LNP surface, uptake rate by hepatocytes including interaction with
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Figure 6. Luciferase expression kinetics of SS-OP LNPs by intramuscular administration. Naked FLuc mRNA, SS-OP LNPs containing 10 mol%, 20 mol%, or 40 mol% cholesterol were
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LDLR and the complex of ApoE and mRNA-LNPs, the release rate of
mRNA into the cytoplasm, and transcription of mRNA in the hepato-
cyte. First, it is reported the particle size and surface charge of mRNA-
LNPs can affect their transfer into the lymphatic system after local
administration.>> When administered subcutaneously, it has been
reported that LNPs smaller than 50 nm>> and negatively charged*
are more likely to be transferred to the lymphatic system. At this

point, all of the mRNA-LNPs administrated to the mice in this article
were neutrally charged with their particle size of approximately
100 nm, and possible to remain their distribution properties. There-
fore, the surface charge of these mRNA-LNPs would not be a factor
affecting their kinetics in this study. Secondly, it has been reported
that an increased cholesterol molar percentage decreases protein
binding in blood.!”> However, there are several reports that ApoE, a
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blood protein, is contributed to the hepatic uptake of mRNA-LNPs via
LDLR on hepatocytes.'?*> ApoE usually circulates in the blood as a
part of chylomicron remnant, very low density lipoprotein (VLDL),
intermediate-density lipoprotein (IDL), and some high density lipo-
protein (HDL) and interacts with the VLDL receptor and catabolizes
lipoproteins. In peripheral tissues, ApoE is responsible for cholesterol
metabolism. It is unclear which factors contribute significantly to this
process. It is presumed that such multiple factors influence the cho-
lesterol content and the expression, and it would be complicated to
design an experiment to identify the most prominent factor. More
detailed evaluation is needed to clarify this mechanism in the future.
In this study, the toxicity was not evaluated. However, the purpose of
this study was to characterize the gene expression profiles. We used
mRNA-LNPs with two types of ionizable lipids that are commonly
used in mRNA-LNP studies. In the case of mRNA-LNPs with MC3, it
has been reported that subcutaneous administration of 0.3 mg
mRNA/kg in mice did not cause hepatotoxicity.>® In this experiment,
we chose a sufficiently low dose, about one-fourth of the previous
report, because 2 g mRNA/mouse (about 0.08 mg mRNA/kg) was
sufficient to express luciferase and to analyze the effect of cholesterol
content on the protein expression in mice. However, systemic
toxicity is needed to be evaluated in the future for therapeutic
applications.

In this section, we discuss some future applications of our
findings. We found that by reducing the cholesterol content of
LNP, the expression in the liver could be reduced, and localized
expression in the muscle could be achieved. However, its expres-
sion in the muscle was not increased. In Duchenne muscular dys-
trophy (DMD), a genetic disease of muscle, permanent protein
expression can be achieved even at low expression levels at the
time of transfection by combining genome editing. In addition, it
is important to enabling local expression for genome editing
because if expression outside the target tissue is permanent, side
effects are unavoidable.

Conclusion

In this study, we verified that decreasing the cholesterol content
in mRNA-LNPs suppressed protein expression in the liver during
intramuscular administration of mRNA-LNPs. This study showed for
the first time that mRNA-LNPs with a particle size of approximately
100 nm, PDI <0.25, and mRNA encapsulation efficacy of more than
80% can be stably generated even when the cholesterol molar per-
centage in LNPs is reduced. More importantly, the study demon-
strated that decreasing the cholesterol molar percentage can reduce
the expression level in the liver while maintaining the expression
level in the muscle. We expect that the relative increase in muscle
expression with cholesterol-reduced LNPs can be an effective method
for the safe treatment of DMD by local in vivo genome editing using
these mRNA-LNPs in the future.
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