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mRNA and lipid nanoparticles have emerged as powerful sys-
tems for the preparation of vaccines against severe acute respi-
ratory syndrome coronavirus-2 (SARS-CoV-2) infection. The
emergence of novel variants or the necessity of cold chain logis-
tics for approvedmRNA vaccines undermines the investigation
of next-generation systems that could preserve both potency
and stability. However, the correlation between lipid nanopar-
ticle composition and activity is not fully explored. Here, we
screened a panel of ionizable lipids in vivo and identified lead
lipid nanoparticles with a branched-tail lipid structure. Buffer
optimization allowed the determination of lyophilization
conditions, where lipid nanoparticle-encapsulated mRNA en-
coding SARS-CoV-2 spike protein could induce robust immu-
nogenicity in mice after 1 month of storage at 5�C and 25�C.
Intramuscularly injected lipid nanoparticles distributed in
conventional dendritic cells in mouse lymph nodes induced
balanced T helper (Th) 1/Th2 responses against SARS-CoV-2
spike protein. In nonhuman primates, two doses of 10 or
100 mg of mRNA induced higher spike-specific binding geo-
metric mean titers than those from a panel of SARS-CoV-2-
convalescent human sera. Immunized sera broadly inhibited
the viral entry receptor angiotensin-converting enzyme 2
(ACE2) from binding to the spike protein in all six strains
tested, including variants of concern. These results could pro-
vide useful information for designing next-generation mRNA
vaccines.
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INTRODUCTION
Out of the several COVID-19 vaccines developed, a new class of vac-
cines, mRNA-based vaccines, mRNA-12731 and BNT162b2,2 have
shown high efficacy against SARS-CoV-2. These two vaccines are
composed of two components: synthetic mRNA molecules encoding
the antigen that triggers immune responses and lipid nanoparticles
(LNPs) that can encapsulate and deliver mRNA into cells.3 An early
clinical trial revealed that a rabies mRNA vaccine administered in so-
lution form produced no immunogenicity unless dispensed with a
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high-pressure intradermal injection device, demonstrating the crucial
role of LNPs for formulating mRNA vaccines.4 Among the compo-
nents of LNPs (ionizable lipid, cholesterol, phospholipid, and PEG-
lipid), the key component, ionizable lipid, mediates cytosolic delivery
of nucleic acids by enabling endosomal escape.5 Tremendous efforts
have been dedicated to optimizing ionizable lipid for systemic admin-
istration of small interfering RNA (siRNA)6–10 and mRNA.11–13

However, there is limited understanding regarding which ionizable
lipid structures are crucial for locally administered mRNA.14,15 Has-
sett et al. reported that protein expression and immunogenicity
induced by LNP-delivered mRNA are not necessarily correlated,
indicating that a design of ionizable lipid structure unique to
mRNA vaccines is needed.15 Understanding these structures that
can induce potent immunogenicity is important to discover next-gen-
eration mRNA vaccines. In addition to the potency, the requirement
of a cold or ultra-cold supply chain (chain logistics) to transport
approved mRNA vaccines also poses challenges for distribution
worldwide.16 Therefore, it is highly desirable to develop mRNA vac-
cines that can be stored at 2�C–8�C or higher.

We previously reported novel ionizable lipid structures17,18 that are
chemically distinct from ionizable lipids (SM-102, ALC-0315) used
in two approved mRNA vaccines.19,20 Our designed LNPs showed
safe and potent siRNA delivery via intravenous administration in
mice and nonhuman primates.21 In this study, we describe the design
and lyophilization of lipid nanoparticles for the mRNA vaccine. We
created a panel of ionizable lipids and elucidated the importance of
a branched-tail lipid structure for potent immunogenicity. Buffer
optimization technique allowed us to search for an ideal lyophiliza-
tion condition, where we found that LNPs could induce robust immu-
nogenicity in mice after 1 month of storage at 5�C and 25�C. In
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Figure 1. Ionizable lipid screening for mRNA vaccine

(A) Schematic illustration of LNP formulation for mRNA vaccine. mRNA is encapsulated in LNP that consists of ionizable lipid, 1,2-distearoyl-sn-glycero-3-phosphocholine

(DSPC), cholesterol, and polyethylene glycol dimyristoyl glycerol (PEG2K-DMG). (B) The construct of CoVmRNA expressing pre-fusion stabilized SARS-CoV-2 spike antigen

with two proline substitutions (S-2P). CoV mRNA was chemically modified with N1-methylpseudouridine (N1mJ). (C) A panel of newly created nine ionizable lipids. All lipids

have an identical head but a different lipid tail. (D and E) In vivo screening of the potent mRNA vaccine. CoV mRNA was incorporated into LNPs containing each type of

ionizable lipid. Plasma IgG (in arbitrary units) binds to the recombinant SARS-CoV-2 S1 14 days after the intramuscular injection of 2.5 mg of mRNA of each formulation into

BALB/c mice (n = 5/group). Data are presented as a geometric mean titer (GMT) ± geometric SD. The number indicates the length of the carbon (C) chain.
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nonhuman primates, the LNP-encapsulated mRNA encoding SARS-
CoV-2 spike protein induced robust, durable, and broad antibody re-
sponses against the six strains, including variants of concern (Alpha,
Beta, Gamma, and Delta variants).

RESULTS
Ionizable lipid screening for mRNA vaccine

We initially screened molecules for preparing LNP formulations to
induce potent antigen-specific immunoglobulin (Ig) G antibodies
in vivo (Figure 1A). We designed nucleoside-modified mRNA that en-
codes prefusion-stabilized SARS-CoV-2 spike (S) proteins with two
proline substitutions (2P), coronavirus (CoV) mRNA22 (Figure 1B).
Based on our previous experience with siRNA delivery,17 we designed
nine new ionizable lipids with a cyclic head consisting of N-methyl-
piperidine but different lipid tail structures (Figure 1C). First, we
confirmed the expression of spike protein in mRNA-transfected cells
(Figure S1). Next, CoV mRNA was encapsulated into nine LNPs con-
taining each ionizable lipid (Table S1).All lipids showedpKa 6–7,which
was reported to be important for efficient endosomal escape.7,12 While
L175 showed low mRNA encapsulation of about 50%, the remaining
eight lipids showed over 85% of mRNA encapsulation (Table S1). All
formulations were dosed at 2.5 mg mRNA per mouse intramuscularly
and analyzed for the presence of SARS-CoV-2 S1-specific IgG anti-
bodies in the plasma after 2 weeks (Figures 1D and 1E). Interestingly,
the chemical structure of the top four lipids (L202, L168, L173, L163)
possessed branched-tail lipid at the left side of ester linkage, while the
other five lipids had linear-tail lipid (Figure 1C). The results of immu-
nogenicity and LNP size concluded that superior formulations had a
size in the range 95–115 nm (Figure S2). To assess how protein expres-
sion affects immunogenicity, we formulated mRNA that encodes the
luciferase enzyme into nine LNPs containing each ionizable lipid and
tested luciferase expression in vitro (Figures S3A and S3B). The top
three LNPs were composed of L202, L168, and L173, which were in
the same order of mice immunogenicity (Figure S3B). There was a
good positive correlation between in vitro luciferase expression and
mouse immunogenicity among nine lipids (correlation coefficient,
R = 0.790) (Figure S3C). Based on the results of the highest immunoge-
nicity in mice, we selected L202 lipid for further assessment.
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Figure 2. Immunogenicity and lyophilization of LNP-CoV mRNA containing lead L202

(A) The representative particle size of LNP-CoV mRNA containing L202, as determined by dynamic light scattering. (B) Cryo-EM image of LNP-CoV mRNA containing L202.

(C) The dose-dependent activity of LNP-CoV. BALB/c mice (n = 6/group) received a single intramuscular injection of PBS, LNP-encapsulated luciferase mRNA in LNP (LNP-

Luc mRNA), CoV mRNA alone, or LNP-encapsulated CoV mRNA ranging between 0.1 and 10 mg. (D) The representative appearance of lyophilized LNP-CoV mRNA and its

reconstitution with water. (E) Immunization activity of wet or lyophilized formulations of LNP-CoVmRNA that were stored at 5�C, 25�C, or 40�C for 1month.Mice (n = 6/group)

received a single intramuscular injection of each LNP-CoV mRNA at 3 mg of mRNA dose. Plasma samples were collected 14 days after administering a single dose and were

assessed for SARS-CoV-2 S1-specific IgG by ELISA (C and E). Data are presented as a GMT ± geometric SD. Groups were compared by a Kruskal-Wallis test with Dunn’s

multiple comparison test (C). *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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Lyophilization of LNP-CoV mRNA containing lead L202

We first characterized lead L202 lipid. LNP-CoV mRNA containing
L202 was homogeneous (PDI 0.08), 103 nm in diameter, with 97%
mRNA encapsulation efficiency (Figure 2A). Cryoelectron micro-
scopy (cryo-EM) indicated that LNP-CoV mRNA has an electron-
dense core with bilayer “blebs”23 (Figure 2B). In mice, LNP-CoV
mRNA induced dose-dependent SARS-CoV-2 S1-specific binding
antibodies at a single mRNA dose of 0.1, 1, or 10 mg, while LNP-
encapsulated irrelevant mRNA (LNP-Luc mRNA) or CoV mRNA
without LNP formulation showed no immunogenicity (Figure 2C).

We next assessed whether LNP-CoV mRNA could be lyophilized.
Previous reports suggested that, among potential mRNA degradation
pathways, hydrolysis plays a major role in mRNA stability.20,24 We,
therefore, hypothesized that the removal of water by lyophilization
improves storage stability. We first screened for buffer solutions
that could protect LNPs from potential damage during the freeze-dry-
228 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
ing process, where sucrose was selected as a cryoprotectant. The con-
centration of sucrose in the solution varied (0%, 4%, 8%, 12%, and
16% w/v) with 20 mM Tris at pH 7.5. LNP formulations were lyoph-
ilized using a lyophilizer. The lyophilization cycle consisted of a
freezing step at �40�C for 4 h under vacuum, a primary drying
step at �40�C for 45 h under vacuum (�3 Pa), and a secondary dry-
ing step at +10�C for 66 h under vacuum (�3 Pa). The pressure
within the shelf was returned to atmospheric pressure using dry nitro-
gen to obtain lyophilized samples. A solid cake was formed after
freeze-drying LNP-CoV mRNA with at least 4% sucrose, and no ag-
gregation was observed after reconstitution with water (Figures 2D,
S4A, and S4B). We selected a 16% sucrose formulation for further
analysis because it showed the lowest increase in LNP size (from
109 to 136 nm) without aggregation andmRNA leakage (Figure S4C).

Next, to test the storage stability, we stored LNP-CoV mRNA (16%
sucrose buffer) with or without lyophilization (i.e., lyophilized



Figure 3. Pharmacokinetics of LNP-CoV mRNA containing L202 and MC3 after intramuscular administration in mice

Lipid concentration after intramuscular administration of LNP-CoVmRNA containing L202 (blue) or MC3 (orange) in (A) the muscle at injection site, (B) draining inguinal lymph

node, (C) plasma, (D) liver, and (E) spleen at 1, 4, 8, 24, and 72 h post injection (n = 3–4 per group per time point). Data are presented as mean ± SD.
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formulation and wet formulation) at 5�C, 25�C, and 40�C, and per-
formed physicochemical characterization at 2 weeks and 1 month.
For 1-month storage at 5�C, both wet and lyophilized formulations
showed no significant change in all parameters tested (Figure S5).How-
ever, for accelerated storage conditions at 25�C and 40�C, the mRNA
integrity of wet formulations decreased more rapidly compared with
that of the lyophilized formulations (Figure S5A). Here, only mRNA
integrity decreasedwithout any significant change inmRNAconcentra-
tion and encapsulation efficiency, which were quantified by RiboGreen
assay using fluorescent dyes (Figures S5B and S5C), suggesting that
mRNA was degrading inside the nanoparticles.

Finally, samples stored for 1 month were immunized intramuscularly
once in mice, and their plasmas were evaluated for the presence of
SARS-CoV-2 S1-specific binding IgG on day 14 (Figure 2E). In a
comparable control group, we employed a frozen sample that was
not processed for lyophilization. The wet 5�C, lyophilized 5�C, and
lyophilized 25�C formulations after 1 month of storage induced com-
parable immunogenicity with that of the control group (Figure 2E).
The immunogenicity correlated well with mRNA integrity (Figures
2E and S5A). Altogether, the immunogenicity and physicochemical
data demonstrated that lyophilized formulation has an improved
thermostability over wet formulation.

Biodegradability of L202 allows its rapid clearance in mice

L202 was designed to possess biodegradable properties by intro-
ducing ester linkage in the lipid tail.25 To evaluate the biodegrad-
ability of L202, we measured the lipid levels after intramuscular
administration. We selected the most clinically advanced LNP con-
taining the ionizable lipid MC3 as the benchmark.26 CoV mRNA
was encapsulated in LNP containing L202 or MC3 (Table S2), which
were intramuscularly injected into mice at a dose of 2 mg of mRNA.
Mass spectrometry analysis revealed that MC3 remained at the mus-
cle and lymph node injection site after 72 h post injection and accu-
mulated in the liver and spleen through blood circulation (Figure 3).
In contrast, L202 showed a significant rapid clearance through the
muscle or lymph node, and no accumulation was observed in the liver
24 h post injection (Figure 3).

Robust antibody response of LNP-CoVmRNAcontaining L202 in

mice

To assess the immunogenicity of LNP-CoV mRNA containing L202,
we selected two benchmarks: LNP-CoV mRNA containing MC3 as
mRNA-based vaccine and SARS-CoV-2 S-2P recombinant protein
adjuvanted in alum as the protein-based vaccine. BALB/c mice
were immunized intramuscularly twice with three samples at a dose
of 0.2–1 mg of mRNA or 0.2–5 mg of protein dose on day 0 and day
21 (Figure 4A). Plasma assessment on day 14 and day 35 revealed
that LNP-CoV mRNA containing L202 induced higher S1-specific
(Figure 4B) and receptor-binding domain (RBD)-specific (Figure 4C)
IgG compared with both benchmarks at each equivalent dose. Based
on induced IgG levels, we performed a further analysis with 1 mg of
mRNA-treated and 1–5 mg of the protein-treated group. A critical
mechanism for SARS-CoV-2 infection in vivo is the interaction of
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Figure 4. LNP-CoV mRNA containing L202 elicits robust humoral and cellular immune responses

(A) BALB/c mice (n = 5–6/group) were immunized intramuscularly at day 0 and day 21 with either PBS, LNP-CoV mRNA containing L202, LNP-CoV mRNA containing MC3,

ALUM-adjuvanted SARS-CoV-2 spike protein (S-2P) at 0.2–1 mg of mRNA dose, or 0.2–5 mg of protein dose. Plasma samples were assessed using ELISA for SARS-CoV-2

S1-specific binding IgG at day 14 and day 35 (B), SARS-CoV-2 receptor-binding domain (RBD)-specific binding IgG at day 14 and day 35 (C), and inhibition of angiotensin-

converting enzyme 2 (ACE2) binding to the RBD at day 35 (D). Spleen samples collected on day 35 were analyzed for cellular T cell responses using ELISpot assay.

Splenocytes were isolated and re-stimulated with pools of overlapping peptides from SARS-CoV-2 S protein. After 6 h, intracellular cytokine staining was performed to

quantify IFN-g- (E) and IL-4-positive (F) T cell responses. The ratio of IFN-g/IL-4 cytokine count was calculated (G). Data are presented as GMT ± geometric SD (B–D) or

mean ± SEM (E–G). The dotted line indicates the limit of detection (D). GMT values are written above the bars (D). Groups were compared by Kruskal-Wallis test with Dunn’s

multiple comparison test (G). *p < 0.05, **p < 0.01.
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Figure 5. LNP-CoV mRNAs localized in the antigen-

presenting cells in the lymph nodes and induce

strong antigen-specific germinal center B cell

responses

(A) Flow cytometry analysis of LNP-EGFP mRNA

distribution following the intramuscular injection of LNPs in

mice (n = 4/group). Immune cells in draining inguinal

lymph nodes were analyzed 24 h after injection of LNP-

encapsulated EGFP mRNA at a 10-mg mRNA dose. (B)

Mice (n = 8/group) were immunized intramuscularly with

either saline, LNP-CoV mRNA at a 10-20-mg mRNA

dose, or ALUM-adjuvanted SARS-CoV-2 spike protein (S-

2P) at a 10-mg protein dose. GC B cells in inguinal lymph

nodes were measured 7 days post immunization.

Representative flow cytometry plots showing S-specific

GC B cells, defined as live CD45+B220+CD19+Fas+

GL7+S-PE+S-APC+ cells. (C) Frequency of spike-specific

GC B cells in total GC B cell populations at 7 days post

immunization (n = 8/group). LNPs in this study are

formulated with L202. Data are presented as mean ±

SEM (A and C). Groups were compared by Kruskal-Wallis

test with Dunn’s multiple comparison test (C). *p < 0.05,

**p < 0.01, ***p < 0.001.
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the RBD with host ACE2, which is the entry receptor for the virus.22

We then determined whether plasma from immunized mice could
inhibit the interaction between RBD and angiotensin-converting
enzyme 2 (ACE2) using a commercially validated enzyme-linked
immunosorbent assay (ELISA) kit. Indeed, plasma treated with
LNP-CoV mRNA containing L202 had an inhibitory activity 13.8
times as high as that in plasma treated with MC3 and 14.3 times as
high as that in plasma treated with protein, based on geometric
mean titer at 1 mg of mRNA or protein dose (Figure 4D). Finally, sin-
gle-dose tolerability of LNP-CoV mRNA containing L202 was inves-
tigated in BALB/c mice (n = 5/group) after intramuscular injection on
day 0 (20 mg of mRNA dose; saline was used as a control) (Fig-
ure S6A). The body weights in the LNP-CoV mRNA-treated group
decreased transiently on day 1 and recovered to the same levels as
that of the saline-treated group (Figure S6B). The plasma cytokines
and chemokines of the LNP-CoV mRNA-treated group sharply
increased on day 1 and returned to the same levels as those of the sa-
line-treated group on day 4 (Figure S6C). The level of aspartate trans-
aminase (AST) and alanine aminotransferase (ALT) were similar in
both groups on day 1 and day 4 (Figure S6D). These data demon-
strated that a single dose of LNP-CoV mRNA containing L202 is
tolerated at 20 mg of mRNA dose.

Th1/Th2-balanced immune response of LNP-CoV mRNA

containing L202

Next, we evaluated the balance of T helper (Th) 1 and Th2 cells
because studies have raised safety concerns regarding vaccine-associ-
ated immune enhancement of respiratory disease (VAERD) associ-
ated with Th2-biased responses in the measles virus, RSV, and
SARS-CoV vaccine development.27–29 First, we assessed SARS-
CoV-2-specific cellular responses using ELISpot assay. After restimu-
lation with peptide pools of spike protein, splenocytes (Figure 4A) in
mRNA vaccine-immunized mice produced a higher number of IFN-
g+ cells on day 35 compared with those from PBS-treated or protein
vaccine-immunized mice (Figure 4E). Consequently, the ratio of IFN-
g+/IL4+ cells induced by the mRNA vaccines was higher than that
from protein vaccines (Figures 4E–4G). We also measured levels of
S1-specific IgG2a and IgG1 antibodies, which are surrogates of Th1
and Th2 responses. Both mRNA-based vaccines induced balanced
IgG1 and IgG2a subclass S-binding antibodies, indicating a balanced
Th1/Th2 response (Figures S7A and S7B). In contrast, protein-based
vaccines mainly induced IgG1 without sufficient IgG2a expression,
indicating a Th2-biased response (Figures S7A and S7B). These re-
sults indicate that LNP-CoV mRNA containing L202 induces a
balanced Th1/Th2 immune response as against the Th2-biased
response induced by S protein adjuvanted with alum, suggesting
that LNP-CoV mRNA lowers the safety concern of VAERD.

Intramuscularly injected LNP-CoVmRNA is localized in antigen-

presenting cells in the draining lymph nodes and elicits robust

germinal center B cell responses

To elucidate robust immunogenicity by LNP-CoVmRNA containing
L202, we evaluated its distribution in immune cell populations using
mRNA encoding fluorescence protein EGFP. After an intramuscular
injection of LNP-EGFP mRNA into the mouse thigh, draining
inguinal lymph node was collected 24 h after dosing. Flow cytometry
analysis revealed that the fluorescence signal of EGFP was most abun-
dant in monocytes, macrophages, and conventional dendritic cells
(DCs) and to a lesser degree in neutrophils (Figure 5A). No signal
was detected in B cells, plasmacytoid DCs, CD4+ T cells, and CD8+

T cells (Figure 5A).

Germinal center (GC) B cells have been recognized for giving rise to
high-quality and robust antibody responses.30 To confirm antigen-
specific GC B cell formation, BALB/c mice were immunized intra-
muscularly once with 10–20 mg of LNP-CoV mRNA containing
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Figure 6. LNPs with or without mRNA serve as a

potent adjuvant

Mice (n = 6–8/group) were immunized with a single

intramuscular injection of 0.5 mg of SARS-CoV-2 spike

protein (S-2P) alone or in combination with empty LNP

or LNP-encapsulated luciferase mRNA at a 10-mg

mRNA dose. Plasma samples were collected 14 days

after administering the dose and were assessed for

SARS-CoV-2 S1-specific IgG using ELISA. LNPs in this

study are formulated with L202. Data are presented as

a GMT ± geometric SD. Groups were compared by

Kruskal-Wallis test with Dunn’s multiple comparison

test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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L202 or with 10 mg of recombinant SARS-CoV-2 S-2P adjuvanted in
alum, respectively. We evaluated spike protein-specific GC B cells in
draining inguinal lymph nodes 7 days after administering the dose us-
ing flow cytometry. The protein-based vaccine induced negligible
spike-specific GC B cells (Figures 5B and 5C), with 1.6%mean expres-
sion in total GC B cell populations at a 10-mg protein dose. In
contrast, LNP-CoV mRNA induced robust spike-specific GC B cells
in a dose-dependent manner, with 11.9% mean expression at the
10-mg mRNA dose and 18.9% mean expression at the 20-mg mRNA
dose (Figures 5B and 5C).

LNPs serve as potent adjuvants

How LNP-CoV mRNA containing L202 induces robust immune re-
sponses without conventional adjuvant remains unclear.31 As previ-
ous reports have addressed these questions by checking whether their
LNPs work as adjuvants,32,33 we have also hypothesized that either
our developed LNP or LNP-mRNA serves as an adjuvant. To test
this hypothesis, LNPs containing L202 were formulated with or
without mRNA (empty LNP). To avoid spike protein-specific IgGs
being produced by LNP-CoVmRNA, we used an irrelevant, luciferase
mRNA and prepared LNP-Luc mRNA. BALB/c mice were immu-
nized once intramuscularly with 0.5 mg of recombinant SARS-CoV-
2 spike protein (S-2P) alone or mixed with 10 mg of empty LNP or
LNP-Luc mRNA, and immune responses were evaluated at 14 days
after dosing. S-2P alone induced negligible antibody responses (Fig-
ure 6). Notably, S-2P mixed with either empty LNP or LNP-Luc
mRNA induced robust antigen-specific IgG (Figure 6). This result in-
dicates that LNP with or without mRNA functions as an adjuvant in
the protein-based vaccine.

LNP-CoV mRNA elicits immunogenicity in nonhuman primates

To assess the immunogenicity in nonhuman primates, we intramus-
cularly injected two groups of cynomolgus monkeys with 10 or 100 mg
of LNP-CoV mRNA containing L202 on day 0 (dose 1) and day 28
(dose 2). S1-binding IgG was observed on day 14 after dose 1, and
levels further increased 14 days after dose 2 (day 42) (Figure 7A).
On day 42, the geometric mean titer (GMT) of S1-binding IgG was
34,579 units/mL at the 10-mg mRNA dose and 276,948 units/mL at
the 100-mg mRNA dose. For comparison, the GMT of a panel of 36
SARS-CoV-2 human convalescent serum (HCS) was 3,732 units/
232 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
mL, which is lower than the GMT of the immunized monkeys after
two doses (Figure 7A). Similarly, robust RBD-binding IgG was also
induced in a dose-dependent manner (Figure S8). Pseudovirus
neutralization assay showed that monkey sera immunized twice
with 100 mg of mRNA induced high neutralizing activity (Figure 7B).
Furthermore, monkey sera at three critical, selected time points (day
56 for the 10-mg-treated group, day 28 and day 56 for the 100-mg-
treated group) more strongly inhibited ACE2 binding to RBD than
HCS (Figure 7C). Given concerns about reduced activity by muta-
tions in SARS-CoV-2, we assessed antibody responses against six vi-
rus strains, including variants of concern (VOCs): wild-type, D614G,
B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), and B.1.617.2 (Delta).
Notably, monkey sera at three selected time points inhibited ACE2
binding to the spike protein of all six strains compared with HCS,
demonstrating the broad cross-reactivity of LNP-CoV mRNA
(Figure 7D).

Antibody responses persist over 6 months and are further

enhanced by the third dose

Finally, we assessed the durability of antibody responses after two
doses and enhancement of antibody responses after a third dose.
We used cynomolgus monkeys (n = 3/group) that received two
100-mg doses of LNP-CoV mRNA containing L202. Considering
immunological memory, a lower dose of 50 mg was selected for the
third dose. After 6 months from dose 2, monkeys received 50 mg of
LNP-CoV mRNA intramuscularly as dose 3 on day 210 (Figure 8A).
The GMT of S1-binding IgG at 6 months after dose 2 (day 210, day
of dose 3) was 6.6-fold lower than the GMT of IgG at 1 month
after dose 2 (day 56); however, both IgG levels were higher than
the GMT measured for an HCS panel of 36 SARS-CoV-2-affected
individuals (Figure 8B). Furthermore, the GMT of S1-binding IgG
at 1 month after dose 3 (day 238) was further increased and was
4.6-fold higher than the GMT of IgG at 1 month after dose 2 (day
56) (Figure 8B). The corresponding neutralization activity was
confirmed for those monkey sera by pseudovirus neutralization assay
(Figure 8C). In addition, those monkey sera strongly inhibited the
binding of ACE2 to RBD compared with that observed for HCS
panels (Figure 8D). Similarly, robust antibody responses across all
six strains were confirmed using an ACE2-spike inhibition assay
(Figure S9).



Figure 7. Antibody responses after LNP-CoV mRNA immunization in nonhuman primates

Cynomolgus monkeys (n = 3/group) were injected with LNP-CoV mRNA containing L202 at a dose of 10 mg (blue) or 100 mg (purple) of mRNA intramuscularly on day 0 and

day 28 (arrows below the x axes indicate the day of injection). Results were compared with the antibody responses in a panel of HCS specimens (n = 36). Plasma samples

were assessed using ELISA for SARS-CoV-2 S1-specific binding to IgG (A), pseudovirus neutralization (B), inhibition of ACE2 binding to RBD (C), and inhibition of ACE2

binding to the spike protein of six strains including wild-type, D614G, B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), and B.1.617.2 (Delta) (D). On the day of immunization,

plasma samples were collected before dose administration. Data are presented as a GMT ± geometric SD. Groups were compared by a Kruskal-Wallis test with Dunn’s

multiple comparison test (B). *p < 0.05.
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DISCUSSION
The components of LNP (i.e., ionizable lipid, phospholipid, choles-
terol, PEG-lipids) exert an influence on efficacy and tolerability.5

This study screened a panel of ionizable lipids and identified lead
LNPs with branched-tail lipids. Despite its importance, knowledge
on ionizable lipid structures for locally administered mRNA vaccine
has remained limited.15 We chemically designed nine ionizable lipids
with a cyclic head of N-methylpiperidine based on our previous
siRNA delivery material.17 The top two lipids, L202 and L168, have
a chemical structure similar to that of L165 and L166, except for
the branched-tail lipid at the left side of the ester linkage shown in Fig-
ure 1C. Accordingly, four lipids showed similar pKa (6.04–6.29),
mRNA encapsulation (>90%), and nanoparticle size (99–136 nm).
However, L202 and L168 with branched-tail lipids induced approxi-
mately 100-fold higher antibody response compared with L165 and
L166 with linear-tail lipids (Figure 1E). The result demonstrates
that slight differences in lipid tail structure can significantly affect
immunogenicity.34,35 To improve clearance, we incorporated an ester
linkage in the lipid tail of L202. We and other groups previously re-
ported that intravenously21,25 or intramuscularly15 injected LNPs
containing biodegradable lipid resulted in rapid clearance, leading
to improved tolerability. We showed that L202 is rapidly cleared
from all tissues tested while maintaining robust immunogenicity
compared with MC3. Based on previous findings that ionizable lipid
rather than other lipid components drive inflammation,33,36 lower
local and systemic exposure of L202 may help improve tolerability.
Another component, PEG-lipids, may affect efficacy due to anti-
PEG responses that have been described for intravenously injected
LNP-siRNA37 and LNP-mRNA.38 To date, there have been no reports
on the anti-PEG response by intramuscularly injected LNP. Given
that a robust increase in titers occurs after booster shots, we do not
consider that anti-PEG antibody negatively affected in vivo activity.
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Figure 8. LNP-CoVmRNAcontaining L202 elicits durable antibody responses over 6months after two doses and further induces potent responses following

a third dose

Cynomolgus monkeys (n = 3) immunized with two doses (each dose of 100 mg) were used in a third dose study. Six months after dose 2, a 50-mg third dose (dose 3) was

administered intramuscularly (in Figure 8A, arrows below the x axes indicate the day of injection. Faint lines represent individual animals, and bold lines represent the GMT for

three animals). Plasma samples were assessed using ELISA for SARS-CoV-2 S1-specific binding IgG (A and B), pseudovirus neutralization (C), and inhibition of ACE2 binding

to RBD (D). Results were compared with the antibody responses in a panel of HCS specimens (n = 36). On the day of immunization, plasma samples were collected before

administration. Data are presented as a GMT ± geometric SD. Groups were compared by Kruskal-Wallis test with Dunn’s multiple comparison test (B and D). *p < 0.05.
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Lyophilization of lipid-based nanoparticles remains challenging
because physical stresses imposed by the freeze-drying process
destabilize the fragile particle, leading to aggregation or drug
leakage.39,40 This study revealed that the LNP-based mRNA vaccine
can be lyophilized through buffer optimization. There are few re-
ports on the lyophilization of lipid-based nanoparticles for mRNA
delivery.41,42 Zhao et al. reported that lyophilization of mRNA
nanoparticles using lipid-like material maintained in vitro efficacy
but abolished in vivo efficacy, possibly due to nanostructure change
during the lyophilization process.41 Muramatsu et al. reported that
lyophilization of the LNP-mRNA vaccine showed preserved physi-
cochemical properties and mice immunogenicity for 12 weeks of
storage at room temperature and 24 weeks of storage at 4�C.42 To
protect LNPs from physical stress, we employed sucrose as a cryo-
protectant, the commonly used excipient in lyophilized liposomes.43

Sucrose acts as a cushion by replacing water molecules between par-
ticles and protects the particles from physical stress to maintain
integrity.39 Lyophilization and not freeze-thawing increased particle
size across all formulations tested, indicating that the major stress
stems from drying and reconstitution (Figure S4). Interestingly,
only particle size was increased without aggregation and mRNA
leakage during lyophilization and storage (Figures S4 and S5D).
We speculate that a trace amount of water in the cake triggered par-
ticle size increase through Ostwald ripening.44

LNP-CoV mRNA containing L202 elicited a balanced Th1/Th2
response, as against a Th2-biased response by protein with alum adju-
vant. LNP-mRNA is primarily distributed in antigen-presenting cells
(APCs) in lymph nodes, not in T cells and B cells. It remains unclear
why LNPs were preferably localized to APCs. Several groups reported
that LNPs containing a class of ionizable lipids were taken up into
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APCs via the endocytosis pathway45 or ApoE-independent path-
way,46 while being taken up into hepatocytes via the ApoE-dependent
pathway.47,48 Furthermore, our data showed that EGFP expression
was abundant in migratory and resident conventional dendritic cells
(cDCs) that play major roles in cross-presentation but was not detect-
able in plasmacytoid dendritic cells (pDCs) that are important for
secreting type I interferons.49 Similarly, Uemura et al. reported that
intravenously injected LNP-siRNA reduced target CD45 expression
in DCs but not in pDCs.50 Preferable antigen expression in cDC
subsets may contribute to a powerful immune response.51 Besides,
germinal center B cells allow the production of high-quality persistent
antibodies in mice52 and humans.53 LNP-CoV mRNA containing
L202 slightly increased the GC B cell population (Figure S10) and
significantly induced antigen-specific GC B cells (Figures 5B and
5C). The superior antibody responses to LNP-CoV mRNA com-
pared with protein-based vaccine stems from robust formation of
GC B cells.

We found that LNP without mRNA serves as a potent adjuvant. An
early study by Swaminathan et al. demonstrated that LNPs with their
ionizable lipids work as an adjuvant of subunit antigens,54 and recent
reports revealed that the ionizable lipid in LNPs elicits inflammatory
effects.33,36 It would be intriguing to explore the mechanism by which
LNPs or ionizable lipid L202 can induce adjuvant activity. Recent
studies showed that ionizable lipid or lipid-like material of nanopar-
ticles induced innate immune responses through pattern recognition
receptors of TLR455,56 and STING.57 Because cytokines, induced
by adjuvants, trigger differentiation of Th cells and Th1/Th2 re-
sponses,31,58 a balanced Th1/Th2 immune response may stem from
the L202 structure. We are currently exploring immune pathways
that play crucial roles in the adjuvant action of ionizable lipids.
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In nonhuman primates, LNP-CoV mRNA containing L202 elicited
potent and broad antibody responses against all six strains tested.
The broad responses could be attributed to the encoding of a full-
length spike that should be digested to produce various peptide pieces
for antigen presentation. Furthermore, two 100-mg doses elicited du-
rable antibody responses over 6 months, which was further enhanced
by the third injection of the lowered 50-mg dose. Notably, the anti-
body response levels 14 days after a single 100-mg dose were higher
than a GMT of HCS, suggesting that efficacy may appear at least
2 weeks post dosing. To predict immunogenicity in humans, we
used cynomolgus macaques, which have been proved to be an
appropriate model reflecting human SARS-CoV-2 infection.59,60

Meta-analysis of seven COVID-19 vaccines tested in phase III trials
revealed a robust correlation between neutralizing antibody titer
and efficacy (the Spearman’s rank correlation coefficient r = 0.79)
and spike protein-binding antibody titer and efficacy (r = 0.93).61

Given that both neutralizing and binding antibodies showed a better
correlate of protection (CoP) in the mRNA-1273 COVID-19 vaccine
trial,62 we believe that LNP-CoV mRNA containing L202 elicits pro-
tective immunity against SARS-CoV-2 infection.

In summary, we created a new LNP for mRNA vaccines that can be
lyophilized and can elicit robust immune responses. New knowledge
on ionizable lipid structures that can induce immunogenicity and
lyophilization should open the gates to developing next-generation
mRNA-based vaccines.

MATERIALS AND METHODS
Materials and animals

Materials used in the present study are summarized in the Key Re-
sources table in the supplemental information (Table S3). BALB/c
mice and cynomolgus monkeys were purchased from Jackson Labo-
ratory (Japan) and HAMRI (Japan), respectively. Animal care and
experimental procedures were performed in an animal facility ac-
credited by the Health Science Center for Accreditation of Laboratory
Animal Care and Use of the Japan Health Sciences Foundation. All
protocols were approved by the Institutional Animal Care and Use
Committee of Eisai and performed in accordance with the Animal
Experimentation Regulations of Eisai.

Preparation of LNP-mRNA

A nucleoside-modified mRNA encoding prefusion-stabilized SARS-
CoV-2 S-2P protein (wild type with amino acid substitutions of
K968P and V987P, based on GenBank MN908947) was designed
based on a previous report22 and synthesized at TriLink BioTechnol-
ogies (United States). In the designed mRNA (CoV mRNA), uridine
was completely replaced by N1-methyl-pesuouridine, with the Cap 1
structure (TriLink #N-7113), the 50 and 30 untranslated regions
(UTRs), and a poly(A) tail. Chemically modified luciferase mRNA
(TriLink #L-7202) and EGFP mRNA (TriLink #L-7201) were
commercially available. The nine ionizable lipids were synthesized
based on the procedures described in our previous patent (WO20
17222016A1). Lipid nanoparticles were prepared by mixing an
ethanol phase containing lipids with mRNA in an aqueous phase.17
In general, mRNA was dissolved in 50 mM citric acid at pH 3.5, while
ionizable lipid, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
(Nippon Fine Chemical), cholesterol (Nippon Fine Chemical), and
mPEG2000-DMG (NOF SUNBRIGHT GM-020) (approximately
50:10:38.5:1.5 molar ratio) were dissolved in ethanol. The mRNA/to-
tal lipid ratio was approximately 0.05 (wt/wt). The mRNA and lipid
solutions were mixed at a flow ratio of 3:1 using NanoAssembler
(Precision Nanosystems, Canada). Using 100-kDa dialysis tubes
(Spectrum Labs #G235035), solutions were first dialyzed with PBS
(pH 7.5) and then with 8% sucrose/20 mM Tris buffer (pH 7.5) over-
night in the refrigerator. The resulting solution was filtered using a
0.22-mmmembrane filter to produce LNPs. Except for the lyophiliza-
tion study, LNPs were used immediately or cryopreserved at �70�C
before in vivo study.
Characterization of LNPs

The particle size and polydispersity index were determined by dy-
namic light scattering using Zetasizer Nano ZS (Malvern Panalytical,
UK). The mRNA integrity was assayed by electrophoresis using Agi-
lent 4200 TapeStation system (Agilent Technologies, United States).
As previously described, free and total mRNA concentrations in
LNPs were determined using the Quant-iT Ribogreen RNA assay
kit (Invitrogen #R11491) and SpectraMAX M2 fluorescence micro-
plate reader (Molecular Device, United States).17 Encapsulation effi-
ciency (EE, %) was calculated as follows:

EE ð%Þ =

�
1 � free siRNA concentration

total siRNA concentration

�
� 100:

All lyophilized samples were reconstituted with water prior to the
characterization of LNPs.
Cryo-EM analysis of LNPs

A droplet of 3 mL of LNP-CoVmRNA solution was applied to a glow-
discharged holey carbon grid (Cu R1.2/1.3, 300 mesh, Quantifoil Mi-
cro Tools, #M2955C-1-300). The grid was blotted for 15 s with a blot
force of 0 and flash-frozen in liquid ethane using Vitrobot Mark IV
(Thermo Fisher Scientific, United States) at 18�C and 100% humidity.
Data were collected on a Talos Arctica electron microscope (Thermo
Fisher Scientific, United States) equipped with a Falcon 3 direct elec-
tron detector at 200 kV. Images were acquired at a defocusing
of �1 mm with a nominal magnification of 92,000 at a pixel size of
1.13 Å.
In vitro expression of mRNA encoding SARS-CoV-2 spike

protein

Human embryonic kidney 293 cells (HEK-293) (ATCC #CRL-1573)
were transfected with mRNA encoding SARS-CoV-2 spike protein
(CoV mRNA) using Lipofectamine MessengerMAX Transfection
Reagent (Invitrogen #LMRNA003). After 24 h, the cells were resus-
pended in fluorescence-activated cell sorting buffer: D-PBS(�)
(Wako #045-29795), 2% (v/v) FBS (Gibco #10270-106), 2 mM
EDTA (Invitrogen #15575-038). According to the manufacturer’s
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instructions, the cells were fixed and permeabilized in Fixation/
Permeabilization Buffer (BD Biosciences #51-2090KZ) and
Perm/Wash Buffer (BD Biosciences #51-2091KZ). Subsequently,
the cells were stained with 10 mg/mL CR3022 (CST #37475S) in
Perm/Wash Buffer (BD Biosciences #51-2091KZ) for 30 min at
room temperature. Afterward, the cells were washed in Perm/Wash
Buffer and incubated with anti-human IgG Fc PE-conjugated anti-
body (Jackson ImmunoResearch #709-116-149) in Perm/Wash
Buffer for 30 min at room temperature. Finally, the cells were washed
in Perm/Wash Buffer and resuspended in fluorescence-activated cell
sorting buffer. Data acquisition was performed on ZE5 Cell Analyzer
(Bio-Rad Laboratories, United States) and analyzed using FlowJo
software (BD Biosciences).

In vitro expression of mRNA encoding firefly luciferase

In 96-well culture plates, 80 mL/well of 1 � 104 Hep3B cells (ATCC
#HB-8064) were seeded and treated with 20 mL/well of each LNP
containing firefly luciferase mRNA (10 ng mRNA/well). After 24
h, firefly luciferase expression and cell viability were measured
with Steady-Glo (Promega #E2510) and Cell-Titer Glo (Promega
#G9241), respectively. The luminescence was quantified using
Nivo multi-plate reader (PerkinElmer). The results, expressed in
the relative light unit (RLU), were normalized as the ratio of lucif-
erase expression to cell viability. The correlation coefficient (Pear-
son’s r) of expression and immunogenicity was determined by
GraphPad Prism.

Lyophilization process of LNPs

The final LNP solution with 20 mM Tris (Sigma-Aldrich #T1503-
1KG) and varying sucrose (Wako #192-00017) concentrations (0%,
4%, 8%, 12%, and 16% w/v) at pH 7.5 was prepared by ultrafiltration
(Millipore, #UFC810024) and aliquoted into glass vials. The vials
containing 0.2 mL of LNP of 0.10 mg/mL mRNA were placed on
the inside shelf of the lyophilizer DRC-1100 (Tokyo Rikakikai, Japan)
connected to a vacuum pump. In general, the shelf temperature was
preset to �40�C, and the vials were equilibrated for 4 h. The primary
drying at �40�C lasted for 45 h under vacuum. The temperature was
gradually increased from�40�C to +10�C. The secondary drying was
completed at +10�C for 66 h under vacuum. The pressure within the
shelf was returned to atmospheric pressure using dry nitrogen. The
obtained vials with a rubber cap were subjected to a storage stability
study.

Mouse immunogenicity of stored samples

LNP-CoV mRNA was prepared using 16% sucrose/20 mM Tris
buffer at pH 7.5. Samples were either frozen at �80�C (i.e., frozen
samples), used in liquid form (i.e., wet formulations), or lyophilized
(i.e., lyophilized samples). The wet or lyophilized formulation in
glass vials with a rubber cap was stored at 5�C, 25�C, or 40�C on
a temperature-controlled shelf. After 2 weeks and 1 month, all sam-
ples were collected, and lyophilized formulations were reconstituted
with water. For samples stored for 1 month, BALB/c mice (n =
6/group) were immunized with a single intramuscular injection of
each sample at a dose of 3 mg of mRNA. Plasma was collected
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14 days after dosing and assessed for SARS-CoV-2 S1-specific bind-
ing IgG antibody.

ELISpot assay

BALB/c mice (n = 5–6/group, 5 weeks old) were intramuscularly
immunized at day 0 and day 21 with PBS, LNP-CoV mRNA contain-
ing L202, LNP-CoV mRNA containing MC3, or ALUM-adjuvanted
(Thermo Scientific #77161) SARS-CoV-2 spike protein (S-2P)
(R&D Systems #10549-CV-100) with mRNA and protein doses of
0.2–1 mg and 0.2–5 mg, respectively. Mice were euthanized at day
35 and spleens were harvested in RPMI-1640 medium (Wako
#189-02025). Subsequently, the spleens were filtered through a 70-
mm-mesh cell strainer (Corning #352350) and treated in BD Pharm
Lyse Lysing Buffer (BD Biosciences #555899) to remove red blood
cells and isolate mouse splenocytes. Detection of IFN-g- and IL-4-
positive splenocytes was performed according to the manufacturer’s
instructions for the FluoroSpot assay (Mabtech AB #FSX-41A-1
and #FSX-46B-1). Briefly, a 96-well plate was coated with both
anti-mouse IFN-g (kit component) and IL-4 (kit component) mono-
clonal antibodies overnight at 4�C. The plate was washed with
D-PBS(�) five times and was blocked using blocking buffer
(RPMI-1640 (Wako #189-02025), 10% (v/v) FBS (Gibco #10270-
106), 100 units/mL penicillin and 100 mg/mL streptomycin (Wako
#168-23191), 50 mM 2-mercaptoethanol (Invitrogen #21985-023))
at room temperature for 30 min. Subsequently, 1 � 105 cells of iso-
lated mouse splenocytes per well were stimulated at 37�C for 16 h us-
ing 0.1 mg/mL peptide pool of the SARS-CoV-2 Wuhan wild-type
spike protein (Miltenyi Biotec #130-127-951). After washing, detec-
tion antibodies with dilution buffer (D-PBS(�) and 0.1% [w/v]
BSA; Wako #017-22231) were added and incubated at room temper-
ature for 2 h. After washing, fluorophore-conjugated reagents (kit
component) with dilution buffer were added and incubated at
room temperature for 1 h. Finally, the plates were washed, and the
fluorescence spots of IFN-g (green) and IL-4 (red) were detected un-
der a BZ-X810 fluorescence microscope (Keyence Corporation,
Japan). Two individuals counted the number of fluorescence spots,
and the average was calculated.

Antibody measurements

A 96-well streptavidin plate (MSD #L-15SA-1) was blocked using
blocking buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl, 5% [w/v]
skim milk [Wako #190-12865], 0.2% [v/v] ProClin 150 [Sigma-Al-
drich #49376-U], and 0.01% [v/v] Tween 20 [Bio-Rad Laboratories
#1706531]) at room temperature for 1 h. The plates were washed us-
ing the wash buffer (Sigma-Aldrich #T9039) three times and coated
with 25 ng/well of biotinylated SARS-CoV-2 S1 (ACROBiosystems
#S1N-C82E8) or RBD (ACROBiosystems #SPD-C82E9) protein
diluted with D-PBS(�) at room temperature for 1 h. After washing,
standard, immunized serum, or plasma diluted with blocking buffer
were added to the plates and incubated at room temperature for 1
h. After washing the incubated mixture, approximately 1 mg/mL of
ruthenium-conjugated (MSD #R91AO-1) anti-IgG antibodies (Jack-
son ImmunoResearch #115-005-164) diluted with blocking buffer
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5% [w/v] skim milk
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[Wako #190-12865], 0.2% [v/v] ProClin 150 [Sigma-Aldrich #49376-
U], and 0.01% [v/v] Tween 20 [Bio-Rad Laboratories #1706531])
were added, and the plates were incubated at room temperature for
1 h. Finally, the plates were washed, and the binding signals were de-
tected with reading buffer (MSD #R92TC-3) using MSD sector
imager 6000 (Meso Scale Diagnostics, United States).

ACE2 binding inhibition was measured using a commercially avail-
able kit (V-PLEX SARS-CoV-2 Panel 17 [ACE2] Kit, MSD
#K15527U-2) by following the manufacturer’s instructions. Plates
were precoated with the SARS-CoV-2 RBD or the spike protein of
each strain. Immunized serum or plasma was used on 1:50 diluted
samples. Binding was detected with SLUFO-TAG-labeled ACE2
(kit component).

Pseudovirus neutralization assay

Pseudoviruses were produced by co-transfection of plasmids encod-
ing a luciferase reporter in retrovirus vector (pMXs-ires-Puro, Cell
Biolabs #RTV-014) and S protein (D614G, d19) into Plat-GP (Cell
Biolabs #RV-103). Serum samples were mixed with pseudoviruses,
incubated, and then added to ACE2 and TMPRSS2-expressing
HEK293T cells (GeneCopoeia #SL222). After 48 h, cells were lysed,
and luciferase activity (RLU) was measured. The infection rate was
normalized, considering uninfected cells as 0% and cells infected
with only pseudovirus as 100%. ID50 titers were determined using
an inhibitor versus normalized response (variable slope) nonlinear
function.

Lipid pharmacokinetic analysis in mice

BALB/c mice (n = 3–4/time point, 5 weeks old) were immunized with
a single intramuscular injection of either LNP-CoV mRNA contain-
ing MC3 or LNP-CoV mRNA containing L202 at a dose of 2 mg of
mRNA. At 0.5, 1, 4, 8, 24, and 72 h post injection, mice were eutha-
nized and the plasma, site of injection in muscle, draining lymph
node, liver, and spleen were harvested. All samples were stored at
�80�C prior to analysis using liquid chromatography-tandem mass
spectroscopy (LC-MS/MS). All samples except for plasma were
weighed and homogenized in homogenization buffer (60 mM
Na2HPO4, 900 mM NaCl, and 0.24% [v/v] Tween 20 at pH 7.4).
The plasma samples (10 mL) and tissue homogenates (10 mL) were ex-
tracted with 200 mL of acetonitrile containing 1 ng/mL of an internal
standard lipid. The samples were mixed with a vortexer and centri-
fuged at 2,095� g for 10 min at 4�C. The supernatant was transferred
to 96-well plastic plates and analyzed using LC-MS/MS. For the ioniz-
able lipids, a mobile phase with a gradient composition of 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B), were used at
a flow rate of 0.4 mL/min. The mobile phase flow was programmed as
follows: 1% of B for 0.5 min, followed by a linear gradient of B to 99%
over 0.5 min, held at 99% of B for 4 min, and back to 1% of B in
0.01 min, followed by equilibration to reach the initial conditions.
The total run time was 6.0 min. Separation was carried out using
an ACQUITY UPLC (2.1 � 50 mm) (Waters #186002350), and
eluted fractions were directly passed through Xevo TQ-XS system
(Waters, United States) equipped with an electrospray ionization
source operating in the positive ion mode. The ionization mode,
parent ion, and product ion were as follows: L202 m/z = 650.3
[M + H]+ to 143.8, MC3 m/z = 642.9 [M + H]+ to 131.8, and the in-
ternal standard lipid m/z = 519.5 [M + H]+ to 83.9.

Single dose tolerability in mice

Female BALB/c mice (n = 5/group, four groups in total) were immu-
nized intramuscularly on day 0 with saline (two groups) or LNP-CoV
mRNA containing L202 (2 groups) at a dose of 20 mg of mRNA. Mice
were weighed during the study and sacrificed on day 1 and day 4 to
collect plasma. Cytokines and chemokines in plasma were measured
using a commercially available kit (U-PLEX Mouse customized
multiplex assay kit, MSD #K15069L-1) by following the manufac-
turer’s instructions. Clinical chemistry parameters were measured
on the Hitachi 7180 clinical analyzer (Hitachi).

Cell-type-specific distribution analysis

Distribution was measured by cellular GFP expression with EGFP-
encoding mRNA. BALB/c mice (n = 4/group, 5 weeks old) were
immunized intramuscularly with saline or LNP-encapsulated EGFP
mRNA containing L202 at a dose of 10 mg of mRNA. After 24 h,
mouse inguinal lymph nodes were collected and digested with
RPMI-1640 medium (Wako #189-02025) containing 0.3 mg/mL Lib-
erase DL (Sigma-Aldrich #05401160001) and 0.2 mg/mL DNase I
(Roche #10104159001) at 37�C for 30 min and then filtered through
a 70-mm-mesh cell strainer (Corning #352350). Cells were pre-incu-
bated with Mouse BD Fc Block (BD Biosciences #553142) for 10 min
and stained with fluorophore-conjugated antibodies as follows: anti-
CD45 (clone: 3F-11, BD Biosciences #565967), B220 (clone: RA3-
6B2, BioLegend #103210), CD3ε (clone: 17A2, BD Biosciences
#612803), CD11b (clone: M1/70, BD Biosciences #624294), CD11c
(clone: N418, BioLegend #117339), IA/IE (clone: M5/114.15.2, BD
Biosciences #5660866), CD317 (clone: 129C1, BD Biosciences
#127025), Ly6C (clone: HK1.4, BD Biosciences #128044), Ly6G
(clone: 1A8, BD Biosciences #560601), and CD169 (clone: 3D6.112,
BioLegend #142421). Data acquisition was performed on a BD
FACSymphony Flow Cytometer (BD Biosciences) and data were
analyzed by FlowJo software (BD Biosciences).

Germinal center B cell analysis

BALB/c mice (n = 8/group, 9 weeks old) were immunized intramus-
cularly with either saline, LNP-CoV mRNA at a dose of 10–20 mg of
mRNA, or SARS-CoV-2 spike protein (S-2P) (R&D Systems #10549-
CV-100) adjuvanted with alum (Thermo Scientific #77161) at a dose
of 10 mg of protein. After 7 days, mouse inguinal lymph nodes were
isolated and dissolved in fluorescence-activated cell sorting buffer
(D-PBS(�) [Wako #045-29795], 2% [v/v] FBS [Gibco #10270-106],
2 mM EDTA [Invitrogen #15575-038]). The cells were pre-incubated
with Mouse BD Fc Block (BD Biosciences #553142) for 10 min and
stained with 40,6-diamidino-2-phenylindole (Dojinkagaku #341–
07881) and fluorophore-conjugated antibodies as follows: anti-
CD45 (clone: 30-F11, BD Biosciences # 565,967), CD19 (clone:
1D3/CD19, BioLegend #152403), B220 (clone: RA3-6B2, BioLegend
#103253), GL7 (clone: GL7, BioLegend #144609), Fas (clone: Jo2,
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BD Biosciences #557653), spike protein (R&D Systems #10549-CV-
100), PE conjugated (abcam #ab102918), and spike protein (R&D
Systems #10549-CV-100) APC conjugated (abcam #ab201807).
Finally, the cells were washed in fluorescence-activated cell sorting
buffer. Data acquisition was performed on FACSymphony (BD Bio-
sciences) and analyzed using FlowJo software (BD Biosciences).

HCS

Thirty-six HCS (ReproCELL #S-100) panels were purchased from
ReproCELL (Japan) and used as a benchmark for nonhuman primate
serology. The participants were of diverse races aged 18–59 years and
had symptoms such as fever or flu-like symptoms but had not stayed
in the intensive care unit. The sera were collected at least 10 days after
being diagnosed as COVID-19 positive based on polymerase chain re-
action (PCR) tests and after being diagnosed as COVID-19 negative.
All participants provided written informed consent. All samples were
de-identified after collection.

Nonhuman primate immunization

LNP-CoV mRNA containing L202 at 10 or 100 mg mRNA was intra-
muscularly injected into the thigh muscles of male cynomolgus mon-
keys (4–6 years old). The low-dose (10 mg) and high-dose (100 mg)
groups (n = 3/group) received two doses on day 0 and day 28. Serum
samples were collected on days 0 (dose 1), 14, 28 dose 2), 42, and 56.
On the day of immunization, serum was collected before dose admin-
istration. For a third dose study, monkeys (n = 3) that had already
received two 100-mg doses were used. Six months after the second im-
munization, a 50-mg dose of LNP-CoV mRNA (dose 3) was injected
intramuscularly. Serum samples were obtained on days 182, 210 (dose
3), 217, 224, and 238.

Statistical analysis

GraphPad Prism (GraphPad Software, United States) was used to
perform Kruskal-Wallis test with Dunn’s multiple comparisons for
non-parametric data (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001).
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