
Original Article
In vivo production of engineered ACE2 decoy
protects lungs from SARS-CoV-2 infection
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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-
2) variants repeatedly evade the immune system within short
periods. Thus, next-generation therapeutics that are resistant
to mutations and can be rapidly supplied to individuals in an
emergency are required. Here, we designed anmRNA encoding
an engineered angiotensin-converting enzyme 2 (ACE2) decoy,
3N39v4, composed of high-affinity ACE2 and a human immu-
noglobulin G Fc domain. The 3N39v4-encoded mRNA was
encapsulated in lipid nanoparticles for efficient in vivo delivery.
Systemic delivery of mRNA in mice resulted in a dose-
dependent expression of 3N39v4 in plasma (20–261 mg/mL at
1–10 mg/kg) with sufficient tolerability. An improved pharma-
cokinetic profile of the produced protein was compared to
injection of the 3N39v4 protein. In vivo-expressed 3N39v4
exhibited broad neutralization against nine SARS-CoV-2
variants and other sarbecoviruses, including the currently
circulating Omicron subvariants JN.1 and BA.2.86. A single
intravenous injection of 3N39v4-encoded mRNA resulted in
a robust, dose-dependent improvement in the outcomes of
mice infected with SARS-CoV-2. The mRNA treatment in
monkeys produced 3N39v4 in sera, which inhibited the replica-
tion of the authentic viruses. The rapid development of mRNA
drugs highlights the potential of mRNA-encoded ACE2 decoys
in emergencies to combat diverse SARS-CoV-2 variants,
including future variants.

INTRODUCTION
The COVID-19 pandemic highlighted the importance of preventive
and therapeutic drugs.1 Ensuring a rapid global supply of these drugs
on a large scale is crucial.2 mRNA vaccines were quickly developed
and successfully distributed worldwide.3 This achievement was facil-
itated in part by the properties of chemically synthesized mRNA,
which bypassed the complexities associated with the manufacturing
of biologics.4 However, although multiple monoclonal antibodies
(mAbs) and antiviral drugs have been approved for emergencies,
there is room for improvement in their supply rate.5,6 Therefore, it
is highly desirable to develop new and effective therapeutic strategies
that can be developed rapidly.
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The mRNA-based therapeutic scope has broadened beyond the
success of mRNA vaccines.7,8 These therapeutics utilize mRNA to
produce proteins within the body, including intracellular enzymes,
cytokines, and mAbs.9,10 Currently, various mRNA encoding mAbs
have been applied to infectious diseases (human immunodeficiency
virus-1,11,12 hepatitis B virus,13 chikungunya virus,14 SARS-CoV-
2,15,16 Salmonella/Pseudomonas aeruginosa,17 and oncologic diseases
[anti-CD3/anti-CLDN6 bispecific,18 anti-CCL2/CCL5 bispecific,19

anti-HER2,20 anti-PD-1,21 and anti-Claudin 18.222]). The first report
of mRNA-encoded proteins (i.e., mAb against chikungunya virus)
showed in vivo expression in a phase 1 clinical trial.23 This successful
validation in humans highlights the potential of mRNA-encoded
proteins as alternatives to conventional proteins.

To date, several mAbs targeting the SARS-CoV-2 spike protein have
been granted Emergency Use Authorization in the United States.24

However, the limitless emergence of SARS-CoV-2 variants evades
neutralization of approved mAbs.24 To overcome the critical issue
of immune escape, we previously developed an engineered angio-
tensin-converting enzyme 2 (ACE2) by optimizing amino acids to
enhance its affinity by �100-fold for the SARS-CoV-2 spike protein,
which resulted in a neutralization activity comparable to that of
mAbs.25 The engineered ACE2 decoy (3N39v4) is expected to resist
viral immune escape because mutated viruses that evade the ACE2
decoy do not bind to endogenous ACE2 receptors on host cells,
thereby diminishing their infectivity.26
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Here, we combined two platforms: mRNA technology with the
advantage of rapid supply and an engineered ACE2 decoy exhibiting
resistance to virus mutations. We recently reported the development
of a lipid nanoparticle (LNP)27–29 that effectively delivered mRNA to
the liver.30 In this study, we developed mRNA encoding an engi-
neered ACE2 decoy (3N39v4) and demonstrated its potential as a
next-generation therapeutic.

RESULTS
Design of mRNA encoding an engineered ACE2 decoy (3N39v4)

We designed mRNA encoding an engineered ACE2 decoy. The engi-
neered ACE2 receptor fused with human immunoglobulin G1 (IgG1)
Fc, 3N39v4,31 was encoded into chemically modified mRNA bearing
5ʹCap1, 5ʹ UTR, 3ʹ UTR, and poly(A) tail with 100 nt (Figure 1A). To
suppress unwanted immune reaction and increase protein produc-
tion, all uridine was fully replaced with N1-methylpseudouridine
(N1mJ) as previously reported.32,33 The prepared 3N39v4 mRNA
was formulated into an LNP formulation based on the ionizable lipid
L202 that was recently reported for mRNA delivery.34,35 The repre-
sentative LNP-formulated 3N39v4 mRNA had a size of 68 nm, a
polydispersity index of 0.08, and 98% mRNA encapsulation; the
morphology of homogeneous particles was revealed using cryoelec-
tron microscopy (cryo-EM) (Figures S1A and S1B). The pKa value
of LNP-mRNA by the 6-(p-toluidino)-2-naphthalenesulfonic acid
sodium salt (TNS) fluorescent assay was 6.58 and the zeta potential
was �0.164 mV (Figure S1C). LNP-formulated mRNA is mainly
delivered to the liver following intravenous injection.36 Therefore,
with an aim toward human applications, primary human hepatocytes
were treated with 3N39v4 mRNA and luciferase mRNA in LNPs. Af-
ter 48 h, the supernatant was evaluated using two types of ELISA that
detect binding with either the Fc region of human IgG or the receptor-
binding domain (RBD) of the SARS-CoV-2 spike (Figure 1B). Treat-
ment with LNP-3N39v4 mRNA increased protein concentration in a
dose-dependent manner for both quantification methods (Figure 1B).
Importantly, the secreted 3N39v4 in the supernatant showed the same
binding affinity to the RBD as recombinant 3N39v4 in protein form,
demonstrating that mRNA-expressed 3N39v4 has functional binding
activity (Figure 1C). The 3N39v4 mRNA encodes a monomeric frag-
ment (970 amino acids,�111.4 kDa), which in turn forms a disulfide-
bonded homodimer-like IgG to produce 3N39v4 (�222.7 kDa). To
determine whether 3N39v4 was properly expressed in cells following
LNP mRNA treatment, we performed SDS-PAGE analysis using
recombinant 3N39v4 as a reference (Figure 1D). The 3N39v4 from
Expi293F cells formed disulfide-bonded homodimers under oxidative
conditions (without dithiothreitol, DTT(�)), and the molecular
weight of the monomeric fragment fit the theoretical value under
reduced conditions [with dithiothreitol, DTT(+)] (Figure 1D).
Cryo-EM analysis revealed that 3N39v4 was expressed in an IgG-like
form that supports the homodimer formation (Figure 1E). Further-
more, the binding of 3N39v4 to the SARS-CoV-2 spike protein was
investigated using size-exclusion chromatography (SEC; Figure S2).
The expressed 3N39v4 co-eluted with recombinant SARS-CoV-2
spike trimers, with the elution peaks of the complex shifting to larger
molecular sizes than those of recombinant 3N39v4 and the spike pro-
2 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
tein (Figure S2). This indicates that 3N39v4 functionally bound to the
spike and formed a complex. Overall, the designed 3N39v4 mRNA
produced functional 3N39v4 in human hepatocytes, with characteris-
tics similar to those of recombinant 3N39v4.

Pharmacokinetic profile of 3N39v4 mRNA in mice

To characterize the plasma concentration-time profile, CD-1 mice (n =
5) received a single administration of 1mg/kg LNP-formulated 3N39v4
mRNA and 5 mg/kg recombinant 3N39v4 in protein format (Fig-
ure 2A). The 3N39v4 mRNA showed robust and durable plasma con-
centrations compared to that of recombinant 3N39v4 (Figure 2B). The
recombinant 3N39v4 plasma concentration was highest (39.0 mg/mL
[Cmax]) at 0.5 h after injection, then decreased and became undetectable
by day 7 (Figure 2C). In contrast, the 3N39v4 plasma levels by treat-
ment of 3N39v4 mRNA increased after administration, reaching a
peak concentration of 26.7 mg/mL (Cmax) at 43.2 h, and exhibited du-
rable expression for 10 days (Figure 2C). Importantly, the area under
the curve of 3N39v4 mRNA was significantly (4.3-fold) higher than
that of recombinant 3N39v4 (i.e., 3,930 for mRNA vs. 922 for protein,
h * mg/mL; p < 0.05) (Figure 2C). Furthermore, the remaining 3N39v4
mRNA in the liver was measured using qPCR (Figure S3). The time-
concentration profile showed that the mRNA was eliminated
over 10 days, supporting the sustained expression of 3N39v4 in the
systemic circulation (Figure S3). To determine whether 3N39v4 in
the mouse plasma functionally binds to the RBD, we tested its binding
affinity using 3N39v4-containing pooled mouse plasma (Figure 2D).
The binding-affinity profile of 3N39v4 in mouse plasma was identical
to that of recombinant 3N39v4, demonstrating the unimpaired
binding activity of in vivo-produced 3N39v4 (Figure 2D). Overall, a
single administration of LNP-formulated 3N39v4 mRNA showed
improved plasma pharmacokinetics compared to those of recombinant
3N39v4.

Dose-dependent activity and tolerability of 3N39v4 mRNA in

mice

We further validated the 3N39v4 mRNA in vivo. To confirm this
dose-dependent activity, CD-1 mice received saline or LNP-formu-
lated 3N39v4 at 1, 3, or 10 mg/kg mRNA (Figure 2E). The concentra-
tion of 3N39v4 in mouse plasma increased in a dose-dependent
manner, reaching a maximum of 261.2 mg/mL at 3 days post-admin-
istration of 10 mg/kg mRNA (Figure 2F). Next, we evaluated the
neutralization activity (NT50 titer) of endogenously expressed
3N39v4 using a SARS-CoV-2 pseudovirus (D614G strain) and
serially diluted mouse plasma (Figure 2G). Robust neutralization
was observed in a dose-dependent manner (NT50 titer: 567-fold,
1,813-fold, 5,640-fold dilution at 1, 3, and 10 mg/kg, respectively)
(Figure 2G). The calculated half-maximal inhibitory concentration
(IC50) (i.e., 3N39v4 concentration at day 3 divided by NT50 titer)
was 0.035, 0.028, and 0.046 mg/mL for 1, 3, and 10 mg/kg doses,
respectively, which was similar to the previously reported IC50

value (0.0389 mg/mL) of 3N39v4 in protein format using the same
pseudovirus (D614G) neutralization assay.26 Finally, we evaluated
the tolerability of a single dose of 3N39v4 mRNA in mice.
Body weight changes in the mRNA-treated group at all doses were



Figure 1. Design of mRNA encoding an engineered ACE2 decoy

(A) mRNA-based therapy against SARS-CoV-2 infection. Engineered ACE2 receptor fused with human IgG1 Fc (3N39v4) was encoded into chemically modified mRNA with

N1mJ (3N39v4 mRNA). 3N39v4 mRNA was formulated into lipid nanoparticles (LNPs) and intravenously administrated in vivo. (B) We treated 3N39v4 expression in primary

human hepatocytes with LNP-3N39v4 mRNA; 3N39v4 concentration in supernatant was measured by two types of ELISA, detecting the Fc region of human IgG or the

receptor-binding domain (RBD) of SARS-CoV-2 spike protein. Data are shown asmeans ±SEMs. (C) Binding affinity to the RBD of either recombinant 3N39v4 as reference or

3N39v4 in supernatant from primary human hepatocytes treated with LNP-3N39v4 mRNA. Data are presented as the mean of n = 2 technical replicates. (D) The SDS-PAGE

profile of either recombinant 3N39v4 or 3N39v4 from cells treated with LNP-3N39v4 mRNA. The proteins were analyzed with the original and reduced states using di-

thiothreitol (DTT). (E) Two-dimensional class averaged cryoelectron microscopy (cryo-EM) images of 3N39v4 from cells treated with LNP-3N39v4 mRNA.
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similar to those in the saline-treated group (Figure 2H). Aspartate
transaminase (AST) and alanine aminotransferase (ALT) levels
increased slightly at a dose of 10 mg/kg on day 1 and returned to
the same levels as those in the saline-treated group on day 3
(Figures S4A and S4B). There were no apparent changes in the
other clinical chemistry parameters (Figure S4C). These data
demonstrate that a single dose of LNP-formulated 3N39v4 was well
tolerated at a dose of 1–10 mg/kg. Collectively, 3N39v4 mRNA deliv-
ery produced a neutralizing ACE2 decoy in mice with a feasible safety
profile.
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Figure 2. In vivo validation of 3N39v4 mRNA

(A–D) Pharmacokinetics profile in mice. (A) Experimental design. Male CD-1 mice (n = 5) received a single intravenous administration of either recombinant 3N39v4 in protein

format at 5 mg/kg or LNP-3N39v4 mRNA at 1 mg/kg. At the indicated time points, 3N39v4 concentration in mice plasma was measured by ELISA. The lower limit

of quantification is 0.01 mg/mL. Data are shown as means ± SDs. (B) Pharmacokinetics analysis. (C) The binding affinity to the RBD of 3N39v4 in mouse plasma (pooled,

n = 5/group) treated with either (D) recombinant 3N39v4 or 3N39v4 mRNA. (E–H) Dose-dependent activity and tolerability in mice. (E) Experimental design. Male CD-1 mice

(legend continued on next page)
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Figure 3. Broad neutralization activity of in vivo

produced 3N39v4

CD-1 mouse plasma samples 3 days after a 10-mg/kg

dose of LNP-3N39v4 mRNA were pooled (n = 3) and

used as 3-fold serial dilution. Neutralization of (A) SARS-

CoV-2 variants and (B) SARS-related coronaviruses

against the pseudovirus. The data are presented as n =

3 technical replicates.
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In vivo 3N39v4 broadly neutralizes Omicron subvariants and

sarbecoviruses

We examined the breadth of cross-neuralization using nine pseudo-
viruses (Figure 3). The pooled mouse plasma on day 3 after adminis-
tration of 10 mg/kg 3N39v4 mRNA was used as a 3-fold serial
dilution. Endogenously produced 3N39v4 in mice showed broad
neutralization efficacy against D614G and all the Omicron subvar-
iants tested (Figure 3A). Importantly, it neutralized the currently
circulating Omicron subvariants JN.1 and BA.2.86, as well as the
recent XBB.1.5, which evaded bebtelovimab, the only mAb effective
against both BA.2 and BA.4/5 in clinical use (Figure 3A).37 In addi-
tion, it robustly neutralized other sarbecoviruses, including GD1,
WIV1, and SARS-CoV-1 (Figure 3B). Overall, in vivo expression of
3N39v4 broadly neutralized the currently circulating Omicron
subvariant and other sarbecoviruses.

Prophylactic and therapeutic efficacy of 3N39v4 mRNA in mice

We investigated the protective efficacy of 3N39v4mRNA in a well-es-
tablished infectious mouse model using a mouse-adapted SARS-
CoV-2 MA10 strain.38 A single-dose, dose-dependent study was
conducted under prophylactic conditions (Figure 4A). Based on the
pharmacokinetic, dose-dependent, and tolerability studies in mice,
we selected the 24-h pre-dose and the 1- to 3-mg/kg mRNA dose.
Mice were treated with saline or 3N39v4 mRNA on day 0. All animals
were intranasally infected with MA10 on day 1. On the day of nec-
ropsy (day 5), mRNA treatment significantly reduced viral RNA
(p = 0.0958 for 1 mg/kg, p = 0.0001 for 3 mg/kg) and viral titers
(p = 0.0001 for 1 mg/kg, p < 0.0001 for 3 mg/kg) in the lungs, in a
dose-dependent manner (Figure 4B). The expression of genes encod-
ing inflammatory cytokines, such as interleukin-6 (IL-6), C-X-C
motif chemokine 10 (CXCL10), and chemokine ligand 3 (CCL3),
but not CCL5, was significantly attenuated in the treated mice
(Figure 4C). Histopathological examination of randomly selected
lung tissues showed severe lung inflammation characterized by exten-
sive infiltration of inflammatory cells and alveolar hemorrhage in
control mice. Importantly, these pathological changes were signifi-
cantly alleviated in treated mice (Figures 4D and 4E). Moreover,
(n = 3) received a single intravenous dose of either saline or LNP-3N39v4 mRNA (1, 3,

(G) NT50 titer on day 3. (H) Body weight change. NT50 titer was evaluated by SARS-C

plasma. Data are shown as means ± SEMs (F–H). Dot line is limit of detection. AUC0–t, a

blood concentration; NT50, 50% neutralizing titer.
immunohistochemical staining of the SARS-CoV-2 nucleocapsid in
selected lung tissues revealed that the presence of nucleocapsids
observed in control mice was almost completely undetectable in the
treated mice (Figures 4F and 4G).

Encouraged by its robust activity under prophylactic conditions, we
conducted a single-dose, dose-dependent study under therapeutic
conditions (Figure 5A). Mice were intranasally inoculated with
MA10 on day 0. After 3 h of infection, the mice were treated
with saline or 3N39v4 mRNA and sacrificed on day 4. Importantly,
3N39v4 mRNA treatment significantly inhibited viral RNA and
viral titers in a dose-dependent manner (Figure 5B). Gene expres-
sion of inflammatory cytokines, histopathological examination,
and immunohistochemical staining of the lungs demonstrated
robust protection against SARS-CoV-2 (Figures 5C–5G). Collec-
tively, 3N39v4 mRNA conferred robust protective efficacy in the
SARS-CoV-2 MA10 model under both prophylactic and therapeutic
conditions.

Biodistribution of LNP in monkeys

Non-human primates are generally considered the most predictive
model of human responses.39 To estimate the biodistribution of
our L202-based LNP in humans, we used luciferase-encoded
mRNA and cynomolgus monkeys. Cynomolgus monkeys were
administered LNP-formulated luciferase mRNA, and tissues were
collected after 24 h to measure relative luciferase luminescence
(luminescence per unit of protein tissue weight) (Figure 6A). The
24-h post-dose time point was selected since the majority of LNPs
are expected to have been distributed to the organs, based on the
previous report of the pharmacokinetic profile of LNP-mRNA in
non-human primates.39 The highest luminescence was observed in
the liver (Figure 6B). Signals were detected in the spleen and the
mandibular lymph nodes. Negligible signals were observed in other
tissues, including the kidneys, lungs, heart, pancreas, bone marrow,
and mesenteric lymph nodes (Figure 6B). These data show that our
L202-based LNP-mRNA predominantly targeted the liver in
monkeys.
or 10 mg/kg mRNA). (F and G) The 3N39v4 concentration in (F) mouse plasma and

oV-2 pseudovirus (D614G strain) neutralization assay using 3-fold serial dilution of

rea under the curve; Cmax, maximum plasma concentration; Tmax, time-to-maximum
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Figure 4. Prophylactic efficacy of 3N39v4 mRNA

(A) Experimental design. BALB/c mice were pretreated with a single intravenous administration of either PBS (n = 10), 3N39v4 mRNA at 1 mg/kg (n = 10), or 3 mg/kg (n = 12)

at day 0. Then, mice were intranasally (i.n.) inoculated with MA10 at 1.0� 104 TCID50 (in 20 mL) at day 1 and sacrificed at day 5. (B) Viral replication was measured in the lung.

At the time of euthanasia, lung tissues were minced to measure viral RNA abundance (left) and viral titer (right) by qPCR analysis and TCID50. (C) mRNA expression of IL-6,

CXCL10, CCL3, and CCL5 in the lungs are shown for the control and treatment groups at day 5. (D) Hematoxylin and eosin (H&E) staining for lung tissue sections of mice in

(legend continued on next page)
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3N39v4 mRNA produced a functional ACE2 decoy in monkeys

To assess its potential applicability in humans, the 3N39v4 mRNA
levels were evaluated in non-human primates. Cynomolgus monkeys
received LNP-formulated 3N39v4 mRNA at 1 mg/kg (Figure 7A).
Two monkeys showed a rapid increase in 3N39v4 serum levels on
day 1, which were maintained through day 7 and were detectable until
day 14 (Figure 7B). The Cmax reached 5.5 mg/mL at 48 h post-admin-
istration. PCR quantification demonstrated the elimination of 3N39v4
mRNA from the serum over 7 days (Figure 7C). With high concentra-
tions persisting from day 1 (4.7 mg/mL) to day 7 (4.4 mg/mL), serum
samples from days 1, 4, and 7 underwent functional assays. All sera
from days 1–7 substantially neutralized the SARS-CoV-2 pseudovirus
(D614G strain) (Figure 7D). The calculated IC50 in monkey sera was
0.057 mM (day 1), 0.023 mM (day 4), and 0.021 mM (day 7), which
were comparable to those observed in mice. Next, we evaluated the
neutralization activity using authentic SARS-CoV-2 Omicron subvar-
iants XBB.1 and BA.2.75 (Figure 7E). Owing to the limited number
of samples, individual monkey sera from days 1, 4, and 7 were pooled
to complete the assay. Importantly, two pooled monkey sera (final
2-fold dilution) completely inhibited the replication of XBB.1 and
BA.2.75 (Figure 7E). Furthermore, 3N39v4 mRNA administration
did not have a significant influence on clinical signs, body weight, or
serum AST/ALT levels in the two monkeys (Figures S5A–S5C). The
level of pro-inflammatory cytokine IL-6 was transiently elevated
following administration and returned to that at the baseline after
24 h (Figure S5D). Other potential risks in the development of pro-
tein-based formulations include immunogenicity40 and off-target bind-
ing against endogenous components.41 In T cell assays using 50
different HLA donors, recombinant 3N39v4 showed similar or lower
immunogenicity than the benchmark antibody herceptin, used in the
clinic (Table S1). In off-target binding assays, recombinant 3N39v4
showed negligible binding activity with representative biological
components, including carbohydrates, single-stranded DNA, double-
stranded DNA, and bovine serum albumin (Figure S6). These data
demonstrated that 3N39v4 has low immunogenicity and polyreactivity.
Overall, 3N39v4 mRNA produced 3N39v4 in non-human primates
with a sufficient safety profile and neutralized authentic Omicron
subvariants.

DISCUSSION
Although the mRNA-encoding antibody against SARS-CoV-2 has
been described previously,15,16 a critical issue is the immune escape
of the virus.24,37 The emergence of subvariants, such as XBB,
completely evaded the authorized antibodies casirivimab/imdevimab
(Ronapreve), tixagevimab/cilgavimab (Evusheld), and bebtelovi-
mab.24 We report for the first time, mRNA encoding an engineered
ACE2 decoy, 3N39v4. The mRNA delivery by LNP formulation
produced functionally active 3N39v4 in vitro and in vivo. The in vivo
3N39v4 was confirmed to broadly neutralize representative SARS-
the control and treatment groups. H&E-stained sections (top row) and H&E-stained sect

1 mm. (E) The ratio of the inflammatory area to the total lung area was calculated. (F) Imm

50 mm. (G) The number of stained cells was counted and calculated as positive cells per

using the Kruskal-Wallis test, followed by Dunn’s multiple comparisons test in compari
CoV-2 variants, including the currently circulating Omicron subvar-
iants JN.1 and BA.2.86, demonstrating that 3N39v4 overcame
immune escape.

The use of mRNA-encoded proteins/antibodies offers several
advantages over conventional protein/antibody approaches. One of
its primary advantages is rapid medical supply, which is crucial dur-
ing outbreaks of emerging infections. In some cases, protein-based
formulations present challenges for rapid supply owing to the
complexity of manufacturing.42 In contrast, the track record of the
mRNA vaccine mRNA-1273 demonstrated that the initial clinical
trial started only 66 days after the release of coronavirus sequences.3

The unprecedented speed is due to strengths in the mRNA-based
formulation. First, mRNA and LNP formulations are chemically (or
enzymatically) manufactured without biological processes, such as
cell culture in a bioreactor.2 A long time (�6 months) is required
to establish amaster cell bank to ensure uniform protein and antibody
production from batch to batch.5 The mRNA-based formulation can
shorten the development time by circumventing the time required for
biologics. Second, various mRNAs with different sequences or lengths
can be formulated with LNP using a similar formulation process, and
the resulting LNP-mRNAs exhibit similar physicochemical proper-
ties.43 In the case of protein formulation, considerable effort is
sometimes required to optimize manufacturing conditions and
formulation design.42 The commonality of the physicochemical
properties of LNP-mRNAs allows for a shorter development time.

Another advantage of mRNA-encoded proteins is their improved
in vivo pharmacokinetic profile. Most protein formulations are elim-
inated from the body quickly.44,45 Various techniques have been
effectively employed to prolong the half-life of approved protein-
based drugs, including fusion to biomolecules, such as albumin and
Fc regions, and attachment to synthetic polymers such as polyeth-
ylene glycol.44,45 The 3N39v4 protein in mice was detectable after
3 days of administration owing to FcRn receptor-mediated recycling
by the fused Fc region. Importantly, in vivo production of 3N39v4 by
mRNA treatment further extended its half-life, with durable expres-
sion observed for 10 days after administration. This improvement
likely stems from the continuous liver-derived mRNA-encoded
3N39v4 protein supply to systemic circulation.23 This mRNA-based
formulation offers an alternative approach to extend the half-life of
biologics, which is particularly advantageous for protein-based drugs.
mRNA-based formulations have the potential to provide infectious
disease protection with a single dose.

The 3N39v4 mRNA demonstrated clear dose-dependent efficacy in
infected mice. The suppression of pulmonary inflammation suggests
that 3N39v4 effectively impedes viral progression in the lungs.
Deng et al. reported mRNA-encoded antibodies in a SARS-CoV-2
ions with blue highlights on the inflammatory area (bottom row) are shown. Scale bar,

unohistochemical staining of SARS-CoV-2 nucleocapsid for lung tissue. Scale bar,

square millimeter. Data are presented as means ± SEMs. p values were determined

son with the control group.
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mouse-adapted strain, MASCp36, in which reduced viral propagation
in the lungs following intravenous administration of LNP-formulated
mRNA.15 Deal et al. reported that LNP-formulated mRNA encoding
IgA heavy, light, and J chains expressed dimeric pathogen-specific
IgA localized to mucosal secretion and limited Salmonella Peyer’s
patch invasion in mice.17 These reports further support the validated
approach of using mRNA-based formulations for systemic effects.
Under prophylactic conditions, 3N39v4 mRNA administered 1 day
prior to viral inoculation demonstrated substantial efficacy. This
could be partly attributed to the improved pharmacokinetic profile
of 3N39v4 mRNA, resulting in a sustained high concentration of
3N39v4 for over 1 week. These data suggest the potential use of
3N39v4 mRNA as prophylaxis.

For respiratory infectious diseases, including SARS-CoV-2 infection,
selective lung delivery of therapeutic agents is more beneficial than
systemic administration because of its advantages, including rapid
onset of action, sparing doses, higher concentrations delivered locally,
and improved bioavailability. The majority of systemically adminis-
tered LNPs target the liver; therefore, various strategies have been re-
ported for engineering LNPs that target extrahepatic organs,
including the lungs.46 Several studies have demonstrated that the
addition of cationic helper lipids to LNPs can improve lung deliv-
ery.47,48 Tai et al. demonstrated that lung-selective delivery of the
mRNA encoding a broadly neutralizing antibody more effectively
protected female K18-hACE2 transgenic mice from challenge with
the Beta or Omicron BA.1 variant compared to that with systemic
LNP.49 Moreover, inhalation of LNP is another strategy for targeted
delivery to the lungs. Several reports have demonstrated the potential
of inhalation-based mRNA therapies for lung diseases.50–52 Addition-
ally, we previously reported that inhaled aerosol administration of an
engineered ACE2 decoy was effective at a 20-fold lower dose than the
standard intravenous injection.26 Considering that several inhalation-
based LNP formulations have been tested in clinical trials,46 engineer-
ing our LNP for selective delivery to the lungs could improve the
benefits of our mRNA-encoded 3N39v4.

The successful translation of preclinical animal models to humans is
crucial for drug development. Therefore, it is important to evaluate
candidates from human-related samples and higher species.53 We
initially evaluated the LNP-formulated 3N39v4 mRNA expression
in primary human hepatocytes. This revealed robust 3N39v4 produc-
tion and confirmed its binding activity, which was comparable to that
of recombinant 3N39v4. Next, we illustrated the elevated liver
Figure 5. Therapeutic efficacy of 3N39v4 mRNA

(A) Experimental design. BALB/cmicewere intranasally inoculated withmouse-adapted

with either PBS (n = 10), 3N39v4 mRNA at 1 mg/kg (n = 10), or 3 mg/kg (n = 11) 3 h afte

euthanasia, lung tissues were minced to measure viral RNA abundance (left) and viral tite

and CCL5 in the lungs is shown for the control and treatment groups at day 4. (D) H&E

stained sections (top row) and H&E-stained sections with blue highlights on the inflamma

area to the total lung area was calculated. (F) Immunohistochemical staining of SARS-C

was counted and calculated as positive cells per square millimeter. Data are presented

Dunn’s multiple comparisons test in comparison with control group.
tropism of L202-based LNP in monkeys. Finally, in pharmacokinetic
studies with monkeys at 1 mg/kg of 3N39v4 mRNA, a mean Cmax of
5.5 mg/mL was observed with no apparent safety concerns. The
3N39v4-containing monkey plasma completely inhibited the
authentic viral replication of subvariant XBB.1 and BA.2.75. Kim
et al. reported a similar approach using LNP andmRNA-encoded hu-
man ACE2 decoy in mice.54 However, their evaluation was limited to
the expression in rodents, which contrasts with our study demon-
strating robust therapeutic efficacy in SARS-CoV-2-infected mice
and feasibility in monkeys. Therefore, we believe that the 3N39v4
mRNA has potential use in humans.

Despite the encouraging results, monkeys exhibited a 5-fold lower
expression of 3N39v4 compared to that in mice at the same dose of
1 mg/kg (Cmax 5.5 mg/mL in monkeys vs. 26.7 mg/mL in mice).
Bahr-Mahmud et al. reported an LNP-formulated mRNA-encoded
anti-Claudin 18.2 antibody and similarly observed that cynomolgus
monkeys exhibited a 10-fold lower expression compared to rodents
following a single intravenous administration.22 Similarly, Maier
et al. demonstrated the attenuated potency of LNP-formulated small
interfering RNA (siRNA) in cynomolgus monkeys and discussed
possible differences in the optimal formulations in mice and mon-
keys.55 Recently, Lam et al. demonstrated a species-dependent opti-
mized formulation, showing that (1) the particle size for monkeys
(50–60 nm) was smaller than that for rodents (70–80 nm), and (2)
the amount of PEG-lipid for monkeys (2–3% molar ratio in total
lipids) was higher than that for rodents (1.5%–2%).39 They eventually
achieved an 8-fold increase in protein expression in monkeys
compared with that in the original formulation.39 In this study, the
L202-based LNP exhibited conventional properties, with a size of
approximately 70 nm and 1.5% PEG lipids. Although there is no
description of the LNP formulation in the report by Bahr-Mahmud
et al., this may explain the 5- to 10-fold lower expression in monkeys
in our study and that of Bahr-Mahmud et al. Further LNP optimiza-
tion may increase 3N39v4 expression in larger animals.

This study has several key limitations. First, protection against infec-
tion was demonstrated only in mice. Validation of drugs in one or
more species can be valuable for assessing their potential utility.
However, the 3N39v4 protein has been well investigated in various
infection models, including hamsters25 and monkeys.26 Therefore,
3N39v4 mRNA is expected to work similarly. Second, the protection
in mice was demonstrated under few experimental conditions.
Considering the acute mouse model, the treatment schedule under
SARS-CoV-2 (MA10) at 1.0� 104 TCID50 (in 20 mL) at day 0. Then, micewere treated

r and sacrificed at day 4. (B) Viral replication was measured in the lung. At the time of

r (right) by qPCR analysis and TCID50. (C) mRNA expression of IL-6, CXCL10, CCL3,

staining for lung tissue sections of mice in the control and treatment groups. H&E-

tory area (bottom row) are shown. Scale bar, 1 mm. (E) The ratio of the inflammatory

oV-2 nucleocapsid for lung tissue. Scale bar, 50 mm. (G) The number of stained cells

as means ± SEMs. p values were determined using Kruskal-Wallis test, followed by
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Figure 6. Biodistribution of LNP-mRNA in non-

human primate

(A) Experimental design. Cynomolgus monkey (n = 3)

received a single 60-min infusion of LNP-luciferase

mRNA at 0.5 mg/kg. Organ samples (liver, spleen, lung,

heart, kidney, pancreas, bone marrow, lymph node)

were harvested 24 h post-dose and subject to

luciferase expression assay. (B) Luciferase activity in

each organ homogenate. Data are shown as means ±

SEMs.
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therapeutic conditions was set to mRNA administration 3 h after viral
infection. In addition, the effective dose in mice was 1 mg/kg mRNA,
which may be relatively high when considering its application in
larger species. Further studies are required to determine their clinical
use. Third, a small number of monkeys were tested for mRNA deliv-
ery. Despite clear evidence of liver delivery of L202-based LNP and
3N39v4 expression in monkeys, testing various conditions, including
different or repeated doses, is beneficial for human translation. Bio-
distribution in the mandibular lymph nodes should also be tested
for reproducibility, given that only a negligible signal was observed
in the mesenteric lymph nodes. Nonetheless, we believe that these
data provide solid justification for the application of 3N39v4
mRNA to the protection against SARS-CoV-2 variants.

MATERIALS AND METHODS
Study design

The SARS-CoV-2 infection experiment in mice was performed at
biosafety level 3 facilities at the Research Institute for Microbial Dis-
eases, Osaka University (Osaka, Japan). The study protocol was
approved by the Institutional Committee of Laboratory Animal
Experimentation at the Research Institute for Microbial Diseases.
Other mouse experiments were approved by the Institutional Animal
Care and Use Committee of Eisai Co. (Ibaraki, Japan), and were per-
formed in accordance with the Animal Experimentation Regulations
of Eisai Co. The animal care and experimental procedures were per-
formed at an animal facility accredited by the Health Science Center
for the Accreditation of Laboratory Animal Care and Use of the Japan
Health Sciences Foundation. The biodistribution and pharmacoki-
netic studies in cynomolgus monkeys were conducted at Eisai and
Shin Nippon Biomedical Laboratories (Kagoshima, Japan). The ma-
terials used in this study are summarized in Table S2.

mRNA production and LNP formulation

Codon-optimized mRNAs encoding ACE2 decoy (3N39v4) and
firefly luciferase (Fluc) were prepared using T7 RNA polymerase-
mediated in vitro transcription with a linearized DNA template.
Each mRNA was initiated with a Cap1 structure, followed by a
10 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
50 UTR, an open reading frame encoding the
ACE2 decoy or Fluc, a 30 UTR, and a polyade-
nylated tail of approximately 100 nt. Uridine
was fully replaced with N1mJ. After purifica-
tion, the mRNA concentration was determined
using UV light at 260 nm.mRNAs were cryopreserved at�70�C prior
to use. The 3N39v4 mRNA was obtained from Elixirgen Scientific.
Next, mRNAs were formulated with LNP using the ionizable lipid
L202, with microfluidic mixing as previously reported.35,56 The lipid
composition consists of L202, distearoylphosphatidylcholine, choles-
terol, and 1,2-dimyristoyl-sn-glycero-3-methoxypolyethylene glycol
in an approximate molar ratio of 50/10/38.5/1.5. For the quality anal-
ysis of LNP-mRNA, the particle size, polydispersity index, and zeta
potential (pH 7.5) were determined using dynamic light scattering
with a Zetasizer Nano ZS (Malvern). Free and total mRNA concentra-
tions in the LNPs were determined using a Quant-iT Ribogreen
RNA assay kit (Invitrogen) and a fluorescence microplate reader
(PerkinElmer). Encapsulation efficiency (EE, %) was calculated as
follows: EE (%) = (1 � free siRNA concentration/total siRNA
concentration)� 100. The pKa values of LNP-mRNAwere measured
based on the TNS fluorescent assay.57

3N39v4 expression in primary human hepatocytes

Cryopreserved primary human hepatocytes were purchased from
Thermo Fisher Scientific. The cells were thawed and transferred to
cryopreserved hepatocyte recovery medium (Thermo Fisher Scienti-
fic). After centrifugation at 100 � g for 10 min, the cell pellets were
gently resuspended in Williams Medium E containing the CM3000
supplement (Thermo Fisher Scientific). Cells were seeded at a density
of 6� 104 cells/well in a 96-well plate coated with collagen I. After 6 h
incubation, culture mediumwas changed toWilliamsMedium E con-
taining CM4000 supplement (Thermo Fisher Scientific), human
ApoE3 (final 1 mg/mL; Wako), and 3N39v4 mRNA/LNP (final 125,
250, and 500 ng/mL). After 48 h of incubation, the culture superna-
tant was collected, and 3N39v4 concentration was analyzed using
ELISA.

Determination of 3N39v4 concentration by ELISA

The 3N39v4 concentrations in mouse plasma and monkey serum
samples were determined using RBD ELISA. A Nunc-immuno
MaxiSorp 96-well plate (Thermo Fisher Scientific) was coated with
2 mg/mL rabbit anti-6-His antibody (Bethyl Laboratories) at 4�C



Figure 7. 3N39v4 mRNA in non-human primate

(A) Experimental design. Cynomolgus monkey (n = 2) received a single 60-min infusion of 3N39v4 mRNA at 1 mg/kg at day 0. Monkey serum was collected at 1 h, 2 h, 6 h,

24 h, 48 h, day 4, day 7, day 11, and day 14 post-dose. (B) We determined 3N39v4 expression using ELISA. (C) Pharmacokinetic profile of 3N39v4 mRNA in monkey sera

determined by qPCR. Mean (n = 2) is shown with individual data points in closed and open circles. (D) Pseudoviral nebulization (D614G) using individual monkey sera at days

1, 4, and 7 post-dose. (E) Authentic viral neutralization (XBB.1 and BA.2.75) using pooled monkey sera of days 1, 4, and 7 post-dose (final 2-fold dilution). Data are presented

as the mean of n = 3 technical replicates. N.D., not detected.
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overnight. All subsequent steps were performed at 25�C, and the wells
were washed with PBS-T (0.02% Tween 20) prior to each step. The
wells were then blocked with 1% Block Ace (DS Pharma) and incu-
bated with 2 nMRBD-His protein. Plasma and serum samples diluted
in 1% Block Ace were added to the plate in duplicate and incubated.
The 3N39v4 bound to RBD-His was detected using horseradish
peroxidase (HRP)-conjugated goat anti-human IgG antibody (Bethyl
Laboratories) with chromogen (3,30,5,50-tetramethylbenzidine, Sera-
care Life Sciences) as a substrate. After stopping the reaction with a
stop solution (2N sulfuric acid, Wako), the absorbance was measured
at 450 and 650 nm. The 3N39v4 concentration in the supernatant of
primary human hepatocytes was determined using sandwich ELISA
with secondary antibodies against human IgG as follows: the immu-
noplate was coated with 2 mg/mL goat anti-human IgG Fcg fragment
specific antibody (Jackson Immunoresearch), blocked with 1% Block
Ace, and diluted samples were added. Detection with HRP-conju-
gated goat anti-human IgG antibody and the subsequent steps were
the same as for the RBD ELISA. In both quantitative ELISAs, recom-
binant 3N39v4 protein was used as the standard, and calibration
curves were fitted using a four-parameter logistic equation.

Binding affinity of 3N39v4 protein expressed in vivo or in primary

human hepatocytes

To measure the RBD-binding affinity of 3N39v4 expressed by LNP-
3N39v4 mRNA treatment, the concentration of 3N39v4 in mouse
plasma or supernatant samples secreted from primary human
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 11
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hepatocytes was determined using an anti-human IgG sandwich
ELISA. The 4-fold serial dilutions of samples starting at 90 ng/mL
were assayed using the RBD ELISA described above (differing only
in that the concentration of RBD-His was 5 nM), and the dilution
curves were regressed using the 4-PL logistic equation. In pharmacoki-
netic studies, each plasma sample (recombinant 3N39v4- or 3N39v4
mRNA-treated group) showing an equivalent 3N39v4 concentration
was pooled (n = 5/group) and subjected to analysis.

SDS-PAGE and SEC analysis

To prepare 3N39v4 expressed by mRNA, Expi293F cells (Thermo
Fisher Scientific) were maintained in Expi293 expression medium at
37�C and 8% CO2. The cells were transiently transfected with 1 mg/
106 cells/mL LNP-3N39v4mRNA, and protein expression was induced
for 4 days. The culture supernatant was harvested by centrifugation at
2,000 � g for 10 min at 25�C. rProtein A Sepharose Fast Flow resin
(Cytiva) was added to the supernatant and gently stirred at 4�C for
1 h. The resin was subsequently loaded onto an Econo-Pac column
(Bio-Rad) and washed with purification buffer (50 mM Tris-HCl, pH
8.0, and 200 mM NaCl). We eluted 3N39v4 with 0.1 M glycine-HCl
(pH 3.9), and it was immediately neutralized by adding 1/20 vol of
1 M Tris-HCl (pH 8.0). The eluate was concentrated using an Amicon
Ultra 50-kDamolecular weight cutoff (MWCO) (MerckMillipore) and
subjected to SEC using a Superdex 200 Increase 10/300 column (Cy-
tiva) pre-equilibrated with SEC buffer (50 mM HEPES-NaOH, pH
7.5, 200 mM NaCl). The peak fractions were concentrated with Ami-
con, flash-frozen in liquid nitrogen, and stored at �80�C.

The purified proteins were analyzed using SDS-PAGE with a 15%
polyacrylamide gel (DRC) with and without 100 mM DTT and
then stained with SimplyBlue SafeStain (Thermo Fisher Scientific).

To prepare the recombinant SARS-CoV-2 spike protein, a gene en-
coding residues 1–1,208 of the SARS-CoV-2 spike was synthesized
and incorporated into the pcDNA3.4-TOPO vector (Thermo Fisher
Scientific) with a GSAS substitution at the furin cleavage site (residues
682–685), D614G, and proline substitutions at residues 986 and 987
for stability,58 followed by a C-terminal T4 fibritin trimerization
motif, TEV protease cleavage site, FLAG tag, and a His9 tag. The
resulting plasmid was used to transiently express spike proteins in
Expi293F cells according to the manufacturer’s protocol. The cell
culture was collected 4 days after the transfection and incubated
with Ni-nitrilotriacetic acid resin (Qiagen) for 1 h at 4�Cwith stirring.
Bound proteins were washed with purification buffers containing
10 and 30 mM imidazole and then eluted with a purification buffer
containing 350 mM imidazole. The eluted spike trimers were further
purified using SEC with a Superose 6 Increase 10/300 column (Cy-
tiva) pre-equilibrated with SEC buffer. The peak fractions were
concentrated with Amicon Ultra 100-kDa MWCO, flash-frozen in
liquid nitrogen, and stored at �80�C.

Cryo-EM data collection and image processing of 3N39v4

A droplet of 3 mL protein solution was applied to a glow-discharged
Quantifoil R1.2/1.3 Au 300-mesh grid (Quantifoil Micro Tools).
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The grid was blotted for 5 s with a blot force of 15 and flash-frozen
in liquid ethane using a Vitrobot Mark IV at 18�C and 100% humid-
ity. Data were collected at 200 kV using a Talos Arctica electron mi-
croscope equipped with a Falcon 4 direct-electron detector. Images
were acquired at a range of defocus from �1.0 to �2.5 mm, with a
nominal magnification of 150,000, corresponding to a pixel size of
0.66 Å at the electron exposure of 9.34 e�Å�2/s and a total exposure
time of 5.35 s, resulting in an accumulated exposure of 50 e�Å�2. Im-
age processing was performed using RELION-5.59 The movies were
aligned and dose-weighted using the RELION implementation of
MotionCor2.60 The contrast transfer function parameters were esti-
mated using CTFFIND4.1.61 Template-based autopicked particles
were extracted with a pixel size of 3.63 Å and subjected to multiple
rounds of two-dimensional (2D) and 3D classifications.

3N39v4 expression in mice

For the pharmacokinetic study, male CD-1 mice (n = 5/group)
received a single intravenous injection of either 5 mg/kg 3N39v4 pro-
tein or 1 mg/kg LNP-3N39v4 mRNA. Plasma samples were collected
after 0.5, 2, 6, 24, 72, 168, and 240 h, and cryopreserved at �70�C
prior to use. The plasma 3N39v4 concentrations were checked using
ELISA. The pharmacokinetic parameters in individual animals were
determined using model-independent analysis with Phoenix
WinNonlin version 8.3 (Certara USA). For the dose-dependent activ-
ity and tolerability study, male CD-1 mice (n = 3/group) received a
single intravenous administration of either saline- or LNP-formu-
lated 3N39v4 mRNA (1, 3, or 10 mg/kg mRNA) on day 0. The
mice were weighed on day 0 (prior to dosing), and on days 1 and 3
(prior to sacrifice). Plasma was collected at days 1 and 3, and cryopre-
served at �70�C prior to use. The plasma 3N39v4 concentrations
were checked using ELISA, and neutralization titer checked using
pseudovirus and clinical chemistry. Blood biochemistry was
measured using a Hitachi 7180 clinical analyzer.

SARS-CoV-2 neutralization assay using pseudovirus

Pseudotyped reporter virus assays were conducted as previously
described.31 With a plasmid encoding the BA.2.86 spike protein
(Addgene catalog no. 208583) as a template, BA.2.86 and JN.1 with
DC19 deletion (19 amino acids deleted from the C terminus) was
cloned into pcDNA4TO (Invitrogen). Plasmids encoding other
SARS-CoV-2 variants, Pangolin CoV GD-1, Bat CoV WIV1, and
SARS-CoV-1 spike proteins, were developed previously.4,26,31 Spike
protein-expressing pseudoviruses with a luciferase reporter gene
was prepared by transfecting plasmids (SpikeDC19, psPAX2, and
pLenti firefly) into LentiX-293T cells with Lipofectamine 3000
(Invitrogen). After 48 h, supernatants were harvested, filtered with
a 0.45-mm low protein-binding filter (surfactant-free cellulose
acetate), and frozen at �80�C. ACE-expressing 293T cells (293T/
ACE2) were seeded at a density of 10,000 cells/well in 96-well plates.
Pseudoviruses and a 3-fold dilution series of serumwere incubated for
1 h, and this mixture was added to 293T/ACE2 cells. After preincuba-
tion for 1 h, the medium was changed. At 48 h post-infection, cellular
expression of the luciferase reporter, indicative of viral infection, was
determined using the ONE-Glo Luciferase Assay System (Promega).
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Luminescence was measured using an Infinite F200 Pro System
(Tecan). The assay for each serum sample was performed in triplicate,
and the 50% neutralization titer was calculated using GraphPad Prism
software.

Viruses

SARS-CoV-2 Omicron (BA.2.75: hCoV-19/Japan/TY41-716/2022,
XBB1: hCoV-19/Japan/TY41-795/2022) strain was isolated at the
National Institute of Infectious Diseases. These viruses were
propagated in VeroE6/TMPRSS2 cells. Tissue cultures with a 50%
infectious dose (TCID50) of the viral stock were measured using
VeroE6/TMPRSS2 cells. Mice-adapted-SARS-CoV-2 MA1025 was
generated using a circular polymerase extension reaction, as
previously described.62,63

SARS-CoV-2 infection study in mice

The 10-week-old female BALB/c mice were purchased from SLC
Japan or CLEA Japan. In the prophylactic model, the mice were
pretreated with a single intravenous administration of either PBS or
3N39v4 mRNA at 1 or 3 mg/kg. After 24 h post-treatment, mice
were anesthetized by isoflurane and challenged with MA10
(1.0 � 104 TCID50 in 20 mL) via intranasal routes. After 4 days
post-infection, the animals were euthanized, and the lungs were
collected for qPCR analysis and virus titration. In the therapeutic
model, mice were anesthetized with isoflurane and challenged with
MA10 (1.0 � 104 TCID50 in 20 mL) via the intranasal route. Three
hours after infection, PBS or 3N39v4 mRNA at 1 or 3 mg/kg was
administered intravenously. Four days post-infection, the animals
were euthanized, and the lungs were collected for qPCR analysis
and virus titration.

Histopathological analysis

The left lobe of each mouse was cut and processed to prepare
formalin-fixed paraffin-embedded tissue samples. The samples were
cut into 2-mm-thick tissue sections and stained with hematoxylin
and eosin (H&E). The H&E-stained tissue sections were scanned us-
ing SLIDEVIEW VS200 (Olympus Life Science) to acquire whole-
slide digital virtual slide images. Using the image analysis software
QuPath, an algorithm was trained to classify the histological pattern
of the inflammatory area, and the ratio of the inflammatory area to
the total lung tissue area was calculated.

Immunohistochemistry

For immunohistochemistry, 2-mm-thick tissue sections were deparaf-
finized and heated at 121�C for 10 min in retrieval solution at pH 6.0
(Nichirei Bioscience). After washing with PBS, endogenous peroxi-
dase was quenched with 3% hydrogen peroxide in PBS. Then, block-
ing was performed with 5% skim milk in PBS for 30 min, after which
the tissue sections were incubated with in-house rabbit anti-SARS-
CoV-2 N antibody64 at 4�C overnight. The slides were washed with
PBS and incubated with Histofine Simple Stain MAX PO (R) (Ni-
chirei Bioscience, catalog no. 424141, RRID: AB_3073750) at room
temperature for 40 min. After washing with PBS, positive signals
were visualized using peroxidase-diaminobenzidine, and the sections
were counterstained with H&E. The sections were scanned using
SLIDEVIEW VS200 (Olympus Life Science) to acquire whole-slide
digital virtual images. Positive cell densities were calculated using
QuPath.

mRNA expression by qPCR analysis

For mRNA expression analysis in mouse lungs, total RNA was iso-
lated from lung homogenates using ISOGENE II (NIPPON GENE).
Real-time PCR was performed using a Power SYBR Green RNA-to-
CT 1-Step Kit (Thermo Fisher Scientific) on a QuantStudio 3 real-
time PCR system (Applied Biosystems). Relative quantitation of
target mRNA levels was performed using the 2-DDCT method.
The values were normalized to those of the housekeeping gene
b-actin. The following primers were used: b-actin, 50-TTGCTGA
CAGGATGCAGAAG-30 and 5ʹ-GTACTTGCGCTCAGGAGGAG-
30; 2019-nCoV_N2, 50- AAATTTTGGGGACCAGGAAC-30 and 50-T
GGCAGCTGTGTAGGTCAAC-30; IL-6, 50-CCACTTCACAAGTC
GGAGGCTTA-30 and 50-GCAAGTGCATCATCGTTGTTCATAC-
30; CCL3, 50-AACCAGCAGCCTTTGCTCCC-30 and 50-GGTCT
CTTTGGAGTCAGCGCA-30; CCL5, 50-AGATCTCTGCAGCTGCC
CTCA-30 and 50-GGAGCACTTGCTGCTGGTGTAG-30; CXCL10,
50-GGCCATCAAGAATTTACTGAAAGCA-30 and 50-TCTGTGTG
GTCCATCCTTGGAA-30. The number of RNA copies in the culture
medium was determined using qPCR analysis, as previously
described.31 Culture supernatants (5 mL) were mixed with 5 mL 2�
RNA lysis buffer (2% Triton X-100, 50 mM KCl, 100 mM Tris-HCl
pH 7.4, 40% glycerol, 0.4 U/mL of SUPERase$IN [Life Technologies])
and incubated at room temperature for 10 min, followed by the addi-
tion of 90 mL RNase free water.We added 2.5 mL volume of the diluted
samples to 17.5 mL of a reaction mixture. Real-time PCR was per-
formed using the Power SYBRGreen RNA-to-CT 1-Step Kit (Applied
Biosystems) and the QuantStudio 3 real-time PCR System (Applied
Biosystems).

Neutralization assay using authentic virus

VeroE6/TMPRSS2 cells were seeded at 20,000 cells in 96-well plates
and incubated overnight. The cells were then infected with SARS-
CoV-2 (Omicron XBB.1 or BA.2.75) at an MOI of 0.1, together
with an equivalent volume of pooled monkey sera. After 2 h, the cells
were washed with fresh medium and incubated for 46 h with pooled
monkey sera diluted 2-fold in fresh medium. The culture superna-
tants were collected and subjected to qPCR analysis.

Monkey study

For the biodistribution study, male cynomolgus monkeys (n = 3)
received a single 60-min infusion (5 mL/kg/h) of LNP-formulated
luciferase mRNA at 0.5 mg/kg mRNA. At 24 h after administration,
the monkeys were euthanized to harvest a fraction of the tissues (liver,
spleen, lung, heart, kidney, pancreas, bone marrow, and lymph no-
des). The tissues were immediately placed in liquid nitrogen until
frozen, then transferred to freezer at �70�C. For the luciferase assay,
a fraction of the tissue was homogenized in Glo Lysis buffer (Prom-
ega). Normalized luminescence was measured using Steady-Glo
(Promega) and bicinchoninic acid protein assay kit using amicroplate
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reader (PerkinElmer). For the pharmacokinetic study, male cynomol-
gus monkeys (n = 2) received a single 60-min infusion (5 mL/kg/h) of
LNP-formulated 3N39v4 mRNA at 1 mg/kg mRNA on day 0. Serum
samples were collected prior to dosing, and 1 h, 2 h, 6 h, 24 h, 48 h,
4 days, 7 days, 11 days, and 14 days after dosing; they were cryopre-
served at �70�C prior to assay. The monkeys were weighed before
dosing and on days 1, 2, 4, and 7.

Quantification of mRNA in monkey sera by qPCR

Monkey sera were mixed with spike-in control Fluc mRNA, and total
mRNA was purified using an miRNeasy serum/plasma kit (Qiagen)
following the manufacturer’s instructions. Reverse transcription was
performed with 2 mL total RNA using the PrimeScript RT kit
(Takara). For qPCR analysis, each reaction mixture of a total of
10 mL contained 0.5 mL TaqMan probe for 3N39v4, 0.5 mL TaqMan
probe for Fluc, 5.0 mL TaqManGene ExpressionMasterMix (Thermo
Fisher Scientific), and 4 mL cDNA. qPCR analysis reactions were per-
formed using a ViiA7 Real-Time PCR System (Applied Biosystems)
at 95�C for 10 min, followed by 45 cycles of 95�C for 15 s and
60�C for 1 min. Custom-made TaqMan probes for 3N39v4 and
Fluc were purchased from Thermo Fisher Scientific. Absolute quan-
tification was performed using a standard curve constructed with a
defined amount of target mRNA.

Statistical analysis

The Kruskal-Wallis test with Dunn’s multiple comparisons for
non-parametric data was used to analyze multiple comparisons. An
unpaired two-tailed t test was used to analyze the pharmacokinetic
parameters. GraphPad Prism (version 10.2.0, GraphPad Software)
was used.
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