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KEY WORDS Abstract The rapid emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) var-
iants that evade immunity elicited by vaccination has posed a global challenge to the control of the cor-

rsn?{l;ﬁiij)lzllg’?, onavirus disease 2019 (COVID-19) pandemic. Therefore, developing countermeasures that broadly
esie protect against SARS-CoV-2 and related sarbecoviruses is essential. Herein, we have developed a lipid
Spike glycoprotein; nanoparticle (LNP)-encapsulated mRNA (mRNA-LNP) encoding the full-length Spike
Non-human primate; (S) glycoprotein of SARS-CoV-2 (termed RGO0O01), which confers complete protection in a non-human
Humoral immunity; primate model. Intramuscular immunization of two doses of RG001 in Rhesus monkey elicited robust
Cellular immunity; neutralizing antibodies and cellular response against SARS-CoV-2 variants, resulting in significantly pro-
Circulating Omicron tected SARS-CoV-2-infected animals from acute lung lesions and complete inhibition of viral replication
sublineages in all animals immunized with low or high doses of RG001. More importantly, the third dose of RG001

vaccination elicited effective neutralizing antibodies against current epidemic XBB and JN.1 strains and
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similar cellular response against SARS-CoV-2 Omicron variants (BA.1, XBB.1.16, and JN.1) were
observed in immunized mice. All these results together strongly support the great potential of RG001
in preventing the infection of SARS-CoV-2 variants of concern (VOCs).

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In 2020, the World Health Organization (WHO) announced the
global outbreak of SARS-CoV-2. The emergence of several
VOCs, including Alpha, Beta, Gamma, Delta, and Omicron, led to
five or six pandemic waves in many countries'. In particular, over
30 mutations have accumulated in Omicron S glycoprotein. These
key amino acid changes are associated with the evasion
of immune defense established by vaccine immunization® and
breakthrough infections*°. In the context of expanding population
immunity, successive SARS-CoV-2 lineages have shown
increasing capacity to evade both vaccine-derived and infection-
derived immune responses throughout the COVID-19 pandemic.
As the fifth VOC of SARS-CoV-2, the Omicron variant
(B.1.1.529) has rapidly become the dominant type among the
previous circulating variants worldwide. Recently, Omicron sub-
variants XBB and JN.1 have become global public health concerns
due to their ability to evade therapeutic monoclonal antibodies and
herd immunity induced by prior COVID-19 vaccines, boosters,
and infections. Therefore, developing vaccines and therapeutics
that are broadly effective against both known and emerging
coronaviruses remains an urgent priority.

Among approved COVID-19 vaccines, mRNA-based vaccines
were authorized for emergency use and exhibited excellent immu-
nogenicity and protection’. Two approved mRNA vaccines, devel-
oped by Moderna (mRNA-1273) and Pifzer-BioNTech (BNT162b2),
are based on the S protein of the ancestral SARS-CoV-2 strain. Im-
munization with these mRNA vaccines stimulated broad-spectrum
neutralizing antibodies against various early VOCs, with favorable
efficacy and safety®''. Emerging SARS-CoV-2 mutant strains,
particularly Omicron, continue to evolve to evade immune surveil-
lance. To enhance vaccine-elicited neutralization against new SARS-
CoV-2 VOCs, a third or fourth dose of BNT162b2 or mRNA-1273 has
been shown to induce higher neutralizing antibody titers against
B.1.1.529 (Omicron). However, their relatively weak neutralizing
effects toward the Omicron sublineages are not sufficient to prevent
symptomatic diseases'>"'*. Results from the pseudovirus neutraliza-
tion assay showed that the newly emerged XBB subvariant is
approximately 66- to 155-fold more resistant to neutralizing anti-
bodies (nAbs) in the sera of vaccinated and infected individuals
compared to the ancestral strain D614G'>. Moreover, a bivalent
booster vaccine expressing both BA.5 and ancestral S proteins has not
generated sufficiently strong nAbs against XBB'®'”. The neutralizing
capacity of antibodies against XBB.1.5 and JN.1, elicited by three
doses of BNT162b2 combined with a bivalent booster, was signifi-
cantly reduced compared to D614G and Delta'®. Moderna’s mRNA-
1273 series vaccine, mRNA-1273.529, developed using nucleotide
sequence from the BA.1 S protein, was suggested as a booster im-
munization following primary vaccination with other vaccines. This
booster could efficiently protect against BA.1 and BA.2 infections'’.
Omicron sublineages, particularly those that emerged after the BA.4/5

strain, evade nAb responses induced by BA.1 breakthrough infection.
An updated XBB.1.5 monovalent mRNA vaccine has increased
neutralizing antibody responses against the emerging Omicron sub-
variants, including JN.1°°. However, Omicron S-based vaccines have
failed to protect against earlier SARS-CoV-2 variants, such as Alpha
and Delta*"*?. Therefore, it is urgent to optimize vaccine immunogen
design and formulations for SARS-CoV-2 variants”. This calls for the
urgent need to develop a pan-sarbecovirus vaccine to combat all
SARS-CoV-2 variants and subvariants.

In this work, we present a potential SARS-CoV-2 mRNA
vaccine candidate, RG001, which encodes the full-length Delta
variant S glycoprotein with several key amino acid changes that
stabilize the pre-fusion conformation. This mRNA-LNP product
has been manufactured under good manufacturing practice
(GMP)-like conditions and can be easily scaled up upon demand.
Evaluation in animal models, including mice and non-human
primates vaccinated with RGOO1, indicated strong humoral and
cellular immune responses and favorable host protection, com-
parable to approved mRNA vaccines. Notably, in addition to
neutralizing historical SARS-CoV-2 VOCs, two to three doses of
RGO01 immunization provided strong protection against infection
by circulating Omicron sublineages such as XBB.1.16 and JN.1.
This might help partially address the urgent issue of Omicron
breakthrough infection.

2. Materials and methods

2.1.  Ethics statement

Mice protocols were approved by the Institutional Animal Care and
Use Committee of the Institute of Laboratory Animal Science,
Peking Union Medical College (BLL20001). Female BALB/c mice
were purchased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (SCXK@JING)2021-0006), and executed and
housed in the Institute of Medicinal Biotechnology, Chinese Acad-
emy of Medical Sciences, Beijing, China. Nonhuman primate studies
were performed at Kunming Institute of Zoology (KIZ), Chinese
Academy of Sciences, Kunming, China. Rhesus macaques (2—3
years old) were provided by Yunnan Ren Li Kun Yuan Co., Ltd.
(SCXK(DIAN)K2019-0001). Macaque experiments were reviewed
and approved by the Experimental Animal Ethics Committee of the
Institute of Medical Biology, Chinese Academy of Medical Sciences
(DWSP202202004). All experimental operations were executed
under anesthesia and abide by relevant ethical regulations.

2.2.  Cells and viruses

Human embryonic kidney cell HEK293T, and African green
monkey kidney cell Vero E6 were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) supplemented with 10% Fetal
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Bovine Serum (Gibco) and penicillin—streptomycin (1 x) (M&C
Gene Technology). Human cervical carcinoma cell HeLa with
ACE2 overexpressing (Hela-ACE2) was maintained in DMEM
with 10% FBS and 2 pg/mL puromycin (Yeasen).

SARS-CoV-2 strains were provided by Chinese or Guangdong
Center for Disease Control and Prevention, Institute of Laboratory
Animals Science, CAMS (Beijing, China). All infectious SARS-
CoV-2 including prototype GD108 (GDPCC-nCOV27), Alpha
(SARS-CoV-2/C-Tan-BJ202101(B1.1.7), CSTR.16698.06. NPRC
2.062100002), Beta (GDPCC-nCOV84, CSTR.16698.06. NPRC
2.062100001), Delta (CQ79, CSTR.16698.06. NPRC 6. CCPM-B-
V-049-2105-8), Omicron BA.1 (CCPM-B-V-049-2112-18), and
Omicron XBB.1.16 (isolated and kept by IMBCAMS) were
passaged and performed under Biosafety Level 3 facilities in
IMBCAMS. SARS-CoV-2 pseudovirus was purchased from
Nanjing Vazyme Biotech Co., Ltd., including Prototype (DD1702-
01/02/03), Delta (DD1754-01/02/03), Omicron BA.1 (DD1768-
01/02/03), BA.2.12.1 (DD1777-01/02/03), BA.4/5 (DD1776-01/
02/03).

2.3.  Quality analysis of RGOOI mRNA

The integrity and purity of RGO01 mRNA were assessed by using
the Agilent 5200 Fragment Analyzer Systems with the Agilent
RNA Kit (15 nt) (Agilent) according to the manufacturer’s
instructions.

2.4.  Electron microscopy of RG0OOI

RGO001 sample (2.5 uL) was deposited on a holey carbon grid that
was glow-discharged (Quantifoil R1.2/1.3) and vitrificated using a
Vitrobot Mark IV (Thermo Fisher Scientific) instrument. Cryo-
TEM imaging was conducted on a Talos F200C Equipped with a
Ceta 4 k x 4 k camera, operated at 200 kV accelerating voltage.

2.5.  RGOOI mRNA transfection

2 x 10° HEK293T cells/well were seeded in a 6-well plate. 1 pg
RGO01 candidates were respectively added into the supernatants
of cells for 48 h incubation. Then cells were collected for S
glycoprotein detection by western blotting as described below.

2.6.  Western blotting

Transfected cells were harvested and lysed in buffer containing
25 mmol/L Tris, pH 7.4, 150 mmol/L NaCl, 1% NP-40, 1 mmol/L
EDTA, and 5% glycerol (Pierce) on ice, and cell debris was
removed by centrifugation at 12,000 rpm (Fresco 21, Thermo
Fisher Scientific, MA, USA) for 10 min. Cellular extracts were
subjected to SDS-PAGE and transferred onto 0.45 pm poly-
vinylidene difluoride (PVDF) membranes, further, incubated with
SARS-CoV-2 S protein antibody (SinoBiological, 40591-T62),
SARS-CoV-2 S2 antibody (Sino Biological, 40590-MMO05) and
horse radish peroxidase (HRP) conjugated secondary antibody.
Blots were imaged with a ChemiDoc XRS + Imager (BIO-RAD)
using the Image Lab software.

2.7.  Mouse vaccination
6—8 weeks old female BALB/c mice were immunized intramus-

cularly with 5 pg RGOO01 candidates or placebo (empty LNPs) in a
volume of 50 pL per mouse (n = 5) and boosted with an

equivalent dose on Day 14 post-initial immunization. Sera were
collected on Days 7, 14, 21, and 28 after initial immunization for
detection of SARS-CoV-2-specific IgG and neutralizing antibody
titers. Splenocytes were collected on Day 28 post-initial immu-
nization for cellular immunity analysis by enzyme-linked immu-
nospot (ELISpot) assay.

2.8.  Rhesus macaque vaccination and virus challenge

Rhesus macaques were immunized intramuscularly with a low
dose of 30 pg or a high dose of 100 pg RGOO1 Delta-S(P6)
or PBS as placebo per macaque (n = 4, 2 male and 2 female
macaques) and boosted with an equivalent dose on Day 21 post-
initial immunization. Blood was collected on Days 0, 7, 14, 21,
27, and 35 after initial immunization for detection of SARS-
CoV-2-specific IgG and neutralizing antibody titers. PBMCs
were collected on Day 35 post-initial immunization for cellular
immunity analysis by ELISpot assay. The host protection of
RGOO1 in rhesus macaques was evaluated by challenging
immunized rhesus macaques with 1 x 10° PFU of SARS-CoV-2
Delta (Indian strain) through both intranasal and intratracheal
routes on Day 28 after booster immunization. The nasal,
oropharyngeal, and anal swabs collection on Days 0, 1, 3, 5, and
7 post-infection (dpi) and lung anatomy were performed at 7 dpi
under anesthesia for SARS-CoV-2 genomic RNA or subgenomic
transcripts analysis and pulmonary histopathology assay. The
macaque body weight and temperature changes were monitored
and recorded at 0, 1, 3, 5, and 7 dpi.

2.9.  ELISA for SARS-CoV-2 specific 1gG antibody

SARS-CoV-2 S specific IgG antibody titers of sera collected from
immunized mice or Rhesus macaques were determined by the
commercial enzyme-linked immunosorbent assay (ELISA) kits
(Sino Biological, KIT40588A, KIT40591A) according to the
manufacturer’s instructions. JN.1 S protein was purchased from
Sino Biological (40589-VO8H59) and coated into ELISA plates
for JN.1 S-specific IgG analysis. Briefly, serial 5-fold dilutions
of inactivated serum, starting at 1:100, were added to blocked
96-well plates (100 pL/well) coated with recombinant SARS CoV-
2 S antigen, and plates were incubated for 2 h at room tempera-
ture. Meanwhile, add 100 pL. SARS-CoV-2 S1 specific IgG
antibody offered by the kits for positive control and 100 pL
dilution buffer for negative control. After five washes with
washing buffer (300 pL/well), plates were added with 1:100
diluted horseradish peroxidase (HRP)-conjugated rabbit anti-
mouse IgG antibody or HRP-conjugated goat anti-human IgG
antibody (100 pL/well) and incubated for 60 min at room tem-
perature. Following five washes, the TMB substrate solution is
loaded onto the plate (200 pL/well) for 20 min of incubation
protecting it from light at room temperature. The color of samples
develops in proportion to the amount of SARS-CoV-2 S1 specific
IgG antibody. The reaction is stopped by the addition of a stop
solution (50 uL/well) and the optical density at 450 nm (ODys() of
each well can be measured using a microplate reader (EnSpire).
The cut-off value was defined according to the manufacturer’s
instructions. Eq. (1) can be used to calculate the endpoint antibody
titer within the appropriate OD value range.

Endpoint antibody titer = OD value of the sample well/Cut-off
value x Dilution (D)
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2.10.  Pseudovirus-based neutralization assay

2.10.1. Mice

The pseudovirus-based neutralization activity of immunized
mouse serum was measured using a single-round pseudovirus to
infect Hela-ACE2 cells. In brief, Hela-ACE2 cells were seeded in
a 96-well plate at a concentration of 2 x 10* cells/well and
cultured for approximately 24 h until about 90% confluence of
cells. 2-fold serially diluted sera from immunized mice
commencing with an initial dilution of 1:32 were incubated with
an equal volume of the SARS-CoV-2 pseudotyped virus (1 x 10*
TCIDs¢/mL) (Vazyme Biotech) for 1 h at 37 °C. Then the mixture
was added to pre-seeded Hela-ACE2 cells for 48 h incubation.
Cells were washed twice with PBS and lysed with Luciferase Cell
Culture Lysis Reagent (Promega). The Luciferase activity in ly-
sates was measured by using the Luciferase Assay System
(Promega) with Centro LB960 Microplate Luminometer (Berthold
Technologies). PNTsq was defined as the dilution of the serum at
which the relative luminescence units (RLUs) of the cell lysates
were reduced by 50% compared with those derived from cells
infected with SARS-CoV-2 pseudoviruses in the absence of
serum. The PNTs, was interpolated from the neutralization curves
determined by 4-parameter nonlinear regression, i.e., the log (in-
hibitor) vs. normalized response (variable slope), using GraphPad
Prism 8.0. Each sample was tested three times.

2.10.2.  Rhesus macaques

Pseudovirus-based neutralization activity of immunized rhesus
macaque serum was measured by the same method as mice except
with different strains of pseudotyped SARS-CoV-2.

2.11.  SARS-CoV-2 neutralization assay

The immune sera collected from mice or Rhesus macaques were
diluted in serial 2-fold dilutions from 1:16 to 1:2048 and then
incubated with equal volumes of SARS-CoV-2 (100 TCIDsg)
respectively, including Prototype (GD108), Alpha, Beta, Delta,
Omicron (BA.1, XBB.1.16). After 1 h of incubation at 37 °C, the
mixture (100 uL/well) was added into the culture of Vero E6
cells seeded in a 96-well plate for 5 days of incubation. Mean-
while, cells were incubated only with mediums for negative
control and with undiluted viruses for positive control. The
cytopathic effect (CPE) of Vero E6 cells was observed and
recorded under the microscope. Virus-neutralization titer
(VNTso) was defined as the highest dilution of the serum at
which 50% CPE of cells was inhibited.

2.12.  ELISpot assay

2.12.1. Mice

The antigen-specific cytokine-producing T cells derived from
mouse splenocytes were assessed using interferon-y (IFNy) or
interleukin-2 (IL-2) antibody precoated ELISpot assay Kkits
(MabTech) to evaluate the cellular immune responses in the
vaccinated mice, following the manufacturer’s instruction. Briefly,
the plates were washed 4 times with PBS ahead of being blocked
with RPMI-1640 complete culture medium containing 10% FBS
for at least 30 min at room temperature. The mouse splenocytes
were dispersed in RPMI-1640 medium and then inoculated into
the plate at the concentration of 100,000 cells/well. The SARS-
CoV-2 S peptide pool (final concentration of 2.5 pg/mL) was
added into the cell culture medium to stimulate antigen-specific

cellular immune responses. After incubation at 37 °C, 5% CO,
for 24 h, the plate was washed 5 times with PBS and then incu-
bated with a biotinylated anti-mouse IFNy or IL-2 detection
antibody for 2 h at room temperature. After the same washes as
above, the alkaline phosphatase labeled streptavidin (ALP-SA)
was added to the plate for 1-h incubation at room temperature.
Following the washing of the plate, the spots were developed with
the addition of the ALP substrate solution. Count spots using the
ImmunoSpot S6 Universal M2 Analyzer (CTL).

2.12.2.  Rhesus macaques

PBMC:s, isolated from rhesus macaque blood by centrifugation
and lysis of red blood cells, were tested with nonhuman primate
IFNy or IL-2 ELISpot assay kits (MabTech). PBMCs were
resuspended in RPMI-1640 complete culture medium and inoc-
ulated into the plate at the concentration of 1,000,000 cells/well.
Full-length S of prototype, Delta, and Omicron (BA.1) peptide
pools were used as stimuli with a final concentration of
2.5 pg/mL respectively to evaluate the cross-cellular immune
responses elicited by RG001. The following steps are the same as
above.

2.13.  Analysis of genomic RNA and subgenomic transcripts of
SARS-CoV-2 by RT-gPCR

Viral RNAs in both swab samples (nose, throat, and intestine) and
lung lobes from SARS-CoV-2 challenged rhesus macaques were
detected by quantitative reverse transcription PCR (RT-qPCR).
Briefly, the total viral RNAs in homogenized samples were
extracted using TRIzol LS reagent (Invitrogen) according to the
manufacturer’s protocol. SARS-CoV-2 genomic RNA quantifica-
tion was performed by targeting the N gene of SARS-CoV-2 while
viral subgenomic transcripts were quantified by targeting the
E gene of SARS-CoV-2 using One Step TB Green PrimeScript
RT-PCR Kit (Takara) with the specific primers: N gene forward
primer: 5'-GACCCCAAAATCAGCGAAAT-3'; N gene reverse
primer: 5-TCTGGTTACTGCCAG TTGAATCTG-3'; N gene
probe : 5'-FAM-ACCCCGCATTACGTTTGGTGGACC-BHQI-3'.
E gene forward primer: 5'-CGATCTCTTGTAGATCTGTTCTC-3/;
E gene reverse primer: 5'-ATATTGCAGCAGTACGCACACA-3; E
gene probe : 5'-FAM-ACACTAGCCATCCTTACTGC GCTTCG-
BHQI1-3'. Viral RNA load was expressed on a log10 scale as viral
RNA equivalents per ml for swab samples and per g for lung tissue
samples after comparison with a standard curve produced using
serial 10-fold dilutions of SARS-CoV-2 RNA.

2.14.  Hematoxylin and eosin (H&E) staining

For histopathology, different parts of the lungs from rhesus ma-
caques were fixed in 4% neutral-buffered formaldehyde for 48 h,
embedded in paraffin, and sectioned. Next, the fixed lung sections
were subjected to hematoxylin and eosin (H&E) staining. Images
were captured using the DHISTECH system equipped with
a DP72 camera. Pulmonary pathological scores were measured
according to the 6-grade scoring system.

2.15.  Statistical analysis

Data are shown as mean =+ standard deviations (SD) or
mean =+ standard error of mean (SEM). Statistical analysis was
performed with two-way ANOVA and Multiple 7-tests available in
GraphPad Prism software. The significance of the difference is
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indicated in the figures. *P < 0.05; **P < 0.01; ***P < 0.001;
and n.s. denotes not significant.

3. Results

3.1.  Design and expression of the RGOO1 mRNA vaccine against
SARS-CoV-2

Due to the rapid emergence of SARS-CoV-2 VOCs, previous
vaccines designed to target the S glycoprotein of the prototypical
strain of SARS-CoV-2 have struggled to neutralize the new VOCs.
Here we designed three RG0O01 candidates based on the full-length
S protein of the Delta variant. In addition to the original Delta
strain S protein as the immunogen (Delta-S), we developed two
modified versions: Delta-S(P2), which includes substitutions of
two residues (K984 and V985) to proline, and Delta-S(P6), which
includes substitutions of six residues (F815, A890, A897, A940,
K984, and V985) to proline. The latter two designs were expected
to enhance the stability of pre-S conformation and increase the
expression yield (Fig. 1A)**. Modified mRNAs were synthesized
using in vitro transcription (IVT) and subsequently encapsulated
within LNPs. Microfluidic capillary electrophoresis analyses of
the encapsulated mRNAs revealed high integrity and purity across
all three candidates (Fig. 1B). Cryo-transmission electron micro-
scopy results showed that vaccine products exhibited homoge-
neous solid spheres, in contrast to the empty LNPs (Fig. 1C). To
characterize the expression of RGO01 candidate vaccines, we
transfected HEK293T cells with each of the three candidates by
directly introducing them to the culture medium. Robust expres-
sion of the cleaved forms of the S glycoprotein (Supporting
Information Figs. S1 and S2) was observed for all candidates,
with detected molecular weight of approximately 130 kDa and
100 kDa, respectively, as demonstrated by Western blot analysis
(Fig. 1D).

3.2.  Immunogenicity of RGOOl1 mRNA vaccines in mice

We initially assessed the immunogenicity of RG001 candidates by
immunizing BALB/c mice with a two-dose, two-week interval
schedule. Mice were intramuscularly vaccinated with 5 pg mRNA
per dose, using empty LNPs as the control. Sera were collected on
Days 7, 14, 21, and 28 post-initial vaccination to evaluate the
humoral immune response. Furthermore, mice spleens were har-
vested on Day 14 after the second dose of mRNA vaccination to
measure the S-specific T cell immunity stimulated by the RG001
candidate vaccines (Fig. 2A). The first dose immunization by three
RGO01 candidates induced a steady increase in Delta-S specific
serum IgG levels, as detected by ELISA, compared to inoculation
with LNPs alone. Remarkably, during 7—14 days after the booster,
the production of serum IgG surged dramatically, increasing more
than 10-fold compared to the levels observed after the initial
immunization. Geometric mean endpoint titers of serum IgG
reached 159,154 (Delta-S), 164,385 (Delta-S(P2)) and 168,170
(Delta-S(P6)); however, there were no significant differences
among three RGOO1 candidates (Fig. 2B). We performed a
neutralization assay using HIV-based SARS-CoV-2 VOC pseu-
doviruses to measure the inhibition of virus entry by mouse
antisera. As shown in Fig. 2C, sera from mice immunized with the
Delta-S(P2) and Delta-S(P6) vaccines retained higher neutralizing
activities against pseudovirus bearing the S glycoproteins of
SARS-CoV-2 prototype (D614G) and Delta (B.1.617.2) than the

Delta-S vaccine. Moreover, the 50% pseudovirus neutralization
titer (PNTsp) induced by two doses of Delta-S(P6) against Omi-
cron (BA.1) reached 992, ~2—4 folds higher than the other two
candidates (Fig. 2C). Further, the same serum samples were also
applied for measurement of inhibitory effects on SARS-CoV-2
VOCs infection by using a CPE neutralization assay. Consistent
with the results of pseudovirus neutralization, all three vaccine
candidates induced robust neutralizing antibodies against the
Prototype, Alpha, Beta, Delta, and Omicron variants. Importantly,
serum from Delta-S(P6)-vaccinated mice showed strong inhibition
on all types of SARS-CoV-2 infection with the highest 50%
VNTs, geometric mean titers (GMT). Especially, the neutraliza-
tion titer against Omicron was significantly higher than those
induced by Delta-S and Delta-S(P2) (Fig. 2D).

We further characterized the S glycoprotein-specific response
of splenic T cells after prime-booster vaccination with RG0O01
candidates by ELISpot assay. Total splenocytes collected on Day
28 after initial immunization were restimulated with the peptide
pool of full-length Delta S protein and subjected to cytokine
analysis. The patterns of T cell immune response induced by the
three vaccine candidates were similar. ELISpot data revealed a
~7-fold and ~10-fold increase in IFNy (Fig. 2E) and IL-2
(Fig. 2F) production of splenocytes, respectively, from all
RGO001-vaccinated mice compared with the control group. Over-
all, RGOO1 mRNA-LNP vaccine candidates demonstrated excel-
lent potential to stimulate strong humoral and cellular immunity,
and Delta-S(P6) appeared superior to the other two candidates in
stimulating neutralizing antibodies.

3.3. RGOOI-elicited immunogenicity in rhesus macaques

Next, we assessed Delta-S(P6)-elicited immunogenicity in a non-
human primate model. Groups of four rhesus macaques were
intramuscularly injected with 30 or 100 pg of Delta-S(P6) or LNP
control on Day O (prime) and Day 21 (booster) respectively
(Fig. 3A). On Day 14, the S-specific IgG induced by Delta-S(P6)
vaccination began to be detected. The IgG titers further increased
6 days after the booster (Day 27), then slightly decreased on Day
35. The IgG titers induced by either the low-dose group (30 pg) or
the high-dose group (100 ng) remained at the same level (Fig. 3B).
The same sera samples were also subjected to SARS-CoV-2
neutralization assay. On Day 14 after the first dose, the neutral-
izing antibodies against the prototype and Alpha, Beta, and Delta
variants were detected in the sera of mice immunized with 30 or
100 pg Delta-S(P6). A strong boosting effect appeared on Day 6
after vaccination with the second dose. The highest level of
neutralization GMT reached up to 3328 against prototype
(100 pg), 1920 against alpha (100 pg), 496 against beta (30 pg),
and 2048 against Delta (100 pg) on Day 35. Additionally, anti-
Omicron neutralizing antibody was detected after booster immu-
nization (Day 27), with GMTs continuing to rise by Day 35 (168
for 30 pg, 224 for 100 pg) (Fig. 3C—G). To further explore the
neutralizing activity against more SARS-CoV-2 Omicron sub-
variants, a series of Omicron (BA.1, BA.2.12.1, BA.4/5 lineages)
pseudovirus were used to quantify PNTsq of sera from RGO0OI1-
immunized macaques by Day 14 after booster vaccination.
Strong neutralizing effects against prototype and Delta pseudo-
virus were observed, consistent with data from the SARS-CoV-2
neutralization assay. Notably, the PNTs, against Omicron sub-
variants in rhesus macaques immunized with 30 and 100 pg of
Delta-S(P6) reached ~826 and ~1172 for BA.l, ~570 and
~905 for BA.2.12.1, and ~364 and ~463 for BA.4/S,
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Design and expression of three RG001 SARS-CoV-2 mRNA vaccine candidates. (A) Schematic representation of three RG001

mRNA candidates engineered to express the full-length S protein of the SARS-CoV-2 Delta variant, along with S(P2) and S(P6) mutants. (B)
Analysis of the integrity and purity of the three RGO01 mRNA candidates using microfluidic capillary electrophoresis. (C) Cryo-transmission
electron microscopy (Cryo-TEM) images showing both the empty LNPs and the three RGOO1 mRNA-LNPs; scale bar: 100 nm. (D)
HEK293T cells were incubated with 1 pg of either RG0OO1 mRNA-LNP or empty LNP for 48 h, followed by the detection of S1 and S2 gly-

coproteins via Western blot.

respectively, suggesting that Delta-S(P6) has the potential to
induce broad-spectrum neutralizing antibody in macaques against
various SARS-CoV-2 VOCs (Fig. 3H).

SARS-CoV-2-specific T cell immune response was strongly
stimulated by two doses of Delta-S(P6) immunization. ELISpot
results showed that either IFNy or IL-2 in splenocytes from Delta-
S(P6) vaccine-immunized macaques were highly stimulated by

peptide pools of full-length S of prototype, Delta and Omicron
(BA.1) compared with the control group. Both low and high-dose
vaccine groups exhibited consistent cellular immunity towards the
prototype, and Delta and Omicron variants (Fig. 31 and J).
Together, our data demonstrated that RG00O1 candidate Delta-
S(P6) successfully stimulated a broad T-cell immune response
toward various SARS-CoV-2 VOCs.
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mice were injected via i.m. with 5 pg RG001 candidates or empty LNPs per mouse (n = 5) and boosted with an equivalent dose. (B) The Delta-
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decreased compared with the LNP control group. From Day 1 to
Day 7 after the virus challenge, viral loads in all samples from

3.4. RGOOI-elicited viral suppression in rhesus macaques

Host protection by RG0O1 in Rhesus macaques was evaluated by
challenging 1 X 10° TCIDso/mL of SARS-CoV-2 Delta (Indian
strain) through both intranasal and intratracheal routes on Day 28
after booster immunization. We collected nasal, oropharyngeal,
and anal swab samples under anesthetic conditions for viral load
measurement at 1, 3, 5, and 7 dpi, and eventually lung tissue
samples from sacrificial macaques were harvested for SARS-CoV-
2 genomic RNA and subgenomic transcript analysis.

Due to the robust neutralizing antibody, SARS-CoV-2 genomic
RNA (SARS-CoV-2 N gene) in nasal, oropharyngeal, and anal
samples from Delta-S(P6)-immunized macaques dramatically

empty LNPs-vaccinated macaques were maintained at high levels
with slight fluctuations. In contrast, Rhesus macaques injected
with 30 or 100 ug RGO01 showed ~10>%% or ~10*%%fold
reduction in the nose (Fig. 4A), ~10*°* or ~10*%-fold
reduction in the throat (Fig. 4B), and ~10"*- or ~10>*%%fold
decrease in the intestine at 7 dpi (Fig. 4C), respectively, sug-
gesting strong virus-clearance by RGO001 vaccination. Further-
more, viral genomic RNA in lung fragments was dramatically
decreased by RG001 immunization with dose-dependent effects
(Low dose: ~10%%5—10*"-fold reduction, High dose:
~10"7'—103*-fold reduction), indicating that high dose RG001
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Figure 3 Humoral and cellular immune responses in RG0O1-vaccinated Rhesus macaques. (A) Schematic diagram of immunization (Days

0 and 21), serum collection (Days 0, 7, 14, 21, 27, and 35) for antibody detection, PBMCs collection (Day 35) for cellular immunity analysis,
virus challenge for immuno-protection (Day 49). Rhesus macaques were immunized via i.m. with 30 pg or 100 pg of RG001 Delta-S(P6) or PBS
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vaccination displayed a stronger effect on pulmonary viral elim- 3.5.
ination than low dose. Besides, viral subgenomic transcript
(SARS-CoV-2 E gene) was virtually undetectable in any parts of
dissected lung tissues from macaques vaccinated with either dose
of RG001, suggesting a strong inhibition of SARS-CoV-2 repli-
cation (Fig. 4D).

RGOOI-elicited tissue protection in rhesus macaques

The RGO01 vaccine significantly contributed to strong tissue
protection by reducing SARS-CoV-2 infection. All samples of
lung sections were applied for H&E staining and pathological
analysis. Macaques vaccinated with LNPs developed obvious lung
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(C) anal swab samples collected from rhesus macaques respectively immunized with LNPs, 30 pg or 100 pg RG0O1 were detected by RT-qPCR.
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lesions, characterized by thickened alveolar septa accompanied by
congestion, exudation, and infiltration of mainly inflammatory
lymphocytes and macrophages in the alveolar interstitium. The
formation of vascular thrombus and slight anthracosis were also
observed. For comparison, lung sections from macaques immu-
nized with Delta-S(P6) only developed slight congestion and
infiltration of inflammatory cells in the alveolar interstitium with a
lower pathological score than the control group (Fig. 5 and
Fig. S1). Moreover, both body weight and temperature of vacci-
nated macaques were maintained in normal ranges (Fig. S2),
suggesting a high degree of tissue protection by RGO00I
vaccination.

3.6.  RGOOI elicited protection against emerging Omicron
subvariants

The emergence of SARS-CoV-2 Omicron variant BA.2 sub-
lineages XBB and JN.1 caused a high level of escape from
established immunity by previous vaccines, and currently, its de-
scendants dominate globally. To further evaluate the

immunogenicity of RG001-Delta-S(P6) against emerging Omi-
cron subvariants, we applied the third dose of the vaccine in
Rhesus macaques and mice. Mouse sera were collected on Days 7,
14, 21, 28, 35, and 42 post-initial vaccination, respectively, for
Delta, BA.1, and JN.1 S-specific IgG titer evaluation. Animal sera
collected on Day 14 post the second and third vaccinations were
analyzed for neutralizing antibodies against Delta, BA.1,
XBB.1.16, and JN.1 (Fig. 6A). The third immunization elevated
neutralization GMTs of Rhesus macaque sera compared with the
secondary booster (Delta: ~1.3-fold, BA.1: ~1.8-fold). More-
over, the neutralizing antibody against XBB.1.16 was successfully
induced by the third booster (XBB.1.16 GMTs: 85) (Fig. 6B). A
three-dose vaccination regimen with RG001 also progressively
elevated serum IgG levels specific to Delta, BA.1, and JN.1 S in
immunized mice. By Day 42, the IgG levels for JN.1 S were
~6.88- and ~3.66-fold lower than those for Delta and BA.1,
respectively (Fig. 6E). PNTs elicited by the third dose of RG001
against the JN.1 variant reached 154, which was ~3 folds higher
than that achieved by the second booster. Although the neutrali-
zation GMTs against JN.1 was significantly lower than those for
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Delta, the neutralizing capacity remained effective and detectable
(Fig. 6F). This indicates that additional sequential boosters of
RGO001 could potentially enhance the production of neutralizing
antibodies against emerging SARS-CoV-2 VOCs.

While humoral immunity is crucial for the protection from
SARS-CoV-2 infection, cellular immunity stimulated by vaccines
plays an important function in long-term cross-protection. To assess
the T cell immune response against XBB variant, mice were
immunized with two doses of RG0O1. Subsequently, splenocytes
were collected and stimulated by Delta, BA.1, XBB.1, and JN.1 S
peptide pools on Day 28 post immunization, respectively (Fig. 6A).
Surprisingly, T-cell responses displayed a different trend compared
with neutralizing antibody levels. Specifically, cellular immune
responses against BA.1 and XBB.1 were maintained at similar
levels for both IFNy and IL-2. However, they were almost signifi-
cantly higher than those against the Delta variant IFNy: BA.1,
~2.99-fold, P < 0.001; XBB.1, ~3.58-fold, P < 0.001; IL-2:
BA.1, ~1.47-fold, P < 0.01) (Fig. 6C and D). Simultaneously,
IFNv and IL-2 positive lymphocytes in mouse spleens induced by
either IN.1 or BA.1 S peptide pools kept consistent (Fig. 6G and H).
Taken together, even RG001 immunization elicited relatively lower
neutralizing antibody levels against Omicron XBB and JN.1
compared with Delta, higher T cell response induced by prime-
boost vaccination might successfully ensure the vaccine efficiency
to prevent current epidemic SARS-CoV-2 variants infection.

4. Discussion

As the emergence of Omicron variants, especially BA.2.75, XBB, and
JN.1 derived from BA.2 exhibited a strong immune evasion, which
caused the collapse of the immune defense system constructed by
vaccines and outbreaks of new pandemic waves™. New vaccines
against emerging SARS-CoV-2 VOCs and vaccination strategies
were emergently called for. In this study, we developed a mRNA-LNP
vaccine based on Delta S glycoprotein distinguished with approved
mRNA vaccines, which exhibited a strong immunogenicity in the
production of neutralizing antibodies and activation of SARS-CoV-2
VOCs-specific T cell responses, especially for Omicron subvariant
XBB, which represented a comprehensive immune response to
counter SARS-CoV-2 intrusion and viral clearance.

Right upper lung

Left upper lung Right upper lung

Left middle lung Right middle lung

Left lower lung

Right lower lung

Pulmonary protection in rhesus macaques by RG001 vaccination. H&E staining of lung fragments pathology. Representative images

RG001 mRNA vaccine candidate, Delta-S(P6), rapidly
induced robust high neutralizing antibodies in either mouse or
Rhesus macaque model with the inhibition of pseudovirus entry
was comparable with neutralization elicited by wild-type mono-
valent mRNA vaccines’**’. Broad-neutralizing effects against
various authentic SARS-CoV-2 including prototype, Alpha, Beta,
Delta, and Omicron variants were also elicited by RG001 and the
two approved mRNA vaccines, and neutralizing antibodies
against Omicron strains induced by all vaccines showed more or
less reductions compared with ancient strains, which agrees with
results from clinical studies of human serum samples”® ",
Especially, two-dose immunization of 100 pg RGO001-induced
neutralizing antibody GMTs against pseudovirus could reach
1172 for BA.1, 905 for BA.2.12.1, 463 for BA.4/5, moreover,
nAb GMTs against BA.1 live-virus approached 235 in Rhesus
macaques. Three-dose booster further elevated neutralizing
effects with GMTs of 427 for BA.1 and 85 for XBB.1.16. The
neutralizing activity against JN.1 with GMTs of 154 was also
induced by triple-RG001 vaccination in a mouse model, which
was similar to the neutralization of a wild-type monovalent
vaccine combined with a bivalent booster'®'. Little data about
nAbs for XBB and JN.1 induced by approved vaccines in non-
human primate models have been reported; four of the
approved monovalent mRNA vaccines failed to stimulate effec-
tive nAbs in human serum samples to counter XBB infection, but
bivalent mRNA vaccine as a fifth dose was able to elicit a
neutralization against circulating Omicron substrains' >,
Moreover, a recent study indicated that the original COVID-19
priming regimen reduced the immunogenicity of bivalent BA.1
or BA.5 boosters, and WHO recommended monovalent vaccines
based on circulating strains®*. Besides, the Delta—Omicron RBD
mRNA vaccine induced higher neutralizing antibody titer against
Omicron pseudovirus than the Omicron—Omicron RBD mRNA
vaccine, suggesting the superiority of Delta immunogen in pro-
tection from Omicron sub-lineage variants infection™. The suc-
cessful stimulation of multiple SARS-CoV-2 VOC-specific
neutralizing antibodies by monovalent RG001 strongly enhanced
the possibility of building a broad and fundamental immunity for
protection against emerged and emerging SARS-CoV-2 sub-
variants infection.



944 Dongrong Yi et al.

® LNP
m RGO001 (Two doses)
4 RGO001 (Three doses)

Sera collection and
antibody detection

w : : T : T i
0 7 14 21 28 35 42 56 Days ?3' -
2 2
g
Sera collection and antibody detection = 14
n.s.
Cellular immunity detection 0 T
Delta BA.1 XBB.1.16
Omicron
C D E
IFNy IL-2 ® LNP-Delta
[ LNP [ NP -= RGO001-Delta
RGO001 [ RG001 - LNP-BA.1
s -+ RGO001-BA.1
n.s. n.s.
1500 S 2500 1 n.s. —— LNP-JN.1
RG001-JN.1
o » 2000 - é 800000+
3 3
Lo 1000+ o 600000
2 e 1500 é N
2 *kEk
g g £ 400000
3 3 1000 - )
S 500 8 B 200000
o k]
» % é & 500 d
o= - 8000 Y
0 @l ‘;ll : L : : a0 ¥/
& & 0 1 1 ] 1 T 1
iﬁg.?;ﬁ%\ﬁf.f Delta BAA1 XBB.A1 iﬁggﬂg:\i glg Delta BA.1 XBB.1 0 7 14 21 28 38 42
Omicron Sl Time post vaccination (day)
F G H
® LNP
m  RG001 (Two doses) IFNy IL-2
a RGO001 (Three doses)
[ LNP 3 LNP
6000 3983 1 RGO001 3000 — RGOO1
2000 ns
4000+ s s 2 = =
- 3 = : |
& 2000 g 1500 “2 2000 Ei
z N ¥
= 200} ¥ % 1000 5 = @
150 ] - S 1000
1004 ns. 8 500 - &
504 o I&I @ = %
g ! T 0~ 6| él 0 T T
Delta JN.1 SARS-CoV-2S BA.1 JN.A1 SARS-CoV-2S  BA.1 JNA
peptide pools peptide pools
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14, and 28) and splenocytes collection (Day 28) for cellular immunity analysis. (B) SARS-CoV-2 neutralizing assay for VNT5, against Delta and
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Besides humoral response, RG001 displayed similar strength 5. Conclusions
to mRNA-1273 and BNT162b2 in the stimulation of a significant

cellular immunity against all SARS-CoV-2 VOCs in both mice
and Rhesus macaques®®’. Interestingly, two doses of RGOO0I
immunization exhibited more effective T cell responses against
Omicron (BA.1, XBB.1, JN.1) than Delta in mice, which probably
make up the deficiency of nAbs production against XBB and JN.1,
suggesting powerful cross-protection against emerging SARS-
CoV-2 VOCs.

RGO01 dramatically protected rhesus macaques from infection of
pathogenic SARS-CoV-2 Delta strain and reduced viral loads.
Particularly, undetectable subgenomic RNA in the lungs and rare
clinical signs of disease and lesions in the lungs indicated strong
virus defense and clearance by RGOO1 vaccination. Moderate
pathological symptoms likely reflected interstitial pneumonia pro-
tection by RG001°*. The effects of robust SARS-CoV-2 eradication



mRNA-based SARS-CoV-2 variant vaccine in non-human primates

945

and body protection mediated by RG001 were consistent with the
reported efficacy of mRNA vaccines®’. Together, our preclinical
data demonstrated the potency of RG001 as a potential mRNA

vaccine candidate against multiple SARS-CoV-2 VOCs.
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