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FIGURE 1
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Design and validation in vitro of mRNA vaccine. (A) Schematic of SARS-CoV-2 Spike protein Delta (DVS) and Omicron (OVS) variants, as well as MTE
mRNA. (B) Identity of epitopes of MTE with MERS-CoV, SARS-CoV and SARS-CoV-2 BA.2 variant. (C) MTE, DVS, and OVS mRNAs were synthesized
with T7 RNA polymerase in vitro transcription and run on 0.8% MOPS agarose gel. (D—G) DVS, and OVS mRNA were synthesized with in vitro T7
transcription reactions and transfected into 293T cells with mRNA transfection kit. The expression level of DVS and OVS in 293T cells was detected
by fluorescence microscopy (D) flow cytometry (E, F) and western blot (G). (H) MTE-His mRNA was transfected into 293T cells and precipitated with

His tag column. Eluted samples were detected by western blot.

Kit, Cat# R11490, R11491, T11493. Pub. No. MAN0002073). For
mRNA quality control after formulation, we isolated mRNA from
the LNPs and performed agarose gel electrophoresis.

Expression of DVS, OVS, and MTE
mMRNA in vitro

DVS, OVS, and MTE mRNA were transfected into 293T cells
with MessengerMax (Invitrogen). After 48h, we evaluated the
expression of the three mRNAs with flow cytometry (FC),
immunofluorescence (IF), and western blot (WB). For IF, cells
were incubated with rabbit anti-s1 antibody (Sino Biological) and
AF488 conjugated anti-Rabbit secondary antibody (Abcam), and
images were taken with the machine. For FC, cells were trypsinized
and incubated with rabbit anti-slantibody (Sino Biological) and
AF488 conjugated anti-Rabbit secondary antibody (Abcam). Data
was acquired with C6 (BD Biosciences) and analyzed with FlowJo
(BD Biosciences). For WB, cells were harvested and denatured in
lysis buffer. Samples were loaded and run in 4-12% gradient SDS-
PAGE gel and transferred to the PVDF membrane. PVDF
membrane was incubated with mouse anti-s2 monoclonal
antibody (Thermofisher, Cat# MA5-35946) and HRP conjugated
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anti-mouse secondary antibody (Invitrogen, Cat#62-6520). Anti-
beta-Actin HRP Antibody for protein loading control was
purchased from Santa Cruz Biotechnology (sc-47778 HRP).

Mice and peptides

Six to eight-week-old female BALB/c mice were bred and
maintained at an animal facility in Noble Life Sciences
(Woodbine, MD). For immunogenicity studies, mice were
immunized intramuscularly with formulated mRNA or PBS as
indicated at Day 0 (prime) and Day2l (boost). Serum was
collected after two weeks of prime and boost. Mice were
euthanized at Day35, and spleens were collected for analysis of T
cell immunity.

In the challenge study with SARS-CoV-2 Delta variant, K18-
hACE2 transgenic mice were maintained at Bioqual Inc. (Rockville,
MD) and immunized intramuscularly with formulated mRNA or
PBS at Day 0 and 21. Serum was collected at Day 28 for antibody
testing. At Day 35, mice were challenged intranasally with SARS-
CoV-2 Delta variant at a dose of 5 x 10> the median tissue culture
infectious dose (TCIDsp) SARS-CoV-2 B.1.617.2 (Delta) (BEI
Resources SARS-CoV-2, isolate hCoV-19/USA/MDHP05647/
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2021, NR-55674). Mouse body weight and survival were recorded
daily. At 4 days post of infection (DPI), 5 mice of each group were
euthanized, and mouse tissues were collected and stored in Trizol
or formalin.

In the challenge study with mouse adapted SARS-CoV-2 MA30,
BALB/c mice were maintained at animal facility of Thomas
Jefterson University (Philadelphia, PA) and immunized
intramuscularly with formulated mRNA or PBS at Day 0 and 21.
Serum was collected at Day 28 for antibody testing. At Day 35, mice
were challenged intranasally with mouse adapted SARS-CoV-2
MA30 at a dose of 5 x 10°> PFU in volume of 50 uL. Mouse body
weight and survival were recorded post challenge. At four DPIL, 5
mice of each group were euthanized, and mouse tissues were
collected and stored in Trizol.

MTE overlapping peptides were synthesized by GenScript
(Piscataway, NJ). Spike S1 overlapping peptides were purchased
for JPT (Berlin, Germany).

Evaluation of antigen-specific T cell
response by ELISPOT

Splenocytes from vaccinated mice were evaluated for antigen-
specific IFN? by Enzyme-linked immunospot (ELISPOT). ELISPOT
assays were performed as per ARV SOP. Briefly, a 96-well ELISPOT
plate (Millipore, Cat#MSIPS4510) was coated with 10 pg/mL IFN?
antibody (Biolegend, Cat# 517902, clone AN18) at 4°C overnight.
Splenocytes were plated at 3x10° cells/well and co-cultured with
either 0.5 pg/mL Spike peptides (JPT, Cat#PM-WCPV-S-1), 2 pg/
mL human MTE overlapping peptides (synthesized by Genscript),
concanavalin A (0.125 ug/mL) (Sigma, Cat#C5275-5MG), or
medium alone in a total volume of 200 pL/well T cell media for
48h at 37°C in 5% CO2. The plates were incubated with detection
antibodies, Biotin-IFN? (Biolegend, Cat# 505714, clone R46A2) and
Streptavidin-HRP (Biolegend, Cat# 405210) at RT for 1-2 hours,
respectively. The plates were developed with 50 uL/well AEC
development solution (BDbiosciences, Cat#551015) for up to
30 min. Color development was stopped by washing under
running tap water. After air-dried, colored spots were counted
using an AID ELISPOT High-Resolution Reader System and AID
ELISPOT Software version 3.5 (Autoimmun Diagnostika GmbH).

ELISA

The murine antibody response to the Spike was assessed by
indirect ELISA. ELISA plates (Nunc MaxiSorp, Thermofisher,
Cat#44-2404-21) were coated with 1 mg/mL recombinant Spike
protein (Sino Biological Inc, Cat#40591-VO8H) overnight and then
blocked with 2% BSA in PBS. Serum samples were diluted by 200x,
followed by a 1:5 serial dilution for up to 8 wells with 0.2% BSA in
PBS. Samples were detected with 1:2000 goat anti-mouse IgG-
HRP (Southern Biotech, Cat# 1031-05). The reaction was
developed with TMB Substrate (Sigma, Cat#T0440-1001) and
stopped with TMB Stop Solution (Invitrogen, Cat#SS04). Plates
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were read at OD450 using an Epoch ELISA reader (BioTek,
Winooski, VT).

Lentivirus-based pseudovirus
neutralization assay

The SARS-CoV-2 pseudoviruses, including the Delta variant
and Omicron variant expressing a luciferase reporter gene, were
purchased from Codex BioSolutions (Rockville, MD). HEK293T-
hACE2 cells were seeded in 384-well tissue culture plates at a
density of 7.5 x 10® cells per well overnight. Two-fold serial
dilutions of heat-inactivated serum samples were prepared (17.5
pL) and mixed with 7.5 uL of pseudovirus. The mixture was
incubated at 37°C for 1h before adding to HEK293T-hACE2 cells.
After 48h, cells were lysed in Steady-Glo Luciferase Assay
(Promega) according to the manufacturer’s instructions. SARS-
CoV-2 neutralization titres were defined as the sample dilution at
which a 50% reduction in relative light units (IC5,) was observed
relative to the average of the virus control wells.

Immunohistochemistry

Mouse lung tissues were fixed in 10% neutral-buffered formalin
and embedded in paraffin. Sections of tissue with 5 um in thickness
were affixed to slides. Slides were stained with hematoxylin and
eosin or Nucleocapsid antibody of SARS-CoV-2 (CST, Cat#
26369s) according to the standard program.

Statistical analysis

Statistical significance was calculated using Student’s t-test with
two-tailed analysis. A p-value less than 0,05 (p < 0.05) was
considered statistically significant.

Results
MRNA design and expression in vitro

DVS mRNA encodes the full-length Spike protein from the
SARS-CoV-2 Delta variant, in which we replaced amino acid lysine
at 984 and valine at 985 with proline (SP2) for prefusion
conformation (23) (Figure 1A). OVS mRNA encodes the full-
length Spike protein from the SARS-CoV-2 Omicron variant, in
which we replaced amino acid lysine at 983 and valine at 984 with
proline (SP2) for prefusion conformation (Figure 1A). T cell
epitopes are ~8-11 or ~13-25 amino acid long peptides
respectively presented to CD8" and CD4" T-cells by MHC class I
(MHC I) or MHC class II (MHC II) molecules. MTE mRNA
encodes approximately one hundred T cell epitopes including
both MHC I and MHC II from conserved sequences of SARS-
CoV-2 Wuhan strain (Figure 1A). Some T cell epitopes strongly
cross-react with mouse T cells, which has been experimentally
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validated (data not shown). Thus, MTE vaccine is able to induce T-
cell immune responses in mice. The sequence of each MTE epitope
was compared and scored by percentage identity with those of
Coronavirus including MERS-CoV, SARS-CoV and SARS-CoV-2
variants. T cell epitopes in MTE have 36.4% identity with MERS-
CoV, 87.9% identity with SARS-CoV, 98.3% identity with SARS-
CoV-2 omicron BA.2 variant, and more than 99.8% identity with
SARS-CoV-2 Alpha variant, Beta variant, Gamma variant, Delta
variant and Omicron BA.5 variant (Figure 1B). Further analysis
found that there were over twenty epitopes in MERS-CoV with
more than 70% identity (Supplementary Table 1). These data
indicated sequences of T cell epitopes in MTE were highly
conserved in SARS-CoV, SARS-CoV-2, as well as SARS-CoV-
2 variants.

DVS, OVS, and MTE mRNAs were produced by IVT with T7
polymerase (Figure 1C). DVS and OVS mRNA were transfected in
293T cells and their expression was detected with the anti-Spike
antibody. Immunofluorescent staining showed membrane
localization of DVS and OVS protein (Figure 1D). Flow
cytometry confirmed cell surface localization and high level of
protein expression of DVS (MFI 1.24M) and OVS (MFI 1.17M)
(Figures 1E, F). DVS and OVS proteins were also detected by
Western blotting under denaturing conditions with mouse anti-
Spike S2 monoclonal antibody. Two major bands were visible,
corresponding to 90 KD S2 protein, and 198 KD full length of
Spike protein (24) (Figure 1G).

Because there is no antibody available for MTE detection, in
addition to MTE mRNA, MTE-His mRNA was parallelly
constructed to tag MTE with six histidine at the C terminal. After
transfection into 293 T cells, cells were lysed and MTE-His fusion
protein was concentrated with His tag purification column kit
(SigmaAldrich, Cat# H7787), followed by Western blotting under
denaturing conditions. An expected size of 72KD major band and
smaller molecular weight degraded products were observed in the
first and second elution (E1 and E2) (Figure 1H), suggesting rapid
degradation of MTE fusion proteins.

Immunogenicity in BALB/c mice

The strategy of our universal vaccines against SARS-CoV-2 is
based on neutralizing antibodies (induced by Spike mRNA) and T
cell responses (induced mainly by MTE mRNA). Next, we mixed
either OVS mRNA or DVS mRNA with MTE mRNA at a ratio of
1:1 and formulated the RNA into SM102-based LNPs, referred to as
LNP(SM102)-mRNA OVS/MTE and LNP(SM102)-mRNA DVS/
MTE. We also prepared LNP(SM102)-mRNA DVS and LNP
(SM102)-mRNA DVS/OVS/MTE as a control. BALB/c mice were
immunized intramuscularly with 10 ug of LNP-mRNA vaccines at
Day 0 (prime) and D21 (boost), sera were collected two weeks after
prime and boost, and spleens were collected at D35 (Figure 2A).
First, we measured Spike-specific IgG antibodies from serum after
prime and boost by ELISA. The same pattern was observed in the
generation of Spike-specific antibodies and there was no significant
difference in Spike binding antibody IgG titres between DVS and
DVS/MTE. The logarithm of IgG titres of Spike-specific antibodies
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were 4.93 (DVS) vs. 4.99 (DVS/MTE) after prime and 5.80 (DVS)
vs. 5.80 (DVS/MTE) after boost (Figure 2B). The logarithm of IgG
antibody titres in OVS/MTE (4.04) were slightly lower at D14 than
DVS/MTE (5.0) and DVS/OVS/MTE (5.14) but were comparable
with the other two groups at D35 (DVS/MTE vs. OVS/MTE vs.
DVS/OVS/MTE were 5.8 vs. 5.7 vs. 5.7) (Figure 2B). It has been
reported that the antigenicity of the Omicron Spike protein is
different from previous variants (25). This could explain why the
IgG titres were lower at D14 with the OVS/MTE vaccine.

Biases of either Thl cells or Th2 cells prior to vaccine
administration were also reported to be associated with immune
disease (26). The percentage of 1gG2a/IgG1 determined the Thl/
Th2 ratio. The balance of Spike-specific IgG2a/IgG1 in the LNP-
mRNA DVS/MTE group was 1.05. No Thl or Th2 bias was
detectable with our LNP-mRNA formulation (Figure 2C).

We then evaluated the inhibition of viral entry with mouse
serum using Delta pseudovirus, Omicron pseudovirus, and BA.2
pseudovirus in 293T-hACE2 cells. As a control, DVS and DVS/
MTE groups were evaluated using Delta pseudovirus.
The logarithm of IC5q of the neutralizing antibody was
comparable in mice immunized with LNP-mRNA DVS (3.28) or
LNP-mRNA DVS/MTE (3.38). The titres were also similar to
human COVID-19-convalescent serum (HCS) (3.35) (Figure 2D).
As expected, the neutralizing antibody (the logarithm of ICs() to
Delta pseudovirus was detectable but lower in the OVS/MTE group
(2.69), compared to DVS/MTE group (3.38), DVS/OVS/MTE
group (3.53) and HCS (3.35) (Figure 2D). Reciprocally, the
neutralizing antibody to Omicron pseudovirus were detectable
but lower in the DVS/MTE group (2.43), compared to the OVS/
MTE group (3.20), DVS/OVS/MTE group (3.44) or HCS (2.82)
(Figure 2E). The neutralizing antibody to BA.2 pseudovirus was
much lower in all groups. The logarithm of ICs, were 2.49 in the
DVS/MTE, 2.51 in the OVS/MTE, 2.56 in the DVS/OVS/MTE
group, and 2.72 in the HCS control (Figure 2F). Thus, the
neutralizing antibody titres against BA.2 variant were lower than
those against Delta and Omicron BA.1 variant, consistent with
previous report (27). Therefore, the reduced neutralization of
heterogeneous variants suggests the importance of developing an
antibody-independent but universal SARS vaccine.

Next, we determined the T cell responses using ELISPOT assay
with splenocytes stimulated with a Spike peptide pool or an MTE
peptide pool. As a control, DVS and DVS/MTE groups were
evaluated following stimulation with a Spike peptide pool. There
were 1172 and 1272 spot-forming cells (SFC)/10° splenocytes in
LNP-mRNA DVS and LNP-mRNA DVS/MTE immunized BALB/c
mice, respectively. The results showed no significant difference in T
cell responses between two groups (Figure 2G). The numbers of
SFC/10° splenocytes in the DVS/MTE, OVS/MTE and DVS/OVS/
MTE groups were, respectively, 1272, 1355, 1464 following
stimulation with a Spike peptide pool (Figure 2G) and 891, 1742,
960 following stimulation with a MTE peptide pool (Figure 2H).
The results showed that all the groups elicited strong Spike-specific
T cell response or MTE-specific T cell response, respectively.

Together, these data indicated that integrating two mRNAs in
one LNP formulation has similar immunogenicity to an LNP
formulation utilizing one mRNA. In addition, DVS/MTE, OVS/
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FIGURE 2

Universal vaccines elicits robust specific immunogenicity in BALB/c mice. (A) BALB/c mice were intramuscularly immunized on DO and D21 with 10
pg of LNP(SM102) formulated mRNA vaccines (DVS or DVS/MTE or OVS/MTE or DVS/OVS/MTE). Mouse sera were collected on D14 (prime) and D35
(boost). Mouse spleens were collected on D35. (B, C) Spike-specific IgG (B) or subtype IgG1 and IgG2a (C) was detected by ELISA from serum
samples. D-F, Neutralization assays were performed with different variants of SARS-CoV-2 pseudovirus, Delta variant (D), Omicron variant (E), and
BA.2 variant (F). (G, H) Splenocytes were isolated from mouse spleen and performed for ELISPOT assay with stimulation of a Spike peptide pool

(G) or MTE peptide pool (H). *P<0.05, **P<0.01, ***P<0.001; ns, presents not significant.

MTE, and DVS/OVS/MTE elicited a robust Spike-specific antibody
response and strong Spike and MTE-specific T cell responses. We
selected OVS/MTE for further evaluation.

LNP(LOO2)-formulated mRNA
vaccine elicits robust immune
responses at a low dose

Besides formulating mRNA into SM102-based LNPs, we also
formulated them into a new L002 ionizable lipid-based LNPs. To
determine a suitable dose for L002-formulated mRNA, BALB/c
mice were immunized intramuscularly with different doses of LNP
(L002)-mRNA DVS/MTE and LNP(SM102)-mRNA DVS/MTE,
where each mRNA was 0.01 pg, 0.1ug, or 1 ug. Sera and spleen
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were collected at D35 (Figure 3A). Compared with LNP(SM102)-
mRNA DVS/MTE mice, LNP(L002)-mRNA DVS/MTE mice
exhibited higher neutralizing antibodies using the Delta
pseudovirus. The logarithm of ICs, of neutralizing antibody was
1.62 vs. 2.99, 2.05 vs. 3.12, and 3.26 vs. 3.55 at 0.01 g, 0.1 pg, and 1
pg of mRNA doses, respectively (Figure 3B). Notably, the logarithm
of ICs of neutralizing antibody at 0.01 pg mRNA with LNP(L002)
was similar to 1 pg of LNP(L002)-mRNA and LNP(SM102)-mRNA
(Figure 3B). The numbers of SFEC/10° splenocytes in LNP(SM102)-
mRNA DVS/MTE and LNP(L002)-mRNA DVS/MTE were 2
versus 269 at 0.01 pg administration groups, 20 versus 260 at 0.1
ug administration groups and 362 versus 272 at 1 ug administration
groups (Figure 3C). Similar T cell responses were induced at 0.01 pg
dose and 1 pg dose of LNP(L002)-mRNA DVS/MTE (Figure 3C).
Thus, L002-based LNP-mRNA formulation induced stronger T and

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1126392
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

