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Self-amplifying mRNA SARS-CoV-2 vaccines raise
cross-reactive immune response to variants and
prevent infection in animal models
Giuseppe Palladino,1 Cheng Chang,1 Changkeun Lee,1 Nedzad Music,1 Ivna De Souza,1 Jonathan Nolasco,1
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The spike (S) protein of SARS-CoV-2 plays a crucial role in cell
entry, and the nucleocapsid (N) protein is highly conserved
among human coronavirus homologs. For potentially broad
effectiveness against both original virus and emerging variants,
we developed Alphavirus-based self-amplifying mRNA (sa-
mRNA) SARS-CoV-2 vaccines: an sa-mRNA S encoding a
full-length S protein stabilized in a prefusion conformation
and an sa-mRNA S-N co-expressing S and N proteins for the
original virus. We show that these sa-mRNA SARS-CoV-2 vac-
cines raised potent neutralizing antibody responses in mice
against not only the original virus but also the Alpha, Beta,
Gamma, and Delta variants. sa-mRNA S vaccines against the
Alpha and Beta variants also raised robust cross-reactive
neutralizing antibody responses against their homologous vi-
ruses and heterologous variants. sa-mRNA S and sa-mRNA
S-N vaccines elicited Th1-dominant, antigen-specific CD4+
T cell responses to S and N proteins and robust and broad
CD8+ T cell responses to S protein. Hamsters immunized
with either vaccine were fully protected from lung infection
and showed significant reduction of viral load in upper respira-
tory tract. Our findings demonstrate that sa-mRNA SARS-
CoV-2 vaccines are potent in animal models with potential to
be highly effective against SARS-CoV-2 infection in humans.
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INTRODUCTION
SARS-CoV-2 belongs to the Betacoronavirus family and is closely
related to several bat coronaviruses.1,2 A 1,273-amino acid viral sur-
face homotrimeric glycoprotein, the spike (S) protein is the main
target for neutralizing antibody response and has become the main
immunogen for coronavirus vaccine development.3,4 Each S mono-
mer comprises two subunits: the S1 subunit, which contains the
receptor-binding domain that engages with the host cell receptor
angiotensin-converting enzyme 2 (ACE2) for viral attachment, and
the S2 subunit, which mediates fusion between viral and host cell
membranes through a substantial structural rearrangement from a
metastable, prefusion to a more stable, post-fusion conformation.5,6

Prefusion stabilization of SARS-CoV-1 S protein greatly increases
the yield of the recombinant protein antigens and elicits high neutral-
izing antibody titers relative to its wild-type counterpart, which
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supports the superiority of the stabilized prefusion S protein as an
immunogen.7

There is an inverse correlation between effective SARS-CoV-2-spe-
cific T cell responses and COVID-19 disease severity.8 The nucleo-
capsid (N) protein, a 419-amino acid viral internal protein that makes
up the helical nucleocapsid and binds along the viral RNA genome, is
more genetically conserved than the S protein and, in addition to S
protein, is a prominent target for T cell responses in SARS-CoV-2-in-
fected individuals.4 In COVID-19 convalescent patients, CD4+ T
helper cell responses to the S protein were robust and correlated
with anti-S antibody titers, and CD8+ T cells targeting S protein
were detected.9 In addition, both N protein and anti-N antibody
are co-dominant targets for CD4+ T cells; furthermore, N protein
is strongly recognized by CD8+ T cells. These results suggest that N
protein is worthy of study as an additional potential immunogen
for vaccine development.

Alphavirus-based self-amplifying mRNA (sa-mRNA) encapsulated
within a lipid nanoparticle (LNP) has been develope1d as a novel vac-
cine platform technology.10 sa-mRNA retains the genes encoding the
Alphavirus RNA replication machinery, but those encoding the viral
structural proteins are replaced with genes encoding antigens of inter-
ests, which are then abundantly expressed via subgenomic transcrip-
tion-mediated amplifications of antigen-encoding mRNAs in the cell’s
cytoplasm. The self-replication of sa-mRNA in a target cell greatly re-
duces the RNA dose relative to non-amplifying mRNA and expands
the protein expression time in an individual cell.11 LNP encapsulation
of sa-mRNAallows efficient and low-cytopathic delivery of RNAto cells
without the complication of anti-vector immunity that can thwart
repeated immunization as seenwithDNAviral vector-based vaccines.12

sa-mRNA production starts from a cell-free enzymatic in vitro tran-
scription reaction, followed first by a simple downstream purification
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Figure 1. Design and production of sa-mRNA S and sa-mRNA S-N vaccines

(A) Full-length SARS-CoV-2 prefusion S and full-length N protein sequences based on the SARS-CoV-2/human/USA/WA-CDC-WA1/2020 virus (original virus) were inserted

into Alphavirus-based sa-mRNAwith both S andN downstream of two distinct subgenomic promoters. sa-mRNAS or sa-mRNAS-N transfected baby hamster kidney (BHK)

cells were analyzed by flow cytometry for S+ or S+N+ expressing cells (B) and western blotting for expression of S and N proteins (C). (D) Flow cytometry was also used to

analyze relative level of S protein expression in S+ expressing cells.

Molecular Therapy: Methods & Clinical Development
and then by LNP formulation with synthetic lipids, a process that en-
ables rapid and cost-effective vaccine manufacturing.10,13 The rapid
production of potent sa-mRNA H7N9 influenza vaccine demon-
strated the potential of the sa-mRNA platform in response to a
pandemic.14 In additional to eliciting a robust antibody response,
sa-mRNA vaccines expressing one or more conserved influenza anti-
gens raised robust CD4+ T helper cells and CD8+ T cytotoxic cells.15

During the COVID-19 pandemic, sa-mRNA technology has been
used to develop SARS-CoV-2 vaccines and further demonstrated its
potential as an effective vaccine platform that addresses pandemic
challenges.16–18

In this paper, we report a study of two sa-mRNA SARS-CoV-2 vac-
cine candidates: sa-mRNA S encoding the prefusion S protein and
sa-mRNA S-N co-expressing S protein and N protein. We sought
to determine whether these vaccines would raise neutralizing anti-
body titers against SARS-CoV-2 variants, increase T helper type 1
(Th1)-dominant antigen-specific CD4+ T cell responses, and elicit
CD8+ T cell responses in mice. Furthermore, we also studied whether
hamsters immunized with either sa-mRNA SARS-CoV-2 vaccine
would be protected from a SARS-CoV-2 virus challenge.

RESULTS
Design and production of SARS-CoV-2 vaccines

To generate SARS-CoV-2 vaccine candidates, a monocistronic vector
was constructed encoding the full-length, codon-optimized S glyco-
protein, based on the sequences from SARS-CoV-2/human/USA/
WA-CDC-WA1/2020 (original virus), wherein the S1/S2 furin-like
cleavage site, RRAR, was mutated to QQAA to stabilize the protein
in a prefusion conformation (Figure 1A). A bicistronic vector was
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also generated encoding both this prefusion S protein and a full-
length, codon-optimized N protein, driven by a duplicated subge-
nomic promoter, to elicit immune responses by both antigens. The
corresponding sa-mRNAs (i.e., sa-mRNA S and sa-mRNA S-N)
were synthesized and 50-capped in vitro by enzymatic reactions.
Then purified sa-mRNAs were encapsulated into LNPs composed
of synthetic lipids and characterized for particle biophysical
attributes (Table S1) and antigen expression in transfected baby ham-
ster kidney (BHK) cells. Both flow cytometry (Figure 1B) and western
blot (Figure 1C) confirmed the expression of S protein by LNP-
formulated sa-mRNA S and both S and N proteins by LNP-formu-
lated sa-mRNA S-N. These assays also showed that the expression
level of S antigen was comparable between sa-mRNA S and sa-
mRNA S-N (Figures 1C and 1D).

Immune response in mice

To evaluate the antibody immune response by sa-mRNA vaccines in a
preclinical animalmodel, female BALB/cmicewere immunized at day
1 with either sa-mRNA S or sa-mRNA S-N at a dose of 1 mg RNA (Fig-
ure 2A). Half of the animals were boosted at day 22 with the same vac-
cines used for priming, and all animals were sacrificed at day 43. Serum
was tested for antibodies neutralizing Vero E6 cell infection by homol-
ogous original virus and for antibodies inhibiting S protein binding to
the ACE2 receptor. Both assays showed that immunization with one
dose of either sa-mRNA S or sa-mRNA S-N generated neutralizing
antibody titers. Microneutralization (MN) geometric mean titer
(GMT) was 211 for sa-mRNA S and 98 for sa-mRNA S-N (Figure 2B).
The GMT for ACE2-binding inhibition was 1,004 for sa-mRNA S and
941 for sa-mRNA S-N (Figure 2C). The boost dose increased MN
GMT R10-fold to 2,774 for sa-mRNA S and 1,280 for sa-mRNA
022



Figure 2. Neutralizing antibody response raised by one or two doses of sa-mRNA S and sa-mRNA S-N vaccines in BALB/c mice

(A) BALB/c female mice (n = 10) were immunized once (one dose) or twice (two doses, 3 weeks apart) with 1.0 mg of sa-mRNA S (blue) or sa-mRNAS-N (red). Serum samples

collected at day 43 were tested in a live virus microneutralization (MN) assay for homologous original virus (B) or an assay on inhabitation of angiotensin-converting enzyme 2

(ACE2) binding by SARS-CoV-2 S ectodomain (Secto) protein with sequences from original virus (C). Each dot represents an individual serum sample, and the column rep-

resents the geometric mean for the group. Green dots and column (B) represent MN results for the reference convalescent plasma, eight convalescent plasma samples from

CSL plasma, and a pooled plasma sample from the National Institute for Biological Standards and Control. The dotted line in each panel represents the lower limit of quan-

titation for the assay. Statistical analysis by two-way ANOVA with Tukey’s multiple comparison test was performed using GraphPad Prism 9.1.0. *p < 0.05. **p < 0.01.

***p < 0.001. ****p < 0.0001. ns, not significant (p R 0.05).
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S-N. The GMTs for ACE2-binding inhibition were also increased
R10-fold to 12,592 for sa-mRNA S and 10,791 for sa-mRNA S-N.
With the same assay protocols, eight human COVID-19 convalescent
plasma samples were shown to have GMTs of 199 forMN (Figure 2B)
and 1,715 forACE2-binding inhibition, comparable to the titers raised
with a single dose but�10-fold lower than those raised with two doses
of sa-mRNA S or sa-mRNA S-N.

To confirm the neutralizing antibody response, additional studies
were performed with both BALB/c mice and C57BL/6J mice immu-
nized at day 1 and day 22 with sa-mRNA S or sa-mRNA S-N at
doses of 1.0 mg RNA or 0.01 mg RNA as well as MF59-adjuvanted
recombinant S protein (Adj-Pro S) at dose of 1.0 mg protein. Tests
for antibody responses confirmed a significant dose response by
both sa-mRNA S and sa-mRNA S-N in both mouse species
(Figures 3A and 3B). In BALB/c mice, MN GMTs against the ho-
mologous original virus were 197 for the 0.01 mg dose and 1,372
for the 1.0 mg dose of sa-mRNA S, and 149 for the 0.01 mg dose
and 905 for the 1.0 mg dose of sa-mRNA S-N (Figure 3A). In
C57BL/6J mice, MN GMT was 197 and 970 for the 0.01 and
Molecul
1.0 mg doses of sa-mRNA S, respectively, and 98 and 735 for the
0.01 and 1.0 mg doses of sa-mRNA S-N, respectively (Figure 3B).
The antibody responses with the 0.01 mg dose for both sa-mRNA
S and sa-mRNA S-N were comparable to titer from human
COVID-19 convalescent plasma samples (Figure 2B). Mice immu-
nized with Adj-Pro S 1.0 mg exhibited MN GMTs of 6,756 in
BALB/c mice and 4,159 in C57BL/6J mice. In addition, anti-N bind-
ing antibody was detected from sera samples raised by sa-mRNA
S-N at 0.01 and 1.0 mg doses in both BALB/c (Figure S1A) and
C57BL/6J (Figure S1B) mice.

To characterize Th1 versus Th2 type immune response generated by
sa-mRNA S and sa-mRNA S-N, the S-specific immunoglobulin G1
(IgG1) and IgG2 subclasses were evaluated by enzyme-linked immu-
nosorbent assay (ELISA). In BALB/c mice immunized with 1.0 mg sa-
mRNA S or sa-mRNA S-N, the production of the two IgG subclasses
was well balanced, and both correlated with MN titers (Figures S2A
and S2C). Conversely, for Adj-Pro S, the IgG production was highly
skewed toward IgG1. In C57BL/6J mice, IgG production was IgG1-
dominant for sa-mRNA S and sa-mRNA S-N and IgG2-dominant
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 227
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Figure 3. Cross-reactive neutralizing antibody responses raised by sa-mRNA S and sa-mRNA S-N vaccines or Adj-Pro S vaccine against original virus in

BALB/C and C57BL/6J mice

BALB/c or C57BL/6J female mice (n = 10 each) were immunized twice, 3 weeks apart, with 1.0 mg or 0.01 mg of sa-mRNA S (blue) or sa-mRNA S-N vaccines (red), or 1.0 mg

Adj-Pro S vaccine (green). Serum samples were collected at day 43. Sera from BALB/C (A) or C57BL/6J (B) mice were tested in MN assay for the original virus. Sera from

BALB/c mice raised by sa-mRNA S (C) and sa-mRNA S-N (D) were tested additionally in MN assay for the original virus (red) and the emerging Alpha (blue), Beta (green),

Gamma (purple), and Delta (gray) variants. Each dot represents an individual serum sample, and the column represents the geometric mean for the group. The dotted line in

each panel represents the lower limit of quantitation for the assay. Statistical analysis by two-way ANOVA with Tukey’s multiple comparison test was performed using

GraphPad Prism 9.1.0. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001. ns, not significant (p R 0.05).
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for Adj-Pro S (Figure S2B). These findings are consistent with a Th1
type response generated by the sa-mRNA vaccines in mice.

During our study, new SARS-CoV-2 variants of concern, the Alpha,
Beta, Gamma, and Delta variants, emerged and started to spread, with
the potential to be more infectious and virulent than the earlier
pandemic viruses.19–22 To evaluate the cross-reactivity of antibodies
228 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
generated with sa-mRNA vaccines for the original virus, MN assays
were used to evaluate inhibition of viral infection by the heterologous
SARS-CoV-2 Alpha, Beta, Gamma, and Delta variants as well as the
original virus. For sa-mRNA S, MNGMTs were 211 and 1,114 for the
0.01 and 1.0 mg doses against the original virus, 453 and 1,810 against
the Alpha variant, 130 and 905 against the Beta variant, 197 and 905
against the Gamma variant, and 113 and 299 against the Delta variant
022



Figure 4. Cross-reactive neutralizing antibody responses raised by sa-mRNAS vaccines against original virus, 614G, and Alpha and Beta variants in BALB/c

mice

BALB/c female mice (n = 10) were immunized twice, 3 weeks apart, with 1.0 mg or 0.01 mg of sa-mRNA S against the original virus (blue), 614G (red), Alpha variant (green), or

Beta variant (purple). Serum samples were collected at day 43. Sera were tested in MN assay for the original virus (A), Alpha variant (B), Beta variant (C), Gamma variant (D),

and Delta variant (E). Each dot represents an individual serum sample, and the column represents the geometric mean for the group. The dotted line in each panel represents

the lower limit of quantitation for the assay. Statistical analysis by two-way ANOVA with Tukey’s multiple comparison test was performed using GraphPad Prism 9.1.0.

*p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001. ns, not significant (p R 0.05).
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(Figure 3C). For sa-mRNA S-N, MN GMTs were 184 and 788 for the
0.01 and 1.0 mg doses, respectively, against the original virus and 98
and 394, respectively, against the Delta variant (Figure 3D). The
GMTs against the variants raised by sa-mRNA S and sa-mRNA
S-N were comparable or <2-fold lower than the GMTs against the ho-
mologous original virus.

To further evaluate the cross-neutralization potential of sa-mRNA S
vaccines, sa-mRNA S vaccines with S protein sequences from original
virus plus the D614G mutation (614G), from the Alpha variant, and
from the Beta variant were generated using the same vaccine approach
for the original virus. The MN assays showed that comparable and
robust GMTs against the original virus (Figure 4A), Alpha variant (Fig-
ure 4B), Beta variant (Figure 4C), andGamma variant (Figure 4D)were
raised by sa-mRNA S vaccines against 614G, the Alpha and Beta vari-
ants, aswell as the original virus in BALB/cmice. TheGMTs against the
Delta variant (Figure 4E)by these sa-mRNASvaccineswere 2- to 3-fold
lower than the GMTs against their own homologous viruses.
Molecul
In addition to antibody response, T cell responses in BALB/c and
C57BL/6J mice raised with sa-mRNA S and sa-mRNA S-N were
evaluated. Spleens from BALB/c mice were collected on day 43
and tested for S-specific and N-specific CD4+ and CD8+ T cells.
Splenocyte suspensions were cultured in the presence or absence
of synthetic peptide pools representing full-length S or N protein,
and cultures were analyzed for cell surface markers and intracellular
cytokines. Immunization with sa-mRNA S or sa-mRNA S-N re-
sulted in both CD4+ (Figures 5A and 5C) and CD8+ (Figures 5B
and 5D) T cells reactive with epitopes in the S1 and S2 domains
of S protein. In addition, sa-mRNA S-N induced N-reactive
CD4+ T cells (Figure 5E), although no N-reactive CD8+ T cells
were detected in BALB/c mice.

CD4+ T cells elicited by sa-mRNA vaccines were mostly Th0 (inter-
leukin [IL] 2+ and/or tumor necrosis factor alpha+ [TNFa+], inter-
feron g– [IFNg–], IL5–, or IL13–) and Th1 (IFNg+, IL5–, or IL13–)
with few or no Th2 (IL5+ and/or IL13 + or IFNg–). In contrast,
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 229
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Figure 5. Antigen-specific CD4+ and CD8+ T cells raised by sa-mRNA S and sa-mRNA S-N vaccines or Adj-Pro S vaccines in BALB/c mice

BALB/c femalemice (n = 10) were immunized twice, 3 weeks apart, with 1.0 mg or 0.01 mg of sa-mRNAS or sa-mRNA S-N vaccines or with 1.0 mg Adj-Pro S vaccine. Spleens

were collected on day 43 and pooled (five spleens/vaccine). Splenocytes were prepared, cultured in the presence or absence of antigen peptide mixtures, and analyzed by

flow cytometry. The net (antigen-specific) percentage of cytokine-producing CD4+ and CD8+ T cells induced by each vaccine are shown for S1-specific CD4+ T cells (A), S1-

specific CD8+ T cells (B), S2-specific CD4+ T cells (C), S2-specific CD8+ T cells (D), and N-specific CD4+ T cells (E). Contribution of various T helper subsets to the overall

CD4 response was determined as follows: Th1, CD4+IFNg+IL-5negIL-13neg; Th2, CD4+IFNg�IL-5+/IL-13+; and Th0, CD4+IL-2+/TNFa+.
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S-specific CD4+T cells inmice immunizedwithAdj-Pro Sweremostly
Th2 andTh0with fewornoTh1 cells (Figures 5Aand5C).These results
aligned with the outcome of the IgG1 and IgG2 subclass analysis (Fig-
ure S2). Similar frequencies of S1- and S2-reactive CD4+ T cells were
found. For CD8+T cells, S1-reactive T cells dominated over S2-reactive
T cells, with a broad cytokine phenotype, including triple, double, and
single cytokine-producing CD8+ T cells (Figures 5B and 5D).

The T cell responses in C57BL/6J mice raised by sa-mRNA S and sa-
mRNA S-N were evaluated with the same approaches, and the tests
showed similar robust CD4+ and CD8+ T cell response patterns as in
BALB/c mice (Figure S3). The T cell responses in BALB/c mice raised
by the additional sa-mRNA S vaccines against 614G, Alpha, and Beta
variants were also tested and shown with the robust S protein specific
CD4+ and CD8+ T cells stimulated by these sa-mRNA vaccines (data
not shown).

Protection from SARS-CoV-2 infection in hamsters

To evaluate the protective effect of immunization with sa-mRNA vac-
cines, hamsters were immunized with sa-mRNA S or sa-mRNA S-N
at doses of 3 mg RNA or 0.3 mg RNA or Adj-Pro S at 5.0 mg on day 1
and day 22 (Figure 6A). All animals were challenged 28 days after the
second immunization with SARS-CoV-2 original virus intranasally
and sacrificed 4 days later, when infectious virus was measured in
230 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
the lungs and nasal turbinates. MN assays on the sera collected before
challenge showed GMTs as 557 and 485 against original virus, 368
and 211 against the Beta variant, and 61 and 53 against the Delta
variant in hamsters by the 3.0 and 0.3 mg doses of sa-mRNA S, respec-
tively, and were 485 and 243 against original virus, 368 and 211
against the Beta variant, and 160 and 139 against the Delta variant
by 3.0 and 0.3 mg doses of sa-mRNA S-N, respectively (Figure 6B).
The GMT with Adj-Pro S 5.0 mg was 422, 279, and 160 against orig-
inal virus and the Beta and Delta variant, respectively.

To evaluate protection from viral infection, average virus recovery
was compared between hamsters immunized with sa-mRNA S, sa-
mRNA S-N, and Adj-Pro S and control hamsters immunized with
phosphate-buffered saline (PBS). In the lung, the viral titer from con-
trol hamsters was 5,011,872 50% tissue culture infectious dose per
gram (TCID50/g) and from vaccine-immunized hamsters was <20
TCID50/g, under the limit of quantitation of the assay and demon-
strating full lower respiratory tract protection with all three vaccines
(Figure 6C). In the upper respiratory tract (Figure 6D), virus
recovery from nasal turbinates was 120,226,443 TCID50/g in control
hamsters. In immunized hamsters, viral titers were reduced �104-
fold, 1,995 and 9,120 TCID50/g for the 3.0 and 0.3 mg doses of sa-
mRNA S, respectively, and 14,454 and 21,878 TCID50/g for the 3.0
and 0.3 mg doses of sa-mRNA S-N, respectively. The viral recovery
022



Figure 6. Cross-reactive neutralizing antibody response and challenge virus recovery in hamsters immunized with sa-mRNA S and sa-mRNA S-N vaccines

or Adj-Pro S vaccine

(A) Female Syrian hamsters (n = 5) were immunized twice, 3 weeks apart, with 3.0 mg or 0.3 mg of sa-mRNA S (blue) or the sa-mRNAS-N (red) or with 5.0 mg Adj-Pro S (green).

Hamsters were challenged 4 weeks after the second dose with live SARS-CoV-2 original virus at 100 50% tissue culture infectious dose (TCID50) per animal and sacrificed

4 days later. Lungs and nasal turbinates were collected for recovery of infectious virus. (B) Serum samples collected at time of challenge were tested in MN assay for original

virus, Beta, and Delta variants. Each dot represents an individual serum sample, and the column represents the geometric mean for the group. The dotted line in each panel

represents the lower limit of quantitation for the assay. Total virus recovery from lung (C) and nasal turbinates (D) expressed as TCID50/g of tissue. Each dot represents an

individual sample, and the line the geometric mean for the group. The dotted line in each panel represents the lower limit of quantitation for the assay. Statistical analysis by

two-way ANOVA with Tukey’s multiple comparison test was performed using GraphPad Prism 9.1.0. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001. ns, not significant (p

R 0.05).
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from Adj-Pro S-immunized hamsters was reduced �102-fold,
1,000,000 TCID50/g, although the neutralizing antibody titers raised
by Adj-Pro S were comparable to 0.3 mg of sa-mRNA S and sa-
mRNA S-N (Figure 5B). Immunization also reduced the loss of
body weight for hamsters caused by SARS-CoV-2 virus infection
(Figure S4).
DISCUSSION
The sa-mRNA technology described herein enables rapid vaccine
production to meet the needs of pandemics such as COVID-19. sa-
mRNA COVID-19 vaccines have been developed and advanced to
preclinical or clinical stages, demonstrating the promise of the tech-
nology.16–18 As host cells produce antigen from the sa-mRNA, the
proteins maintain the native, immunogenic, prefusion S protein
conformation. This process places less stress on the protein, unlike
the purification process normally required in standard protein vac-
cine manufacturing. The sa-mRNA S vaccine using the wild-type S
protein sequence raised neutralizing antibody titers comparable to
those of sa-mRNA S stabilized with additional prefusion mutations
(Figure S5) that are essential for recombinant protein vaccine.5 This
finding suggests that sa-mRNA vaccines can produce well-folded pro-
Molecul
tein without modification to the antigen sequence, which itself may
introduce non-natural epitopes.

In this study, a single dose at 1 mg or two doses at 0.01 mg each of
either sa-mRNA SARS-CoV-2 vaccine (sa-mRNA S or sa-mRNA
S-N) elicited antibody titers against the homologous original virus
that were comparable to those from convalescent patient plasma.
Neutralizing antibody responses were robust against not only homol-
ogous original virus but also the Alpha, Beta, Gamma, and Delta
variants. In particular, we observed reduced but robust neutralizing
antibody response, especially by sa-mRNA S-N vaccine, against the
Delta virus, which differs antigenically from the original strain and
has been resistant to neutralizing antibodies generated from convales-
cent plasma.19,21,22

In addition toneutralizing antibodies, sa-mRNASARS-CoV-2vaccines
also elicited antigen-specific cellular-mediated immune responses. A
Th1-dominant CD4+ cell response was elicited to the S andN proteins.
The CD8+ T cell response to the S protein was significantly higher in
mice immunizedwith sa-mRNA thanwithMF59-adjuvantedSprotein.
In the hamster challenge, sa-mRNA and adjuvanted protein vaccines
raised comparable levels of neutralizing titers. Virus recovered in the
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 231
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upper respiratory tract was >100-fold lower in hamsters immunized
with sa-mRNA vaccines than those receiving the adjuvanted protein
vaccine. The CD8+ responses raised by sa-mRNA vaccines may have
contributed to the superior protection we observed.

Strong anti-N antibodies (Figure S1) and CD4+ cells (Figure 5E) were
raised with sa-mRNA S-N vaccines in the immunized mice, although
no CD8+ cells were detected, likely due the limitation of the mouse
models. In the hamster challenge study, no additional protection
against the original viruses from N protein was observed when sa-
mRNA S and sa-mRNA S-N responses were compared. However,
microneutralization titers against the Delta variant were improved
by sa-mRNA S-N. Additional studies are required to evaluate N pro-
tein as the additional SARS-CoV-2 vaccine antigen.

In conclusion, both sa-mRNA SARS-CoV-2 vaccines demonstrate
robust humoral and cellular response in mice and conferred protec-
tion in a hamster challenge model. Relatively low doses elicited
high levels of cross-neutralization against SARS-CoV-2 variants, sug-
gesting that these vaccines warrant further evaluation in humans.
Given the continued emergence and global spread of SARS-CoV-2
variants, along with the ever-present potential for novel pandemic
pathogen emergence, this vaccine platform could serve a vital role
in pandemic preparedness and response efforts.

MATERIALS AND METHODS
Generation of sa-mRNA

S and N coding DNA sequences (CDS) were codon optimized by
GenScript based on amino acid sequences of SARS-CoV-2/human/
USA/WA-CDC-WA1/2020 (GenBank MN985325.1), and S1/S2
cleavage sites of S protein were mutated to QQAA to stabilize S in
the prefusion conformation for the sa-mRNA vaccines for the original
virus. Two proline mutations at residues 986 and 987 were introduced
by site-directed mutagenesis.5 For sa-mRNA S, S CDS was cloned af-
ter the subgenomic promoter (SGP) of Venezuelan equine encepha-
litis and Sindbis virus replicon chimera (VEE-SINV). For sa-mRNA
S-N, N CDS was cloned after a minimal SGP, which is at the 30

end of the S gene. For sa-mRNA S 614G (D614G mutation on the
prefusion-stabilized WA S gene), sa-mRNA S Alpha variant (En-
gland/204820464/2020), and sa-mRNA S Beta variant (South
Africa/KRISP-K005325/2020), the cloning approaches were the
same as that for original virus.

RNA was prepared as previous reported.10 Briefly, the plasmid DNA
template was linearized at the last base of 30 end poly-A tail of the
sa-mRNA sequence with BspQ1 (New England BioLabs) and puri-
fied by phenol-chloroform. Linearized DNA templates were enzy-
matically transcribed into RNA with T7 RNA polymerase (New
England Biolabs, Ipswich, Massachusetts) using unmodified nucleo-
sides, followed by digestion with Turbo DNAse (Life Technologies,
Carlsbad, California) to remove template DNA, and capped using a
Vaccinia capping system (New England BioLabs). RNA from
transcription/capping reaction was purified by tangential flow filtra-
tion (TFF) and frozen at �80�C.
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sa-mRNA/LNP formulation

RNA in citrate buffer was formulated into LNPs using a proprietary
ionizable lipid, 1,2-diastearoylsn-glycero-3-phosphocholine (DSPC;
Avanti Polar Lipid), 1,2-dimyristoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000] (PEG-DMG 2000;
NOFAmerica Corporation,White Plains, New York), and cholesterol
(Sigma-Aldrich, St. Louis, Missouri) dissolved in ethanol through a
NanoAssemblr mixing instrument (Precision Nanosystems, Vancou-
ver, Canada). The nanoparticles were buffer exchanged into Tris
buffer with NaCl and sucrose by TFF, sterile filtered, and stored at
�80�C.

Expression and purification of SARS-CoV-2 Secto and hACE2-Fc

proteins

A construct for SARS-CoV-2 S protein (National Center for Biotech-
nology Information reference sequence YP_009724390.1) containing
S ectodomain (Secto, residues 1–1,213) with a QQAA substitution at
the S1/S2 cleavage site (residues 682–685), followed a C-terminal
T4 fibritin trimerization motif and a strep tag, was codon optimized,
synthesized, and cloned into the mammalian expression vector by
GenScript. Two proline mutations at residues 986 and 987 were intro-
duced by site-directed mutagenesis.5

The DNA plasmid was transfected into ExpiCHO cells
(ThermoFisher Scientific, Waltham, Massachusetts) using Expifect-
amine, and on day 5 post transfection, cells were harvested and
filtered using a 0.45-mm vacuum filtration system (Nalgene,
ThermoFisher Scientific). To purify Secto, the supernatant containing
secreted Secto was buffer exchanged by TFF and loaded onto Strep tac-
tin column (GE Healthcare, Chicago, Illinois) using AKTA Pure (Cy-
tiva, Hyclone Laboratories, Logan, Utah). Secto eluted from Strep
column was concentrated and further purified by size exclusion chro-
matography with a superpose 6 10/300 GL column (Cytiva). For
hACE2-Fc protein, the DNA plasmid containing codon-optimized
hACE2 residues (1–615) with Fc was transfected into Expi293
(ThermoFisher) and purified with HiTrap Q HP column (Cytiva) us-
ing AKTA Pure. The protein was concentrated and further purified by
size exclusion chromatography with superdex 200 10/300 GL
(Cytiva).

Flow cytometry and western blot

BHK cells (American Type Culture Collection [ATCC], Manassas,
Virginia) were cultured in Dulbecco’s modified Eagle’s medium
[DMEM] (Gibco, ThermoFisher Scientific) containing 5% fetal
bovine serum (Hyclone Laboratories) at 37�C and 5% CO2. LNP-
formulated sa-mRNA S and sa-mRNA S-N were diluted in
OptiMem (Life Technologies) and transfected into BHK cells. Trans-
fections were incubated overnight at 37�C and 5% CO2.

Cells were collected, fixed, and permeabilized with Cytofix/Cytoperm
(BD Biosciences, San Jose, California) and then stained with AF-647
conjugated rabbit anti-SARS-1-spike (ProSci, Poway, California)
and/or AF-488 conjugated rabbit anti-SARS-1-NP antibodies (Sino
Biological, Beijing, China). Frequencies of S- or N-protein-positive
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cells were enumerated by flow cytometry using a LSRFortessa flow cy-
tometer (BD Biosciences) and analyzed using FlowJo software (BD
Biosciences).

Cell lysates were separated with 10% SDS-PAGE (Invitrogen, Carls-
bad, California) and transferred onto a Nitrocellulose Membrane
(Invitrogen). The membrane was probed with rabbit polyclonal anti-
body against SARS-CoV-2 S protein (ThermoFisher) and against N
protein (VWR International, Radnor, Pennsylvania) and mouse
monoclonal antibody against glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; GeneTex, Irvine, California). Proteins were de-
tected with secondary anti-rabbit antibodies IRdye 800CW and IRdye
680RD (Li-COR Biosciences, Lincoln, Nebraska) and anti-mouse
antibody IRDye800CW (Li-COR Biosciences) and visualized using
Li-Cor Odyssey (Li-COR Biosciences).

Mouse immunogenicity studies

The mouse studies were conducted at Biomodels (Waltham, Massa-
chusetts). Female BALB/c and C57BL/6J mice, 8–10 weeks old, main-
tained at Biomodels, Waltham, MA, were immunized (10 mice/
group) with bilateral 50 mL intramuscular injections in the rear quad-
riceps on days 1 and 22. To evaluate antibody response, serum sam-
ples were obtained by retro-orbital sinus bleeds on day 21 and from
bleed-outs of euthanized animals on day 43. To evaluate cell-medi-
ated immunity, spleens were removed from each animal immediately
after euthanasia.

Prior to bleeding, mice were anesthetized with 2.5% isoflurane. Mice
were euthanized by exsanguination under anesthesia. Euthanasia was
confirmed by cervical dislocation. All experiments were carried out in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (NIH Publications No. 8023, revised
1978).

Propagation and titration of SARS-CoV-2 variants

SARS-CoV-2 isolates were provided by BEI Resources (Manassas,
Virginia), USA-WA1/2020 (BEI RESOURCES/ATCC# NR-52281),
England/204820464/2020 (Alpha variant, BEI RESOURCES/AT-
CC# NR-54000), South Africa/KRISP-K005325/2020 (Beta variant,
BEI RESOURCES/ATCC# NR-54009), Japan/TY7-503/2021 (Gam-
ma variant, BEI RESOURCES/ATCC# NR-54982), and USA/
PHC658/2021 (Delta variant, BEI RESOURCES/ATCC# NR-55611).

Working stocks were propagated under biosafety level 3 (BSL3) con-
ditions using the Vero E6 cells (Vero 76, clone E6, ATCC CRL-1586).
Hundred times diluted seed stocks in fetal bovine serum (FBS)-free
media, DMEM (Gibco), were added to cell monolayers in T225 flasks
and incubated for 1 h at 37�C and 5% CO2. The viruses were removed
and replaced with infective media, DMEM containing 2% of heat-in-
activated FBS (HI-FBS, Gibco). The cells were incubated at 37�C and
5% CO2 and observed daily for the presence of cytopathic effect
(CPE). Viruses were harvested when 70%–80% of the cells manifested
CPE and were stored in cryovials at �80�C. Generated virus stocks
were titrated by plaque assays using 0.6% microcrystalline cellulose
Molecul
(Sigma-Aldrich, St. Louis, Missouri) as described recently.23 Working
stocks were characterized by obtaining a 50% tissue culture infective
dose (TCID50) as described elsewhere.24 A series of 10-fold serial di-
lutions were transferred on 96-well cultured plates of Vero E6 cells,
and cells were observed daily for a total of 4 days for the presence
of CPE by means of an inverted optical microscope. The endpoint ti-
ters were calculated according to the Reed-Muench method based on
eight replicates for titration.

Microneutralization assay

A CPE-based virus microneutralization test was performed in a
96-well format, using Vero-E6 cells. 2-fold serial dilutions of previ-
ously heat-treated sera (1 h at 56�C) were mixed with an equal volume
of viral solution containing 100 TCID50 (diluted in FBS-free DMEM),
then incubated for 1 h at 37�C and 5% CO2. Serum-virus mixture was
transferred in quantities of 100 mL to each well of rows specific to the
confluent cell monolayer and incubated for 1 additional hour at 37�C
and 5% CO2. Another 100 mL of infective media (4% FBS supple-
mented DMEM) was added to each well, and plates were incubated
for 4 days at 37�C in a humidified atmosphere with 5% CO2. Each se-
ries included positive-control wells containing cells with virus only
and negative-control wells containing cells only. After 4 days, the
plates were examined for the presence (no neutralization) or absence
(neutralization) of CPE using an inverted microscope under the BSL3
practice (EVOS XL Core Cell Imaging System; Life Technology). The
highest serum dilution that protected more than 50% of cells from
CPE was taken as the microneutralization titer. After collecting
data via microscope, the same cells were fixed (acetone: methanol)
then stained with 1% of crystal violet (Electron Microscopy Sciences,
Hatfield, Pennsylvania). Scanned plates were served for confirming
microneutralization titers with the second readout method and for
preserving data appropriately. For reference, multiple convalescent
plasma samples provided by CSL Limited (Melbourne, Australia)
were tested, as well as a pooled plasma sample from the National
Institute for Biological Standards and Control (NIBSC, code # 20/
150, part of the First World Health Organization International Refer-
ence Panel, NIBSC code # 20/268).

ACE2-binding inhibition assay

Inhibition of ACE2 binding was assayed using 384-well assay plates
(Grenier Bio-One, Monroe, North Carolina), coated overnight with
recombinant hACE2-Fc, washed three times with wash buffer
(0.05% Tween 20 in PBS), and blocked with assay buffer (1% BSA
and 0.1% Triton X-100 in PBS) for >30 min at room temperature
(RT). Sera were diluted to a starting dilution of 1:10 with PBS and
heat inactivated for 1 h at 56�C. In 384-well incubation plates
(ThermoFisher Scientific), sera were serially diluted in assay buffer
and incubated with equal volume of SARS-CoV-2 Secto in assay buffer.
After 1 h at RT, blocking was removed from assay plates, and
the serum-protein mixture was transferred to the assay plate and
incubated for 1 h at RT. Plates were washed three times with wash
buffer, and the binding of S protein to ACE2 was detected using
horseradish peroxidase (HRP)-conjugated Anti-Strep-Tag antibodies
(MilliporeSigma, Burlington, Massachusetts) for 1 h at RT. Plates
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 233

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
were again washed three times with wash buffer, and the enzyme sub-
strate was added (TMB substrate, Rockland Immunochemicals,
Limerick, Pennsylvania) and incubated for 30 min at RT. The enzy-
matic reaction was stopped with stop solution (2N sulfuric acid,
BDH) and the optical density (OD) at a wavelength of 405 nm was
measured using a plate reader (NanoQuant Plate Infinite M200, Te-
can Group, Männedorf, Switzerland). For each sample, OD values
were plotted against the sample dilution using GraphPad Prism 9
software; a 4PL regression line was interpolated, and the half maximal
effective concentration (EC50) was estimated. The inhibition titer was
calculated as the inverse of EC50, i.e., the dilution of the sample that
generated 50% reduction of OD.

ELISA for IgG to S protein or N protein

Sera were diluted to a starting dilution of 1:1,000 with PBS and heat
inactivated for 1 h at 56�C. High-binding 384-well ELISA plates (Gre-
nier Bio-One) were coated overnight with SARS-CoV-2 Secto at con-
centrations of 1 mg/mL in PBS or SARS-CoV-2 N protein (GeneTex
cat#GTX135357). Plates were washed three times with wash buffer
(0.05% Tween 20 in PBS) and blocked with assay buffer (1% BSA
and 0.1% Triton X-100 in PBS) for 30 min at RT. The buffer was
removed, and sera were serially diluted in assay buffer. After 1 h of
incubation at RT, plates were washed three times with wash buffer,
and the secondary detection antibody (HRP-conjugated goat anti-
mouse IgG [H + L; Jackson ImmunoResearch], or HRP-conjugated
goat anti-mouse immunoglobulin G1 [IgG1] and HRP-conjugated
goat anti-mouse IgG2a [SouthernBiotech, Birmingham, Alabama]),
diluted in assay buffer, was added, and the plates were incubated again
for 1 h at RT. Plates were washed three more times with wash buffer,
and the enzyme substrate was added (TMB substrate, Rockland Im-
munochemicals) and incubated for 30 min at RT. The enzymatic re-
action was stopped with 50 mL/well of stop solution (2N sulfuric acid),
and the OD at wavelength 405 nm was measured using a plate reader
(NanoQuant Plate Infinite M200, Tecan Group Ltd.). For each sam-
ple, OD values were plotted against the sample dilution using
GraphPad Prism 9 software; a 4PL regression line was interpolated;
and the EC50 was estimated. The ELISA titer was calculated as the in-
verse of the EC50, i.e., the dilution of the sample that generated 50%
reduction of OD.

Antigen-specific T cell detection

Five spleens per vaccine group were pooled together in gentleMACS C
Tubes (Miltenyi Biotec, Bergisch Gladbach, Germany), and a spleen
dissociation was run using a gentleMACSDissociator (Miltenyi Biotec)
in accordance with themanufacturer’s instructions to obtain single-cell
suspensions for detection of antigen-specific T cells. Cells were plated at
2 � 106 per well in the presence of anti-CD28 (BD Biosciences), anti-
CD107a BV421 (BioLegend, San Diego, California), and peptides. Pep-
tide pools, consisting of a mix of peptides (15mers with 11-aa overlap)
spanning the entire SARS-CoV-2 S andN protein sequence with >70%
purity (JPTPeptideTechnologies, Berlin, Germany)were used to detect
S- or N-specific T cells. Unstimulated controls that had no peptide
mixes were included. After 2 h, GolgiPlug (BD Biosciences) containing
Brefeldin A was added for a total peptide stimulation of 6 h, and then
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cells were placed at 4�Covernight. The following day, cells were stained
with a LIVE/DEAD fixable aqua dead cell stain kit (Invitrogen) for
30 min, washed, and incubated with Fc Block, anti-CD16/32 (BD Bio-
sciences) for 10 min. Surface antigens were stained with anti-CD3
BV786 (BD Biosciences), anti-CD4 APC-H7 (BD Biosciences), anti-
CD8 Alexa Fluor 700 (BD Biosciences), anti-CD44 BUV395 (BD Bio-
sciences), and anti-CD278 BV711 (BioLegend) for an additional
30 min. Following surface staining, intracellular cytokines were de-
tected by fixation for 20 min with Cytofix/Cytoperm (BD Biosciences),
and then cells were stained with anti-interferon-g (IFN-g) PerCP-
Cy5.5 (eBiosciences), anti-tumor necrosis factor (TNF) Alexa Fluor
488 (BD Biosciences), anti-IL-2 BV605 (BD Biosciences), anti-IL-5
APC (eBiosciences), and anti-IL-13 PE (eBiosciences) in perm buffer
for 30 min. Cells were washed and analyzed on the BD LSRII flow cy-
tometer (BD Biosciences). Data analysis was performed using the
FlowJo software followed by the determination of the net percentage
of antigen-specific T cells for either CD8 or CD4, a measure of the dif-
ference between stimulated and unstimulated cultures. Contribution of
various T helper subsets to the overall CD4 response was determined as
follows: Th1, CD4+IFNg+IL-5negIL-13neg; Th2, CD4+IFNg�IL-5+/
IL-13+; and Th0, CD4+IL-2+/TNFa+. The 95% confidence limits for
the percentage of antigen-specific cells were calculated using standard
statistical methods.

Hamster challenge study

The hamster challenge study was approved by the Central Authority
for Scientific Procedures on Animals (Centrale Commissie Dierpro-
even) and conducted in accordance with the European guidelines
(EU directive on animal testing 86/609/EEC) and local Dutch legisla-
tion on animal experiments. The in-life phase took place at Viro-
clinics Biosciences BV, Viroclinics Xplore, Schaijk, the Netherlands.
Female Syrian hamsters, 9–10 weeks old, were immunized twice,
under isoflurane anesthesia, 3 weeks apart, at day 1 and 22, and
challenged at day 50, 4 weeks after the second immunization, by intra-
nasal infection with 100 TCID50 per dose of SARS-CoV-2 (BetaCoV/
Munich/BavPat1/2020) in a total dose volume of 0.1 mL. Animals
were followed for 4 days post challenge and sacrificed by cervical
dislocation, under anesthesia, on day 54.

Detectable levels of replication-competent virus in lung andnasal turbi-
nate tissues post challenge were analyzed. Quadruplicate, 10-fold serial
dilutions were transferred to 96-well plates with Vero E6 cell culture
monolayers and incubated for 1 h at 37�C. Cell monolayers were
washed prior to incubation for 5 days at 37�C. Plates were then scored
using the vitality marker WST8, and viral titers (Log10 TCID50/mL or
per g) were calculated by the Spearman-Karber method.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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