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ABSTRACT COVID-19 and influenza are both highly contagious respiratory diseases
that have been serious threats to global public health. It is necessary to develop a
bivalent vaccine to control these two infectious diseases simultaneously. In this
study, we generated three attenuated replicating recombinant vesicular stomatitis vi-
rus (rVSV)-based vaccine candidates against both SARS-CoV-2 and influenza viruses.
These rVSV-based vaccines coexpress SARS-CoV-2 Delta spike protein (SP) bearing
the C-terminal 17 amino acid (aa) deletion (SPDC) and I742A point mutation, or the
SPDC with a deletion of S2 domain, or the RBD domain, and a tandem repeat har-
boring four copies of the highly conserved influenza M2 ectodomain (M2e) that
fused with the Ebola glycoprotein DC-targeting/activation domain. Animal immuniza-
tion studies have shown that these rVSV bivalent vaccines induced efficient humoral
and cellular immune responses against both SARS-CoV-2 SP and influenza M2 pro-
tein, including high levels of neutralizing antibodies against SARS-CoV-2 Delta and
other variant SP-pseudovirus infections. Importantly, immunization of the rVSV biva-
lent vaccines effectively protected hamsters or mice against the challenges of SARS-
CoV-2 Delta variant and lethal H1N1 and H3N2 influenza viruses and significantly
reduced respiratory viral loads. Overall, this study provides convincing evidence for
the high efficacy of this bivalent vaccine platform to be used and/or easily adapted
to produce new vaccines against new or reemerging SARS-CoV-2 variants and influ-
enza A virus infections.

IMPORTANCE Given that both COVID-19 and influenza are preferably transmitted
through respiratory droplets during the same seasons, it is highly advantageous to de-
velop a bivalent vaccine that could simultaneously protect against both COVID-19 and
influenza. In this study, we generated the attenuated replicating recombinant vesicular
stomatitis virus (rVSV)-based vaccine candidates that target both spike protein of
SARS-Cov-2 Delta variant and the conserved influenza M2 domain. Importantly, these
vaccine candidates effectively protected hamsters or mice against the challenges of
SARS-CoV-2 Delta variant and lethal H1N1 and H3N2 influenza viruses and significantly
reduced respiratory viral loads.

KEYWORDS bivalent vaccine, VSV vector, SARS-CoV-2 Delta variant, influenza,
neutralizing antibody, M2 protein, spike protein, ectodomain

The ongoing pandemic of COVID-19 has been the most serious threat to global pub-
lic health. Numbers of vaccines have been successfully developed and approved

for the prevention of COVID-19 (1, 2). However, the continuing spread of some highly
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transmissible variants of concern (VOCs) and their ability to infect immunized people
(breakthrough infections) have challenged the effectiveness of current vaccines which
calls for the reformulation of COVID-19 vaccines.

SARS-CoV-2 is a member of the betacoronavirus subfamily that causes severe symp-
toms in respiratory, gastrointestinal, and neurological systems (3–6). In December
2020, the SARS-CoV-2 Delta variant (B.1.617.2) emerged in India and spread across the
globe within a few months of its outbreak making it the dominant variant in 2021 (7).
Then, another VOC, SARS-CoV-2 Omicron (B.1.1.529), was designated in November of
2021 and possesses an excessive number of mutations compared with other variants,
especially with 32 amino acid residue changes in the spike protein (SP) (8, 9). Previous
reports found that people infected by the Delta variant had viral loads that were over
1,000 times higher than those of individuals infected with the original strain in 2020.
Also, the disease caused by the Delta variant was more severe with an increased risk of
death than previous VOCs (10, 11). Our recent study has shown that the Delta SP has
an enhanced fusogenic ability and modulates inflammatory cytokine production (12).
Therefore, the Delta variant is an excellent model for an emerging strain with altered
virulence and transmission and unique vaccine requirements.

Influenza is another contagious respiratory illness, caused mainly by the influenza A
virus (IAV). Surprisingly, after 100 years of the IAV global outbreak resulting in about 50
million deaths globally (13, 14), seasonal influenza still poses a large threat to public
health, with global annual mortality of over 300,000 (15). Although vaccination remains
the most effective method to prevent influenza-associated illness, the effectiveness of
the seasonal influenza vaccine is only approximately 10% to 60% because the vaccine
strains may not be well matched to circulating strains (16, 17). Therefore, it is necessary
to develop a universal vaccine that offers broad protection against different influenza
strains. Recently, we demonstrated that the recombinant vesicular stomatitis virus (rVSV)-
EDM-tM2e vaccine containing the highly conserved extracellular domain of influenza ma-
trix protein (M2e) could efficiently protect mice from H1N1 and H3N2 infection (18).
Given that both COVID-19 and influenza are contagious respiratory diseases transmitted
during the same seasons with an increasing threat to the globe, it is highly advantageous
to develop a bivalent vaccine that could simultaneously protect against both COVID-19
and influenza.

The rVSV-based vaccine platform has been used as an attenuated replication-compe-
tent vaccine that lacks the VSV-glycoprotein (G) related pathogenesis because the viru-
lent G is replaced with different designed immunogene(s). It induces a rapid and robust
immune response to viral antigens after a single immunization and has been shown to
protect against several pathogens, including the Ebola virus, Zika virus, HIV, and Nipah
virus (19–23). An rVSV can robustly elicit mucosal and systemic immunity because its pre-
existing antibodies in the population are considerably low (24). In addition, rVSV can
accommodate large insert and heterogenous genes in its genome. Specifically, the safe
and effective rVSV-based Zaire Ebola glycoprotein (GP) vaccine (rVSV-ZEBOV-GP) was
approved for medical use in the United States in 2019. Within the last 2 years, several
VSV-based SARS-CoV-2 vaccines expressing the SP of SARS-CoV-2 (Wu-Han-1) have been
reported (25–30). Interestingly, a recent report indicated that intranasal vaccination with
VSV-SARS-CoV-2 resulted in protection in hamsters if administered within 10 days before
the SARS-CoV-2 challenge, demonstrating that VSV-based vaccines are fast-acting vac-
cine candidates that are protective against COVID-19 (28).

We have previously established the EboGP Mucin-Like Domain (MLD) Replacement
System (EboGP with MLD deleted, EboGPDM) as vaccine platform, in which immuno-
gens can be fused with EboGPDM and inserted into VSV-DG vector, and the EboGPDM
mediate the VSV entry to cells especially DCs and macrophages (31). Based on above
system, we have produced three rVSV bivalent vaccine candidates coexpressing an
attenuated SARS-CoV2 Delta variant SP (full-length or S2-deleted) or RBD domain, and
four copies of highly conserved influenza M2 ectodomain (M2e) fused with EboGPDM.
Here, we characterized the expressions of SARS-CoV-2 Delta variant spike protein and
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influenza M2e of these bivalent vaccine candidates and their abilities to induce immune
responses against SARS-CoV-2 SP and influenza M2e. Furthermore, we demonstrated the
protection of the bivalent VSV vaccines against the SARS-CoV-2 Delta variant and lethal
H1N1 and H3N2 influenza infection in hamster and mouse models, respectively.

RESULTS
Generation of rVSV-based vaccines expressing both SARS-CoV-2 Delta-SP and

influenza conserved M2e. We first generated cDNAs encoding SARS-CoV-2 Delta-SP
(SPDelta) containing a C-terminal 17 aa deletion and an I742A point mutation (SPDeltaDCA742

or SPDC1) (Fig. 1A, panel a). The C-terminus 17 aa deletion facilitates the transportation of
SP to the plasma membrane and its assembly into the virus (32–34). Whereas the I742A
point mutation in SPDC1 significantly reduced pseudovirus infectivity and the SP-mediated
syncytia formation compared to the wild-type SPDCDelta in A549-ACE2 cells (Fig. 1B to D).

FIG 1 Construction and rescue of rVSV Delta SP and influenza M2e bivalent vaccines. (A) Schematic diagram of the Delta SPDC and EboGPDM-tM2e
immunogens present in the bivalent vaccines. (a) SARS-CoV-2 Delta-SPDCA742 (SPDC1), containing a C-terminal 17 aa (DEDDSEPVLKGVKLHYT) deletion and
an I742A mutation as indicated. The nine mutations in Delta SP are listed in the lower part. (b) Delta SPDC2, containing the C-terminal 17 aa deletion and
another 381 aa (encompassing aa744 to aa1124) deletion in the S2 domain. The eight mutations in SPDC2, are listed in lower part. (c) EboGPDM-RBD, the
RBD of SARS-CoV-2 was used to replace the MLD domain in EboGP. (d) EboGPDM-tM2e, four copies of influenza virus M2 ectodomain (24 aa) polypeptide
(tM2e) replaced the MLD domain in EboGP. (B) The attenuated virus entry of SPDC1. A549ACE2 cells were infected with equal amounts of SPDCDelta-PVs or
SPDC1-PVs (adjusted by P24) carrying the Gluc gene, as indicated. At 48 h postinfection, the Gluc activity in the supernatant of different infected cultures
was measured. Data represent the mean 6 SD of two replicates from a representative experiment out of three performed. (C and D) The attenuated cell-
to-cell fusion ability of SPDCDelta- or SPDC1-mediated syncytia formation was analyzed by coculturing the SPDCDelta- or SPDC1-expressing 293T cells with
A549ACE2 cells. The amounts of syncytia were counted after 24 h in five different views of the microscope (C) and was also imaged under bright-field
microscopy (D). (E) Schematic diagram of V-EM2e/SPDC1, V-EM2e/SPDC2 and V-EM2e/ERBD and the virus rescuing procedures. 293T and Vero E6 coculture
cells were cotransfected with V-DG-EM2/SPDC1, V-DG-EM2/SPDC or V-DG-EM2/RBD and helping plasmids (T7, N, L, P plasmids). The supernatants
containing V-EM2e/SPDC1, V-EM2e/SPDC2, and V-EM2e/ERBD viruses were used to infect Vero E6 cells to generate the rVSV stocks.
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Also, we generated SPDeltaDS2DC (named SPDC2), in which a 381-aa fragment in the S2 do-
main (744 to 1,124 aa) was deleted (Fig. 1A, panel b). Meanwhile, an RBD from SARS-CoV-2
(Wu-Han-1) SP was inserted into the Ebola GP (EboGPDM) generating EboGPDM-RBD
(ERBD) (Fig. 1A, panel c). Finally, we inserted each cDNA encoding SPDC1, SPDC2 or ERBD
into a recently reported rVSV-EM2e vaccine vector (Fig. 1A and D) (35) generating V-EM2e/
SPDC1, V-EM2e/SPDC2, or V-EM2e/ERBD (Fig. 1E). This rVSV-EM2e vaccine vector contains
an EboGPDM fused with the tandem repeats of four copies of influenza M2 ectodomain
(24 aa) polypeptide, in which two copies are from human flu strains, one from swine flu
strain and one from avian flu strain (35).

The V-EM2e/SPDC1, V-EMe2/SPDC2, and V-EM2e/ERBD were successfully rescued
by using reverse genetics technology (36), as described in the Materials and Methods
(Fig. 1E). The cytopathic effect was observed in above vaccine candidates infected Vero
E6 (Fig. 2A) and the abundant expression of SPDC1, SPDC2, ERBD, and EM2e were
detected in each corresponding rVSV-infected cells by immunofluorescence assay and
the Western blotting (WB) (Fig. 2B and C, top two gels). The VSV nucleocapsid (N) pro-
tein was detected in all rVSV-infected cells (Fig. 2C, top third gel, lanes 1–3).

Replication attenuation and different cell tropisms of bivalent rVSV vaccine
candidates compared with the wild-type VSV. Given that rVSV is a replication-compe-
tent vector, the replication ability of the vaccine candidates was investigated using a dose

FIG 2 Expression of V-EM2e/SPDC1, V-EM2e/SPDC2, or V-EM2e/ERBD in infected Vero E6 cells. (A) The infection of V-EM2/SPDC1, V-EM2/SPDC2 or V-EM2/
ERBD in Vero E6 cells induced the cytopathic effects after 4 days postinfection. (B) Representative immunofluorescence images of Vero E6 cells infected
with V-EM2e/SPDC1, V-EM2e/SPDC2, V-EM2e/ERBD, or mock-infected, stained with anti-SARS-CoV-2 RBD antibody (a to d) or anti-M2e antibody (i to l), and
DAPI (e to h, m to p). (C) Vero E6 cells infected with the rescued V-EM2/SPDC1, V-EM2/SPDC, or V-EM2/ERBD were lysed and processed with SDS-PAGE
followed by WB with a rabbit anti-SARS-CoV-2 RBD antibody (top panel), a mouse antibody against influenza M2e (top second gel), anti-VSV nucleocapsid
(N) (top third gel), or anti-action (a cellular protein as an internal control) (low panel).
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of 100 TCID50 of each rVSV to infect the A549, a type II pulmonary epithelial cell (37); MRC-5,
a human lung fibroblast cell (38); U251MG, a glioblastoma cells; CD41 Jurkat T cells; human
monocyte-derived macrophages (MDMs) and dendritic cells (DCs) (Fig. 3A). We assessed the
cytopathic effect (CPE) of rVSV vaccine candidates and their replicating kinetics. As expected,
wild-type VSV replicated efficiently in several cell lines, including A549, U251, and CD41

Jurkat T cells, and induced typical CPEs, such as cell rounding detachment or forming cell
clusters (Fig. 3A and B, panel d), while the rVSV vaccine candidates were unable to infect
CD41 Jurkat T cells and MRC-5 cells (Fig. 3A and B, panels a to c). In A549, U251, MDMs and
MDDCs, three rVSV vaccine candidates displayed positive infection but in much slower repli-
cation kinetics and less CPE than wild-type VSV. These data showed that the rVSV vaccine
candidates possessed significantly lower replication ability, less cytopathic effects, and
altered cell tropism, compared to wild-type VSV.

Evaluation of anti-SARS-CoV-2 and anti-influenza humoral immune responses
induced by bivalent VSV vaccine candidates. To test whether the above bivalent
rVSV vaccine candidates could induce specific immune responses against SARS-CoV-2
SP and influenza M2, two doses of each vaccine (prime on day 0 and boost on day 14)
were administered in BALB/c mice intramuscularly (IM; 1 � 108 TCID50) or intranasally
(IN; 1 � 105 TCID50) (Fig. 4A). The potential adverse effects and body weight of mice
were monitored daily for 1 week following vaccination and no changes were noticed

FIG 3 Characterization of the replication kinetics and the cell tropisms of bivalent rVSV vaccine candidates. (A) Each of the bivalent VSV vaccine candidates
or the rVSV expressing VSV-G (rVSV-wt) was used to infect different cell lines, including A549, MRC-5, U251MG, CD41 Jurkat T cells, human monocyte-
derived macrophages (MDMs), and dendritic cells (MDDCs). Supernatants were collected at different time points postinfection as indicated and were
titrated on Vero E6 cells. Data represent mean 6 SD and were obtained from two replicates of a representative experiment out of two performed. (B) The
ability of induced cytopathic effects in A549, U251MG and CD41 Jurkat T cells, by each rVSV were observed after 4 days postinfection under microscopy.
(a) V-EM2e/ERBD; (b) V-EM2e/SPDC1; (c) V-EM2e/SPDC2; (d) rVSVwt.
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(data not shown). Sera from immunized mice were collected on days 13 and 28 for
measuring the anti-SARS-CoV-2 RBD and anti-M2 antibody levels using the correspond-
ing antigen-coated ELISA. The results showed (i) IM immunization with V-EM2e/SPDC1
or V-EM2e/SPDC2 induced higher levels of circulating anti-SARS-CoV-2 RBD IgG and
IgA antibodies than IN immunization (Fig. 4B to D); (ii) V-EM2e/ERBD IM administration
induced much lower levels of anti-RBD IgG antibodies than the other two vaccines
(Fig. 4B), indicating the SP-specific antibody responses induced by SPDC1 and SPDC2
immunogens; and (iii) all vaccine candidates elicited high levels of anti-M2-specific IgG
and IgA antibodies regardless of the route of administration (Fig. 4E to G). All of these
observations indicate that IM and IN immunizations with V-EM2/SPDC1 and V-EM2/
SPDC2 induced efficient anti-SARS-CoV-2 RBD and anti-M2 immune responses.

Vaccination with bivalent VSV vaccines induced potent neutralizing antibodies
against different SARS-CoV-2 SP-pseudoviruses. We tested whether the antibodies
induced by bivalent rVSV-based vaccines could possess neutralizing activities. Various
single-cycle SpDC-pseudoviruses (PV) expressing firefly luciferase (Luc) were produced
and used for the neutralization assay. Results showed that the V-EM2e/SPDC1 immu-
nized mice sera contained the highest levels of neutralizing antibodies against
SpDCWT- or SpDCDelta-PV infections, while V-EM2e/ERBD immunization showed very
low neutralizing activity (Fig. 5A and B), which was consistent with the low level of

FIG 4 Anti-SARS-CoV-2 RBD and anti-influenza M2e immune responses induced by immunization with different bivalent VSV vaccine candidates. (A)
Schematic of the bivalent rVSV vaccine candidate immunization protocol in the mouse. BALB/c mice were immunized with V-EM2e/SPDC1, V-EM2e/SPDC2,
or V-EM2e/ERBD via intramuscular (IM) or intranasal (IN) routes, as indicated. The mice sera were collected on days 13 and 28 and were measured for anti-
SARS-CoV-2 RBD IgG and IgA antibody levels (B to D) or measured for anti-M2e IgG and IgA antibody levels (F to H). (E and I) The anti-SARS-CoV-2 RBD
and anti-M2e IgA antibody levels at 28 days. Data represent mean 6 SD. Statistical significance was determined using an unpaired T-test. *, P , 0.05; **,
P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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anti-RBD IgG antibody in the immunization sera (Fig. 4B). These results indicate that
the full-length SP is the most efficient in producing neutralizing antibody (NAb). As
expected, the V-EM2e/SPDC1 and V-EM2e/SPDC2 induced higher NAb titers against
the Delta variant than the wild-type, SpDCB.1.617, or SpDCBeta’ (Fig. 5, compare B, D, E
with A). Interestingly, the V-EM2e/SPDC1 IM-immunized mice sera still retained over
103 titers of NAb against SpDCOmic-PV infection even though it was significantly
reduced compared with NAbs against SpDCDelta-PV (Fig. 5F, bar 1). We also noticed that
IM administration elicited significantly higher NAb titers than IN, probably because the
immunization dose for the IM groups was 1,000-fold higher than that for the IN groups.
As expected, all tested mice sera did not show any neutralization activity against VSV-
G-PV infection (Fig. 5C). In summary, among three dual-action vaccine candidates, the
V-EM2e/SPDC1 elicited the highest titers of NAb against Delta SP-pseudovirus infection
and, to a lesser extent, against SpDCWT-, SpDCBeta’-, and SpDCOmic-PV infections in vitro.

Induction of Th1/2 cytokines in splenocytes from the mice immunized by the
bivalent VSV vaccine candidates. Effective vaccination involves the induction of T-helper
cells that produce cytokines to shape subsequent humoral adaptive immune responses. To

FIG 5 rVSV Delta SP vaccine candidates elicited neutralization antibodies. The neutralization titers (50% inhibition) in immunized mice sera against SpDCWT-Luc-PVs
(A), SpDCDelta (B.1.617.2)-Luc-PVs (B), SpDCBeta’-Luc-PVs (D), SpDCB.1.617-Luc-PVs (E), and SpDCOmic-Luc-PVs (F) infections. VSV-G-Luc-PVPs (C) were used as the negative
control. The mouse serum of each immunization group collected on day 28 was pooled, 2� serially diluted, and incubated with different Luc-PVs (;104 RLU).
Then, the mixtures were added in A549ACE2.cell cultures and the infection of PVs was determined by Luciferase assay at approximately 48 to 66 h postinfection.
The percentage of infection was calculated compared with no serum control and neutralizing titers were calculated by using sigmoid 4PL interpolation with
GraphPad Prism 9.0, as described in the Materials and Methods. Data represent mean 6 SD and were obtained from over three independent experiments.
Statistical significance was determined using an ordinary one-way ANOVA test and Turkey’s test. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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test the effect of vaccination-induced T cell responses, the splenocytes collected from the
control and the immunized mice were cultured in the absence of any peptides (Fig. 6A, pan-
els a to c), with SARS-CoV-2 SP subunit 1 (S1) overlapping peptide pool (Fig. 6A, panels d to f)
or with influenza M2e peptides (Fig. 6A, panels c to i) (Fig. 6A, panels a to c). The levels of Th1
cytokines (IFN-g) and Th2 cytokines (IL-4, IL-5) production in the medium were examined to
determine whether T cells were stimulated in the immunized mice.

As expected, we observed low/no levels of Th1 and Th2 cytokines in the splenocytes of
PBS-treated mice, while variably high levels of Th cytokines were detected in the mice immu-
nized with vaccine candidates. For the IN-immunized mouse splenocytes, the stimulation with
S1 or M2e peptides markedly further elevated the secretion of IFN-g and, to a lesser extent, IL-
4 compared with PBS control (Fig. 6A, compare d, e, g, and h with a and b, bars 4 and 5),

FIG 6 T-cell cytokine response induced by bivalent VSV vaccine candidates. (A) Splenocytes isolated from immunized mice (as described in Fig. 4A) were
cultured without peptide (no peptide control, NC) (a to c), or stimulated with SARS-CoV-2 SP subunit 1 (S1) peptide pool (d to f) or influenza M2e peptide
(g to i) (1 mg/mL for each peptide). After 4 days of stimulation, supernatants were collected, and the release of IFN-g, IL-4, and IL-5 cytokines in the
supernatants was quantified with an MSD U-plex mouse cytokine immunoassay kit and counted in the MESO Quickplex SQ120 instrument. Each symbol
indicated one individual mouse. (B) The ratios of Th1/Th2 cytokines from splenocytes of each mouse in the same culture condition were calculated,
respectively, and the representative data (IFN-g/IL-4) were shown. Statistical significance between the two groups was determined using an unpaired t test.
*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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suggesting the S1/M2e-specific reactivation ability (memory) of these splenocytes. However,
the presence of S1 or M2e peptides could not stimulate IL-5 production (Fig. 6A, compare f
and g to c, bars 4 and 5). For the IM-immunized mice, significantly high levels of IFN-g, IL-4
and IL-5 production were observed in the vaccinated splenocytes cultures in the absence of
S1, M2e peptides stimulation (Fig. 6A, panels a to c), while stimulation of S1, M2e peptides did
not further augment cytokine production (Fig. 6A, panels d to i, bar 1–3), suggesting the sple-
nocytes after 14 days of IM-vaccination may be still in an activated status. Furthermore, the
ratios of IFN-g (Th1)/IL-4 (Th2) induced by the IN-immunized mice after peptide treatments
(Fig. 6B, panels b to c, bars 4–5) were significantly higher than the ratios in IM-immunized
mice (Fig. 6B, , panels b to c, bars 1–3), implying that IN immunization stimulated a very strong
Th1-biased response, and IM immunization stimulated a more Th1/Th2-balanced cellular
response with a little Th1-bias. Collectively, the above results suggested that our dual-action
VSV vaccines have good immunogenicity to elicit strong T-cell immune responses.

Immunization with V-EM2/SPDC1 protects mice from lethal H1N1 and H3N2
influenza virus challenge. The above-mentioned experiments have demonstrated the
strong humoral and cellular immune responses induced by the bivalent VSV vaccine
candidates. We next investigated whether V-EM2e/SPDC1 immunization could protect
against influenza virus infection. Briefly, groups of five mice were vaccinated with V-
EM2/SPDC1 via either IM or IN route and boosted on day 14, while control mice
received only PBS (IN) (Fig. 7A). On day 28, all mice were challenged with a fatal dose
of the A/Puerto Rico/8/34 H1N1 strain (2.1 � 103 TCID50/mouse) as previously

FIG 7 Mice immunized with V-EM2/SPDC1 were protected against the lethal challenge of H1N1 and H3N2 influenza viruses. (A) Schematic of the bivalent VSV
vaccine candidate immunization and influenza virus challenge protocol used in the study. For the H1N1 challenge experiment, the BALB/c mice were immunized
with 1 � 108 TCID50 (IM) or 1 � 105 TCID50 (IN) of V-EM2e/SPDC1 or PBS on day 0 and day 14. On day 27, the blood samples were collected and measured for
anti-influenza M2e antibody levels by ELISA (B). On day 28, all the mice were challenged with 2,100 PFU of H1N1 influenza virus. Weight loss (C) and survival rates
(D) of the mice were monitored daily for 2 weeks. (E) Viral loads in the lung tissue of immunized mice and PBS group at day 5 post-H1N1 challenge were
measured in MDCK cell line, as described in the Materials and Methods. For the H3N2 challenge experiment, the BALB/c mice were immunized with 1 � 105

TCID50 (IN) of V-EM2e/SPDC1 or PBS on day 0 (single-dose, SD), or on day 0 and 14 (double-dose, DD). On day 28, all the mice were challenged with 1.4 � 104

PFU of H3N2. (F) Weight loss, (G) survive rates, and (H) viral loads in the lung tissue of immunized mice and PBS group at day 6 after H3N2 challenge.
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described (35). For mouse-adapted H3N2 virus challenge experiments, mice were
immunized with V-EM2/SPDC1 via IN route, with (DD) or without (SD) boost on Day14
and intranasally challenged with H3N2 virus (1.4 � 104 TCID50/mouse) at day 28. Before
the viral challenge, we confirmed that high levels of anti-M2e antibodies were induced
in immunized mice in both vaccine delivery routes (Fig. 7B).

Following challenge with either H1N1 or H3N2 strain, a high morbidity rate was
observed among the control group mice, exhibiting over 20% weight loss (the humane
endpoint for euthanasia) within 5 or 6 days (Fig. 7C and F). In contrast, V-EM2/SPDC1-
vaccinated mice via IM or IN routes showed moderate weight loss (;11%) until day 4
following a full recovery by days 8 to 11. The survival curve further indicated that both
IM- and IN-immunized mice had 100% protection against H1N1 and H3N2 infections
(Fig. 7D and G). We also monitored the H1N1 or H3N2 viral loads in the lungs of ani-
mals at 5- or 6-days postchallenge. The result showed that the virus titers of H1N1 or
H3N2 in control-treated mice reached approximately 3 � 106 or 5 � 108 TCID50/gm of
lung tissue, while the virus titers in the immunized mice were only 3 � 103 or 5 � 104

TCID50/gm of lung tissue, respectively, indicating that H1N1 and H3N2 virus replica-
tions were considerably suppressed in the lungs of immunized mice (Fig. 7E and H).
Interestingly, the results also indicated that a single-dose administration via IN
achieved similar protection efficiency as that of a double-dose administration (Fig. 7F
to H). Overall, these results provide strong evidence that both IM and IN vaccination
with the bivalent vaccine V-EM2e/SPDC1 effectively protected mice from lethal H1N1
and H3N2 influenza challenges.

V-EM2/SPDC1 and V-EM2/SPDC2 protect Syrian hamsters from SARS-CoV-2
Delta virus infection. Next, we investigated whether immunization with V-EM2/SPDC1
and V-EM2/SPDC2 could protect Syrian hamsters from SARS-CoV-2 virus infection.
Briefly, three groups of 10 hamsters were vaccinated with either V-EM2/SPDC1 or V-
EM2/SPDC2 via an IM route and boosted on day 28, while control hamsters received
only PBS (Fig. 8A). On days 28 and 42 (before virus challenge), we monitored anti-
SARS-CoV-2 SP IgG titers and results showed that one dose (1 � 108 TCID50/hamster)
of either vaccine induced a strong anti-SP antibody response at 28 days postvaccina-
tion (Fig. 8B). Interestingly, 2 weeks following the boost, both V-EM2/SPDC1 and V-
EM2/SPDC2 vaccinated animals had small/no increase in antibody titer, suggesting
that the levels of anti-SARS SP antibodies in mice have reached the peak after a single
dose of rVSV vaccination. Notably, the serum from V-EM2/SPDC1- and V-EM2/SPDC2-
vaccinated mice induced a strong nAb against the infection of SARS-CoV-2 Delta strain
(Fig. 8C). Especially, the mice immunized with V-EM2/SPDC1 had significantly higher
nAb than the mice immunized with V-EM2/SPDC2. Moreover, the nAb levels were not
much different between single dose (day 28) and double dose (day 42).

Fourteen days following the second vaccine dose, all animals were challenged intra-
nasally with the SARS-CoV-2 Delta variant. Animals in the PBS group continued to lose
weight until maximal weight loss was seen on day 6, before recovering to the initial
weight by day 12 (Fig. 8D). Vaccinated animals in all groups showed slight weight loss in
the first 2 days but began to trend back toward their initial starting weights. The mean
weight of the animals in both vaccinated groups remained significantly higher than the
PBS group up to days 9 to 14. Interestingly, V-EM2/SPDC2-vaccinated animals, while
being protected from the weight loss seen in control animals, did not see the overall
weight gain throughout infection seen in the V-EM2/SPDC1 immunized animals.

Following infection, oral swabs were collected to examine viral shedding in all ani-
mals on day 3 and results showed that both V-EM2/SPDC1 and V-EM2/SPDC2 vaccinated
groups had significantly reduced levels of viral RNA (Fig. 8E), indicating that vaccination
may be capable of reducing viral shedding. On day 5, infectious viral titers were exam-
ined in the nasal turbinate, upper lung, and lower lung of five animals from each group.
Both groups had significantly reduced viral titers in the upper lung, and V-EM2/SPDC1
animals had reduced virus levels in the lower lung as well (Fig. 8F). These experiments
provide strong evidence that V-EM2/SPDC1 and V-EM2/SPDC2 can protect with signifi-
cantly reduced viral replication, leading to reduced disease and viral shedding.
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DISCUSSION

COVID-19 and influenza are both highly contagious respiratory diseases with great
global burdens. In this study, we have developed rVSV bivalent vaccines that specifi-
cally target the SARS-CoV-2 Delta variant and influenza viruses. The animal immuniza-
tion studies have demonstrated that both V-EM2e/SPDC1 and V-EM2e/SPDC2 can
induce robust humoral and cellular immune responses, including the NAbs against dif-
ferent SARS-CoV-2 SP-PV infections and effectively protect hamsters or mice against
SARS-CoV-2 Delta variant and lethal H1N1 and H3N2 infections.

The SARS-CoV-2 Delta variant emerged in 2020 and quickly became the predomi-
nant circulating variant worldwide, showing increased potential for transmission and
disease severity (39), and significant immune evasion ability (40–42). These indicate
that variant-specific vaccine formulations could provide improved neutralization in
immunized individuals. Therefore, several rVSV-based bivalent vaccines that specifically
target the SARS-CoV-2 Delta variant have been generated in this study and the results
clearly showed that the rVSV-based vaccines expressing either the full-length SP or S1
domain derived from the Delta variant provided efficient protection against SARS-CoV-
2 Delta variant infection (Fig. 8). Interestingly, the immune response, including the nAb
induced by V-EM2e/SPDC2 expressing S1 and part of S2, tended to be weaker than

FIG 8 V-EM2/SPDC1 and V-EM2/SPDC2 provided protection against SARS-CoV-2 Delta infection in Syrian Hamsters. (A) Schematic of the bivalent VSV
vaccine candidate immunization and SARS-CoV-2 Delta variant challenge protocol used in the study. (B) Total serum anti-SARS-CoV-2 spike IgG titers in
hamsters following prime and boost vaccination. (C) The neutralizing antibody titers in immunized mice sera against SARS-CoV-2 Delta variant were
measured and neutralizing titers were calculated by using sigmoid 4PL interpolation with GraphPad Prism 9.0, as described in the Materials and Methods.
(D) Weight loss in the vaccinated or the control Syrian hamsters following infection with the SARS-CoV-2 Delta variant. (E) Viral RNA levels in oral swabs on
day 3 following infection with SARS-CoV-2 Delta variant. (F) Infectious SARS-CoV-2 Delta virus titers in nasal turbinates and lung tissues on day 5 following
infection with SARS-CoV-2 delta. n = 10 for B (each time point), n = 10 for C, 10 through day 28, and 10 at day 42; n = 10 for D (at day 3 postinfection)
and n = 5 for E (from day 5 postinfection). Statistical significance was assessed by two-way analysis of variance with multiple comparisons (A), mixed
effects analysis with multiple comparisons (B), and the Kruskal-Wallis test with multiple comparisons (C and D). *, P , 0.05; **, P , 0.01; ***, P , 0.001;
****, P , 0.0001. For (B), colored asterisks indicate significant differences between the same colored group compared with the PBS group. Shown are
medians for each group in A, C, and D, and mean 1 SEM in B.
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that of V-EM2e/SPDC1 expressing the full-length SPDelta (Fig. 4 and 8B to C). In line with
this, the challenge experiment showed that although both vaccines protected infected
hamsters from significant weight loss, the EM2e/SPDC2-vaccinated animals recovered
close to their initial weight without further weight gain. One explanation for the above
difference in immune response and protection could be that the S2 domain of SP plays
a yet undefined role in enhancing the induction of NAbs or antibody-dependent cellu-
lar cytotoxicity (ADCC). Indeed, a study reported that two segments, 884 to 891 and
1,116 to 1,123, located in SP-S2, are very effective in inducing host immune responses
(43). Another interesting finding in this study was that the second dose of vaccine in
hamsters did not significantly boost antibody titers (Fig. 8B), implying further study is
required to demonstrate whether a single dose of VSV vaccination study is sufficient to
protect against SARS-CoV-2 infection. Furthermore, our study revealed vaccination of
either V-EM2e/SPDC1 or V-EM2e/SPDC2 significantly reduces viral shedding as meas-
ured by viral RNA load in oral swabs and viral titers (44) in the lungs. Additionally, no
infectious virus was detected in any vaccinated animals in the nasal turbinate (Fig. 8E).
This provides strong evidence that vaccination via the IM route can inhibit viral replica-
tion in the tissues of the upper and lower airways, suggesting that each vaccine candi-
date provides significant protection in the Syrian hamster models against clinical
disease, viral shedding, and viral replication. This demonstrates that further develop-
ment of this vaccine platform is warranted.

Notably, the continuing emergence of COVID-19 VOC has decreased the licensed
vaccine’s effectiveness in terms of preventing infection (45–47). Particularly, the newly
emerged Omicron possesses an extensive number of mutations compared with other
variants (8) and the rapid spread of this VOC was facilitated by its high transmissibility
and immune evasion ability (9, 48). Therefore, it is necessary to assess whether EM2e/
SPDC1 vaccine could induce broad NAbs against different SARS-CoV-2 variants. Our
results indicated that the V-EM2e/SPDC1 vaccination in mice elicited high titers of
Nabs, specifically against Delta as well as wild-type, B.1.617, and Beta infections while
exhibiting reduced neutralization against SpDCOmic infection (Fig. 5F). Although the
NAb titers against SpDCOmic-PV could still reach a level (.103) that was likely compara-
ble with the anti-2019-nCoV NAb titers detected in COVID-19 patients in a previous
study (49), whether V-EM2e/SPDC1 could provide in vivo effective protection from
Omicron infection still requires further investigation.

Our bivalent vaccines have also been designed to target influenza A virus M2e domains
from human, avian, and swine influenza virus strains (50) (Fig. 1A, panel d) in order to
induce broad heterosubtypic immune responses to influenza viruses. Interestingly, immu-
nization with the lead vaccine candidate V-EM2/SPDC1 has elicited a high level of M2e-
specific immune responses (Fig. 4) and effectively protected mice from lethal H1N1 and
H3N2 influenza virus infection (Fig. 7C to H). Importantly, even a single IN immunization
with V-EM2/SPDC1 achieved equally efficient protection from H3N2 challenge compared
with prime-boost IN immunization (Fig. 7F to H).

The rapid T cell response following vaccination is generally considered a key part of
the immune response required to elicit effective protection. In this study, we observed
high levels of secreted cytokines, including IFN-g, IL-4, and IL-5, in splenocytes from the
immunized mice (Fig. 6A), suggesting that the vaccine candidates could elicit both hu-
moral and cellular responses in mice. Nevertheless, the lower cytokine levels, including
IFN-g, IL-4, and IL-5, were observed in IN route groups compared with IM route groups.
The possible reasons are (i) the dose difference (1,000 times less in IN route groups)
and (ii) the immunization via IN (a noninvasive administration) may stimulate more
local mucosal immune response and less systemic immune response, compared with
IM route (an invasive administration), so the splenocytes were significantly less acti-
vated by IN immunization. Interestingly, the S1/M2e-specific reactivation ability (mem-
ory) was only observed in IN-immunized mice splenocytes, but not in IM-immunized
mice (Fig. 6A). In the IM group, the high proinflammatory cytokine productions had
been there before antigen stimulation. This might be the rapid cellular response that

VSV Bivalent Vaccine against SARS-CoV-2 and Influenza Journal of Virology

September 2022 Volume 96 Issue 18 10.1128/jvi.01337-22 12

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01337-22


has not waned to baseline after the boost. Some previous studies showed that VSV-
EBOV-GP provided complete protection against lethal EBOV challenge in cynomolgus
macaques at the early stage of immunization (3 days after vaccination, before antibody
is detected) by robust innate antiviral immunity (51, 52), which included high expres-
sion of interferon (IFN)-stimulated genes (ISGs) and viral RNA sensors (53). Therefore, it
is not surprising that a continued high proinflammatory cytokine response could be
observed at 14 days after the boost in the IM group, probably due to the higher dose
of rVSV (1 � 108 TCID50) used. Although the involvement of innate immunity in the pro-
tection of our bivalent vaccine for IM-administered animals remains to be elucidated,
our IN experiments provide evidence to support the specific Th1-biased cellular
response against influenza and SARS-CoV-2 virus infection that can benefit the removal
of virus in the early stage (54, 55). Moreover, a previous study has shown that adminis-
tration of VSV-expressing EboGP vector alone could not protect mice against influenza
challenges (56).

The safety profile is also an important issue for vaccine development. A previous
study revealed that, after mice were immunized intraperitoneally with VSV-ZEBOV-GP
vaccine, no vaccine virus viremia was detected in tissues by either RT-PCR or virus isola-
tion at different time points (1 to 7 days and 2, 3, 4 weeks) after immunization (57).
Also, numbers of studies have been performed to test systemic/mucosal immunization
or intrathalamic inoculation (in the brain) of VSV-ZEBOV-GP vaccine to mice (57), pigs
(58), normal nonhuman primates (NHP) (59), or simian-HVI-infected NHPs (60), and veri-
fied that the immunization/inoculation with VSV-ZEBOV-GP did not result in neurologi-
cal disease or histologic lesions, indicating a lack of neurovirulence of this vaccine. Our
study has used several means to increase the safety profile of this bivalent vaccine plat-
form, including the replacement of VSV-G with EM2 and introduction of I742A muta-
tion into SARS-CoV-2 SP, to further attenuate the cytopathic effects. In addition, the
concern for the impact of anti-VSV vector immune responses on vaccine efficacy
remains, and the rVSV-EboGP-vaccine design and vaccination strategy still need to be
optimized in future studies. Overall, these studies provided evidence for the high effi-
cacy and the attenuated feature of this bivalent vaccine platform that can be used and
easily adapted to produce new vaccines simultaneously against both emerging SARS-
CoV-2 and influenza contagious respiratory infections.

MATERIALS ANDMETHODS
Ethics statement. All animals were maintained in a specific-pathogen-free animal facility and used

according to protocols approved by the Central Animal Care Facility, University of Manitoba (Protocol
Approval No. 20-034) or by the Animal Care Committee at the Canadian Science Center for Human and
Animal Health.

Plasmid constructions. The gene encoding SPDCDelta from our previously described study (12) was
amplified and the I742A mutation was introduced by the mutagenesis technique. The amplified
SPDCDelta-I742A gene was cloned into the rVSV-EDM-M2e vector (35) generating V-EM2e/SPDC1. For V-
EM2e/SPDC2, a cDNA that carried an additional 381 aa deletion in the S2 region of SPDCDelta (Fig. 1A and
b), was cloned into the V-EDM-M2e vector. To construct V-EM2e/ERBD, a cDNA encoding RBD of SARS-
CoV-2 (Wuhan-Hu-1, GenBank accession No. MN908947) SP was amplified, inserted in pCAGGS-
EboGPDM at the MLD region (35) (Fig. 1A and D), and then cloned into the rVSV-EDM-EM2e (Fig. 1B). For
constructing pCAGGS-SPDCBeta’ and pCAGGS-SPDCB.1.617, the cDNAs for SPDCBeta’ (harboring main muta-
tions K417N, E484K, N501Y, D614G of Beta/B.1.351 but not others) and for SPDCB.1.617 (the earliest lineage
of Delta variant, that has mutations L452R, E484Q, and D614G) were introduced into the pCAGGS-
nCoVSPDC plasmid (12). The cDNA encoding SPDCOmic, as described previously (8), was synthesized
(Genescript) and cloned into the pCAGGS plasmid. All the inserted SPDC transgenes in various plasmids
were confirmed by sequencing.

Cells, antibodies, recombinant proteins, and viruses. The HEK293T cells, human lung type II pul-
monary epithelial cell line (A549), A549ACE2 cell line (12), human lung fibroblast cell line (MRC-5), human
glioblastoma-derived cell line (U251GM), and Vero E6 and Madin-Darby canine kidney (MDCK) cell line
were cultured in Dulbecco’s modified Eagle medium (DMEM) or DMEM/F-12 medium (21331-020,
Gibco). CD41 Jurkat cells were cultured in RPMI 1640 medium. MDMs and dendritic cells (MDDCs) were
isolated from healthy donors as previously described (61). The antibodies used in this study included the
rabbit polyclonal antibody against SARS-CoV-2 SP/RBD (Cat# 40150-R007, Sino Biological), anti-SARS-
CoV-2 S-NTD (E-AB-V1030, Elabscience), anti-M2 (14C2: sc-32238, Santa Cruz Biotech.), and anti-VSV-
Nucleoprotein, clone 10G4 (Cat. #MBAF2348, EMD Millipore Corp.). Recombinant proteins included
SARS-CoV-2 RBD peptides (RayBiotech, Cat. #230-30162) and S1 peptide pool (JPT Peptide Technologies.
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Cat. #PM-WCPV-S-SU1-1). Influenza M2e peptide, mouse-adapted influenza A/Puerto Rico/8/34 (H1N1)
and H3N2 strains were described previously (35).

rVSV rescue, virus growth kinetics experiments, and syncytia formation assay. All three bivalent
VSV vaccine candidates were rescued in 293T-Vero E6 cocultured cells, propagated and titrated as
described previously (35). To examine the growth kinetics of bivalent rVSVs, different cell lines in a 24-
well plate were infected with each of wild-type VSV (VSVwt) or vaccine candidate at a dose of 100
TCID50. After 2 h of infection, the cells were washed and the supernatants were collected at different
times. The titers of rVSV were titrated in Vero E6 cells. To detect the expression of EM2, SPDCDelta, and
other viral proteins, rVSV-infected cells were lysed or fixed with 4% paraformaldehyde for 15 min and an-
alyzed by WB or immunofluorescence assay with each corresponding antibody (12, 35). To test SPDelta-
mediated syncytia formation, 293T cells transfected with various SPDC plasmids were mixed with
A549ACE2 cells at a 1:3 ratio and syncytium formation observed was imaged with an Axiovert 200 micro-
scope (12).

SP pseudovirus production, infection, and neutralization assays. Different SARS-CoV-2 SP pseu-
dovirus expressing luciferase (Luc) or Gaussia luciferase (Gluc) were produced by cotransfecting 293T
cells with each of the pCAGGS-SPDC plasmids (33, 62), an HIV vector (pNL4-3-R-E-Luc) (63) or Gluc
expressing HIV vector DRI/E/Gluc, as described previously (33). The SPDC proteins are Wu-han-1 (wild-
type), B.1.617.2 (Delta), B.1.617 (early lineage of Delta without mutation T478K), Beta’(with mutations
K417N, E484K, N501Y of Beta/B.1.351 but not others) and B.1.1.529 (Omicron). The purified pseudovi-
ruses were quantified by HIV-1 p24 amounts using an HIV-1 p24 ELISA (12). To measure the infection of
SPDC-pseudotyped VPs, equal amounts of each SPDC-PV (as adjusted by p24 levels) were used to infect
A549ACE2 and the viral infection levels were monitored by measuring Gluc activity in the supernatants.
The neutralization assay was performed on A549/hACE2 cells according to previously reported methods
with some modifications (64, 65). Briefly, each 2� serially diluted inactivated mouse sera were preincu-
bated each SPDC pseudovirus preparation for 1.5 h, then A549ACE2 (1.25 � 104 cells/well) were added in
and were incubated at 37°C. After 48 h postinfection, cells were lysed followed by the luciferase RLU
measurement. Neutralization assay was also performed using SARS-CoV-2 Delta virus. Briefly, the Delta
virus was incubated with the serially diluted heat-inactivated mouse serum to a final concentration of 1
PFU/mL for 1 h at 37°C. The serum-virus mixture was then added to the Vero cells in 96-well plate and
incubated for 5 days at 37°C. The wells containing infected cells were scored for CPE and the ID50 was
calculated by using sigmoid 4PL interpolation with GraphPad Prism 9.0.

Mouse immunization and viral challenge. Female BALB/c mice aged 6 to 8 weeks (five per group)
were immunized IM (1 � 108 TCID50) or IN (1 � 105 TCID50) with rVSV vaccine candidates and boosted on
day 14. Mice were sacrificed on day 28, and samples were collected for analyses on days 13 and 28.

For influenza virus challenge in mice, different groups of mice (five for each group) were IM or IN
immunized with V-EM2e/SPDC1 or PBS with or without boost on day 14. On day 28, all the mice were
intranasally infected with a mouse-adapted strain A/Puerto Rico/8/34 (H1N1) (2.1 � 103 PFU/mouse) or
H3N2 virus (1.4 � 104 PFU). The weight and survival rate of the mice were monitored daily for 2 weeks af-
ter the challenge. Moreover, 5 to 6 days postchallenge, the mice from the PBS group and vaccinated group
were sacrificed, and the lungs were collected, homogenized, and used for viral titration in MDCK cells.

The SARS-CoV-2 challenge experiments were carried out at the National Microbiology Laboratory
(NML). Different groups of 10 Syrian Golden hamsters were administered with 108 PFU of either V-EM2e/
SPDC1 or V-EM2e/SPDC2 or PBS via IM injection and boosted after 28 days. Animals were monitored
daily for any adverse signs following vaccine administration. After 14 days of the boost, hamsters were
intranasally infected with 8.9 � 104 TCID50/100 mL of the SARS-CoV-2 delta variant (SARS-CoV-2;
B.1.617.2; hCoV-19/Canada/ON-NML-63169/2021). After infection, animals were weighed and monitored
daily for 14 days. On day 3 postinfection, oral swabs were performed on all animals. Groups of five ani-
mals (three male and two female) from each experimental group were euthanized on day 5 postinfec-
tion for examination of viral burden in the tissues.

Measurement of viral burden in the tissues. For viral RNA detection in oral swabs, viral RNA was
extracted with the QIAamp Viral RNAminikit (Qiagen) and the detection of the SARS-CoV-2 E gene was carried
out on a QuantStudio 5 real-time PCR system (Applied Biosystems), as per manufacturer’s instructions. RNA
was reverse transcribed and amplified using the primers reported by the WHO and, including E_Sarbeco_F1
(59-ACAGGTACGTTAATAGTTAATAGCGT-39) and E_Sarbeco_R2 (59-ATATTGCAGCAGTACGCACACA-39) and
probe E_Sarbeco_P1 (59-FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ-39). A standard curve for each plate
using synthesized DNA was used for the viral genome copy number quantification per mL of media.

For detection of infectious SARS-CoV-2 Delta virus and influenza H1N1 and H3N2 in tissues, thawed
tissue samples were weighed and placed in 1 mL of DMEM and homogenized. Then, supernatants were
serially diluted in 10-fold using in the same media and added to 96-well plates of 95% confluent Vero or
MDCK cells containing 50 mL of the same medium. After 5 days, plates were scored for the presence of a
cytopathic effect. TCID50 titers were calculated using the Reed and Muench method (66).

Measurement of vaccine-induced specific antibody and T cell responses. Briefly, ELISA was per-
formed as previously described using 0.75 mg/mL RBD recombinant protein or 0.5 mg/mL M2e peptide
(35). To assess general T cell reactivity, mouse splenocytes from the sacrificed mice on day 28 were col-
lected and plated in 48-well plates (2 � 106/200 mL per well) with SARS-CoV-2 S1 overlapping peptide
pool, the influenza virus M2e peptide (1 mg/mL for each peptide), or RPMI (no peptide control). The
measurement of the extracellular cytokines released from splenocytes was performed using the same
previously described protocols (12).

Statistics. Statistical analysis of antibody/cytokine levels was performed using the unpaired t test
(considered significant at P $ 0.05) by GraphPad Prism 5.01 software. The statistical analysis of
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neutralizing antibodies was performed using the one-way ANOVA multiple-comparison tests followed
by Tukey’s test by GraphPad Prism.

Data availability. The data sets generated and/or analyzed during the current study are available
from the corresponding author.
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