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Abstract 
 
 COVID-19 and influenza both cause enormous disease burdens, and vaccines are the 

primary measures for their control. Since these viral diseases are transmitted through the mucosal 

surface of the respiratory tract, developing an effective and convenient mucosal vaccine should be 

a high priority. We previously reported a recombinant vesicular stomatitis virus (rVSV)-based 

bivalent vaccine (v-EM2/SPΔC1Delta) that protects animals from both SARS-CoV-2 and influenza 

viruses via intramuscular and intranasal immunization. Here, we further investigated the immune 

response induced by oral immunization with this vaccine and its protective efficacy in mice. The 

results demonstrated that the oral cavity delivery, like the intranasal route, elicited strong and 

protective systemic immune responses against SARS-CoV-2 and influenza A virus. This included 

high levels of neutralizing antibodies (NAbs) against SARS-CoV-2, as well as strong anti-SARS-

CoV-2 spike protein (SP) antibody-dependent cellular cytotoxicity (ADCC) and anti-influenza M2 

ADCC responses in mice sera. Furthermore, it provided efficient protection against challenge with 

influenza H1N1 virus in a mouse model, with a 100% survival rate and a significant low lung viral 

load of influenza virus. All these findings provide substantial evidence for the effectiveness of oral 

immunization with the rVSV bivalent vaccine. 
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Introduction 

 The global battle against the COVID-19 pandemic has lasted for three years. Waves of 

emerging variants break through the protection obtained from previous vaccination or infection1. 

Although COVID-19 vaccines attenuate illness severity,1, 2 there are still significant numbers of 

new cases and deaths worldwide.3 Improving vaccine efficiency is a top priority for effective 

COVID-19 control. The limitations of current SARS-CoV-2 vaccines include a spike protein (SP 

or S) antigen that has become highly mutated, as well as an intramuscular immunization route, 

which lacks  protection that is strong and specific to the respiratory tract.4, 5 It has been reported 

that following a booster of the Pfizer vaccine (i.m.), salivary mucosal immunity against the Wuhan 

strain relied on serum-exuded IgG, but not on locally produced secretory IgA, because the vaccine 

failed to activate an effective mucosal immunity.5 Influenza is another important respiratory 

infectious disease causing a high disease burden. Influenza control faces similar problems 

annually: unpredictable prevailing strains and limited protection from intramuscular vaccines. 

 The natural portal of entry for SARS-CoV-2 and influenza virus is the mucous membranes 

lining the respiratory tract, including the nose, mouth, trachea, and lungs 6, 7. Therefore, the mucosa 

is the first line of defense against viruses. Theoretically, mucosal vaccines administered via the 

respiratory tract may elicit more robust local protective immune responses in comparison to 

intramuscular vaccines. Previous mice and macaques studies have reported that intranasal COVID-

19 vaccines induced robust mucosal and systemic immune responses, especially tissue-resident 

memory T and B cells.8, 9 The immunized animals were completely protected against lethal SARS-

CoV-2 challenge. Moreover, viral replication was not detected in the airways and lungs of 

immunized animals following viral challenge.8, 9 Recently, four mucosal COVID-19 vaccines have 

been approved for human emergency use and about 20 mucosal vaccines have reached clinical 
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trials in humans.10-13 The approved vaccines from China (CanSino Biologics), India (Bharat 

Biotech), Iran (Razi Vaccine & Serum Res) and Russia (Sputnik V) are adenovirus-vectored. The 

CanSino vaccine is an aerosolized mist inhaled orally through the nose and mouth.14, 15 The Bharat 

vaccine is administered via nose drops.11 The Iranian (Razi Vaccine & Serum Res) and Russian 

(Sputnik V) vaccines both are nasal sprays.10, 11, 16 Oral vaccines, as one type of mucosal vaccine, 

can be easily administered to the mouth or gut without any device (such as a sprayer for the 

intranasal vaccine). It also can successfully induce immune responses. For example, Vaxart’s oral 

tablet COVID-19 vaccine that targets the mucosal epithelium of the small bowel has been 

demonstrated to generate broad cross-reactive T cell and mucosal IgA responses in a phase I 

clinical trial.12  

 The mucosal delivery of recombinant vesicular stomatitis virus (rVSV) has been an 

interesting area of research. The rVSV vaccine vector is a promising platform with some favorable 

characteristics, including its non-pathogenic nature and low pre-existing immunity in humans.17 

The replacement of VSV-glycoprotein (G) with a viral antigen from the virus of interest may 

further reduce its tropism. Importantly, the safety of the rVSV vector has been demonstrated by 

many animal studies and clinical trials for the rVSV-based Zaire Ebolavirus vaccine (VSV-

ZEBOV-GP, ERVEBO), which was approved by the FDA for human use in 2019.18-22 However, 

the VSV-ZEBOV-GP vaccine was administered intramuscularly. Also, it was reported that when 

the wild type VSV is administered intranasally, its neurotoxicity is still a concern because it carries 

the potential for brain infection via the olfactory tract above the nose cavity.23 Oral delivery of 

rVSV may carry a smaller risk than the intranasal route. It is worth noting that oral delivery of the 

rVSV vaccine has been reported to induce protective immune responses against the Sin Nombre 

virus and SARS-CoV-2 infection.24, 25 The rVSV-Sin Nombre virus (SNV) vaccine was delivered 
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to deer mice via oral gavages, in which the SNV glycoprotein (G) replaced the VSV-G to mediate 

vaccine entry into the mucosa.24, 26 The rVSV-SARS2(+G) vaccine targeted the oral cavity mucosa 

through the VSV-G proteins that were incorporated in the virion’s surface (trans-complemented) 

and were responsible for the target cell tropism.25 We recently have reported a replication-

competent rVSV-based bivalent vaccine (v-EM2/SPΔC1Delta) that effectively protected animals 

against both SARS-CoV-2 and influenza A virus.27 This bivalent vaccine has a modified Ebola 

virus glycoprotein (GP) that mediates rVSV entry to cells, including macrophages and dendritic 

cells (DCs). Our vaccine has elicited robust adaptive immune responses via either intramuscular 

or intranasal vaccination in mice or hamsters. 

 Vaccine-induced virus-specific antibodies provide anti-viral protection through not only 

neutralization, but also extra-neutralizing functions, such as antibody-dependent cellular 

cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and complement-

dependent cytotoxicity (CDC).28 Among them, ADCC has been linked to the resolution of and 

protection against several viruses, including SARS-CoV-229-33, influenza virus34, 35, HIV-136, and 

Ebola virus.37 Yu et al. reported that COVID-19 patients who had recovered from severe disease 

had greater ADCC activity than patients who had succumbed to severe disease 30. Vigon et al. 

discovered that COVID-19 patients who required ICU assistance had significantly enhanced levels 

of memory B cells, plasmablasts, as well as neutralizing antibodies against SARS-CoV-2, but also 

impaired ADCC activity29. These findings strongly suggest that ADCC activity should be used to 

evaluate potential vaccines against SARS-CoV-2 in addition to NAbs.  

 In this study, we investigated the immune responses induced by oral immunization with a 

rVSV-based bivalent vaccine (v-EM2/SPΔC1Delta) in mice and compared it to intranasal 

immunization. We found that oral immunization elicited strong systematic immune responses 
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against the Delta variant and influenza H1N1 virus, including neutralizing antibodies (NAbs) and 

antibody-dependent cellular cytotoxicity (ADCC) activity, which were similar to the efficacy of 

the intranasal immunization route. Further, oral immunization provided complete protection 

against influenza A H1N1 viral challenge in mice, like the intranasal route, with a 100% survival 

rate, as well as less weight loss, and significantly lower viral loads in the lungs. In addition, we 

discovered that the antibodies targeting SP and M2e were positively correlated with ADCC activity 

against SARS-CoV-2 and influenza.  

 

Results 

Oral immunization with v-EM2/SPΔC1Delta elicited a robust humoral immune response and 

neutralization against SARS-CoV-2 in mice 

 Given that the oral delivery of several rVSV-based vaccines have been reported to induce 

protective immune responses in animals;24, 25 we want to extend the vaccination routes of our 

rVSV-based bivalent vaccine v-EM2/SPΔC1Delta27 to include oral immunization. To this end, we 

immunized female BALB/c mice with v-EM2/SPΔC1Delta via oral cavity (oral, 1×106 50% Tissue 

Culture Infectious Dose, TCID50) or intranasal (i.n., 1×105 TCID50) routes in three groups (n=5 

each group) for prime/boost: 1) i.n./i.n.; 2) i.n./oral; and 3) oral/oral (Fig.1A and B). The mice in 

the control group were given PBS. The interval between prime and booster immunization was 2 

weeks.  The prime sera (2 weeks post Prime) and booster sera (3 weeks post booster) were 

collected. Their antibody levels were measured by ELISA (Fig.1 and Fig.2). As expected, 

intranasal vaccination induced robust anti-SARS-CoV-2 RBD (Fig.1C, E, and G) and anti-SARS-

CoV-2 S2 (Fig.1D and F) humoral immune responses. Importantly, oral immunization elicited 

high levels of anti-RBD and anti-S2 IgG, similar to i.n. immunization (Fig.1C-F). The booster 
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significantly enhanced antibody responses in all v-EM2/SPΔC1Delta immunized groups (Fig.1C 

and D). Although the oral/oral group showed slightly lower average OD450 values in prime sera, 

no significant difference was found in the booster sera antibody titers between oral/oral and other 

immunized groups (Fig.1C-F). However, it is worth mentioning that the dose of oral immunization 

(106 TCID50) was ten times that of i.n. immunization (105 TCID50). Moreover, the anti-RBD IgA 

levels also exhibited high similarity among the three immunized groups (Fig.1G). These findings 

indicated that mucosal immunization with the v-EM2/SPΔC1Delta vaccine through the oral cavity 

could effectively induce anti-SARS-CoV-2 SP antibody responses in mice. In addition, we have 

investigated the duration of antibodies in three i.n. immunized mice that were not challenged with 

the influenza virus. We found the anti-RBD IgG levels in these mice were maintained at a high 

peak from week 3 to week 5 after booster (Fig.2A), suggesting that the high levels of anti-SARS-

Cov-2 antibodies in mice were sustained during the observed period.  

 To evaluate if oral immunization with v-EM2/SPΔC1Delta can induce protective immune 

responses, we measured neutralizing antibody (NAb) levels by using SPDelta-pseudotyped 

Luciferase+ HIV-based virus particles (PV-Luc-SPDelta) and human angiotensin-converting 

enzyme 2 (ACE2)-expressing cells A549ACE227, 38. The results showed that all three immunized 

groups induced markedly high NAb titers against the Delta SP-peudotyped virus in comparison 

with the control group (Fig.2A). Further, the NAb levels of oral group mice had no significant 

difference from the other two groups (i.n./i.n. group and i.n./oral group). This finding confirmed 

that oral immunization with v-EM2/SPΔC1Delta could effectively elicit protective NAbs against the 

SARS-CoV-2 Delta SP-peudotyped virus at a similar level to the i.n. vaccination. Like the RBD-

binding antibodies (Fig. 2B), the NAb titers in the i.n. immunized mice sera showed stability from 
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3wpB to 5wpB (Fig. 2C), indicating that the high levels of neutralizing antibodies against Delta 

SP-pseudotyped virus in these immunized mice were sustained during the observed period. 

 

Oral immunization with v-EM2/SPΔC1Delta induced ADCC activities against SARS-CoV-2 

in mice  

 In addition to neutralization, other immune responses, such as ADCC that can kill virus-

infected cells, have been demonstrated to contribute to vaccine protection.39, 40 Therefore, we have 

evaluated the ADCC activity induced by v-EM2/SPΔC1Delta through a reporter system that used 

Jurkat-Lucia NFAT (nuclear factor of activated T cells)-CD16 (Invivogen) as effector cells. This 

T-cell reporter cell line, similar to natural killer (NK) cells, expresses the human Fc receptor 

FcγRIII (CD16; V158 allotype) on the cell surface, which can bind with the Fc region of human 

IgG and is cross-reactive with the Fc of mouse IgG41 (Fig.3A, upper panel).  If the antibodies are 

bound with antigen-expressing target cells, the antigen-antibody-FcγR engagements will trigger 

the activation of NFAT pathway in Jurkat-Lucia cells, including the expression of NFAT-driven 

reporter luciferase.30, 41, 42 In this study, we used transient expression cells 293TN-SPDelta 

(expressing the SPΔC of SARS-CoV-2 Delta variant) as target cells (Fig.3A, lower panel, lane 3). 

The serially diluted mice sera were first incubated with the target cells 293TN-SPDelta, and then the 

Jurkat-Lucia effector cells were added. ADCC responses were determined by measuring the 

induction of luciferase secreted from the activated Jurkat-Lucia cells in the supernatants, which 

were determined via relative light unit (RLU) changes compared to the no-serum control (only 

target cells and effector cells).  

 The results revealed that all immunized mice groups had significant ADCC activity against 

SPDelta with a 23~30 fold change at the first dilution (1:50, log10 dilution = -1.5), compared with the 
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no-serum control (fold change of 1) (Fig.3B).  Interestingly, although the oral/oral immunized 

mice sera showed a slightly lower ADCC activity than other i.n./i.n. and i.n./oral immunized 

groups, the differences were not statistically significant (Fig.3C), indicating a strong ADCC 

response was induced by oral immunization with v-EM2/SPΔC1Delta.  In all, these results 

evidenced that oral vaccination with v-EM2/SPΔC1Delta in mice elicited remarkable anti-SPDelta 

antibody responses that not only have neutralizing activity, but also ADCC activity. Since the 

mucosa in the nasal cavity and oral cavity are so closely linked to each other, it is reasonable that 

they have the same efficacy in triggering host humoral immune responses. Our results indicated 

that these two immunization routes might be replaceable with each other or be used jointly in some 

scenarios. 

 ADCC is mediated by antigen-bound antibodies that can be recognized and captured by 

the Fc receptor on effector cells. It is reasonable to assume that only some of the vaccine-induced 

antibodies can trigger ADCC, so we wanted to know what kind of antibodies have a strong 

relationship with ADCC. To this end, we investigated the correlation between ADCC activity 

against SPDelta and the titers of anti-SP antibodies (RBD- or S2-binding) (Fig.3D and E) or NAbs 

(Fig.3F) of mice in all groups. The results showed that ADCC activity against SPDelta was positively 

correlated with anti-RBD antibodies (R2=0.39; **), anti-S2 antibodies (R2=0.29; *), and anti-SPDelta 

NAbs (R2=0.39; **) (Fig.3D-F). However, these correlations were not strong, suggesting that only 

a portion of these antibodies are related to ADCC. Similarly, the anti-SPDelta NAbs only partially 

overlap with the ADCC-triggering antibodies. Our findings are consistent with previous reports 

that non-NAbs can also induce ADCC. 30, 37 
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Oral immunization with v-EM2/SPΔC1Delta effectively triggered humoral immune response 

and ADCC activity against the influenza virus  

 Given that the bivalent vaccine v-EM2/SPΔC1Delta expresses both SARS-CoV-2 

SPΔC1Delta and four copies of the ectodomain of influenza virus M2 protein, we further verified 

the effectiveness of oral immunization against influenza by detecting anti-M2e IgG in the 

immunized mice sera (3wpB) by ELISA.  The results showed that the oral/oral immunization route 

induced a high level of antibodies against M2e, although the level was slightly lower than that of 

the i.n./i.n. or i.n./oral immunization groups (Fig.4A).  

 We then investigated ADCC activity against human influenza A virus M2 protein (M2hu-

IAV) in the mice sera. Briefly, 293TN cells expressing Hu-IVA M2 (Fig.4B, left panel) were used 

as the target cells and incubated with serially diluted mice sera, followed by the addition of Jurkat-

Lucia effector cells. ADCC activity was monitored by measuring the induction of luciferase 

secreted in the supernatants of the mix of 293TN-Hu-IAVM2/Jurkat-Lucia cell cultures (Fig 4B, 

right panel). The result disclosed that the i.n./i.n. immunized mice had a significantly high ADCC 

activity against M2hu-IAV (fold change of 40 at 1:50 dilution). Further, the oral/oral and i.n./oral 

immunization sera both showed strong ADCC activity against M2hu-IAV with a 15~16 fold change 

at 1:50 dilution (Fig. 4C).  Moreover, we found a positive correlation between the ADCC-M2huIAV 

and the anti-M2e titers (R2=0.34, **) (Fig. 4D), indicating a part of anti-M2e antibodies 

contributed to the ADCC response as previously reported.43-45 These results also indicated that 

ADCC activity in the i.n./oral and oral/oral immunized mice play an important role for protection 

against influenza virus.  

 

Oral immunization with v-EM2/SPΔC1Delta protected mice from lethal influenza challenge 
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 To investigate the protective effects of oral immunization with v-EM2/SPΔC1Delta, we 

performed a mouse challenge study by infecting immunized mice with a mouse-adapted influenza 

A virus PR8 (H1N1). Three different experimental groups of BALB/c mice were immunized with 

v-EM2/SPΔC1Delta via i.n/i.n, oral/oral, or i.n/oral routes and a fourth control group was inoculated 

with PBS. The 4 groups were then infected with PR8 strain (3000 TCID50/mouse) intranasally on 

Day 42 (4 wpB) (Fig.5A). Weight loss and survival (Fig. 5B) was monitored every day for two 

weeks following the challenge. Excitingly, we found that the mice of three immunized groups all 

survived the challenge, indicating that either i.n. or oral immunization, or combined i.n./oral 

immunization, all effectively protected mice against influenza H1N1 virus infection. This was in 

contrast to the mice of the control group, which became moribund and reached the endpoint 

(weight loss of over 20%) within one week (Fig. 5B right panel). The immunized mice lost at most 

8% of their initial weight 3 days post-infection (p.i.) and 4 days p.i., and then gradually regained 

weight to about 100% within two weeks. Notably, the oral/oral and i.n./oral groups did not show 

any less protection when compared with the i.n./i.n. group. This result is consistent with the above-

described similarity between the anti-M2e antibody levels and the ADCC responses between the 

i.n. and the oral immunization routes (Fig. 4A and C). 

 The moribund mice in the control group were euthanized, and their blood and lungs were 

collected. Simultaneously, two mice from each immunized group were also euthanized at 7 days 

p.i. Their blood and lungs were collected as well. The lung viral loads of these infected mice were 

determined by TCID50 assay (Fig.5C). The results revealed that all the immunized mice had much 

lower viral loads in their lungs than the PBS control mice. This finding provides solid evidence 

that oral immunization with v-EM2/SPΔC1Delta elicited protective immune responses in mice 

against influenza as strong as i.n. immunization.  
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 In addition, we were curious whether infection with influenza virus could impact (either 

enhance or reduce) vaccine-induced immunity against SARS-CoV-2. To answer this question, we 

measured the anti-RBD IgG titers (Fig. 5D) and the NAb titers against SPDelta (Fig. 5E) in the sera 

of mice challenged with influenza PR8 strain and tracked titer changes before (3wpB) and after 

challenge (1 and 3 weeks p.i). The results clearly showed that the levels of anti-RBD IgG and NAb 

against SPDelta were similar or slightly higher at one week p.i. compared with those before the 

challenge. However, the anti-RBD IgG and NAb against SPDelta levels returned back at 3wpi. 

Altogether, the above observations implied that the influenza virus infection did not significantly 

impact the vaccine-induced immunity against SARS-CoV-2. 

 

Discussion 

 The COVID-19 vaccines approved for emergency use in the last two years can only 

significantly reduce the severe illness and death, but not prevent the virus from spreading.10, 11 The 

major reason is breakthrough infections caused by immune-escaping SARS-CoV-2 variants. 

Another possible reason is the weak local immune response triggered by these intramuscularly 

administered vaccines.5, 10, 11 In addition, some evidence indicated that the release of circulating 

antibodies from the blood to the upper airway mucosa was limited by the restrictive blood-

endothelial barrier in mice,46 suggesting the irreplaceable role of local immune response. Recently, 

mucosal vaccines have attracted more attention, because they efficiently prevent respiratory viral 

infections by improving the local immune response in addition to systemic responses.12-15 In this 

study, we demonstrated that robust systemic immune responses were induced by oral 

immunization with an rVSV-based bivalent vaccine (v-EM2/SPΔC1Delta) in mice against the 
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SARS-CoV-2 Delta variant and H1N1 influenza A virus (IAV). Also, oral immunization with v-

EM2/SPΔC1Delta showed efficient protection against H1N1 influenza lethal challenge.  

 In detail, for the immune responses against SARS-CoV-2 Delta variants, highly similar 

profiles of anti-RBD and anti-S2 IgG/IgA titers (Fig.1E-G), the anti-SPDelta NAb titers (Fig.2A) 

and anti-SPDelta ADCC responses (Fig.3B and C) were observed between the oral (106 

TCID50/dose) and intranasal (105 TCID50/dose) routes. Although we did not perform an authentic 

virus challenge experiment, there is solid evidence to support the efficacy of oral vaccination. 

Whether a smaller dose of oral immunization, like 105 TCID50, can induce responses of a 

magnitude close to the i.n. group remains unknown.  For the immune responses against influenza 

A virus, oral immunization achieved complete protection from a lethal H1N1 (PR8) challenge in 

mice (Fig.5A-C), high levels of anti-M2e antibodies in sera (Fig.4A), as well as strong anti-M2 

ADCC activity (Fig.4B and C).  

  ADCC is another important anti-viral immune mechanism besides neutralization. Its 

protective contributions against SARS-CoV-229-33 and influenza34, 35 have been reported. Through 

ADCC, Fc receptor (FcR)-bearing effector cells (Natural Killer cells, macrophages, and 

neutrophils) can recognize and kill target cells that are expressing viral antigens on their surface.30, 

47, 48 The results provide evidence that oral immunization with our bivalent vaccine (v-

EM2/SPΔC1Delta) in mice elicited a strong ADCC response against both the SARS-CoV-2 Delta 

variant (Fig.3B and C) and influenza virus (Fig. 4B and C), suggesting a major contribution of 

ADCC to protection. The initial step of ADCC is the engagement of Fc receptors on effector cells 

to specific antibodies that are already bound to the viral antigens on target cells. It is worth noting 

that the ADCC-inducing antibodies do not need to be neutralizing antibodies.30, 37 Our findings are 

in line with this: ADCC activity against SPDelta showed a positive correlation with NAb (Fig.3F) 
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but not in a perfect linear relationship, indicating the contribution of non-NAbs to ADCC. Another 

interesting discovery is that ADCC activity was positively correlated with both anti-RBD and anti-

S2 antibodies (Fig.3D and E), implying the S1 (RBD) and S2 domains both can induce ADCC 

antibodies.  This result suggests that the presence of both S1 (RBD) and S2 domains in a vaccine 

may be more beneficial than the single-domain vaccine in triggering ADCC-associated protection. 

 To our surprise, the ADCC response against influenza-M2e elicited by the oral route was 

significantly lower than the intranasal group (Fig.4B and C). It appears to be correlated with the 

lower anti-M2e levels (Fig.4A). Given the complete protection achieved by both oral and i.n. 

immunization in the influenza virus challenge study (Fig. 5), it seems that such levels of peripheral 

anti-M2e and/or ADCC-triggering antibodies induced by oral vaccination, especially the local 

protective immune responses induced, (not reported here) are sufficient for protection. However, 

at this point, we have not investigated if oral immunization with the vaccine could provide equal 

protection from the SARS-CoV-2 infection, which is warranted for further study.  

 Our rVSV bivalent vaccine (v-EM2/SPΔC1Delta) is similar to the previously reported VSV-

ZEBOV-GP (expressing Zaire Ebolavirus Glycoprotein/GP) vaccine that has been approved for 

clinical use.18, 20-22 We replaced the mucin-like domain of ZEBOV-GP with influenza 

matrix protein 2 ectodomain (M2e) and inserted the SARS-CoV-2 S in the upstream of VSV-L 

gene.27 Although Peng et al. recently reported poor immunogenicity for the oral delivery of the 

vaccine rVSV-SARS2, which expresses a single S protein,25 the difference is that our rVSV 

vaccine has an EBOV-GPΔM (deletion of the mucin-like domain) that was shown to be able to 

efficiently facilitate DC and macrophage targeting and induce more potent immune responses.49, 

50 Therefore, it is still important to further investigate the mucosal immune response (such as the 

secreted IgA) and the memory T/B cells in the mucosa.  Overall, this study showed successful oral 
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immunization with the rVSV-based vaccine against both influenza and SARS-CoV-2 viral 

pathogens. In consideration of the efficacy, safety, and convenience of delivery, oral 

administration could be a promising option for rVSV-based vaccines, including v-EM2/SPΔC1Delta 

vaccine.  

 In summary, we have demonstrated that oral immunization with the rVSV bivalent vaccine 

(v-EM2/SPΔC1Delta) in mice induced efficacious immune responses against both SARS-CoV-2 

and influenza A virus, including high levels of antibodies that specifically bind to viral antigens 

and mediate neutralization and ADCC. Further we also clearly showed that vaccination via an oral 

route effectively protects mice from influenza virus challenge. As proof of concept, these findings 

provide evidence of good immunogenicity of the rVSV vaccine v-EM2/SPΔC1Delta delivered in 

the oral cavity and high potential to induce protective immune responses.  

 

Limitations: Challenge in animals with authentic Delta variant was not included because of the 

limited resource of the level 4 containment lab. Mucosal immune responses and T/B cell immune 

responses were not included in this study, so local mucosal immunity induced by oral or nasal 

routes is still unknown. Our ADCC reporter assay could only can detect IgG-induced ADCC since 

the Jurkat effector cells express the CD16 (FCγRIII) receptor (IgG Fc receptor), so the data in this 

study only exhibited IgG-associated ADCC activity, which presented a part of the observed ADCC 

response, but not the IgA or IgE associated ADCC elements.  

 
 

Materials and methods 

Ethics statement  
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 The animal experiments described were carried out according to protocols approved by the 

Central Animal Care Facility, University of Manitoba (Protocol Approval No. 20-034) following 

the guidelines provided by the Canadian Council on Animal Care. All animals were acclimated 

for at least one week before experimental manipulations and maintained with food and water ad 

libitum in a specific pathogen-free animal facility. 

 

Cells, plasmids, antibodies, recombinant proteins, and viruses 

 The HEK293T cells, human lung type II pulmonary epithelial A549ACE2 cell line,38  VeroE6, 

and MDCK cell lines were cultured in DMEM medium. Jurkat-Lucia NFAT-CD16 cells 

(Invivogen, Cat# jktl-nfat-cd16) were cultured in RPMI-1640 medium. The plasmids pCAGGS 

expressing SARS-CoV-2 SPΔC (deleted C-terminal 17 aa) from the original strain Wu-Han-1 

(SPΔCWH), Delta variant B.1.617.2 (SPΔCDelta) and human influenza A virus M2 were constructed 

previously27, 38, 51. The antibodies used in this study included rabbit polyclonal antibody against 

SARS-CoV-2 SP/RBD (Sino Biological, Cat# 40150-R007), mouse monoclonal anti-SARS-CoV-

2 S2 antibody (Abcam, Cat# 1A9: ab273433), human SARS-CoV-2 SP-NTD antibody 

(Elabscience, Cat# E-AB-V1030), mouse monoclonal anti-influenza A virus M2 antibody (Santa 

Cruz Biotech, Cat# 14C2: sc-32238), and anti-mouse-HRP antibody (GE Healthcare, 

Cat#NA931). Recombinant proteins included RBD peptide (RayBiotech, Cat# 230-30162), S1 

subunit (RayBiotech, Cat# 230-01101), and S2 subunit (RayBiotech, Cat# 230-01103). Influenza 

M2e conserved peptide [M2e from human IAV (two copies), avian IAV (one copy), and swine 

IAV (one copy); 92 aa] was synthesized as previously described.27, 52, 53 The mouse-adapted 

influenza A/Puerto Rico/8/34 (H1N1) strain used for the animal challenge study was generated by 

reverse genetics as previously described54. The replication-competent recombinant vesicular 
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stomatitis virus (rVSVs)-based COVID-19 vaccine v-EM2e/SPΔC1 was generated by inserting 

SPΔCDelta-I742A gene into the rVSV-EΔM-M2e vector as described previously.27, 53 

 

Mouse immunization with rVSV vaccine v-EM2/SPΔC1Delta 

 Oral immunization through the mouse oral cavity was performed by dropping the vaccine 

(25 µL/each) in the mouth under the tongue and into the cheek pouches after isoflurane anesthesia 

and keeping the mouse lying on its side for about 1 min until it woke up.25 Female BALB/c mice 

aged 6–8 weeks (five to eight per group) were immunized with bivalent rVSV vaccine v-

EM2/SPΔC1Delta on Day 0 and Day 14 via three different routes: orally (oral/oral, 1×106 TCID50), 

intranasally (i.n./i.n., 1×105 TCID50), and combining intranasally at prime and orally at boost 

(i.n./oral). Immunization with PBS was used as a placebo control. The blood of immunized mice 

was collected on Day 13 (prime), Day 35 (i.e., 3 weeks post-boost /3 wpB), and Day 49 (5 wpB). 

These sera were used to measure the RBD-, S2- and M2e-binding antibodies, the neutralizing 

antibodies, and antibody-dependent cellular cytotoxicity (ADCC). 

 

Measurement of vaccine-induced RBD-, S2- and M2e-binding antibodies titers 

 To determine RBD-, S2- and M2e-specific antibodies in mice sera, the sera of immunized 

mice were 3× serially diluted in primary antibody diluent (complete RPMI 1640 media with 0.2% 

(v/v) Tween 20). Enzyme-linked immunosorbent assay (ELISA) 96-well plates (NUNC Maxisorp, 

Thermo Scientific) were coated with recombinant proteins RBD, S2, or M2e (0.75 µg/mL) in 

coupling buffer (pH9.6, 50mM sodium carbonate-bicarbonate) at 4 °C overnight.53 After blocking 

at 37 °C for 2 hrs, the ELISA plates were washed and incubated with the diluted sera at 37 °C for 

1 hr. Anti-mouse IgG-HRP antibodies (GE Healthcare, Cat#NA931; 1:5000) were used to detect 
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the antibodies binding to RBD, S2, or M2e. After incubation with the substrate 

tetramethylbenzidine (TMB) solution (Mandel Scientific) and termination with stop solution, the 

absorbance at 450 nm (OD450) of each well was measured. IgA antibody levels were determined 

by using the mouse IgA ELISA kit (Thermofisher, Cat#88-50450-88). The endpoint titers of 

mouse sera were calculated using the interpolation in GraphPad Prism 9.0 with a cutoff of 2.5 

times the Mean-negative.  

 

SP pseudovirus production and titration 

 The SARS-CoV-2 SP-pseudotyped HIV-based luciferase-expressing (Luc) pseudovirus 

(PV-Luc-SPDelta) was produced by co-transfecting 293T cells in a 6-well plate with the pCAGGS 

plasmid expressing SPDC protein from B.1.617.2 (Delta)55 (0.5 µg/well) and a Luc-expressing 

HIV vector (pNL4-3-R-E-Luc)56 (1.0 µg/well) as described previously.27 The supernatants 

containing SP-pseudovirus were harvested at 72 hrs post-transfection, filtered (0.45 μm filter), 

aliquoted, and stored at −80 °C. The pseudovirus was titrated on A549ACE2 cells by a modified 

method.27, 57, 58 Briefly, the pseudovirus was 2× serially diluted in 25 μL of complete DMEM and 

mixed with A549ACE2 cells (1.25×104/well; 50 μL) and polybrene (5 µg/mL) in a 96-well plate for 

transduction. After overnight incubation, cells were fed with fresh complete DMEM. At 48~66 hrs 

post-infection, cells were lysed in luciferase lysis buffer (Promega; 30 μL /well), and the luciferase 

relative light unit (RLU) of the lysates was measured using the luciferase assay system (Promega) 

and Polerstar optima microplate reader (BMG BioLabtech) according to the manufacturer’s 

instructions. The HIV-1 p24 in PVs was also quantified by ELISA as previously reported.38, 59 

 

Pseudovirus-based neutralization assays against SARS-CoV-2 
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 The neutralization assay was performed based on SARS-CoV-2 SP-pseudotyped HIV-Luc 

pseudovirus and A549ACE2 cells according to the previous method.27, 57, 58 Briefly, 2× serially diluted 

inactivated mouse sera (starting from 1:50 dilution, 25 µL) was pre-incubated with PV-Luc-SPΔC 

(about 104 RLUs, 25 µL) in complete DMEM with polybrene (5 µg/mL) in a 96-well plate at 37 

°C for 1.5 h, then A549ACE2 (1.25×104 cells/well, 50 µL) was added to each well and incubated at 

37 °C for 48 hrs. The luciferase RLU in cells was measured by using Luciferase Assay System 

(Promega). The neutralizing titers or half-maximal inhibitory dilution (ID50) were defined as the 

reciprocal of the serum maximum dilution that reduced RLUs by 50% compared with no-serum 

(virus and cell) controls. The ID50 was calculated by using sigmoid 4PL interpolation with 

GraphPad Prism 9.0. 

 

Antibody-dependent cellular cytotoxicity (ADCC) reporter assay 

 The ADCC reporter assay was performed by using Jurkat-Lucia NFAT-CD16 cells (human 

FcγRIII, V158) (Invivogen, Cat# jktl-nfat-cd16) as effector cells according to the manufacturer's 

instruction with modifications. The engagements among Jurkat-Lucia FcγRIII (CD16), antibodies 

(serum), and antigen-expressing target cells activate luciferase expression driven by NFAT 

(nuclear factor of activated T cells) in Jurkat-Lucia.30, 41, 42 In this study, we make use of the ADCC 

reporter system based on the cross-reactivities of mouse IgG to human FcγRs.41 Briefly, one day 

before the assay, 293TN cells (5×105/well, 6-well plate) were transfected with each plasmid 

expressing SPΔC of SARS-CoV-2 Delta variant (1.2 µg DNA) or human influenza A virus M2 (5 

µg DNA) using Lipofectamine 3000 (Invitrogen, USA) to produce 293TN-S target cells. S 

expression was semi-quantified by a western blot the next day (Fig. 3A and 4B). The mouse sera 

were 3× serially diluted in complete DMEM (start from 1:30, 50 µL/well) in a 96-well plate, and 
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then mixed with target cells 293TN-S or 293TN-M2 (5×104, 50 µL/well), incubated at 37 °C for 1 

hr. The Jurkat-Lucia effector cells (1.5×105, 50 µL/well) were added and cultured for additional 

16 hrs at 37 °C with 5% CO2. ADCC activity was determined by measuring the secreted luciferase 

from activated Jurkat-Lucia cells in the supernatant (30 µL/well). The relative light unit (RLU) 

was detected by Quanti-Luc substrate solution (25 µL/well, Invivogen) using a Polerstar optima 

microplate reader (BMG BioLabtech). The background well (only medium) reading was deducted. 

The no-serum controls were wells containing target cells and Jurkat-Lucia cells. The fold of change 

(ADCC induction) was calculated as RLU (test − background)/RLU (no-serum 

control − background). The ADCC activity of sera was calculated as the geometric mean of the 

ADCC score (fold change × dilution factor) from two dilutions.  

 

Mouse challenge with influenza H1N1 virus PR8 

 In the influenza virus challenge study, the four groups of female mice (5 for each group) 

that were immunized with v-EM2/SPΔC1 or PBS as described above were intranasally infected 

with a mouse-adapted strain A/Puerto Rico/8/34 (PR8, H1N1) (3×103 PFU/mouse) on Day 42 (4 

wpB). The weight and survival of mice were monitored daily for 2 weeks after the challenge. The 

mice from the PBS group reached the endpoint (moribund or weight loss over 20%) at 6~7 days 

post-challenge (1week post-challenge, 1wpC), and then were euthanized with two mice of each 

vaccinated group. The blood/sera and lungs were collected and stored at -80°C for viral load assay, 

ELISA, and other assays.  

 

Measurement of viral load in the mouse lungs (TCID50) 
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 To determine the viral load of influenza H1N1 (PR8) in mice, we homogenized each mouse 

lung in ice-cold 1 ml of DMEM using a tenbroeck glass homogenizer. After spin, the supernatants 

were 10× serially diluted (starting from 1:102) in the influenza virus infection media (DMEM, 

1%P/S, 1 µg/mL TPCK-trypsin). The inoculums (100 µL/well) were added into the 96-well plate 

with 95% confluent MDCK cells and incubated at 37 °C.  After 3 days, plates were fixed, stained 

with 2% crystal violet, and scored for cytopathic effect (CPE). The 50% Tissue Culture Infectious 

Dose (TCID50) titers were calculated using a modified Reed and Muench method.60, 61  

 

Statistical analysis 

 Statistical analysis of antibody/cytokine levels was performed using the unpaired Student 

T-test for two groups comparison (P ≥ 0.05 considered significant) by GraphPad Prism software. 

The statistical analysis for the endpoint titers, neutralizing antibodies, and mouse weight loss was 

performed using the one-way ANOVA multiple comparison test followed by Tukey’s test with 

Prism. For the ADCC responses, the two-way ANOVA multiple comparison test followed by 

Tukey’s test was used. For the survival rate, the Log-rank (Mantel-Cox) test was used. The 

correlation coefficient (r and R2) and two-tailed P value were calculated via the Pearson method 

with Prism. 

 

Data Availability 

 The data sets generated and/or analyzed during the current study are available from the 

corresponding author. 
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Figure 1. Oral immunization with vaccine candidate v-EM2/SPΔC1Delta elicited robust anti-

SARS-CoV-2 RBD and anti-S2 immune response in mice. A) Schematic of the immunization 

of bivalent rVSV vaccine candidate v-EM2/SPΔC1Delta in mice. BALB/c mice (n=5-8 /group) were 

immunized with v-EM2/SPΔC1Delta via oral cavity or intranasal routes at week 0 and 2 as indicated. 

The blood from mice in each group were collected on week 2 and 5, and the mice were sacrificed 

at week 7 (i.e. 5 weeks post-booster (5wpB)) and the blood was collected. B) The immunization 

groups are shown with the delivery route and vaccine dose. C-F) Sera after prime (week 2) and 

booster (week 5, i.e. 3 weeks post-booster (3wpB)) immunization were measured for anti-SARS-

CoV-2 RBD IgG (C, E), IgA (G) levels and anti-S2 IgG (D, F) in OD450 or endpoint titers. Data 
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represent mean ±SEM. Statistical significance was determined using one-way ANOVA test and 

Tukey’s test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.  

 

 

Figure 2. The duration and neutralization of antibodies against SARS-CoV-2 SP induced by 

oral immunization with v-EM2/SPΔC1Delta in mice. A) The duration of anti-SARS-CoV-2 RBD 

(endpoint titers) in the i.n. immunized mice sera after booster immunization (3wpB and 5wpB) 

were measured. B) The neutralization titers (50% inhibitory dose, ID50) in immunized mice sera 

(3wpB) against pseudovirus PV-Luc-SPDelta infection were determined. The serially diluted mouse 

sera were incubated with PV-Luc-SPDelta (~104 RLU) and then, the mixtures (PV + Sera) were used 

to inoculate A549ACE2 cells. The infection of PV was determined by luciferase assay at 48~66 hrs 

post-infection. The percentage of infection was calculated compared with no serum control. The 

50% inhibition dose (ID50) neutralizing Ab titers were calculated by using sigmoid 4PL 

interpolation with GraphPad Prism 9.0, as described in Materials and Methods. C) The duration 

of neutralizing Ab ID50 titers in the i.n. immunized mice sera collected at 3wpB and 5wpB. Data 

represent mean ±SEM. Statistical significance was determined using one-way ANOVA test and 

Tukey’s test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. wpB, week post Boost.  
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Figure 3. Oral immunization with v-EM2/SPΔC1Delta induced the ADCC activities against 

SARS-CoV-2 SPDelta in mice. A) The schematic diagram of Jurkat-Lucia cell-based ADCC 

activity reporter assay as described in Materials and Methods. The SPDelta-expressing cells are 

obtained from transfection and incubated with serially diluted mouse serum (containing SP-

binding IgG). Jurkat-Lucia reporter cells expressing Fcγ receptor (FcγR) are added to the mixture 

of SPDelta-expressing cells and serum. The engagement of FcγR, IgG, and SP triggers the activation 

of Jurkat effector cells and the luciferase (Luc) expression. The ADCC activity is determined by 

measuring the secreted Luc in the cell culture supernatant (upper). The antigen SARS-CoV-2 spike 

proteins (SPΔCWH, SPΔCDelta) expression in target 293TN cells were determined by Western 

Blotting (lower panel) at 24 hrs post transfection using the anti-SARS-CoV-2 SP-NTD 

(Elabscience, Cat# E-AB-V1030). B) The ADCC activities against SARS-CoV-2 SPDelta in the 
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immunized mice sera (3wpB) were determined as described in (A). The ADCC induction (fold 

change) of sera from each group was calculated against the no-serum control. C) The ADCC 

against SPDelta in individual mouse serum at 1:30 dilution. Data represents mean ± SEM. Statistical 

significance (B and C) was determined using an ordinary one-way (C) or two-way (B) ANOVA 

test and Tukey’s test. D-F) The ADCC activity against SPDelta was positively correlated with the 

titers of anti-SP antibodies (RBD- or S2-binding) (D and E) or NAbs (F) of mice in all groups. 

The ADCC score was calculated as (fold-change × dilution factor). The ADCC score geomean of 

the first two dilutions was used. The correlation analysis was performed by Prism. The correlation 

coefficient (R2) and two-tailed P value were calculated via the Pearson method by Prism. *, P < 

0.05; **, P < 0.01; ***, P < 0.001. 
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Figure 4. Oral immunization with vaccine candidate v-EM2/SPΔC1Delta effectively triggered 

a humoral immune response against influenza virus in mice. A) The anti-influenza virus 

matrix-2 (M2) ectodomain (M2e) IgG levels in sera of the immunized mice at 3 weeks post booster 

(3wpB) as described in Fig.1A were measured by ELISA.  B) The ADCC activities (fold change 

of RLU) against human influenza virus M2 (M2hu-IAV) in the immunized mice sera (3wpB) were 

determined as described in Fig.3A except using 293TN-M2 target cells. The human Influenza A 

virus (IAV) M2 protein expression in target cells was determined by Western Blotting using the 

sera of mouse immunized with v-EM2/ SPΔC1Delta (containing anti-M2 antibodies) (left panel). 

The ADCC induction (fold change) of serum from each mouse was calculated against the no-

serum control (right panel). C) The ADCC against M2hu-IAV in individual mouse serum at 1:50 

dilution. Data represents mean ± SEM. Statistical significance was determined using one-way (A, 
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C) or two-way (B) ANOVA test and Tukey’s test. D) The correlation of ADCC activity against 

M2hu-IAV and the titers of anti-M2e of mice in all groups. The ADCC score was calculated as 

described in Fig.3D. The correlation analysis was performed by Prism. The correlation coefficient 

(R2) and two-tailed P value were calculated via the Pearson method. *, P < 0.05; **, P < 0.01; ***, 

P < 0.001. wpB, week post Boost.   

 

 

Figure 5. Oral immunization with v-EM2/SPΔC1Delta protected mice from the lethal 

challenge of H1N1 influenza virus. A) Schematic of the immunization of bivalent rVSV vaccine 

v-EM2/SPΔC1Delta and influenza challenge in mice. BALB/c mice (5/group) were immunized with 

v-EM2/SPΔC1Delta via oral cavity or intranasal routes. At week 6, i.e. 4 weeks post-boost, mice of 

each group were intranasally infected with the H1N1 influenza virus PR8 (3×103 TCID50). Then, 

the percentages of original body weight (B, left panel) and survival rates (B, right panel) of the 
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mice were monitored daily for 2 weeks. C) Viral loads in the lung tissues of immunized mice 

(2/group) and PBS group (n=5) at 7 days post H1N1 challenge (1wpC) were determined with 

MDCK cells, as described in Materials and Methods. (D and E) The anti-RBD IgG endpoint titers 

(D) and NAb titers against PV-Luc-SPDelta in mice sera before (3wpB) and after challenge (1wpC 

and 3wpC). The titers from the same mouse were linked with a line. Data shown is mean ± SEM. 

Statistical significance was determined using unpaired student T-test (C) or one-way ANOVA test 

and Tukey’s test (A and B). *, P < 0.05; **, P < 0.01; ***, P < 0.001. wpB, week post Boost. wpC, 

week post Challenge. TCID50, 50% Tissue Culture Infectious Dose. 
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