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A mouse model of SARS-CoV-2 that can be developed in any molecular biology lab with standard facilities will be valuable in evaluating drugs and vaccines. Here we present a simplified SARS-CoV-2 mouse model exploiting the rapid adenoviral purification method. Mice that are sensitive to SARS-CoV-2 infection were generated by transducing human angiotensin-converting enzyme 2 (hACE2) by an adenovirus. The expression kinetics of the hACE2 in transduced mice were assessed by immunohistochemistry, RT-PCR, and qPCR. Further, the ability of the hACE2 to support viral replication was determined in vitro and in vivo. The hACE2 expression in the lungs of mice was observed for at least nine days after transduction. The murine macrophages expressing hACE2 supported viral replication with detection of high viral titers. Next, in vivo studies were carried out to determine viral replication and lung disease following SARS-CoV-2 challenge. The model supported viral replication, and the challenged mouse developed lung disease characteristic of moderate interstitial pneumonia. Further, we illustrated the utility of the system by demonstrating protection using an oral mRNA vaccine. The multicistronic vaccine design enabled by the viral self-cleaving peptides targets receptor binding domain (RBD), heptad repeat domain (HR), membrane glycoprotein (M) and epitopes of nsp13 of parental SARS-CoV-2. Further, Salmonella and Semliki Forest virus replicon were exploited, respectively, for gene delivery and mRNA expression. We recorded potent cross-protective neutralizing antibodies in immunized mice against the SARS-CoV-2 delta variant. The vaccine protected the mice against viral replication and SARS-CoV-2-induced weight loss and lung pathology. The findings support the suitability of the model for preclinical evaluation of anti-SARS-CoV-2 therapies and vaccines. In addition, the findings provide novel insights into mRNA vaccine design against infectious diseases not limiting to SARS-CoV-2.
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Introduction

The pandemic, COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has resulted in the rapid deployment of prophylactics and therapeutics at a scale never witnessed before (1–4). The rapid development was enabled partly by generation of mouse models of SARS-CoV-2 from prior knowledge derived during the SARS-CoV-1 outbreak (5–7). Laboratory strains of mice are insensitive to SARS-CoV-2 as the mouse homologue of angiotensin-converting enzyme 2 (ACE2) does not support viral replication. The virus uses human ACE2 (hACE2) as a receptor to gain entry into the host cells, and mice expressing hACE2 are highly susceptible to SARS-CoV-1 and develop lung disease (8, 9). Using this prior knowledge, several groups independently developed a SARS-CoV-2 mouse model either by transiently expressing hACE2 [ref (5, 6)] or by generating hACE2 transgenic mice (7, 10). However, these models are not widely available to test drugs and vaccines against SARS-CoV-2, and they require sophisticated laboratory equipment which are not readily available in most labs. Therefore, to generate a mouse model of SARS-CoV-2, we exploited a simplified adenoviral purification protocol that can be performed in any molecular biology lab (11). Recombinant adenoviruses and adeno-associated viruses (AAV) have found wider application in heterologous gene transfer studies (12–15) and have a proven record of safety (16, 17). Here we developed an AAV-hACE2 mouse model and evaluated the feasibility of the approach by testing the efficacy of an mRNA vaccine.

We previously developed a multicistronic self-replicating mRNA vaccine candidate against SARS-CoV-2 by exploiting the Semliki Forest Virus replicon (18). To enable oral delivery of the mRNA vaccine, we exploited the bacteria-mediated gene transfer. The vaccine was safe and induced potent humoral and cellular immune responses. The vaccine protected the hamsters against virus-induced pneumonia (Jawalagatti et al., unpublished). The multicistronic vaccine was designed with an aim to achieve improved protection against the variants. Therefore, as a next step forward, we studied the efficacy of the vaccine in mice in a challenge experiment against delta variant. Moreover, a simplified SARS-CoV-2 mouse model that can be developed in any molecular biology is highly desired. Exploitation of simple and rapid adenoviral purification protocol enabled the development of simplified SARS-CoV-2 mouse model. The vaccine based on parental SARS-CoV-2 gene sequences protected mice against the delta variant challenge. The use of AAV-hACE2 supported viral replication, and the model is highly suitable for small-scale preclinical studies to test drugs and vaccines.



Materials and Methods


Ethics Statement

Specific pathogen-free Balb/c mice of 5-week old were procured from Koatech, South Korea. Mice were given standard chow diet and clean water with 12 h light-dark cycle. Jeonbuk National University Animal Ethics Committee approved the experiments (JBNU 2021-027). SARS-CoV-2 was handled in highly secured biosafety labs of Korea Zoonosis Research Institute.



Cells and Viruses

HEK293T and Vero E6 cell lines procured from ATCC were cultured in DMEM (Lonza, Switzerland) added with 10% FBS (Gibco, USA) and1x penicillin-streptomycin (Gibco, USA) at 37°C in 5% CO2. The virus was obtained from Korean Centre for Disease control (KCDC). Vero E6 was used to propagate the SARS-CoV-2 parental strain (BetaCoV/Korea/KCDC/03/2020) and B.1.617.2 delta variant (hCoV/Korea/KDCA119861/2021). Viral titer was determined by plaque assay and stored at −80°C until further use.



AAV-hACE2 Mouse Model

The adenoviral construct expressing hACE2 (pAAV-hACE2) was created using the AAVpro® helper free system (Takara, Japan). A schematic of the protocol is presented in Supplementary Figure 1. The full-length hACE2 gene was amplified from cDNA prepared from Caco-2 cells (Supplementary Figure 1A). The hACE2 was cloned into pAAV following directional cloning using Sal I and Xba I restriction enzymes (RE). The positive clones in DH5α E. coli were confirmed by colony PCR (Supplementary Figure 1B) and RE digestion (Supplementary Figure 1C). The HEK293T cells were co-transfected in an equimolar ratio with pAAV-hACE2, pHelper, and pRC2-mi342 plasmids for virus production. The complete transfection, virus isolation, and purification protocol have been described elsewhere (11). The simplified protocol allows purification of virus for small-scale studies in a regular benchtop laboratory. The presence of hACE2 in recombinant AAV2 was confirmed by amplifying full-length hACE2 by PCR following capsid lysis (Supplementary Figure 1D). Further, the purified virus was quantified by qRT-PCR (19). The mice were administered intranasally with 2.5×108 genomic equivalents (GE) AAV-hACE2 in 10 µL volume under Avertine anesthesia. The lung samples were collected at days 3, 5, 7, and 9 post-inoculation, and the kinetics of hACE2 expression was determined by qRT-PCR using hACE2 primers and immunohistochemistry (IHC). IHC was carried out using ACE2 rabbit antibody at 1:2000 dilution (Cat. No. 10108-T24, Sino Biological, China). Further, the tissue sections were stained using H & E to assess the impact of AAV-hACE2 on lung histology.



Vaccine Candidate

The list of bacterial strains, plasmids, and primers used in the present investigation have been listed in Table 1. We previously reported the design and construction of the vaccine candidate (18). The vaccine was designed based on the SFV replicon and targets SARS-CoV-2 receptor biding domain (RBD), heptad repeat domain (HR), membrane glycoprotein (M), and epitopes of nsp13. Exploitation of the SFV replicon allows expression of the vaccine construct as a self-replicating mRNA. Further, live-attenuated Salmonella Typhimurium (ST) with the genotype Δlon, ΔcpxR, ΔrfaL, ΔpagL::lpxE, and Δasd was used for vaccine delivery. The resultant ST carrying the vaccine construct was designated as JOL3014. To prepare the immunization inoculum, JOL3014 was grown overnight in LB broth and subcultured the following day in 10mL LB broth. Bacteria in the logarithmic phase were pelleted and washed twice in 50mL PBS. The pellet was resuspended in a volume of 2mL. The bacterial number was enumerated based on the OD600 value and used to immunize the mice. The inoculum prepared was used fresh.


Table 1 | List of bacterial strains, plasmids and primers used in the present study.





Live Virus Neutralization Assay

The sera samples collected in our previous study (Jawalagatti et al., 2021, unpublished) were used to assess the neutralizing antibody response against the parental and delta variants of SARS-CoV-2 (18). Mice were immunized orally with two doses at two weeks apart and the sera samples were collected at week 3 after final immunization. Briefly, heat-inactivated sera samples were diluted serially and incubated with 50PFU SARS-CoV-2 for 2h at 37°C. The virus-serum mixture was used to infect the Vero E6 cells in a 96-well plate for 1h at 37°C. The plates were incubated for 3 days and observed for development of cytopathic effects (CPE), and viral replication was studied by an immunofluorescence assay (IFA).



Challenge Study

Mice were immunized twice, two weeks apart, with 1×108 CFU via the oral route. The mice were challenged three weeks after the final immunization. Four days before the challenge dose, mice were administered intranasally with 2.5×108 genomic equivalents (GE) AAV-hACE2 in 10µL volume under Avertine anesthesia. The mice were challenged with 1×104 PFU of SARS-CoV-2 delta variant in a volume of 10µL via the intranasal route under general anesthesia. General anesthesia was achieved by injecting a mixture of 5mg/kg xylazine and 80mg/kg ketamine through the intraperitoneal route. The body weights were monitored on a daily basis, and all animals were sacrificed at day 5 post-challenge. Blood, sera, and lung samples were collected.



Viral Burden and hACE2 Expression

The viral burden in the lung samples was determined by plaque assay and qRT-PCR (20, 21). The lung samples were weighed and homogenized in DMEM or Trizol for plaque and qRT-PCR assays, respectively. Lung homogenates were clarified by centrifugation at 13000 rpm for 10 min and stored at -80°C. RNA was extracted (GeneAll, South Korea), and cDNA synthesized. The hACE2 expression was quantified using the gene-specific primers listed in Table 1.



Immunohistochemistry

Formalin-fixed, paraffin-embedded (FFPE) lung sections were deparaffinized by immersing in two changes of xylene, followed by one immersion in xylene-alcohol (1:1 ratio) for 3 min each. The sections were rehydrated by immersing in a series of alcohol gradients of 100%, 95%, 75%, and 50% for 3 min each. The sections were washed in tap water and incubated in 3% H2O2 in methanol for 10 min to block endogenous peroxidase activity. Following a PBS wash, antigen retrieval was performed by incubating at 100°C for 30 min in 0.5mM citrate buffer pH 6.0. Blocking was performed using 3% BSA at RT for 2 h. The sections were incubated with ACE2 antibody at 1:2000 (Cat. No. 10108-T24, Sino Biological, China) dilutions overnight at 4°C. Following a PBS wash, goat anti-rabbit IgG HRP was added at 1:5000 dilutions and incubated at RT for 1h. The sections were developed using DAB substrate.



Histopathology

Lung sections were subjected to histopathological analysis following H & E staining.



Statistical Analysis

Data was analyzed using GraphPad Prism 9.0 and IBM SPSS®. Details of the test used and number of animals are indicated in the figure legends. A p-value of <0.05 was considered statistically significant.




Results


hACE2 Mouse Model

The chosen laboratory mice are non-permissive to SARS-CoV-2 as mouse ACE2 does not support viral binding (6, 22). Therefore, to sensitize the mice to SARS-CoV-2, we transiently transduced a recombinant adeno-associated virus (AAV) encoding hACE2 (AAV-hACE2) into the lungs of Balb/c mice. We evaluated the expression of hACE2 and its ability to support viral replication in RAW cells. The expression of hACE2 was confirmed by RT-PCR (Figure 1A) and IFA (Figure 1B). Further, we detected higher titers of SARS-CoV-2 in AAV-hACE2-transduced RAW cells than in the control cells by plaque assay (Figure 1C). The ability of RAW cells expressing hACE2 to support viral replication was confirmed by spike protein IFA (Figure 1D). Next, to study the expression kinetics of hACE2 in vivo, six-week-old Balb/c mice were transduced intranasally with 2.5 × 108 AAV-hACE2 genomic equivalents (GE). The hACE2 expression was observed in the epithelial cells and pneumocytes of the lungs of transduced mice (Figure 1E). Of note, hACE2 protein expression in lungs was detected on all experimental days. Further, we detected hACE2 expression in lung samples collected on all days by RT-PCR (Figure 1F) and qPCR (Figure 1G). To evaluate if AAV-hACE2 administration affected the lungs, we carried out histopathological analysis. The H & E-stained lung sections revealed no retrogressive tissue changes compared to the healthy lung tissue (Figure 1H), affirming the safety of AAV-hACE2 administration. The hACE2 expression kinetics, histopathological evaluation, and ability to support viral replication affirmed the suitability of the model to evaluate our vaccine candidate in mice.




Figure 1 | Expression kinetics of hACE2. (A) hACE2 mRNA expression in AAV-hACE2 transduced HEK and RAW cells by RT-PCR. Lane M- DNA molecular weight marker; Lane 1, 2- replicates showing the amplification; Lane N- absence of amplification in non-transduced cells. (B) Expression of hACE2 in AAV-hACE2 transduced RAW cells by IFA using ACE2 antibody. Bright green fluorescence indicating the expression of hACE2 on cell surface. AAV-hACE2 transduced RAW cells were infected with SARS-CoV-2 at 0.1 moi and viral replication was determined by (C) plaque assay and (D) IFA using spike S1 antibody. Mice were intranasally transduced with AAV-hACE2 and expression of hACE2 in the lungs was evaluated by (E) IHC using ACE2 antibody, (F) RT-PCR to amplify a fragment of ACE2 and (G) qRT-PCR. Lane M- DNA molecular weight marker; Lane 0, 3, 5, 7 and 9 indicate the lung sampling day after transduction. Amplification of internal control β-actin has been shown. (H) H & E stained lung tissues after adenoviral transduction. Dashed line in (C) and (G) represents lower limit of quantification (LLOQ). Data information: Data in (C) was analysed by Mann Whitney test. Data in (E–H) are representative of two mice at each time point from a total of 10. Data presented as mean ± SEM at 95% CI. ***p < 0.001.





Assessment of Cross-Protective Neutralizing Antibodies Against the Delta Variant

We created a multicistronic vaccine candidate in an effort to achieve improved protection against SARS-CoV-2 variants. Therefore, we determined the cross-protective neutralizing antibodies in the immune mice sera against delta variant. The sera potently neutralized both the ancestral and B.1.617.2 SARS-CoV-2 with a log2-transformed neutralization antibody (NAb) titer of 10 (Figures 2A–C). The NAb titers detected were verified by an IFA assay to study viral replication. Absence of reduction in NAb against the delta variant suggested elicitation of potent cross-protective antibodies by the vaccine.




Figure 2 | Assessment of neutralizing antibody titer. The inhibition of viral replication by the immune mice sera was evaluated by IFA using HR antibody. IFA images showing neutralization of (A) ancestral SARS-CoV-2 and (B) B.1.617.2 delta variant. (C) The log2 NAb titer has been shown in the right panel. Dashed line represents lower limit of detection (LLOD). Data information: The data was analyzed by two-way ANOVA using Šídák’s multiple comparisons test. Data presented as mean ± SEM at 95% CI. ***p < 0.001.





Evaluation of Suitability of the Model in an Immunization and Challenge Experiment

Next, suitability of the model to support evaluation of a vaccine candidate was studied. For this purpose, mice were immunized with two doses, two weeks apart, of 1×108 CFU via the oral route. Mice were challenged at week 3 after the final immunization with an inoculum of 1×104 PFU SARS-CoV-2 delta variant. Four days before the challenge infection, mice were administered intranasally with 2.5 × 108 AAV-hACE2. The mice were sacrificed on day 5 post-challenge, and lung samples were collected. The AAV-hACE2 supported viral replication with detection of viral loads in the lungs and nasal washes in all placebo control mice. A weight loss of 4-7% was observed in the placebo group on day 5 post-challenge (Figure 3A). The mean log10-transformed infectious viral loads in the lungs and nasal washes were recorded as 5.86 PFU/100mg (Figure 3B) and 6.34 PFU/mL (Figure 3C), respectively. Further, mean log10-transformed viral N gene copies in the lungs numbered 6.3/100mg (Figure 3D). On the contrary, the immunized mice were protected against weight loss and viral replication. No live virus was detected in the lungs or nasal washes of immunized mice; however, a mean log10-transformed N gene copy number of 1.94/100mg was detected in the lungs, albeit at a low level. The hACE2 expression was detected in the lungs of both placebo and vaccinated mice (Figure 3E). Next, we assessed the histological changes in the lungs of challenged mice following H & E staining. The lesions in the placebo controls were characteristic of mild to moderate interstitial pneumonia with inflammatory cell infiltration, congestion, and hemorrhage (Figure 3F). The immunized mice were protected against SARS-CoV-2-induced lung disease. Taken together, the findings support the suitability of the simplified mouse model to evaluate potential anti-SARS-CoV-2 vaccines and therapies.




Figure 3 | Demonstration of protection by an oral mRNA vaccine candidate. Male mice were immunized with 1 × 108 CFU orally twice at two weeks interval and challenged intranasally with SARS-CoV-2 delta variant three weeks later. Mice were administered AAV-hACE2 4 days before the challenge infection. (A) Body weight was monitored for five days following challenge. Each line represents one individual mice. Live virus in (B) lung and (C) nasal wash was measured by a plaque assay. (D) SARS-CoV-2 N gene and (E) hACE2 copies in lung was measured by qRT-PCR. Dashed line in (B–E) represents lower limit of quantification (LLOQ). (F) H & E stained lung tissue sections. Red circle indicates the area of interstitial pneumonia and blue arrowheads denote the lymphocytic infiltrate. Data information: Protection data was derived from five biologically independent mice per group. Data presented as mean ± SEM at 95% CI. Data in (A) was analyzed by two-way ANOVA using Šídák’s multiple comparisons test. Data in (B–E) was analysed by Mann Whitney test. **p < 0.01, ****p < 0.0001 and nsp > 0.05.






Discussion

In the present study, we generated a mouse model by transiently transducing a laboratory mouse strain with AAV-hACE2. We report a simplified SARS-CoV-2 mouse model using AAV encoding the hACE2 that can be constructed in any molecular biology lab. Although the model has the limitation of being suitable only for small-scale studies, it serves as a powerful tool for rapid preclinical testing of drugs and vaccines against SARS-CoV-2. Further, we demonstrate the utility of the model by recording the effectiveness of an oral mRNA vaccine to confer protection against the B.1.617.2 delta variant.

Laboratory strains of mice generally are non-permissive to SARS-CoV-2, as mouse ACE2 does not support viral entry (6, 22). The fact that SARS-CoV uses the hACE receptor for cellular entry was exploited to develop the mouse model of SARS-CoV-2 infection and pathogenesis (5–7). This expedited the development of mouse models of SARS-CoV-2 to test drugs and vaccines (5, 6, 10, 23). However, these models are not widely available, and they require expensive laboratory equipment. Therefore, a mouse model that can be developed in any lab with standard equipment is highly desired. Herein we report a mouse model of SARS-CoV-2 using a simple and rapid adenoviral purification protocol (Supplementary Figure 1) (11). We sensitized Balb/c mice to SARS-CoV-2 infection through hACE2 expression in the lungs by adenoviral transduction (Figure 1). The AAV-hACE2-transduced mice supported SARS-CoV-2 replication with detection of viral titers in the lungs and nasal washes (Figures 3A–D). Further, challenged mice developed lung lesions characteristic of interstitial pneumonia (Figure 3F). Viral replication and lung disease in hACE2-expressing mice have been reported previously (5, 6). Similar pathological lesions have been observed in humans and other animals infected with SARS-CoV-2 (24–29). Collectively, our results demonstrate SARS-CoV-2 replication and subsequent development of lung disease in infected mice provided hACE by adenoviral transduction.

Notwithstanding the fact that our model supported viral replication and development of lung disease, the magnitude of viral replication detected was comparatively lower than that observed in other hACE2-adenoviral models (5, 6). Consistent with virological data, mice lost less weight and developed only mild to moderate lung disease (Figure 3F). This discrepancy can be attributed to the AAV serotype used in the present investigation, as AAV tissue tropism varies with serotype (30). Our study used serotype 2, whereas other studies have used serotype 5, which might be better suited to deliver genes to lungs (30, 31). Therefore, we recommend the use of AAV serotype 5 or other serotypes such as AAV 1 [ref (32)] and AAV 6 [ref (32)] for future studies.

The COVID-19 pandemic resulted in rapid deployment of vaccines at a scale never witnessed before, with the US Food and Drug Administration (FDA) granting full approval to the two-dose Pfizer-BioNTech vaccine (33). However, due to emerging variants and disproportional vaccine distribution, the global SARS-CoV-2 burden is steadily increasing (34–38). This has necessitated the development of next-generation vaccines to tackle the antigenic diversity. Previously, we developed a Salmonella-mediated multicistronic vaccine targeting the RBD, HR, M, and epitopes of nsp13 of SARS-CoV-2 [ref (18)]. The use of bacteria for gene transfer enables oral delivery of the mRNA vaccine, and to our knowledge, our studies are the first to demonstrate an oral mRNA vaccine to combat infectious diseases (39). We previously observed that oral route of immunization elicited potent mucosal IgA response in the lungs (Jawalagatti et. al., unpublished). Moreover, elicitation of mucosal response at respiratory sites following oral immunization has been documented earlier (40). The findings highlight the ability of oral vaccine to induce mucosal response in the respiratory tract. The self-replicating mRNA vaccine design enabled by exploiting the SFV replicon elicited potent humoral and cellular responses in mice and protected hamsters against challenge infection with both the ancestral and delta variants of SARS-CoV-2 (Jawalagatti et. al., unpublished). To further verify the findings and to illustrate the utility of the mouse model, we determined the cross-protective ability of the vaccine in AAV-hACE2-transduced mice challenged with the B.1.617.2 delta variant (Figure 3). In agreement with our hamster data, mice immunized orally were protected against viral replication and lung pathology. These results highlight the suitability of our model to test antiviral vaccines and therapies.

In summary, our experiments support the development of a simplified SARS-CoV-2 mouse model. The AAV-hACE2-transduced mice developed lung disease consistent with that of viral replication. Furthermore, the oral mRNA vaccine protected the mice against viral replication and SARS-CoV-2-induced lung disease, demonstrating the feasibility of the approach to test vaccines and drugs against COVID-19.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by Jeonbuk National University Animal Ethics Committee.



Author Contributions

VJ and PK designed the study and performed the experiments. VJ analyzed the data, prepared figures and wrote the manuscript. VJ, CH, and J-YP: ABSL3 experiments- viral challenge, sacrifice and sampling. M-SY, BO, MS, and BK: Histopathology. BK provided resources for histopathology experiment. JL: project supervision, acquired funding, commented on the manuscript. All authors approved the final version of the manuscript.



Funding

This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (2019R1A6A1A03033084).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.811802/full#supplementary-material

Supplementary Figure 1 | Schematic representation of steps followed in development of SARS-CoV-2 mouse model. (A) PCR amplification of full-length hACE2 from cDNA prepared from Caco-2 cells. Lane M- DNA molecular weight marker; Lanes 1-4- different cDNA preparations showing positive amplification.(B) Colony PCR confirmation of the cloning of hACE2 into pAAV2 and (C) Positive clone was confirmed by RE digestion using XbaI/SalI restriction enzymes. Lane M- DNA molecular weight marker; Lane c1, c2- colonies; Lane i- RE digested plasmid showing the hACE2 release. (D) Confirmation of presence of hACE2 in the recombinant adenovirus by PCR. Lane M- DNA molecular weight marker; Lanes s1, s2- sample numbers. *The adenoviral production, isolation and purification was done by following protocols described in Negrini et al., 2020 (ref 11).



References

1. Kim, YC, Dema, B, and Reyes-Sandoval, A. COVID-19 Vaccines: Breaking Record Times to First-in-Human Trials. NPJ Vaccines (2020) 5:1–3. doi: 10.1038/s41541-020-0188-3

2. Singh, JA, and Upshur, REG. The Granting of Emergency Use Designation to COVID-19 Candidate Vaccines: Implications for COVID-19 Vaccine Trials. Lancet Infect Dis (2020) 21:e103–9. doi: 10.1016/S1473-3099(20)30923-3

3. Wherry, EJ, Jaffee, EM, Warren, N, D’Souza, G, and Ribas, A. How did We Get a COVID-19 Vaccine in Less Than 1 Year? Clin Cancer Res (2021) 27:2136–8. doi: 10.1158/1078-0432.CCR-21-0079

4. Shereen, MA, Khan, S, Kazmi, A, Bashir, N, and Siddique, R. COVID-19 Infection: Origin, Transmission, and Characteristics of Human Coronaviruses. J Adv Res (2020) 24:91–8. doi: 10.1016/j.jare.2020.03.005

5. Sun, J, Zhuang, Z, Zheng, J, Li, K, Wong, RL-Y, Liu, D, et al. Generation of a Broadly Useful Model for COVID-19 Pathogenesis, Vaccination, and Treatment. Cell (2020) 182:734–43. doi: 10.1016/j.cell.2020.06.010

6. Hassan, AO, Case, JB, Winkler, ES, Thackray, LB, Kafai, NM, Bailey, AL, et al. Alsoussi WB. A SARS- CoV-2 Infection Model in Mice Demonstrates Protection by Neutralizing Antibodies. Cell (2020) 182:744–53. doi: 10.1016/j.cell.2020.06.011

7. Bao, L, Deng, W, Huang, B, Gao, H, Liu, J, Ren, L, et al. The Pathogenicity of SARS- CoV-2 in Hace2 Transgenic Mice. Nature (2020) 583:830–3. doi: 10.1038/s41586-020-2312-y

8. Netland, J, Meyerholz, DK, Moore, S, Cassell, M, and Perlman, S. Severe Acute Respiratory Syndrome Coronavirus Infection Causes Neuronal Death in the Absence of Encephalitis in Mice Transgenic for Human ACE2. J Virol (2008) 82:7264–75. doi: 10.1128/JVI.00737-08

9. McCray, PB Jr., Pewe, L, Wohlford-Lenane, C, Hickey, M, Manzel, L, Shi, L, et al. Lethal Infection of K18-Hace2 Mice Infected With Severe Acute Respiratory Syndrome Coronavirus. J Virol (2007) 81:813–21. doi: 10.1128/JVI.02012-06

10. Sun, S-H, Chen, Q, Gu, H-J, Yang, G, Wang, Y-X, Huang, X-Y, et al. A Mouse Model of SARS- CoV-2 Infection and Pathogenesis. Cell Host Microbe (2020) 28:124–33. doi: 10.1016/j.chom.2020.05.020

11. Negrini, M, Wang, G, Heuer, A, Bjorklund, T, and Davidsson, M. AAV Production Everywhere: A Simple, Fast, and Reliable Protocol for in House AAV Vector Production Based on Chloroform Extraction. Curr Protoc Neurosci (2020) 93:e103. doi: 10.1002/cpns.103

12. Khan, A, Sayedahmed, EE, Singh, VK, Mishra, A, Dorta-Estremera, S, Nookala, S, et al. A Recombinant Bovine Adenoviral Mucosal Vaccine Expressing Mycobacterial Antigen-85B Generates Robust Protection Against Tuberculosis in Mice. Cell Rep Med (2021) 2:100372. doi: 10.1016/j.xcrm.2021.100372

13. Gebre, MS, Brito, LA, Tostanoski, LH, Edwards, DK, Carfi, A, and Barouch, DH. Novel Approaches for Vaccine Development. Cell (2021) 184:1589–603. doi: 10.1016/j.cell.2021.02.030

14. Fender, P, Ruigrok, RWH, Gout, E, Buffet, S, and Chroboczek, J. Adenovirus Dodecahedron, a New Vector for Human Gene Transfer. Nat Biotechnol (1997) 15:52–6. doi: 10.1038/nbt0197-52

15. Reed, CC, Gauldie, J, and Iozzo, RV. Suppression of Tumorigenicity by Adenovirus-Mediated Gene Transfer of Decorin. Oncogene (2002) 21:3688–95. doi: 10.1038/sj.onc.1205470

16. Nemunaitis, J, Cunningham, C, Buchanan, A, Blackburn, A, Edelman, G, Maples, P, et al. Intravenous Infusion of a Replication-Selective Adenovirus (ONYX-015) in Cancer Patients: Safety, Feasibility and Biological Activity. Gene Ther (2001) 8:746–59. doi: 10.1038/sj.gt.3301424

17. Lee, J, Shin, DW, Park, H, Kim, J, Youn, Y, Kim, JH, et al. Tolerability and Safety of EUS-Injected Adenovirus-Mediated Double-Suicide Gene Therapy With Chemotherapy in Locally Advanced Pancreatic Cancer: A Phase 1 Trial. Gastrointest Endosc (2020) 92:1044–52. doi: 10.1016/j.gie.2020.02.012

18. Jawalagatti, V, Kirthika, P, Park, J, Hewawaduge, C, and Lee, J. Highly Feasible Immunoprotective Multicistronic SARS- CoV-2 Vaccine Candidate Blending Novel Eukaryotic Expression and Salmonella Bactofection. J Adv Res (2021) 36:211–22. doi: 10.1016/j.jare.2021.07.007

19. Aurnhammer, C, Haase, M, Muether, N, Hausl, M, Rauschhuber, C, Huber, I, et al. Universal Real-Time PCR for the Detection and Quantification of Adeno-Associated Virus Serotype 2-Derived Inverted Terminal Repeat Sequences. Hum Gene Ther Part B Methods (2012) 23:18–28. doi: 10.1089/hgtb.2011.034

20. Corman, VM, Landt, O, Kaiser, M, Molenkamp, R, Meijer, A, Chu, DKW, et al. Detection of 2019 Novel Coronavirus (2019-N CoV) by Real-Time RT-PCR. Eurosurveillance (2020) 25:2000045. doi: 10.2807/1560-7917.ES.2020.25.3.2000045

21. Hewawaduge, C, Senevirathne, A, Jawalagatti, V, Kim, JW, and Lee, JH. Copper-Impregnated Three-Layer Mask Efficiently Inactivates SARS- CoV2. Environ Res (2021) 196:110947. doi: 10.1016/j.envres.2021.110947

22. Letko, M, Marzi, A, and Munster, V. Functional Assessment of Cell Entry and Receptor Usage for SARS- CoV-2 and Other Lineage B Betacoronaviruses. Nat Microbiol (2020) 5:562–9. doi: 10.1038/s41564-020-0688-y

23. Hassan, AO, Kafai, NM, Dmitriev, IP, Fox, JM, Smith, BK, Harvey, IB, et al. Case JB. A Single-Dose Intranasal Chad Vaccine Protects Upper and Lower Respiratory Tracts Against SARS- CoV-2. Cell (2020) 183:169–84. doi: 10.1016/j.cell.2020.08.026

24. Yang, M-S, Oh, BK, Yang, D, Oh, EY, Kim, Y, Kang, KW, et al. Ultra-and Micro-Structural Changes of Respiratory Tracts in SARS- CoV-2 Infected Syrian Hamsters. Vet Res (2021) 52:1–19. doi: 10.1186/s13567-021-00988-w

25. Kurup, D, Malherbe, DC, Wirblich, C, Lambert, R, Ronk, AJ, Zabihi Diba, L, et al. Inactivated Rabies Virus Vectored SARS- CoV-2 Vaccine Prevents Disease in a Syrian Hamster Model. PLoS Pathog (2021) 17:e1009383. doi: 10.1371/journal.ppat.1009383

26. Borczuk, AC, Salvatore, SP, Seshan, SV, Patel, SS, Bussel, JB, Mostyka, M, et al. COVID-19 Pulmonary Pathology: A Multi-Institutional Autopsy Cohort From Italy and New York City. Mod Pathol (2020) 33:2156–68. doi: 10.1038/s41379-020-00661-1

27. Singh, DK, Singh, B, Ganatra, SR, Gazi, M, Cole, J, Thippeshappa, R, et al. Responses to Acute Infection With SARS- CoV-2 in the Lungs of Rhesus Macaques, Baboons and Marmosets. Nat Microbiol (2021) 6:73–86. doi: 10.1038/s41564-020-00841-4

28. Sanchez-Felipe, L, Vercruysse, T, Sharma, S, Ma, J, Lemmens, V, Van Looveren, D, et al. Liesenborghs L. A Single-Dose Live-Attenuated YF17D-Vectored SARS- CoV-2 Vaccine Candidate. Nature (2021) 590:320–5. doi: 10.1038/s41586-020-3035-9

29. Sia, SF, Yan, L-M, Chin, AWH, Fung, K, Choy, K-T, Wong, AYL, et al. Pathogenesis and Transmission of SARS- CoV-2 in Golden Hamsters. Nature (2020) 583:834–8. doi: 10.1038/s41586-020-2342-5

30. Lisowski, L, Tay, SS, and Alexander, IE. Adeno-Associated Virus Serotypes for Gene Therapeutics. Curr Opin Pharmacol (2015) 24:59–67. doi: 10.1016/j.coph.2015.07.006

31. Asokan, A, Schaffer, DV, and Samulski, RJ. The AAV Vector Toolkit: Poised at the Clinical Crossroads. Mol Ther (2012) 20:699–708. doi: 10.1038/mt.2011.287

32. Flotte, TR, Fischer, AC, Goetzmann, J, Mueller, C, Cebotaru, L, Yan, Z, et al. Dual Reporter Comparative Indexing of Raav Pseudotyped Vectors in Chimpanzee Airway. Mol Ther (2010) 18:594–600. doi: 10.1038/mt.2009.230

33. Tanne, JH. Covid-19: FDA Approves Pfizer-Biontech Vaccine in Record Time. BMJ (2021) 374:n2096. doi: 10.1136/bmj.n2096

34. Twohig, KA, Nyberg, T, Zaidi, A, Thelwall, S, Sinnathamby, MA, Aliabadi, S, et al. Hospital Admission and Emergency Care Attendance Risk for SARS- CoV-2 Delta (B. 1.617. 2) Compared With Alpha (B. 1.1. 7) Variants of Concern: A Cohort Study. Lancet Infect Dis (2021) 22:35–42. doi: 10.1016/S1473-3099(21)00475-8

35. Sheikh, A, McMenamin, J, Taylor, B, and Robertson, C. SARS- CoV-2 Delta VOC in Scotland: Demographics, Risk of Hospital Admission, and Vaccine Effectiveness. Lancet (2021) 397:2461–2. doi: 10.1016/S0140-6736(21)01358-1

36. Maxmen, A. The Fight to Manufacture COVID Vaccines in Lower-Income Countries. Nature (2021) 597:455–7. doi: 10.1038/d41586-021-02383-z

37. Asundi, A, O’Leary, C, and Bhadelia, N. Global COVID-19 Vaccine Inequity: The Scope, the Impact, and the Challenges. Cell Host Microbe (2021) 29:1036–9. doi: 10.1016/j.chom.2021.06.007

38. Campbell, F, Archer, B, Laurenson-Schafer, H, Jinnai, Y, Konings, F, Batra, N, et al. Increased Transmissibility and Global Spread of SARS- CoV-2 Variants of Concern as at June 2021. Eurosurveillance (2021) 26:2100509. doi: 10.2807/1560-7917.ES.2021.26.24.2100509

39. Coffey, JW, Das, GG, and Traverso, G. Oral Biologic Delivery: Advances Toward Oral Subunit, DNA, and Mrna Vaccines and the Potential for Mass Vaccination During Pandemics. Annu Rev Pharmacol Toxicol (2021) 61:517–40. doi: 10.1146/annurev-pharmtox-030320-092348

40. Hopkins, S, Kraehenbuhl, J-P, Schodel, F, Potts, A, Peterson, D, De Grandi, P, et al. A Recombinant Salmonella Typhimurium Vaccine Induces Local Immunity by Four Different Routes of Immunization. Infect Immun (1995) 63:3279–86. doi: 10.1128/iai.63.9.3279-3286.1995




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jawalagatti, Kirthika, Hewawaduge, Park, Yang, Oh, So, Kim and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A Simplified SARS-CoV-2 Mouse Model Demonstrates Protection by an Oral Replicon-Based mRNA Vaccine

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics Statement

          



          		

            Cells and Viruses

          



          		

            AAV-hACE2 Mouse Model

          



          		

            Vaccine Candidate

          



          		

            Live Virus Neutralization Assay

          



          		

            Challenge Study

          



          		

            Viral Burden and hACE2 Expression

          



          		

            Immunohistochemistry

          



          		

            Histopathology

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            hACE2 Mouse Model

          



          		

            Assessment of Cross-Protective Neutralizing Antibodies Against the Delta Variant

          



          		

            Evaluation of Suitability of the Model in an Immunization and Challenge Experiment

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-811802-g001.jpg
AAV-hACE2 transduced
Control AAV-hACE2

c
SARS-CoV-2 infected

P Control AAV-hACE2

H
€ payo Day3 Day 5 Day7  Days

4 g 3 % - £

5 ; ;
2f Ay
2 € . G 2

H&E





OEBPS/Images/fimmu.2022.811802_cover.jpg
, frontiers
in Immunology

A Simplified SARS-CoV-2
Mouse Model Demonstrates
Protection by an Oral
Replicon-Based mRNA Vaccine





OEBPS/Images/fimmu-13-811802-g003.jpg
Body weight

>

#

Body weight (%)
s






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-13-811802-g002.jpg
<) Placebo 1:8 vo

b c
o w pucn
E ok ek

Placebo 1:8 vo Vaceine 1:102¢

8






OEBPS/Images/table1.jpg
Bacteria/Plasmid

S. Typhimurium
JOL3000
JOL3014
JOL3015

E. coli
E.coli232
JOL3013
Plasmids
pSFV3-lacZ
pJHL204
PAAV-CMV
pHelper
PRC2-mi342

Construct primer
V-P2A

hACE2 primer
qRT-PCR primers
SARS-CoV-2 N gene
hACE2

AAV ITR

Genotypic characteristics

Alon AcpxR Arfal. ApagL::jpxE Aasd
JOL3000 carrying pJHL204-V-P2A
JOL3000 carrying pJHL204

F- A— ¢80 A(lacZYA-argF) endA1 recA1 hadR17 deoR thi-1 ginV44 gyrA96 relA1 AasdA4
E. coli 232 carrying pJHL204-V-P2A

amp™,SP6 promoter, pBR322 ori

asd+, CMV promoter, SV40 promoter, pBR322 ori

Contains a promoter for gene expression, two ITRs and a site for cloning a gene of interest, amp®

Expresses adenovirus E2A, E4, and VA, amp®

Expresses the Rep and Cap genes of AAV2. Also, expresses hsa-miR-342, a human microRNA that increases AAV2
titer in vector preparation systems, ampFi

Forward - GGGCCCGCCACCATGAGAGTCReverse - GGCGCGCCTTATATTTGTGGCCTG
Forward- TCTAGAATGTCAAGCTCTTCCTGReverse- GTCGACCTAAAAGGAGGTCTGAAC

Forward- CACATTGGCACCCGCAATCReverse- GAGGAACGAGAAGAGGCTTG
Forward- TCCATTGGTCTTCTGTCACCCGReverse- AGACCATCCACCTCCACTTCTC
Forward- GGAACCCCTAGTGATGGAGTTReverse- CGGCCTCAGTGAGCGA

Underlined are the restriction enzyme sites in hACE2 full-length primers.

Reference

Lab stock
(18)
(18)

Lab stock
(18)

Addgene, USA
Lab stock
Takara, Japan
Takara, Japan
Takara, Japan

(18)
This study

(20)
This study
(19)





