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The global SARS-CoV-2 pandemic caused significant social and economic disruption worldwide, despite highly effective vaccines being developed at an unprecedented speed. Because the first licensed vaccines target only single B-cell antigens, antigenic drift could lead to loss of efficacy against emerging SARS-CoV-2 variants. Improving B-cell vaccines by including multiple T-cell epitopes could solve this problem. Here, we show that in silico predicted MHC class I/II ligands induce robust T-cell responses and protect against severe disease in genetically modified K18-hACE2/BL6 mice susceptible to SARS-CoV-2 infection.
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1 Introduction

SARS-CoV-2 and its related syndrome, COVID-19, have been associated with more than 6.8 million deaths worldwide and imposed economic burdens across the globe during the pandemic (1). First-generation vaccines against SARS-CoV-2 (mRNA-1273, BNT162b2, Ad26.CoV2, and NVX-CoV2373) were developed and approved with unprecedented speed to curtail the pandemic (2–5).

Although effective, these vaccines all rely on the same single antigen, the spike (S) protein (6, 7), and are designed to elicit the production of neutralizing antibodies against this target from the original SARS-CoV-2 strain (6, 7). Several publications highlight the importance, in addition to the induction of neutralizing antibodies (8, 9), of a strong cellular response to these vaccines in the control of SARS-CoV-2 infection (10–12). The shortcoming of such a strategy is the potential for the virus to evade immune cell detection, particularly through amino acid changes in the receptor-binding domain (RBD) of the S protein, and the emergence of new viral variants of concern (VOCs) (P. 13, 14; Q. 15). This, combined with waning vaccine-induced antibody levels over time (16–18), means that SARS-CoV-2 VOCs and other zoonotic novel coronaviruses continue to pose a threat (4, 19). Consequently, first-generation vaccines need to be regularly updated to efficiently target the altered antigens of novel variants (20, 21).

The global spread of SARS-CoV-2 has resulted in approximately 10% of the world’s population being infected (1). It has been reported that immune responses in previously infected subjects are stronger (humoral responses are more durable, cross-strain reactivity is greater, and T-cell epitope coverage is broader) than those observed in response to S protein vaccination. This provides evidence that it is possible to develop more robust vaccines that possess broader T-cell epitope coverage (10–12). Such strategies have been pursued recently, focusing on T-cell epitopes derived from structural proteins, with good immunological results. However, to our knowledge, no such vaccines have been evaluated in a mouse SARS-CoV-2 live viral challenge model (22, 23).

To generate a vaccine with the potential to generate broader protection and with less likelihood of being subject to antigenic drift, we designed and preclinically tested a T-cell vaccine composed of fully in silico predicted epitopes sampled from the entire SARS-CoV-2 genome using the RAVEN™ (Rapidly Adaptive Viral rEspoNse) computational platform. In summary, we show that such a vaccine, delivered as a plasmid DNA (pDNA) vaccine, induces reactive T cells to respond to 15 out of the 17 included epitopes in immunized C57BL/6J mice. Furthermore, we show that immunization of K18-hACE-2 x C57BL/6J mice with the T-cell pDNA vaccine protects against lethal disease upon live viral challenge with SARS-CoV-2, even in the absence of neutralizing antibodies.




2 Methods



2.1 Ethics statement

Immunogenicity studies in mice were performed at Evaxion Biotech A/S (Denmark) under license 2017-15–0201-01209, in accordance with 2010/63/EU. Live viral challenge studies in mice were performed at the Eva J. Pell Laboratory for Advanced Biological Research at the Pennsylvania State University (USA). All animal studies were performed in compliance with Protocol #01552 of the Institutional Animal Care and Use Committee of the Pennsylvania State University.




2.2 Design and production of the SARS-CoV-2 T-cell epitope pDNA vaccine

The T-cell epitope pDNA vaccine was designed by applying the RAVEN platform to the proteome of the SARS-CoV-2 isolate Wuhan-Hu-1 (accession no. NC_045512.2), as outlined below. Coding sequences from full-length SARS-CoV-2 proteins were used for deep learning-based MHC class I (tiling to 8-, 9, 10, and 11-mers) and class II ligand (15-mers) prediction using H-2-Kb and H-2-Db and the H-2-Iab alleles, respectively, with tools developed in house. The design of the final T-cell vaccine was achieved using a genetic algorithm that generated 10,000 constructs by randomly combining selected MHC class I and II ligand-rich regions (“hotspots”) from across the entire SARS-CoV-2 genome, applying the following constraints: (1) constructs were 1,440 bp in length; (2) constructs were selected from different viral genes; and (3) MHC class I ligands were selected in a 2:1 ratio. The highest-scoring 20% of designs were then supplemented with 5% newly generated random constructs, and this pool was used to combine two randomly selected constructs until 10,000 constructs were again reached in the pool. This process was repeated 200 times to create a highly optimized set of constructs with strong MHC binders meeting the stated requirements. The final selected hotspots were joined by GSGSGSGSGS linkers, and codon-optimized (mouse) DNA inserts were synthesized (Aldevron, USA), and cloned in a pTVG4 DNA plasmid (5′ NotI: GCGGCCGC and 3′ BamHI: GGATCC) encoding mouse CCL19 as an antigen-presenting cell targeting (APCt) unit and a human IgG3 heavy chain dimerization unit (Aldevron, USA) to create the final pDNA vaccine (APCt-CoV-T). Empty pTVG4 DNA vector containing no T-cell antigens (APCt-Mock) were used as controls. An overview of the T-cell hotspots and predictions, encoded in the APCt-DNA T-cell vaccine, can be found in Table S1 and Figures S1 and S2.




2.3 Mouse strains

Immunogenicity studies were performed in 5–6 weeks-old female C57BL/6J mice (Janvier Laboratories, France). K18-B6.Cg-Tg(K18-ACE2)2Prlmn/J mice (K18-hACE2 Jackson Laboratories, ME, USA) were used for the SARS-CoV-2 challenge study. The K18-hACE2 mice were backcrossed to C57BL/6J mice (Jackson Laboratories) for seven generations to generate K18-hACE2 mice on a C57BL/6J background. The C57BL/6J H-2Kb haplotype of the K-18-hACE2/BL6 mice was verified by haplotyping using PCR and flow cytometry (Tables S2, S3, data not shown). Immunogenicity and challenge studies were performed in female and male K18-hACE2/BL6 mice at 8–10 weeks of age.




2.4 Immunogenicity evaluation in C57BL/6J mice

Mice were immunized with a total dose of 25 μg pDNA/100 μL (APCt-CoV-T and APCt-Mock) in 1× phosphate-buffered saline (PBS) formulated 1:1 with 6% block co-polymer poloxamer 188 (kindly provided by BASF, Germany). The mice received intramuscular (i.m.) injections of 50 μL into the tibialis anterior muscles of each hind leg once a week for 5 weeks for all studies except for tissue sampling studies, in which case the mice received two immunizations 4 weeks apart. Sera were isolated from tail vein blood collected throughout the study and at study termination 2 or 4 weeks after the last immunization. At termination, spleens were collected, and single-cell suspensions were prepared in accordance with the manufacturer’s instructions using a gentleMACS dissociator (Miltenyi Biotec, Germany).




2.5 SARS-CoV-2 viral stock preparation and storage

SARS-CoV-2 isolate USA-WA1/2020 was received from BEI Resources, the National Institute of Allergy and Infectious Diseases (NIAID), and the National Institutes of Health (NIH) (#NR-5228). Stock preparation and storage were performed as previously described (24). The titer of the propagated virus stock used for challenge and in mouse lung tissue after challenge infection was determined as previously described (24, 25). Lung samples were collected in 0.5 mL of Dulbecco’s modified Eagle medium (DMEM) and homogenized using a Qiagen TissueLyser II.




2.6 SARS-CoV-2 challenge studies in K18-hACE2/BL6 mice

Groups of eight K18-hACE2/BL6 mice were immunized five times as described above. Four weeks after the last immunization, the mice were moved to an Animal Biosafety Level 3 facility for an acclimation period of 5 days before the challenge. Inoculum for the challenge infection was prepared from frozen viral stocks by diluting the virus with PBS to the appropriate concentration. The mice were challenged by an intranasal (i.n.) instillation of 1,000 × TCID50 (the median tissue culture infectious dose) of SARS-CoV-2 (USA-WA1/2020) under anesthesia using isoflurane. Survival, body weight, and clinical symptoms (Table S4) following the challenge were monitored daily for 14 consecutive days post-challenge. At termination, lungs were harvested from a subgroup of the mice, while viral load determination using the TCID50 assay in Vero6 cells, as described above, was performed on lung homogenate from the remaining lungs. Naive mice (i.e., those not vaccinated and not challenged) were included in all the studies as healthy control animals.




2.7 Evaluation of T-cell responses using IFN-γ enzyme-linked immunosorbent spot assay

Hotspot amino acid sequences were synthesized as lyophilized peptides (Pepscan, the Netherlands), dissolved in dimethyl sulfoxide (DMSO) (Merck, #D8418) to a concentration of 10 mg/mL, and used in ex vivo immune assays (Table S1). An enzyme-linked immunosorbent spot (ELISpot) assay was performed in accordance with the manufacturer’s protocol (BD Biosciences) with minor adjustments. Each well was then seeded with 5 ×105 murine splenocytes and stimulated for 18–20 hours with individual peptides or peptide pools (5 μg/mL of each peptide) along with a positive control (concanavalin A, 5 µg/well) and a negative control (culture medium containing <0.6% DMSO). The experiments were run in duplicate. Spot-forming units (SFUs) were counted using an ImmunoSpot analyzer and software (Cellular Technology Limited). A positive ELISpot response was defined as >3 times the standard deviation of the negative control or >20 SFUs per 1 ×106 cells.




2.8 Automated immunohistochemistry

Lung samples from three APCt-CoV-2-T-vaccinated mice, the only surviving APCt-mock mouse, and two naive mice were fixed in 10% neutral-buffered formalin and stored in 70% ethanol until analysis. Samples were fully dehydrated, embedded in paraffin, and sectioned prior to automated staining of CD45 using a Ventana Discovery Ultra instrument (Roche). Briefly, 5-μm-thick paraffin sections were processed for epitope demasking using a CC2 buffer (Roche) at 97°C for 16 minutes. Slides were incubated with a rabbit anti-mouse CD45 antibody (diluted at 1:2000) (Table S3 for details) and the CD45 protein was detected using horseradish peroxidase (HRP)-conjugated anti-rabbit antibody (omniMap-Rabbit-HRP, Roche). Images were acquired from digital slides obtained using a Zeiss AxioScan equipped with a 20× objective.




2.9 Data analysis

All analyses were performed using GraphPad Prism 9 for Mac OS X. Analysis of immunohistochemistry (IHC) images was carried out using QuPath version 0.3.2 (26).





3 Results

To evaluate the immunogenic potential of in silico predicted MHC class I and class II ligands from the entire SARS-CoV-2 genome (Figure 1A), we designed a polyepitope construct using an evolutionary algorithm, resulting in a design with 17 vaccine-encoded T-cell hotspots, each representing a region with multiple predicted MHC class I (H2-Kb, H2-Db) and MHC class II (H2-IAb) binders (Figure 1A). The final construct was then cloned in a DNA plasmid for fusion with a chemokine (CCL19), allowing for the targeting and recruitment of antigen-presenting cells to generate the APCt-CoV2-T vaccine (Figure 1A, Table S1, Figure S1). In vivo testing showed that APCt-CoV2-T-vaccinated (two immunizations) C57BL/6J mice mounted a broad and strong cellular response, as evidenced by T-cell reactivity upon peptide restimulation toward 15 of the 17 (87.5%) vaccine-encoded hotspots (Figure 1B). The IFN-γ T-cell response for peptide 8_12 did not meet the detection criterion, and peptide 7a_102 was not included in the analysis owing to failed peptide synthesis. The IFN-γ T cells in the K18-hACE/BL6 knock-in mice (five immunizations) showed a similar response when stimulated with pools of vaccine-encoded peptide epitopes (Figure 1C). Intracellular cytokine staining of stimulated splenocytes from APCt-CoV2-T-vaccinated C57BL/6J mice demonstrated the induction of polyfunctional CD4+ and CD8+ T cells positive for TNF-α and IFN-γ (Figure S3). No T-cell response was noted in APCt-mock-vaccinated mice (data not shown).




Figure 1 | The RAVEN™ (Rapidly Adaptive Viral rEspoNse) antigen-presenting cell targeting (APCt)-CoV2-T vaccine induces specific T-cell responses in C57BL/6J and K18-hACE2/BL6 mice. (A) Schematic overview of the in silico RAVEN predicted T-cell hotspots encoded in the APCt-CoV2-T-cell vaccine. A T-cell hotspot represents a region with several predicted major histocompatibility complex (MHC) class I (H2-Kb, H2-Db) and MHC class II (H2-Iab) binders. (B) IFN-γ enzyme-linked immunosorbent spot (ELISpot) of splenocytes from APCt-CoV2-T-vaccinated C57BL/6J mice (n = 4) shows a response to 15 of the 17 peptide hotspots included. (C) IFN-γ ELISpot using peptide pools for stimulation of splenocytes from C57BL/6J (n = 3) and K18-hACE2/BL6 (n = 4) mice show a comparable response to the APCt-CoV2-T vaccine. No response was noted for APCt-mock-vaccinated animals (data not shown).



To evaluate the functionality of the induced T cells, K18-hACE2/BL6 mice were immunized once a week for 5 weeks to ensure sufficient T-cell responses to the APCt-CoV2-T vaccine and subsequently challenged i.n. with a lethal dose of SARS-CoV-2 (USA-WA1/2020). The APCt-CoV2-T-vaccinated mice had a survival rate of 87.5% (7/8), whereas only one in eight (12.5%) of the APCt-Mock-vaccinated mice survived the viral infection (Figure 2A). The APCt-CoV2-T- and APCt-Mock-vaccinated mice exhibited various clinical signs, mainly body weight loss and ocular infection (Figures 2B, C, S4). APCt-Mock-vaccinated mice presented with more severe clinical symptoms throughout the challenge study. Anti-RBD IgG antibodies were not induced by the APCt-CoV2-T vaccine (Figure S5); therefore, the protection against lethal challenge is solely T-cell mediated.




Figure 2 | The RAVEN™ (Rapidly Adaptive Viral predicted rEspoNse) antigen-presenting cell targeting (APCt)-CoV2-T vaccine increases survival in SARS-CoV-2-infected K18-hACE2/BL6 mice. (A) Survival plot, (B) Body weight change, and (C) the total sum of clinical scores. The mice were monitored for 14 consecutive days post-infection. (D) Hematoxylin and eosin (H&E) staining and (E) CD45 immunohistochemistry (IHC) staining of the lungs of APCt-CoV2-T vaccinated mice. (F) H&E staining of the lungs from naïve mice at day 14 post-infection. The IHC images are representative of the three lungs evaluated (Figure S5). Scale bars are 2 mm and 100 μm. *Mice in which H&E and IHC staining of lung tissue was performed.



All surviving APCt-CoV2-T-vaccinated mice had cleared the infection by day 14 post-challenge, with no detectable signs of the virus in lung homogenates (data not shown). Hematoxylin and eosin (H&E) and IHC staining of lung sections from APCt-CoV2-T- and APCt-mock-vaccinated mice was therefore performed to confirm infection post-challenge and the expected focal tissue remodeling with immune cell filtration in multiple tertiary lymphoid structures was observed. The cells in lymphoid structures stained positive for CD45+, indicating immune cell infiltration (Figures 2D, E). No such staining of lymphoid structures was seen in the lungs of naïve mice (Figure 2F).

Taken together, these findings verify the ability of in silico tools (i.e., RAVEN) to identify and select relevant functional immunogenic T-cell regions in the SARS-CoV-2 genome that can protect against lethal COVID-19.




4 Discussion

The majority of the approved COVID-19 vaccines target the spike protein or a subunit thereof and induce antibody-mediated protective immunity. Here we demonstrate the feasibility of using novel machine learning tools to design a purely T-cell epitope-based vaccine (APCt-CoV2-T) that elicits abroad immunogenic response to 15 of 17 included genomic hotspots containing MHC ligands from the SARS-CoV-2 genome, including structural proteins, accessory factors, and non-structural proteins. This novel in silico predicted and designed T-cell vaccine delivered with an APCt chemokine (CCL19), further induced the production of multifunctional (TNF-α+/IFN-γ+) CD4+ and CD8+ T cells in vaccinated mice, correlating well with our predictions, as depicted in Figures 1A and S2. Unfortunately, it was not possible to carry out any correlation analyses in the current study between viral load and the protective T-cell response, as all mice had cleared the infection at day 14 post-infection. Type II interferons, such as IFN-γ, are synthesized mainly by activated natural killer (NK) cells and activated T cells in response to virus infection and are central to regulating an anti-viral immune response (27). Importantly, the APCt-CoV2-T vaccine protected against an in vivo SARS-CoV-2 viral challenge in K18-hACE2/BL6 mice, demonstrating the induction of a favorable cellular immune response with anti-viral and immune-stimulating properties that inhibits viral replication. To our knowledge, this is the first study to show in vivo protection from severe COVID-19 by a fully in silico predicted and designed T-cell vaccine. Two additional coronaviruses have resulted in severe human disease [SARS-CoV-1 (28) and MERS-CoV (29)] in recent decades, while four other, less virulent, strains (OC43, HKU1, NL63, and 229E) account for 2%–14% of common cold cases (30). Pre-existing T-cell immunity has been detected in patients with no prior history of COVID-19, most probably because of previous exposure to one of the four common cold coronaviruses (31). Moreover, individuals who recovered from SARS-CoV-1 infection had SARS-CoV-2 cross-reactive CD4+ and CD8+ T cells 17 years after infection (31). These observations, combined with the presented findings, support the concept that a T-cell vaccine would be resistant to antigenic drift and therefore may promote durable antiviral memory responses in humans. Ongoing studies are focused on deconvoluting the variance and type of T-cell response against predicted epitopes for optimization of the prediction algorithms. The ability of the applied in silico design approach to successfully locate and combine relevant immunogenic “hotspots” from across a viral genome in a pathogen-agnostic manner paves the way for the potential rapid design of novel T-cell vaccines against emerging/seasonal viral diseases. In addition, such an approach may find a potential application in the clearance of chronic viral infections, owing to the broadness of the selected epitopes.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The animal study was reviewed and approved by the Eva J. Pell Laboratory for Advanced Biological Research at the Pennsylvania State University.





Author contributions

GP, AS, and GK designed and supervised the studies. MK and AS developed the in silico platform RAVEN™ and designed the plasmid DNA vaccines. GP performed the C57BL/6J mouse immunization studies, while KR, BK, and MN performed the K18-hACE2/BL6 mouse immunogenicity and challenge studies. JE, SS, and GP evaluated ex vivo responses by ELISpot, intracellular cytokine staining (ICS), and enzyme-linked immunosorbent assay. The final analysis of all data was performed by GP and JE. GP, JE, AS, and KR drafted the manuscript, and BR and GK assisted with the final revision of the manuscript. All authors contributed to the article and approved the submitted version.





Funding

GP, AS, JE, SS, MK, and BR were partially funded by The Innovation Fund Denmark (0174-00039B). GSK was support by the United State Department of Agriculture (#4771).




Acknowledgments

P-188 Kolliphore® was kindly donated by BASF, Germany. We would like to thank Henriette Løwe Press, Marianne Blirup Jensen, and Cedric Krüger from Evaxion Biotech A/S for excellent technical assistance, and Boye Schnack Nielsen, Ph.D., from Bioneer for guidance in the immunohistochemistry analysis. This work was supported by The Huck Institutes of Life Sciences, PSU.





Conflict of interest

GP, AS, JE, SS, MK, and BR are employed at Evaxion Biotech A/S.

The remaining 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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1166546/full#supplementary-material




References

1. World Health Organization. WHO coronavirus (COVID-19) dashboard (2023). Available at: https://covid19.who.int.

2. Baden, LR, el Sahly, HM, Essink, B, Kotloff, K, Frey, S, Novak, R, et al. Efficacy and safety of the MRNA-1273 SARS-CoV-2 vaccine. New Engl J Med (2021) 384(5):403–16. doi: 10.1056/nejmoa2035389

3. Sadoff, J, Gray, G, Vandebosch, AN, Cárdenas, V, Shukarev, G, Grinsztejn, B, et al. Safety and efficacy of single-dose Ad26.COV2.S vaccine against covid-19. New Engl J Med (2021) 384(23):2187–201. doi: 10.1056/nejmoa2101544

4. Thomas, SJ, Moreira, ED, Kitchin, N, Absalon, J, Gurtman, A, Lockhart, S, et al. Safety and efficacy of the BNT162b2 MRNA covid-19 vaccine through 6 months. New Engl J Med (2021) 385(19):1761–73. doi: 10.1056/nejmoa2110345

5. Dunkle, LM, Kotloff, KL, Gay, CL, Áñez, G, Adelglass, JM, Barrat Hernández, AQ, et al. Efficacy and safety of NVX-CoV2373 in adults in the united states and Mexico. New Engl J Med (2022) 386(6):531–43. doi: 10.1056/nejmoa2116185

6. Centers for Disease Control and Prevention. ‘Overview of COVID-19 vaccines (2022). Available at: https://www.Cdc.Gov/Coronavirus/2019-Ncov/Vaccines/Different-Vaccines/Overview-COVID-19-Vaccines.Html.

7. Foged, C. Grand challenges in vaccine delivery: Lessons learned from the COVID-19 vaccine rollout. Front Drug Delivery (2022) 2:964298(July). doi: 10.3389/fddev.2022.964298

8. Khoury, DS, Cromer, D, Reynaldi, A, Schlub, TE, Wheatley, AK, Juno, JA, et al. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat Med (2021) 27(7):1205–115. doi: 10.1038/s41591-021-01377-8

9. McMahan, K, Yu, J, Mercado, NB, Loos, C, Tostanoski, LH, Chandrashekar, A, et al. Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature (2021) 590(7847):630–34. doi: 10.1038/s41586-020-03041-6

10. Kedzierska, K, and Thomas, PG. Count on us: T cells in SARS-CoV-2 infection and vaccination. Cell Rep Med (2022) 3(3):100562. doi: 10.1016/j.xcrm.2022.100562

11. Moss, P. The T cell immune response against SARS-CoV-2. Nat Immunol (2022) 23(2):186–93. doi: 10.1038/s41590-021-01122-w

12. Zhang, Z, Mateus, J, Coelho, CH, Dan, JM, Moderbacher, CR, Gálvez, RI, et al. Humoral and cellular immune memory to four COVID-19 vaccines. Cell (2022) 185(14):2434–2451.e17. doi: 10.1016/j.cell.2022.05.022

13. Harvey, WT, Carabelli, AM, Jackson, B, Gupta, RK, Thomson, EC, Harrison, EM, et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat Rev Microbiol (2021) 19(7):409–24. doi: 10.1038/s41579-021-00573-0

14. Wang, P, Nair, MS, Liu, L, Iketani, S, Luo, Y, Guo, Y, et al. Antibody resistance of SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature (2021) 593(7857):130–35. doi: 10.1038/s41586-021-03398-2

15. Wang, Q, Guo, Y, Iketani, S, Nair, MS, Li, Z, Mohri, H, et al. Antibody evasion by SARS-CoV-2 omicron subvariants BA.2.12.1, BA.4 and BA.5. Nature (2022) 608(7923):603–8. doi: 10.1038/s41586-022-05053-w

16. Dan, JM, Mateus, J, Kato, Yu, Hastie, KM, Yu, ED, Faliti, CE, et al. Immunological memory to SARS-CoV-2 assessed for up to 8 months after infection. Science (2021) 371(6529). doi: 10.1126/science.abf4063

17. Gaebler, C, Wang, Z, Lorenzi, JCC, Muecksch, F, Finkin, S, Tokuyama, M, et al. Evolution of antibody immunity to SARS-CoV-2. Nature (2021) 591(7851):639–44. doi: 10.1038/s41586-021-03207-w

18. Wheatley, AK, Juno, JA, Wang, JJ, Selva, KJ, Reynaldi, A, Tan, HX, et al. Evolution of immune responses to SARS-CoV-2 in mild-moderate COVID-19. Nat Commun (2021) 12(1). doi: 10.1038/s41467-021-21444-5

19. Pérez-Alós, L, Armenteros, JJA, Madsen, JR, Hansen, CBo, Jarlhelt, I, Hamm, SR, et al. Modeling of waning immunity after SARS-CoV-2 vaccination and influencing factors. Nat Commun (2022) 13(1):1614. doi: 10.1038/s41467-022-29225-4

20. Moderna Inc. Product pipeline. (2022). Available at: https://www.modernatx.com/research/product-pipeline. (Accessed 30 March 2023).

21. U.S. Food and Drug Administration. Coronavirus (COVID-19) update: FDA authorizes moderna, pfizer-BioNTech bivalent COVID-19 vaccines for use as a booster dose. (2022). Available at: https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-moderna-and-pfizer-biontech-bivalent-covid-19-vaccines. (Accessed 30 March 2023).

22. Meyers, LM, Gutiérrez, AH, Boyle, CM, Terry, F, McGonnigal, BG, Salazar, A, et al. Highly conserved, non-human-like, and cross-reactive SARS-CoV-2 T cell epitopes for COVID-19 vaccine design and validation. NPJ Vaccines (2021) 6(1). doi: 10.1038/s41541-021-00331-6

23. Heitmann, JS, Bilich, T, Tandler, C, Nelde, A, Maringer, Y, Marconato, M, et al. A COVID-19 peptide vaccine for the induction of SARS-CoV-2 T cell immunity. Nature (2022) 601(7894):617–22. doi: 10.1038/s41586-021-04232-5

24. Patel, DR, Field, CJ, Septer, KM, Sim, DG, Jones, MJ, Heinly, TA, et al. Transmission and protection against reinfection in the ferret model with the SARS-CoV-2 USA-WA1/2020 reference isolate. J Virol (2021) 95(13). doi: 10.1128/jvi.02232-20

25. Reed, JL, and Muench, H. A simple method of estimating fifty percent endpoints. Am J Epidemiol (1938) 27(3):493–97. doi: 10.1093/oxfordjournals.aje.a118408

26. Bankhead, P, Loughrey, MB, Fernández, JoséA, Dombrowski, Y, McArt, DG, Dunne, PD, et al. QuPath: Open source software for digital pathology image analysis. Sci Rep (2017) 7(1):16878. doi: 10.1038/s41598-017-17204-5

27. Lee, AJ, and Ashkar, AA. The dual nature of type I and type II interferons. Front Immunol (2018) 9:2061(SEP). doi: 10.3389/fimmu.2018.02061

28. World Health Organization. Latest SARS disease outbreak news . Available at: https://www.who.int/csr/don/archive/disease/severe_acute_respiratory_syndrome/en/ (Accessed 12 February 2021).

29. World Health Organization. MERS situation update - December 2019. (2019). Available at: https://www.emro.who.int/pandemic-epidemic-diseases/mers-cov/mers-situation-update-december-2019.html. (Accessed 30 March 2023).

30. Flodgren, GM, Steiro, Asbjørn, Brurberg, KG, and Rose, CPrevalence of common human coronavirus (HCoV) infections: A rapid review
. (2022) 1–92. Avaialble at: fhi.no/en/publ/. (Accessed 30 March 2023).

31. Bert, NL, Tan, AT, Kunasegaran, K, Tham, CYL, Hafezi, M, Chia, A, et al. SARS-CoV-2-Specific T cell immunity in cases of COVID-19 and SARS, and uninfected controls. Nature (2020) 584(7821):457–62. doi: 10.1038/s41586-020-2550-z




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 © 2023 Persson, Restori, Emdrup, Schussek, Klausen, Nicol, Katkere, Rønø, Kirimanjeswara and Sørensen. 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/Images/fimmu-14-1166546-g001.jpg
0 H2-K*b
= H2-D*b
W H2-IA*D

) >
55 s &
&y, W) 49, ,71,,

0 5000 10000 15000 20000 25000
Genomic Location (kb)

C
3500 600
3 Pool 1
1 1ab_1532 B Pool 2
3000 [ 1ab_2510 00 B Pool 3
3 1ab_2551
1 1ab_3941 ”
§ 2500 1 1ab_5157 £ o
H] I 1ab_5576 g
£ 2000 [ 1ab_6605 5
5 B 1ab_6839 2 .00
° 3231 o
g 1500 I 3a.86 s
2 621 & 200
@ 1000
500 100

K18-hACE2/B6 C57BL/6J





OEBPS/Images/fimmu-14-1166546-g002.jpg
g
g
o
-

Probability of Survival
Body weight change (%)

APCt-Mock

Days post infection Days post infection

- APCt-CoV2-T

Days post infection
— APCt-CoV2-T

12

10





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        DNA immunization with in silico predicted T-cell epitopes protects against lethal SARS-CoV-2 infection in K18-hACE2 mice

      

        		

          1 Introduction

        



        		

          2 Methods

        

          		

            2.1 Ethics statement

          



          		

            2.2 Design and production of the SARS-CoV-2 T-cell epitope pDNA vaccine

          



          		

            2.3 Mouse strains

          



          		

            2.4 Immunogenicity evaluation in C57BL/6J mice

          



          		

            2.5 SARS-CoV-2 viral stock preparation and storage

          



          		

            2.6 SARS-CoV-2 challenge studies in K18-hACE2/BL6 mice

          



          		

            2.7 Evaluation of T-cell responses using IFN-γ enzyme-linked immunosorbent spot assay

          



          		

            2.8 Automated immunohistochemistry

          



          		

            2.9 Data analysis

          



        



        



        		

          3 Results

        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2023.1166546_cover.jpg
& frontiers | Frontiers in Immunology

DNA immunization with in silico predicted T-
cell epitopes protects against lethal SARS-
CoV-2 infection in K18-hACE2 mice





OEBPS/Images/crossmark.jpg
©

2

i

|





