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Abstract

:

We are currently approaching three years since the beginning of the coronavirus disease 2019 (COVID-19) pandemic. SARS-CoV-2 has caused extensive disruptions in everyday life, public health, and the global economy. Thus far, the vaccine has worked better than expected against the virus. During the pandemic, we experienced several things, such as the virus and its pathogenesis, clinical manifestations, and treatments; emerging variants; different vaccines; and the vaccine development processes. This review describes how each vaccine has been developed and approved with the help of modern technology. We also discuss critical milestones during the vaccine development process. Several lessons were learned from different countries during the two years of vaccine research, development, clinical trials, and vaccination. The lessons learned during the vaccine development process will help to fight the next pandemic.
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1. Introduction


The coronavirus disease 2019 (COVID-19) pandemic has been a shocking and miserable period, and it is now time to look back. COVID-19 originated in December 2019 when the first case was detected in Wuhan, China [1]. The WHO declared a Public Health Emergency of International Concern (PHEIC) on 30 January 2020, due to the rapid spread of the virus outside China. Subsequently, the WHO declared a pandemic on 11 March 2020 [2]. By June 2020, most large countries had been hit by the pandemic. The virus has infected more than 200 countries worldwide. A high case fatality rate (CFR) was found in the elderly male population. In this group, the average CFR was 1–7% [3]. Looking back at the country-wise CFR, the highest was reported in Mexico. The second-highest was recorded in Italy. Other significant CFRs were noted at the UK, Spain, France, and Russia [3]. There is a significantly higher risk of COVID-19 infection in patients with comorbidities, such as diabetes mellitus, cardiac problems, and hypertension [4]. As of 30 December 2022, more than 660 million cases of COVID-19 were identified, and more than 6.69 million deaths were reported. Several therapeutic and immunotherapeutic molecules have been identified to control the infection [5,6]. The therapeutic molecules include remdesivir, favipiravir, and dexamethasone [7,8]. The immunotherapeutic molecules include mavrilimumab and tocilizumab [7,9,10,11]. Numerous clinical trials have been performed to evaluate repurposed therapeutics against SARS-CoV-2.



Vaccinations play a significant role in global health. They help augment long healthy lives and life expectancy. Vaccination is a helpful method for preventing numerous deadly and infectious diseases. It has been noted to be one of the most significant ways to fight a pandemic [12,13]. Examples of its usefulness are the eradication of smallpox and polio [14,15]. Owing to the adoption of vaccination, the frequencies of numerous childhood diseases, such as measles and polio, have been considerably reduced [16,17]. Currently, influenza vaccination is widely administered every year to ensure safety against the seasonal flu [18,19]. Therefore, researchers have shown that vaccination is one of the most effective ways to control the spread of an infectious disease.



Several studies have been conducted on other kinds of coronaviruses, such as SARS-CoV and MERS-CoV [20]. Vaccines are yet to be developed and released for these. However, previous studies on SARS-CoV and MERS-CoV vaccine efforts have provided vital information regarding structural biology, molecular biology, and vaccine research. Of note are the spike glycoprotein’s antigenicity and the structures of these two viruses (SARS-CoV and MERS-CoV) [21,22]. The spike glycoprotein is a vaccine target for these two viruses. Scientists have also reported that the spike glycoprotein of SARS-CoV-2 is the most important target for vaccine development [23,24].



After identifying SARS-CoV-2 in China, Chinese researchers sequenced the virus’s genome. Zhang et al. sequenced the genome of SARS-CoV-2 at Fudan University. The genome sequence was immediately made publicly accessible in GenBank [25,26]. Genome sequencing initiated the immunoinformatic-based vaccine research to fight against SARS-CoV-2. Several researchers developed COVID-19 vaccine contracts using immunoinformatics [27]. Parallelly, pharmaceutical companies started vaccine development to fight the virus. First, Moderna initiated a clinical trial with mRNA-1273 from the Moderna vaccine in May 2020. Subsequently, Pfizer initiated a clinical trial with the vaccine candidates BNT162b1 and BNT162b2 with the collaboration of one German company, BioNTech [28]. Two mRNA vaccines (mRNA-1273 from Moderna and bnt162b2 from Pfizer) received initial approval (Emergency Use Authorization, EUA) by the USFDA and EMA at the end of 2020 or early 2021 (Figure 1) [29]. As of December 2022, 50 COVID-19 vaccine candidates have been approved by at least one country worldwide. At the same time, it has been reported that 201 countries have been vaccinating their populations with approved COVID-19 vaccines.



Similarly, till today, 11 COVID-19 vaccines have been granted an Emergency Use Listing (EUL) by the WHO [30]. Several vaccine candidates have been developed that have entered clinical trials over time [31]. In total, 242 vaccine candidates are in clinical development. Among them, 66 are in the phase-I developmental phase. Similarly, 72 vaccines are in phase-II, and 92 are in phase-III [30].



This review discusses SARS-CoV-2 vaccines, vaccine developmental technologies, and vaccine development efforts during the two years of the pandemic. We also discuss the key findings during vaccine development and vaccination. Several lessons were learned by different countries that might help to fight the next pandemic.




2. The First Approved Vaccines against SARS-CoV-2


The first approved vaccines were the Pfizer–BioNTech (vaccine: BNT162b) and Moderna (mRNA-1273) mRNA vaccines [29,32]. These two vaccines were approved by the EMA and FDA (USA) and have been granted EUA for use in the USA and Europe [29]. The first vaccine, Pfizer–BioNTech, received EUA from the USFDA on 11 December 2020 [33], and from the EMA on 21 December 2020 [34]. Simultaneously, the Moderna mRNA vaccine received EUA from the USFDA on 18 December 2020 [35]. Simultaneously, the vaccine (Moderna’s mRNA) received EUA by the EMA on 6 January 2020 [36] (Figure 1). Several vaccines have been approved in different parts of the world, such as CoronaVac, BBIBP-CorV, CoviVac, Covaxin, Oxford–AstraZeneca vaccine (ChAdOx1 nCoV-19), Sputnik V, the Johnson & Johnson vaccine, Convidicea, RBD-Dimer, and EpiVacCorona (Table 1). In an article published on September 2020, Parker et al. stated that approximately 200 vaccine candidates were involved in different developmental stages. Among these, some vaccine candidates entered phase-III clinical research [37].




3. The Vaccines Were Developed at Pandemic Speed


Vaccines were rapidly conceptualized in the battle against COVID-19, and vaccine development was initiated against the virus. The vaccine candidates were developed first and then immediately entered into clinical trials from the experimental stage. The world has not seen such rapid vaccine development in recent years [50]. The vaccination development programs, followed by the first clinical trial, was concluded in December 2020. Therefore, the COVID-19 vaccine was developed faster than previously developed vaccines [51,52]. However, it should be noted that previous vaccine development experiences led to the faster development of COVID-19 vaccines. The Pfizer–BioNTech mRNA vaccine was developed and approved within eight months, and Moderna’s mRNA vaccine was developed and approved within a few days. These two vaccines were developed and received quick regulatory approval (EUA) during the pandemic (Figure 2).



However, previous research has helped to gain knowledge on SARS and MERS, and aided in the process of vaccine development against SARS-CoV-2. Researchers have been focusing on these two coronaviruses for years [50].




4. The COVID-19 Vaccine Platform


Considering all the vaccines developed in clinical trials, vaccines can be divided into two broad categories: whole-virus and component-virus vaccines. Whole-virus vaccines can be divided into two broad categories: live attenuated and inactivated. Similarly, component-virus vaccines can be divided into several broad categories: DNA-based, RNA-based, protein subunits, virus-like particles (VLPs)-replicated viral vectors, and nonreplicated viral vectors [53,54] (Figure 3A).



Currently approved vaccines are based on the inactivated virus (n = 11), DNA (n = 1), RNA (n = 4), protein subunits (n = 16), VLPs (n = 1), and nonreplicated viral vectors (n = 7) [55]; among these, 11 vaccines were EULs approved by the WHO.



A total of 175 vaccines are currently in different clinical phases of development, using protein subunits (n = 56), viral vectors (non-replicating; n = 23), DNA (n = 16), inactivated virus (n = 22), RNA (n = 41), viral vectors (replicating; n = 4), virus-like particles (n = 7), VVr + antigen-presenting cells (n = 2), live attenuated virus (n = 2), VVnr + antigen-presenting cells (n = 1), and bacterial antigen-spore expression vector (n = 1). We developed a statistical model using these vaccines with a second-order polynomial equation (Figure 3B) and determined the percentage of each (Figure 3C).




5. Different Approved Vaccines and Their Technological Platforms


The approved vaccines can be divided into four categories according to the type of vaccine platform utilized: mRNA vaccines, conventional inactivated vaccines, viral-vector vaccines, and protein-subunit vaccines (Table 1). Among these, two mRNA vaccines, four conventional inactivated vaccines, four viral-vector vaccines, and two protein-subunit vaccines have been approved. The authorized mRNA vaccines are the Moderna and Pfizer–BioNTech vaccines; conventional inactivated vaccines include CoronaVac, Covaxin, BBIBP-CorV, and CoviVac; viral-vector vaccines include Sputnik V, the Oxford–AstraZeneca vaccine, the Johnson & Johnson vaccine, and Convidicea; and protein-subunit vaccines include RBD-Dimer and EpiVacCorona. Moderna and Pfizer/BioNTech mRNA vaccines express the COVID-19 spike glycoprotein [56]. Vaccines from Oxford-AstraZeneca express spike proteins using adenovirus vector platforms [57]. Sinopharm developed a whole inactivated virus vaccine (BBIBP-CorV) using aluminum hydroxide as an adjuvant [58]. Similarly, a whole-virion inactivated virus vaccine was developed by BharatBiotech (Covaxin), and this vaccine was formulated with a TRL-7/TRL-8 agonist molecule that was adsorbed onto alum (AlgelorAlgel-IMDG) [47]. ZF2001 (RBD-Dimer) is a protein vaccine developed using the receptor binding domain (RBD) from the spike protein of the virus [56]. This vaccine uses aluminum as an adjuvant. EpiVacCoron is constituted with chemically synthesized epitopes conjugated to a recombinant protein carrier. This COVID-19 vaccine is adsorbed onto aluminum hydroxide [59]. Sputnik V is a viral-vector vaccine developed on a recombinant adenovirus platform using adenovirus 26 and adenovirus 5 (Ad26 and Ad5, respectively) vectors to express the spike protein of SARS-CoV-2 [41,60,61].



Inactivated whole vaccines are made through whole-virus vaccine preparations, such as CoronaVac (Sinovac), Covilo (Sinopharm), and Covaxin (Bharat Biotech). These vaccines have inactivated cells via chemical inactivation. Purification and mixing with particular compounds can be performed to stimulate immune cells. This specific compound is an adjuvant that amplifies immune responses. An example of an adjuvant is aluminum hydroxide [62]. It has been noted that heat-inactivated, irradiated, or chemically inactivated pathogens may lose their immunogenicity, and this platform is less efficient than live attenuated pathogen platforms [62].



Based on human or animal replication-defective adenovirus vectors, nonreplicated viral-vector vaccines, such as Covishield or Vaxzevria, have been approved for human use. Vaxzevria is by Oxford/AstraZeneca. On the other hand, Covishield is manufactured by two organizations: the Serum Institute of India and Fiocruz—Brazil. Covishield was developed and formulated by Oxford and AstraZeneca using a chimpanzee adenovirus encoding the SARS-CoV-2S glycoprotein [63,64]. Ad26.COV2.S is a replication-incompetent recombinant human adenovirus type 26 vector expressing the S protein, from Janssen/Johnson & Johnson, and has a very stabilized conformation [65].




6. Spike Protein Is the Center Point of Attraction in Vaccine Development


One key take-home message from pandemic vaccine development is that most vaccine development efforts were related to the use of the S protein, using which several preclinical studies were performed. The S protein is highly immunogenic. Most recent technologies, including immunoinformatics, have revealed its immunogenic nature. Structural proteins are the most common antigenic proteins. Martínez-Flores et al. reported the features of S glycoproteins, such as the presence of short epitopes within the spike and antigenic domains in the RBD [66]. Several other scientists have also reported that the SARS-CoV-2S protein is the most important target for vaccine development [23,24]. For the abovementioned reasons, the spike was chosen for vaccine development (Figure 4).




7. The Cost of the Vaccine


The cost of the vaccine is an essential factor for COVID-19 vaccination and is related to the worldwide accessibility of the vaccine. As of 2023, Moderna is selling its mRNA-1273 vaccine at a price of USD 25–37. BioNTech/Pfizer is selling its BNT162b vaccine at approximately USD 19 per dose. AstraZeneca is selling its vaccine at approximately USD 3–4. This company sells the vaccine to middle- and low-income countries on a non-profit basis to prioritize fighting the pandemic [67].



India is also producing low-cost vaccines [68]. The Serum Institute of India has agreed with Oxford University to produce more than one billion doses of the COVID-19 vaccine. They might supply inside the country and provide vaccines to low-and middle-income countries at a cost of USD 3 per dose [69]. Presently, the cost of the vaccine is USD 8–10 per dose.




8. Biggest Collaborative Effort of the 21st Century during Vaccine Development and Clinical Trials


Extensive collaborative efforts have been made during vaccine development and clinical trials. Several public–private partnerships have been formed [70]. Academic and government involvement was also noted at different levels to facilitate the assessment of endpoints and statistical analytical analysis. Industry participation with academia has also been noted. One example is the Oxford/AstraZeneca collaboration. Another collaboration is between AstraZeneca and the Serum Institute for manufacturing Covishield. We called during the early pandemic for a collaborative effort at different levels to fight the pandemic [71]. However, comprehensive teamwork and collaboration were observed during COVID-19 vaccine development. Another example of collaboration is the collaborative effort between three big organizations: Gavi, Coalition for Epidemic Preparedness Innovation (CEPI), and WHO. These three organizations aimed to deliver two billion vaccine doses globally by the end of 2021 [72]. They were likely to be successful in this direction.




9. The Real-World Data on COVID-19 Vaccine Effectiveness


Several studies have attempted to evaluate real-world vaccine effectiveness (VE) across the globe. COVID-19 phase-III trials have reported high VE for several vaccines against SARS-CoV-2. Pfizer-BioNTech’s mRNA vaccine’s VE was reported to be 95%; Moderna’s mRNA-1273 vaccine, 94.1%; Oxford-AstraZeneca’s ChAdOx1 nCoV-19 vaccine, 70.4%; and CoronaVac‘s absorbed inactivated vaccine, 50.7% [73,74] (Table 2). However, phase-III clinical trials have mainly enrolled young patients. Therefore, VE in elderly patients must be understood [75].




10. Reduced COVID-19 Vaccine Effectiveness against the Emerging Variants


Most of the leading COVID-19 vaccines, including Novavax, Johnson & Johnson, Pfizer/BioNTech, and Moderna, have shown reduced COVID-19 VE over time. Studies have shown that vaccine efficacy is reduced owing to the origin of emerging variants. Emerging variants can partially escape vaccines [89,90,91]. Several mutations were noted for immune escape and vaccine escape, and the vital mutations reported include D614G, P681R, E484K, N439K, K417N/T, K444R, and N501Y [89,92,93]. Furthermore, vaccines are less effective at protecting against infection from recently emerging viral variants, such as Omicron. Less effectiveness was noted even after the administration of a booster dose [81,94].



Some studies reported that VEs of the mRNA-based BioNTech, Pfizer vaccine, and mRNA-Moderna mRNA-1273 against alpha were similar to those against the previous variant [95,96]. However, most vaccines have reduced neutralization capacity against the Beta variant. The Sputnik V Ad26/Ad5, ChAdOx1 nCoV-19/AZD1222, CoronaVac, BNT162b2, mRNA-1273, and BBIBP-CorV vaccines showed reduced neutralization efficiency against Beta [97,98]. Similarly, the Omicron variant showed reduced neutralization capacity of immune sera elicited by vaccines, even after a booster [99] (Table 3).




11. Real-World Digital Platforms for Monitoring Every Country’s Status of COVID-19 Vaccination


After the rapid development of the COVID-19 vaccine, every country began vaccinating its population right away. They have developed strategies to vaccinate their populations. Most countries vaccinate their elderly populations first because they are the most vulnerable group in the country. US data show that they first vaccinated the elderly population [106]. However, several databases have been developed to determine the status of COVID-19 vaccination in every country. These databases provide information about each country’s vaccination status in terms of the “at least one dose” vaccinated population or fully vaccinated population, as a percentage or the number of vaccine-administered individuals. These databases also include data on the number of doses administered globally and the number of doses administered per day. Some critical databases are Our World in Data and COVID19-Vaccine Tracker. Most countries have their own databases to inform their vaccine status, such as the CDC in the USA and Co-WIN in India. The digital portal of India, Co-WIN, helped every Indian citizen receive the COVID-19 vaccine. The digital platform helped India conduct the world’s most significant vaccine drive [107]. However, the world has not seen this type of vaccine and vaccination effort before.




12. Approval of Intranasal Vaccine from Bharat Biotech and Inhaled Vaccine from CanSino Biologics: Will These Vaccines Be the Game Changers?


Recently, two next-generation COVID-19 vaccines have been approved by India and China: the Intranasal vaccine from Bharat Biotech and Inhaled Vaccine from CanSino Biologics Inc. (Tianjin, China), respectively [106,107,108,109,110]. These are mucosal vaccines, and both companies, have produced the vaccines through “viral vector” vaccines. CanSinoBIO used a recombinant viral vector platform (adenovirus from the Adenovirus Type 5 vector) to develop their vaccine. These vaccines are expected to induce mucosal immunity.




13. Effective Next-Generation Vaccine Design Research against Emerging Variants of SARS-CoV-2: A Recent Update


13.1. New or Modified Vaccine


The emerging SARS-CoV-2 variants, such as Delta and Omicron, have gained immune-evasion characteristics because of mutations in their genomes to overpower the existing COVID-19-vaccine-induced immune protection of neutralizing antibodies (nAbs), surpassing treatment with antibody-based therapies and resulting in breakthrough infections [20,93,111,112]. Meanwhile, it has been noted that these variants, Delta and Omicron, have higher transmissible properties than the wild strain. Certain questions arise. What happens if some variants with increased transmissibility gain higher virulence by acquiring sufficient mutations or recombination events? Will the strategy of producing vaccines using an ancestral method of concentrating on the viral spike sequence be continued? Moreover, will these ancestral vaccines protect against the upcoming variants with higher transmissibility or virulence? An advanced vaccine that can provide a broad range of protection against all emerging variants or upcoming variants of SARS-CoV-2 is needed. Simultaneously, we need to prepare for the next pandemic. Therefore, to keep pace with the continued emergence of SARS-CoV-2 variants, it is essential to update and modify currently available vaccines and design and develop new-generation vaccinations. New-generation vaccines include variant-specific vaccines [113], multivariant (multiple antigen-based) vaccines, mutation-proof vaccines, pan-coronavirus and universal vaccines [114], multi-epitope vaccines [115,116], CRISPR-based vaccines [117], artificial-intelligence-based vaccines [118,119], immunoinformatics- and immunomics-based vaccines [120], nanotechnology-based vaccines/nano-vaccines [19,121,122,123], nucleic acid-based and protein subunit-based vaccines, cytotoxic T cell based vaccines [124], and intranasal vaccines [125]. New-generation vaccines would be appropriately efficacious to tackle multiple emerging variants and future variants by preventing immune escape and rendering adequate protection against COVID-19 [109,123,124,125,126,127,128,129,130]. Hence, several scientists are attempting to develop modified or new vaccines that can provide broad protection against variants [129,131].



Considering the above, scientists are trying to develop a pan-coronavirus-protection vaccine as a futuristic approach. These scientists are developing strategies to protect against VOCs. In one clinical trial, researchers considered an mRNA vaccine based on the spike in the Wuhan strain or the spikes of rapidly upcoming VOCs (mRNA-1273/mRNA-1273.211/1273.351). These vaccines have been tested in booster cohorts and shown superior antibody titers against the variants. During the formulation of these vaccines, lipid nanoparticles have been used as vaccine delivery systems [132]. To develop second-generation vaccines to tackle multiple VOCs, an alphavirus-based replicating RNA vaccine expressing spike proteins of the original SARS-CoV-2 Alpha variant and recent VOCs has been designed. This vaccine uses a lipid-inorganic nanoparticle platform for in vivo delivery. This SARS-CoV-2 variant-specific replicating RNA vaccine protected against disease development in mice and Syrian Golden hamsters following challenge with heterologous VOC, eliciting strong neutralizing titers against homologous VOC. However, it demonstrated decreased titers against heterologous challenges and significantly reduced shedding of the infectious viruses. Such vaccine platforms could potentially be explored to target emerging VOCs [113].



On the other hand, researchers have developed adjuvanted RBD nanoparticles for pan-coronavirus protection. Saunders et al. (2021) formulated nanoparticles conjugated with the RBD of SARS-CoV-2. The vaccine was adjuvanted with alum and 3M-052 [133]. Several COVID-19 intranasal vaccines are being developed, which, apart from eliciting systematic immunity (both humoral and cell-mediated immunity), can also provide strong mucosal immunity via IgA antibodies. It can inhibit the virus at the mucosal level (the nasal cavity and lungs), prevent viral infection and replication, reduce virus shedding, and hinder disease development, thereby preventing further transmission and spread [11,134]. In this direction, researchers developed a vaccine for intranasal administration of virus-like particles (VLPs) exhibiting the RBD of SARS-CoV-2, which has been tested in a murine model. It can induce nAbs against the Wuhan strain of SARS-CoV-2 and other VOCs [135]. Recently, Wang et al. (2022) developed a multi-epitope peptide vaccine (UB-612) containing the S1-RBD-sFc protein and epitopes from spike (S2) proteins, membrane (M), and nucleocapsid (N) proteins. After phase-I or II clinical trials, this vaccine showed a robust booster outcome against VOCs, and a good safety profile. It also exhibited a broad range of T-cell and long-lasting B-cell immunity [116].




13.2. Nanoparticles Dotted “Mosaic” Vaccines with Different RBDs from SARS-CoV-2 and Coronaviruses


Recently, researchers at Caltech (California Institute of Technology) developed a nanoparticle-dotted vaccine that contains numerous RBDs from SARS-CoV-2. It can also contain RBDs from other coronaviruses. When a B cell recognizes multiple RBDs, it develops the capability to produce more antibodies. The vaccine can also trigger several memory B cells to fight future infections [136].




13.3. Emerging Vaccine against SARS-CoV-2 Using an Immunoinformtics Approach


Designing multi-epitope vaccines by employing immunoinformatic/computation-based approaches for SARS-CoV-2 seems promising, especially when exploring B and T cell epitopes. Immunoinformatic/computation-based multi-epitope vaccines could provide novel and putative vaccine constructs and potential candidates for developing vaccines to tackle COVID-19 [137]. Scientists have used antigenic epitopes from both the wild-type strain and mutated variants in this direction. We developed an in silico peptide-based vaccine construct using alternative antigenic epitopes from the Wuhan strain and other VOCs, which can boost immunity against these variants of SARS-CoV-2 [138]. A computational vaccine designed as a glycoprotein multi-epitope subunit vaccine candidate for old and new South African SARS-CoV-2 strains has been promising but requires further evaluation in animal models [115].




13.4. Other Recent Approaches


Scientists are also trying to develop mutation-proof COVID-19 vaccines. Wang et al. (2022) prepared a list of twenty-five mutations in the RBD. They developed nine commutation sets of mutations responsible for high infectivity, transmissibility, existing vaccine escape, and monoclonal antibody (mAb) escape [139].




13.5. Modern Tools and Technology for Next-Generation Vaccine Development against SARS-CoV-2 Variants


Similarly, researchers are applying modern tools and technologies, such as artificial intelligence (AI) and clustered regularly interspaced short palindromic repeats (CRISPR) technology, for next-generation vaccine design and development. Malone et al. (2020) applied AI to prepare a blueprint of antigenic epitopes to design universal COVID-19 vaccines. Using Monte Carlo analysis, they evaluated epitope hotspots for global epitope identification [140]. AI and machine learning techniques have facilitated the acquisition of sound knowledge on the genomic sequences of the SARS-CoV-2 virus and its variants (VOCs) and could aid in designing potential vaccines and drugs for tackling the COVID-19 pandemic [118,119]. Zhu et al. (2021) developed a universal platform for designing and developing SARS-CoV-2 vaccine candidates using multiplex bacteriophage T4 nanoparticles, which induced broad immunogenicity and rendered full protection against virus-challenge studies in a mouse model. In this study, CRISPR technology was applied to develop a robust nanoparticle platform [141]. Novel nano-vaccine construction using CRISPR technology might allow for quick exploitation of adjuvant-free, effective, nanoparticle-associated phage-based vaccines against any variants of SARS-CoV-2 or any future pathogen. Exploring CRISPR engineering of T4 bacteriophages to develop effective vaccines against SARS-CoV-2 and other emerging pathogens has been described in detail by Zhu et al. [141]. All these strategies are being used by researchers to provide protective immunity against SARS-CoV-2 and upcoming VOCs for next-generation vaccine development. Next-generation or modified vaccines will be safer and more effective than the current vaccines.





14. Limitations of COVID-19 Vaccines


Some vaccinated individuals developed severe forms of COVID-19. This occurred because of “vaccine escape” by SARS-CoV-2 variants. Due to mutations, several variants have developed in nature. Vaccine escape is a remarkable phenomenon in these variants. The latest SARS-CoV-2 Omicron variant and its subvariants are the most significant candidates for vaccine escape and contain several escape mutations [89,142,143,144,145,146,147,148]. Scientists are continuously trying to address this issue by creating next-generation vaccines with a broad range of immunity. These vaccines can produce a considerable number of antibodies and trigger several memory B cells to fight future infections. One example is the nanoparticle-dotted “mosaic” vaccine from Caltech [136]. Scientists are approaching this issue from different directions. We hope that the vaccine-escape problem will be addressed in the near future.




15. Take-Home Messages and Final Considerations


Here, we present several instances of vaccine development, which might be take-home messages and final considerations in this article. These instances serve as example guidelines to fight against future pandemics. First, after the emergence of SARS-CoV-2, a rapid and successful COVID-19 vaccine was developed within a year. This type of rapid vaccine development has never been reported. Vaccines for other diseases have been developed over several years. Therefore, this successful vaccine development strategy can be adopted to fight future pandemics. Second, collaborative efforts by public–private partnerships are crucial to the success of rapid vaccine development. Therefore, joint efforts are essential to fighting future pandemics. Third, vaccine research has laid a foundation for long-term effects. This research has been initiated in various directions, both basic and applied. Research on new vaccine technologies has also been conducted. At the same time, immunoinformatics-based research was initiated to map antigenic epitopes and to develop next-generation vaccine candidates, which will not only support responses to future pandemics, but also enrich vaccine research worldwide. Finally, scientists have noted that vaccine escape is a common phenomenon caused by both variants and subvariants. To protect against variants and subvariants, scientists have attempted to develop next-generation vaccines with broader and more durable protection mechanisms. Several researchers have initiated research on a “vaccine library” for different virus families to fight any future pandemic and to provide extensive preparation for future threats. However, ensuring equitable global access to vaccines is necessary, especially in middle- to low-income countries.




16. Conclusions


Finally, researchers are proud of the success of developing a COVID-19 vaccine. This is the first time a pandemic vaccine has gone from “bench to clinic” within a year. The impact of the vaccine development process will extend beyond the COVID-19 pandemic. The success of mRNA vaccines has encouraged the pharmaceutical community to invest in broader applications for various other infectious diseases. This technology can be applied to various metabolic diseases and cancers.



The time has come to make further efforts to collaborate at different levels. Research should develop “broad-spectrum” COVID-19 vaccines that can protect against VUMs, VOIs, and VOCs. At the same time, researchers must develop vaccines for all infectious viruses capable of triggering a pandemic. The lessons learned during COVID-19 vaccine development will help fight the future pandemics.







Author Contributions


C.C. designed, completed, and/or analyzed experiments, and wrote the manuscript. M.B. performed the formal analysis and prepared the figures and tables. K.D. and C.C. performed the data validation and reviewing of the manuscript. C.C. reviewed and edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Authors are thankful to respective University/Institute authorities.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor binding. Lancet 2020, 395, 565–574. [Google Scholar] [CrossRef] [PubMed]

	



da Silva, S.J.R.; do Nascimento, J.C.F.; Germano Mendes, R.P.; Guarines, K.M.; da Silva, C.T.A.; da Silva, P.G.; de Magalhaes, J.J.F.; Vigar, J.R.J.; Silva-Junior, A.; Kohl, A.; et al. Two Years into the COVID-19 Pandemic: Lessons Learned. ACS Infect. Dis. 2022, 8, 1758–1814. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharjee, A.; Saha, M.; Halder, A.; Debnath, A.; Mukherjee, O. Therapeutics and Vaccines: Strengthening Our Fight Against the Global Pandemic COVID-19. Curr. Microbiol. 2021, 78, 435–448. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, R.; Rai, A.K.; Phukan, M.M.; Hussain, A.; Borah, D.; Gogoi, B.; Chakraborty, P.; Buragohain, A.K. Accumulating Impact of Smoking and Co-morbidities on Severity and Mortality of COVID-19 Infection: A Systematic Review and Meta-analysis. Curr. Genom. 2021, 22, 339–352. [Google Scholar] [CrossRef] [PubMed]

	



Saha, R.P.; Sharma, A.R.; Singh, M.K.; Samanta, S.; Bhakta, S.; Mandal, S.; Bhattacharya, M.; Lee, S.S.; Chakraborty, C. Repurposing Drugs, Ongoing Vaccine, and New Therapeutic Development Initiatives Against COVID-19. Front. Pharmacol. 2020, 11, 1258. [Google Scholar] [CrossRef]

	



Baden, L.R.; Rubin, E.J. COVID-19—The Search for Effective Therapy. N. Engl. J. Med. 2020, 382, 1851–1852. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Sharma, A.R.; Bhattacharya, M.; Agoramoorthy, G.; Lee, S.S. The Drug Repurposing for COVID-19 Clinical Trials Provide Very Effective Therapeutic Combinations: Lessons Learned from Major Clinical Studies. Front. Pharmacol. 2021, 12, 704205. [Google Scholar] [CrossRef]

	



Saha, A.; Sharma, A.R.; Bhattacharya, M.; Sharma, G.; Lee, S.S.; Chakraborty, C. Probable Molecular Mechanism of Remdesivir for the Treatment of COVID-19: Need to Know More. Arch. Med. Res. 2020, 51, 585–586. [Google Scholar] [CrossRef]

	



Esmaeilzadeh, A.; Elahi, R. Immunobiology and immunotherapy of COVID-19: A clinically updated overview. J. Cell. Physiol. 2021, 236, 2519–2543. [Google Scholar] [CrossRef]

	



Saha, A.; Sharma, A.R.; Bhattacharya, M.; Sharma, G.; Lee, S.S.; Chakraborty, C. Tocilizumab: A Therapeutic Option for the Treatment of Cytokine Storm Syndrome in COVID-19. Arch. Med. Res. 2020, 51, 595–597. [Google Scholar] [CrossRef]

	



Dhama, K.; Singh Malik, Y.; Rabaan, A.A.; Rodriguez-Morales, A.J. Special focus ‘SARS-CoV-2/COVID-19: Advances in developing vaccines and immunotherapeutics’. Hum. Vaccin. Immunother. 2020, 16, 2888–2890. [Google Scholar] [CrossRef]

	



Greenwood, B. The contribution of vaccination to global health: Past, present and future. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 2014, 369, 20130433. [Google Scholar] [CrossRef]

	



Andre, F.E.; Booy, R.; Bock, H.L.; Clemens, J.; Datta, S.K.; John, T.J.; Lee, B.W.; Lolekha, S.; Peltola, H.; Ruff, T.A.; et al. Vaccination greatly reduces disease, disability, death and inequity worldwide. Bull. World Health Organ. 2008, 86, 140–146. [Google Scholar] [CrossRef]

	



Okwo-Bele, J.M.; Cherian, T. The expanded programme on immunization: A lasting legacy of smallpox eradication. Vaccine 2011, 29 (Suppl. S4), D74–D79. [Google Scholar] [CrossRef]

	



Javed, H.; Rizvi, M.A.; Fahim, Z.; Ehsan, M.; Javed, M.; Raza, M.A. Global polio eradication; can we replicate the smallpox success story? Rev. Med. Virol. 2022, e2409. [Google Scholar] [CrossRef]

	



Benn, C.S.; Fisker, A.B.; Rieckmann, A.; Sorup, S.; Aaby, P. Vaccinology: Time to change the paradigm? Lancet Infect. Dis. 2020, 20, e274–e283. [Google Scholar] [CrossRef]

	



Chabot, I.; Goetghebeur, M.M.; Gregoire, J.P. The societal value of universal childhood vaccination. Vaccine 2004, 22, 1992–2005. [Google Scholar] [CrossRef]

	



Kim, Y.H.; Hong, K.J.; Kim, H.; Nam, J.H. Influenza vaccines: Past, present, and future. Rev. Med. Virol. 2022, 32, e2243. [Google Scholar] [CrossRef]

	



Chen, J.R.; Liu, Y.M.; Tseng, Y.C.; Ma, C. Better influenza vaccines: An industry perspective. J. Biomed. Sci. 2020, 27, 33. [Google Scholar] [CrossRef]

	



Cevik, M.; Tate, M.; Lloyd, O.; Maraolo, A.E.; Schafers, J.; Ho, A. SARS-CoV-2, SARS-CoV, and MERS-CoV viral load dynamics, duration of viral shedding, and infectiousness: A systematic review and meta-analysis. Lancet Microbe 2021, 2, e13–e22. [Google Scholar] [CrossRef]

	



Yuan, Y.; Cao, D.; Zhang, Y.; Ma, J.; Qi, J.; Wang, Q.; Lu, G.; Wu, Y.; Yan, J.; Shi, Y.; et al. Cryo-EM structures of MERS-CoV and SARS-CoV spike glycoproteins reveal the dynamic receptor binding domains. Nat. Commun. 2017, 8, 15092. [Google Scholar] [CrossRef] [PubMed]

	



Saha, A.; Sharma, A.R.; Bhattacharya, M.; Sharma, G.; Lee, S.S.; Chakraborty, C. Response to: Status of Remdesivir: Not Yet Beyond Question! Arch. Med. Res. 2021, 52, 104–106. [Google Scholar] [CrossRef] [PubMed]

	



Salvatori, G.; Luberto, L.; Maffei, M.; Aurisicchio, L.; Roscilli, G.; Palombo, F.; Marra, E. SARS-CoV-2 SPIKE PROTEIN: An optimal immunological target for vaccines. J. Transl. Med. 2020, 18, 222. [Google Scholar] [CrossRef]

	



Bhattacharya, M.; Sharma, A.R.; Patra, P.; Ghosh, P.; Sharma, G.; Patra, B.C.; Lee, S.S.; Chakraborty, C. Development of epitope-based peptide vaccine against novel coronavirus 2019 (SARS-CoV-2): Immunoinformatics approach. J. Med. Virol. 2020, 92, 618–631. [Google Scholar] [CrossRef] [PubMed]

	



Wu, F.; Zhao, S.; Yu, B.; Chen, Y.M.; Wang, W.; Song, Z.G.; Hu, Y.; Tao, Z.W.; Tian, J.H.; Pei, Y.Y.; et al. A new coronavirus associated with human respiratory disease in China. Nature 2020, 579, 265–269. [Google Scholar] [CrossRef]

	



Triggle, C.R.; Bansal, D.; Farag, E.; Ding, H.; Sultan, A.A. COVID-19: Learning from Lessons to Guide Treatment and Prevention Interventions. mSphere 2020, 5, e00317-20. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Sharma, A.R.; Bhattacharya, M.; Lee, S.S. Lessons Learned from Cutting-Edge Immunoinformatics on Next-Generation COVID-19 Vaccine Research. Int. J. Pept. Res. Ther. 2021, 27, 2303–2311. [Google Scholar] [CrossRef]

	



Krammer, F. SARS-CoV-2 vaccines in development. Nature 2020, 586, 516–527. [Google Scholar] [CrossRef]

	



Fortner, A.; Schumacher, D. First COVID-19 Vaccines Receiving the US FDA and EMA Emergency Use Authorization. Discoveries 2021, 9, e122. [Google Scholar] [CrossRef]

	



COVID-19 Vaccine Tracer 2020. Available online: https://covid19.trackvaccines.org/ (accessed on 30 December 2021).

	



Chakraborty, C.; Sharma, A.R.; Bhattacharya, M.; Sharma, G.; Saha, R.P.; Lee, S.S. Ongoing Clinical Trials of Vaccines to Fight against COVID-19 Pandemic. Immune Netw. 2021, 21, e5. [Google Scholar] [CrossRef]

	



Hogan, M.J.; Pardi, N. mRNA Vaccines in the COVID-19 Pandemic and Beyond. Annu. Rev. Med. 2022, 73, 17–39. [Google Scholar] [CrossRef]

	



U.S. Food and Drug Administration. Pfizer-BioNTech COVID-19 Vaccine. 2020. Available online: https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/pfizer-biontech-covid-19-vaccine (accessed on 30 December 2022).

	



European Medicines Agency. Comirnaty. 2020. Available online: https://www.ema.europa.eu/en/medicines/human/EPAR/comirnaty (accessed on 30 December 2021).

	



U.S. Food and Drug Administration. Moderna COVID-19 Vaccine. 2021. Available online: https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/moderna-covid-19-vaccine (accessed on 30 December 2021).

	



European Medicines Agency. COVID-19 Vaccine Moderna. 2021. Available online: https://www.ema.europa.eu/en/medicines/human/summaries-opinion/covid-19-vaccine-moderna (accessed on 30 December 2021).

	



Parker, E.P.K.; Shrotri, M.; Kampmann, B. Keeping track of the SARS-CoV-2 vaccine pipeline. Nat. Rev. Immunol. 2020, 20, 650. [Google Scholar] [CrossRef]

	



Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C. Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [Google Scholar] [CrossRef]

	



Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N. Engl. J. Med. 2021, 384, 403–416. [Google Scholar] [CrossRef]

	



Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P.K.; Angus, B.; Baillie, V.L.; Barnabas, S.L.; Bhorat, Q.E. Single-dose administration and the influence of the timing of the booster dose on immunogenicity and efficacy of ChAdOx1 nCoV-19 (AZD1222) vaccine: A pooled analysis of four randomised trials. Lancet 2021, 397, 881–891. [Google Scholar] [CrossRef]

	



Logunov, D.Y.; Dolzhikova, I.V.; Shcheblyakov, D.V.; Tukhvatulin, A.I.; Zubkova, O.V.; Dzharullaeva, A.S.; Kovyrshina, A.V.; Lubenets, N.L.; Grousova, D.M.; Erokhova, A.S.; et al. Safety and efficacy of an rAd26 and rAd5 vector-based heterologous prime-boost COVID-19 vaccine: An interim analysis of a randomised controlled phase 3 trial in Russia. Lancet 2021, 397, 671–681. [Google Scholar] [CrossRef]

	



Ledford, H. J&J’s one-shot COVID vaccine offers hope for faster protection. Nature 2021. ahead of print. [Google Scholar] [CrossRef]

	



Zhu, F.-C.; Guan, X.-H.; Li, Y.-H.; Huang, J.-Y.; Jiang, T.; Hou, L.-H.; Li, J.-X.; Yang, B.-F.; Wang, L.; Wang, W.-J. Immunogenicity and safety of a recombinant adenovirus type-5-vectored COVID-19 vaccine in healthy adults aged 18 years or older: A randomised, double-blind, placebo-controlled, phase 2 trial. Lancet 2020, 396, 479–488. [Google Scholar] [CrossRef]

	



Xia, S.; Zhang, Y.; Wang, Y.; Wang, H.; Yang, Y.; Gao, G.F.; Tan, W.; Wu, G.; Xu, M.; Lou, Z. Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine, BBIBP-CorV: A randomised, double-blind, placebo-controlled, phase 1/2 trial. Lancet Infect. Dis. 2021, 21, 39–51. [Google Scholar] [CrossRef]

	



Zhao, X.; Zheng, A.; Li, D.; Zhang, R.; Sun, H.; Wang, Q.; Gao, G.F.; Han, P.; Dai, L. Neutralisation of ZF2001-elicited antisera to SARS-CoV-2 variants. Lancet Microbe 2021, 2, e494. [Google Scholar] [CrossRef]

	



Wu, Z.; Hu, Y.; Xu, M.; Chen, Z.; Yang, W.; Jiang, Z.; Li, M.; Jin, H.; Cui, G.; Chen, P. Safety, tolerability, and immunogenicity of an inactivated SARS-CoV-2 vaccine (CoronaVac) in healthy adults aged 60 years and older: A randomised, double-blind, placebo-controlled, phase 1/2 clinical trial. Lancet Infect. Dis. 2021, 21, 803–812. [Google Scholar] [CrossRef] [PubMed]

	



Ella, R.; Vadrevu, K.M.; Jogdand, H.; Prasad, S.; Reddy, S.; Sarangi, V.; Ganneru, B.; Sapkal, G.; Yadav, P.; Abraham, P.; et al. Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine, BBV152: A double-blind, randomised, phase 1 trial. Lancet Infect. Dis. 2021, 21, 637–646. [Google Scholar] [CrossRef] [PubMed]

	



Rogoża, J.; Wiśniewska, I. Russia in the Global ‘Vaccine Race’; OSW Commentary 2020-10-28; Centre for Eastern Studies: Warsaw, Poland, 2020. [Google Scholar]

	



Khan, S.F. A review on how exactly covid-19 vaccination works. GSC Biol. Pharm. Sci. 2021, 14, 075–081. [Google Scholar] [CrossRef]

	



Ball, P. The lightning-fast quest for COVID vaccines—And what it means for other diseases. Nature 2021, 589, 16–18. [Google Scholar] [CrossRef] [PubMed]

	



Lurie, N.; Saville, M.; Hatchett, R.; Halton, J. Developing COVID-19 Vaccines at Pandemic Speed. N. Engl. J. Med. 2020, 382, 1969–1973. [Google Scholar] [CrossRef]

	



Graham, B.S. Rapid COVID-19 vaccine development. Science 2020, 368, 945–946. [Google Scholar] [CrossRef]

	



Nagy, A.; Alhatlani, B. An overview of current COVID-19 vaccine platforms. Comput. Struct. Biotechnol. J. 2021, 19, 2508–2517. [Google Scholar] [CrossRef]

	



Kudlay, D.; Svistunov, A.; Satyshev, O. COVID-19 Vaccines: An Updated Overview of Different Platforms. Bioengineering 2022, 9, 714. [Google Scholar] [CrossRef]

	



Approved Vaccines. 2022. Available online: https://covid19.trackvaccines.org/vaccines/approved/ (accessed on 30 December 2022).

	



Dai, L.; Gao, G.F. Viral targets for vaccines against COVID-19. Nat. Rev. Immunol. 2021, 21, 73–82. [Google Scholar] [CrossRef]

	



Folegatti, P.M.; Ewer, K.J.; Aley, P.K.; Angus, B.; Becker, S.; Belij-Rammerstorfer, S.; Bellamy, D.; Bibi, S.; Bittaye, M.; Clutterbuck, E.A.; et al. Safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine against SARS-CoV-2: A preliminary report of a phase 1/2, single-blind, randomised controlled trial. Lancet 2020, 396, 467–478. [Google Scholar] [CrossRef]

	



Wang, H.; Zhang, Y.; Huang, B.; Deng, W.; Quan, Y.; Wang, W.; Xu, W.; Zhao, Y.; Li, N.; Zhang, J.; et al. Development of an Inactivated Vaccine Candidate, BBIBP-CorV, with Potent Protection against SARS-CoV-2. Cell 2020, 182, 713–721.e719. [Google Scholar] [CrossRef]

	



Pollet, J.; Chen, W.H.; Strych, U. Recombinant protein vaccines, a proven approach against coronavirus pandemics. Adv. Drug Deliv. Rev. 2021, 170, 71–82. [Google Scholar] [CrossRef]

	



Jones, I.; Roy, P. Sputnik V COVID-19 vaccine candidate appears safe and effective. Lancet 2021, 397, 642–643. [Google Scholar] [CrossRef]

	



Balakrishnan, V.S. The arrival of Sputnik V. Lancet. Infect. Dis. 2020, 20, 1128. [Google Scholar] [CrossRef]

	



Kyriakidis, N.C.; Lopez-Cortes, A.; Gonzalez, E.V.; Grimaldos, A.B.; Prado, E.O. SARS-CoV-2 vaccines strategies: A comprehensive review of phase 3 candidates. Npj Vaccines 2021, 6, 28. [Google Scholar] [CrossRef]

	



Mendonca, S.A.; Lorincz, R.; Boucher, P.; Curiel, D.T. Adenoviral vector vaccine platforms in the SARS-CoV-2 pandemic. Npj Vaccines 2021, 6, 97. [Google Scholar] [CrossRef]

	



Kurup, D.; Schnell, M.J. SARS-CoV-2 vaccines—The biggest medical research project of the 21st century. Curr. Opin. Virol. 2021, 49, 52–57. [Google Scholar] [CrossRef]

	



Granados-Riveron, J.T.; Aquino-Jarquin, G. Engineering of the current nucleoside-modified mRNA-LNP vaccines against SARS-CoV-2. Biomed. Pharmacother. Biomed. Pharmacother. 2021, 142, 111953. [Google Scholar] [CrossRef]

	



Martinez-Flores, D.; Zepeda-Cervantes, J.; Cruz-Resendiz, A.; Aguirre-Sampieri, S.; Sampieri, A.; Vaca, L. SARS-CoV-2 Vaccines Based on the Spike Glycoprotein and Implications of New Viral Variants. Front. Immunol. 2021, 12, 701501. [Google Scholar] [CrossRef]

	



Burgos, R.M.; Badowski, M.E.; Drwiega, E.; Ghassemi, S.; Griffith, N.; Herald, F.; Johnson, M.; Smith, R.O.; Michienzi, S.M. The race to a COVID-19 vaccine: Opportunities and challenges in development and distribution. Drugs Context 2021, 10, 1–10. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Ranjan Sharma, A.; Bhattacharya, M.; Lee, S.S.; Agoramoorthy, G. COVID-19 vaccine: Challenges in developing countries and India’s initiatives. Infez. Med. 2021, 29, 165–166. [Google Scholar] [PubMed]

	



Chakraborty, C.; Agoramoorthy, G. India’s cost-effective COVID-19 vaccine development initiatives. Vaccine 2020, 38, 7883–7884. [Google Scholar] [CrossRef] [PubMed]

	



Corey, L.; Miner, M.D. Accelerating clinical trial development in vaccinology: COVID-19 and beyond. Curr. Opin. Immunol. 2022, 76, 102206. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, C.; Sharma, A.R.; Sharma, G.; Bhattacharya, M.; Saha, R.P.; Lee, S.S. Extensive Partnership, Collaboration, and Teamwork is Required to Stop the COVID-19 Outbreak. Arch. Med. Res. 2020, 51, 728–730. [Google Scholar] [CrossRef] [PubMed]

	



Thanh Le, T.; Andreadakis, Z.; Kumar, A.; Gomez Roman, R.; Tollefsen, S.; Saville, M.; Mayhew, S. The COVID-19 vaccine development landscape. Nat. Rev. Drug Discov. 2020, 19, 305–306. [Google Scholar] [CrossRef]

	



Khan, I.; Ahmed, Z.; Sarwar, A.; Jamil, A.; Anwer, F. The Potential Vaccine Component for COVID-19: A Comprehensive Review of Global Vaccine Development Efforts. Cureus 2020, 12, e8871. [Google Scholar] [CrossRef]

	



Gao, P.; Liu, J.; Liu, M. Effect of COVID-19 Vaccines on Reducing the Risk of Long COVID in the Real World: A Systematic Review and Meta-Analysis. Int. J. Environ. Res. Public Health 2022, 19, 12422. [Google Scholar] [CrossRef]

	



Prendki, V.; Tau, N.; Avni, T.; Falcone, M.; Huttner, A.; Kaiser, L.; Paul, M.; Leibovici-Weissmann, Y.; Yahav, D. A systematic review assessing the under-representation of elderly adults in COVID-19 trials. BMC Geriatr. 2020, 20, 538. [Google Scholar] [CrossRef]

	



Schoenmaker, L.; Witzigmann, D.; Kulkarni, J.A.; Verbeke, R.; Kersten, G.; Jiskoot, W.; Crommelin, D.J. mRNA-lipid nanoparticle COVID-19 vaccines: Structure and stability. Int. J. Pharm. 2021, 601, 120586. [Google Scholar] [CrossRef]

	



Knoll, M.D.; Wonodi, C. Oxford–AstraZeneca COVID-19 vaccine efficacy. Lancet 2021, 397, 72–74. [Google Scholar] [CrossRef]

	



Ghiasi, N.; Valizadeh, R.; Arabsorkhi, M.; Hoseyni, T.S.; Esfandiari, K.; Sadighpour, T.; Jahantigh, H.R. Efficacy and side effects of Sputnik V, Sinopharm and AstraZeneca vaccines to stop COVID-19; A review and discussion. Immunopathol. Persa 2021, 7, e31. [Google Scholar] [CrossRef]

	



Cazzola, M.; Rogliani, P.; Mazzeo, F.; Matera, M.G. Controversy surrounding the Sputnik V vaccine. Respir. Med. 2021, 187, 106569. [Google Scholar] [CrossRef]

	



Oliver, S.E.; Gargano, J.W.; Scobie, H.; Wallace, M.; Hadler, S.C.; Leung, J.; Blain, A.E.; McClung, N.; Campos-Outcalt, D.; Morgan, R.L. The advisory committee on immunization practices’ interim recommendation for use of Janssen COVID-19 vaccine—United States, February 2021. Morb. Mortal. Wkly. Rep. 2021, 70, 329. [Google Scholar] [CrossRef]

	



Andrews, N.; Stowe, J.; Kirsebom, F.; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.-M.; et al. COVID-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. J. Med. 2022, 386, 1532–1546. [Google Scholar] [CrossRef]

	



Wu, S.; Huang, J.; Zhang, Z.; Wu, J.; Zhang, J.; Hu, H.; Zhu, T.; Zhang, J.; Luo, L.; Fan, P.; et al. Safety, tolerability, and immunogenicity of an aerosolised adenovirus type-5 vector-based COVID-19 vaccine (Ad5-nCoV) in adults: Preliminary report of an open-label and randomised phase 1 clinical trial. Lancet Infect. Dis. 2021, 21, 1654–1664. [Google Scholar] [CrossRef]

	



Rearte, A.; Castelli, J.M.; Rearte, R.; Fuentes, N.; Pennini, V.; Pesce, M.; Barbeira, P.B.; Iummato, L.E.; Laurora, M.; Bartolomeu, M.L. Effectiveness of rAd26-rAd5, ChAdOx1 nCoV-19, and BBIBP-CorV vaccines for risk of infection with SARS-CoV-2 and death due to COVID-19 in people older than 60 years in Argentina: A test-negative, case-control, and retrospective longitudinal study. Lancet 2022, 399, 1254–1264. [Google Scholar] [CrossRef]

	



Dai, L.; Gao, L.; Tao, L.; Hadinegoro, S.R.; Erkin, M.; Ying, Z.; He, P.; Girsang, R.T.; Vergara, H.; Akram, J. Efficacy and safety of the RBD-dimer–based COVID-19 vaccine ZF2001 in adults. N. Engl. J. Med. 2022, 386, 2097–2111. [Google Scholar] [CrossRef]

	



Tanriover, M.D.; Doğanay, H.L.; Akova, M.; Güner, H.R.; Azap, A.; Akhan, S.; Köse, Ş.; Erdinç, F.Ş.; Akalın, E.H.; Tabak, Ö.F. Efficacy and safety of an inactivated whole-virion SARS-CoV-2 vaccine (CoronaVac): Interim results of a double-blind, randomised, placebo-controlled, phase 3 trial in Turkey. Lancet 2021, 398, 213–222. [Google Scholar] [CrossRef]

	



Ella, R.; Reddy, S.; Blackwelder, W.; Potdar, V.; Yadav, P.; Sarangi, V.; Aileni, V.K.; Kanungo, S.; Rai, S.; Reddy, P. Efficacy, safety, and lot to lot immunogenicity of an inactivated SARS-CoV-2 vaccine (BBV152): A, double-blind, randomised, controlled phase 3 trial. medRxiv 2021. [Google Scholar] [CrossRef]

	



Ryzhikov, A.; Ryzhikov, E.; Bogryantseva, M.; Usova, S.; Danilenko, E.; Nechaeva, E.; Pyankov, O.; Pyankova, O.; Gudymo, A.; Bodnev, S. A single blind, placebo-controlled randomized study of the safety, reactogenicity and immunogenicity of the “EpiVacCorona” vaccine for the prevention of COVID-19, in volunteers aged 18-60 years (phase I-II). Russ. J. Infect. Immun. 2021, 11, 283–296. [Google Scholar] [CrossRef]

	



Doroftei, B.; Ciobica, A.; Ilie, O.-D.; Maftei, R.; Ilea, C. Mini-review discussing the reliability and efficiency of COVID-19 vaccines. Diagnostics 2021, 11, 579. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, C.; Sharma, A.R.; Bhattacharya, M.; Lee, S.S. A Detailed Overview of Immune Escape, Antibody Escape, Partial Vaccine Escape of SARS-CoV-2 and Their Emerging Variants with Escape Mutations. Front. Immunol. 2022, 13, 801522. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Bhattacharya, M.; Sharma, A.R.; Mohapatra, R.K.; Chakraborty, S.; Pal, S.; Dhama, K. Immediate need for next-generation and mutation-proof vaccine to protect against current emerging Omicron sublineages and future SARS-CoV-2 variants: An urgent call for researchers and vaccine companies—Correspondence. Int. J. Surg. 2022, 106, 106903. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharya, M.; Chatterjee, S.; Sharma, A.R.; Lee, S.S.; Chakraborty, C. Delta variant (B.1.617.2) of SARS-CoV-2: Current understanding of infection, transmission, immune escape, and mutational landscape. Folia Microbiol. 2022, 68, 17–28. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, C.; Sharma, A.R.; Bhattacharya, M.; Agoramoorthy, G.; Lee, S.S. Evolution, Mode of Transmission, and Mutational Landscape of Newly Emerging SARS-CoV-2 Variants. mBio 2021, 12, e0114021. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Bhattacharya, M.; Sharma, A.R. Present variants of concern and variants of interest of severe acute respiratory syndrome coronavirus 2: Their significant mutations in S-glycoprotein, infectivity, re-infectivity, immune escape and vaccines activity. Rev. Med. Virol. 2022, 32, e2270. [Google Scholar] [CrossRef]

	



Araf, Y.; Akter, F.; Tang, Y.D.; Fatemi, R.; Parvez, M.S.A.; Zheng, C.; Hossain, M.G. Omicron variant of SARS-CoV-2: Genomics, transmissibility, and responses to current COVID-19 vaccines. J. Med. Virol. 2022, 94, 1825–1832. [Google Scholar] [CrossRef]

	



Abu-Raddad, L.J.; Chemaitelly, H.; Butt, A.A. Effectiveness of the BNT162b2 COVID-19 Vaccine against the B.1.1.7 and B.1.351 Variants. N. Engl. J. Med. 2021, 385, 187–189. [Google Scholar] [CrossRef]

	



Muik, A.; Wallisch, A.K.; Sanger, B.; Swanson, K.A.; Muhl, J.; Chen, W.; Cai, H.; Maurus, D.; Sarkar, R.; Tureci, O.; et al. Neutralization of SARS-CoV-2 lineage B.1.1.7 pseudovirus by BNT162b2 vaccine-elicited human sera. Science 2021, 371, 1152–1153. [Google Scholar] [CrossRef]

	



Wang, P.; Nair, M.S.; Liu, L.; Iketani, S.; Luo, Y.; Guo, Y.; Wang, M.; Yu, J.; Zhang, B.; Kwong, P.D.; et al. Antibody resistance of SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature 2021, 593, 130–135. [Google Scholar] [CrossRef]

	



Planas, D.; Bruel, T.; Grzelak, L.; Guivel-Benhassine, F.; Staropoli, I.; Porrot, F.; Planchais, C.; Buchrieser, J.; Rajah, M.M.; Bishop, E.; et al. Sensitivity of infectious SARS-CoV-2 B.1.1.7 and B.1.351 variants to neutralizing antibodies. Nat. Med. 2021, 27, 917–924. [Google Scholar] [CrossRef]

	



Ai, J.; Zhang, H.; Zhang, Y.; Lin, K.; Wu, J.; Wan, Y.; Huang, Y.; Song, J.; Fu, Z.; Wang, H.; et al. Omicron variant showed lower neutralizing sensitivity than other SARS-CoV-2 variants to immune sera elicited by vaccines after boost. Emerg. Microbes Infect. 2022, 11, 337–343. [Google Scholar] [CrossRef]

	



Kozlovskaya, L.I.; Piniaeva, A.N.; Ignatyev, G.M.; Gordeychuk, I.V.; Volok, V.P.; Rogova, Y.V.; Shishova, A.A.; Kovpak, A.A.; Ivin, Y.Y.; Antonova, L.P. Long-term humoral immunogenicity, safety and protective efficacy of inactivated vaccine against COVID-19 (CoviVac) in preclinical studies. Emerg. Microbes Infect. 2021, 10, 1790–1806. [Google Scholar] [CrossRef]

	



Bian, L.; Gao, F.; Zhang, J.; He, Q.; Mao, Q.; Xu, M.; Liang, Z. Effects of SARS-CoV-2 variants on vaccine efficacy and response strategies. Expert Rev. Vaccines 2021, 20, 365–373. [Google Scholar] [CrossRef]

	



Abdool Karim, S.S.; de Oliveira, T. New SARS-CoV-2 variants—Clinical, public health, and vaccine implications. N. Engl. J. Med. 2021, 384, 1866–1868. [Google Scholar] [CrossRef]

	



Shinde, V.; Bhikha, S.; Hoosain, Z.; Archary, M.; Bhorat, Q.; Fairlie, L.; Lalloo, U.; Masilela, M.S.; Moodley, D.; Hanley, S. Efficacy of NVX-CoV2373 COVID-19 vaccine against the B. 1.351 variant. N. Engl. J. Med. 2021, 384, 1899–1909. [Google Scholar] [CrossRef]

	



Boehm, E.; Kronig, I.; Neher, R.A.; Eckerle, I.; Vetter, P.; Kaiser, L. Novel SARS-CoV-2 variants: The pandemics within the pandemic. Clin. Microbiol. Infect. 2021, 27, 1109–1117. [Google Scholar] [CrossRef]

	



Madhi, S.A.; Baillie, V.; Cutland, C.L.; Voysey, M.; Koen, A.L.; Fairlie, L.; Padayachee, S.D.; Dheda, K.; Barnabas, S.L.; Bhorat, Q.E. Efficacy of the ChAdOx1 nCoV-19 COVID-19 vaccine against the B. 1.351 variant. N. Engl. J. Med. 2021, 384, 1885–1898. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Sharma, A.R.; Bhattacharya, M.; Agoramoorthy, G.; Lee, S.S. All nations must prioritize the COVID-19 vaccination program for elderly adults urgently. Aging Dis. 2021, 12, 688. [Google Scholar] [CrossRef]

	



Choudhary, O.P.; Choudhary, P.; Singh, I. India’s COVID-19 vaccination drive: Key challenges and resolutions. Lancet Infect. Dis. 2021, 21, 1483–1484. [Google Scholar] [CrossRef]

	



Waltz, E. China and India approve nasal COVID vaccines. Nature 2022, 609, 450. [Google Scholar] [CrossRef] [PubMed]

	



Chavda, V.P.; Vora, L.K.; Pandya, A.K.; Patravale, V.B. Intranasal vaccines for SARS-CoV-2: From challenges to potential in COVID-19 management. Drug Discov. Today 2021, 26, 2619–2636. [Google Scholar] [CrossRef] [PubMed]

	



Alu, A.; Chen, L.; Lei, H.; Wei, Y.; Tian, X.; Wei, X. Intranasal COVID-19 vaccines: From bench to bed. EBioMedicine 2022, 76, 103841. [Google Scholar] [CrossRef] [PubMed]

	



McLean, G.; Kamil, J.; Lee, B.; Moore, P.; Schulz, T.F.; Muik, A.; Sahin, U.; Türeci, Ö.; Pather, S. The impact of evolving SARS-CoV-2 mutations and variants on COVID-19 vaccines. mBio 2022, 13, e0297921. [Google Scholar] [CrossRef]

	



Mohapatra, R.K.; Kandi, V.; Verma, S.; Dhama, K. Challenges of the Omicron (B. 1.1. 529) Variant and Its Lineages: A Global Perspective. ChemBioChem 2022, 23, e202200059. [Google Scholar] [CrossRef]

	



Hawman, D.W.; Meade-White, K.; Archer, J.; Leventhal, S.S.; Wilson, D.; Shaia, C.; Randall, S.; Khandhar, A.P.; Krieger, K.; Hsiang, T.-Y. SARS-CoV2 variant-specific replicating RNA vaccines protect from disease and pathology and reduce viral shedding following challenge with heterologous SARS-CoV2 variants of concern. eLife 2022, 11, e75537. [Google Scholar] [CrossRef]

	



Morens, D.M.; Taubenberger, J.K.; Fauci, A.S. Universal coronavirus vaccines—An urgent need. N. Engl. J. Med. 2022, 386, 297–299. [Google Scholar] [CrossRef]

	



Oluwagbemi, O.O.; Oladipo, E.K.; Dairo, E.O.; Ayeni, A.E.; Irewolede, B.A.; Jimah, E.M.; Oyewole, M.P.; Olawale, B.M.; Adegoke, H.M.; Ogunleye, A.J. Computational construction of a glycoprotein multi-epitope subunit vaccine candidate for old and new South-African SARS-CoV-2 virus strains. Inform. Med. Unlocked 2022, 28, 100845. [Google Scholar] [CrossRef]

	



Wang, R.; Chen, J.; Hozumi, Y.; Yin, C.; Wei, G.-W. Emerging vaccine-breakthrough SARS-CoV-2 variants. ACS Infect. Dis. 2022, 8, 546–556. [Google Scholar] [CrossRef]

	



Zhu, J.; Ananthaswamy, N.; Jain, S.; Batra, H.; Tang, W.-C.; Rao, V.B. CRISPR Engineering of Bacteriophage T4 to Design Vaccines Against SARS-CoV-2 and Emerging Pathogens. In Vaccine Design; Humana: New York, NY, USA, 2022; pp. 209–228. [Google Scholar]

	



Bagabir, S.; Ibrahim, N.K.; Bagabir, H.; Ateeq, R. COVID-19 and Artificial Intelligence: Genome Sequencing, Drug Development and Vaccine discovery. J. Infect. Public Health 2022, 15, 289–296. [Google Scholar] [CrossRef]

	



Lv, H.; Shi, L.; Berkenpas, J.W.; Dao, F.-Y.; Zulfiqar, H.; Ding, H.; Zhang, Y.; Yang, L.; Cao, R. Application of artificial intelligence and machine learning for COVID-19 drug discovery and vaccine design. Brief. Bioinform. 2021, 22, bbab320. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Sharma, A.R.; Bhattacharya, M.; Sharma, G.; Lee, S.-S. Immunoinformatics approach for the identification and characterization of T cell and B cell epitopes towards the peptide-based vaccine against SARS-CoV-2. Arch. Med. Res. 2021, 52, 362–370. [Google Scholar] [CrossRef]

	



Huang, J.; Ding, Y.; Yao, J.; Zhang, M.; Zhang, Y.; Xie, Z.; Zuo, J. Nasal Nanovaccines for SARS-CoV-2 to Address COVID-19. Vaccines 2022, 10, 405. [Google Scholar] [CrossRef]

	



Lopez-Cantu, D.O.; Wang, X.; Carrasco-Magallanes, H.; Afewerki, S.; Zhang, X.; Bonventre, J.V.; Ruiz-Esparza, G.U. From Bench to the Clinic: The Path to Translation of Nanotechnology-Enabled mRNA SARS-CoV-2 Vaccines. Nano-Micro Lett. 2022, 14, 41. [Google Scholar] [CrossRef]

	



Zhuo, S.-H.; Wu, J.-J.; Zhao, L.; Li, W.-H.; Zhao, Y.-F.; Li, Y.-M. A chitosan-mediated inhalable nanovaccine against SARS-CoV-2. Nano Res. 2022, 15, 4191–4200. [Google Scholar] [CrossRef]

	



Tirziu, A.; Paunescu, V. Cytotoxic T-Cell-Based Vaccine against SARS-CoV-2: A Hybrid Immunoinformatic Approach. Vaccines 2022, 10, 218. [Google Scholar] [CrossRef]

	



Dhama, K.; Dhawan, M.; Tiwari, R.; Emran, T.B.; Mitra, S.; Rabaan, A.A.; Alhumaid, S.; Alawi, Z.A.; Al Mutair, A. COVID-19 intranasal vaccines: Current progress, advantages, prospects, and challenges. Hum. Vaccines Immunother. 2022, 18, 2045853. [Google Scholar] [CrossRef]

	



Cevik, M.; Grubaugh, N.D.; Iwasaki, A.; Openshaw, P. COVID-19 vaccines: Keeping pace with SARS-CoV-2 variants. Cell 2021, 184, 5077–5081. [Google Scholar] [CrossRef]

	



Khan, W.H.; Hashmi, Z.; Goel, A.; Ahmad, R.; Gupta, K.; Khan, N.; Alam, I.; Ahmed, F.; Ansari, M.A. COVID-19 pandemic and vaccines update on challenges and resolutions. Front. Cell. Infect. Microbiol. 2021, 11, 690621. [Google Scholar] [CrossRef]

	



Günl, F.; Mecate-Zambrano, A.; Rehländer, S.; Hinse, S.; Ludwig, S.; Brunotte, L. Shooting at a Moving Target—Effectiveness and Emerging Challenges for SARS-CoV-2 Vaccine Development. Vaccines 2021, 9, 1052. [Google Scholar] [CrossRef]

	



Krause, P.R.; Fleming, T.R.; Longini, I.M.; Peto, R.; Briand, S.; Heymann, D.L.; Beral, V.; Snape, M.D.; Rees, H.; Ropero, A.-M. SARS-CoV-2 variants and vaccines. N. Engl. J. Med. 2021, 385, 179–186. [Google Scholar] [CrossRef] [PubMed]

	



Ray, S.K.; Mukherjee, S. From Bench Side to Bed-Travelling on a Road to Get a Safe and Effective Vaccine Against COVID-19, Day to Save the Life. Recent Pat. Biotechnol. 2021, 16, 2–5. [Google Scholar]

	



Poland, G.A.; Ovsyannikova, I.G.; Kennedy, R.B. The need for broadly protective COVID-19 vaccines: Beyond S-only approaches. Vaccine 2021, 39, 4239–4241. [Google Scholar] [CrossRef] [PubMed]

	



Choi, A.; Koch, M.; Wu, K.; Chu, L.; Ma, L.; Hill, A.; Nunna, N.; Huang, W.; Oestreicher, J.; Colpitts, T. Safety and immunogenicity of SARS-CoV-2 variant mRNA vaccine boosters in healthy adults: An interim analysis. Nat. Med. 2021, 27, 2025–2031. [Google Scholar] [CrossRef] [PubMed]

	



Saunders, K.O.; Lee, E.; Parks, R.; Martinez, D.R.; Li, D.; Chen, H.; Edwards, R.J.; Gobeil, S.; Barr, M.; Mansouri, K. Neutralizing antibody vaccine for pandemic and pre-emergent coronaviruses. Nature 2021, 594, 553–559. [Google Scholar] [CrossRef]

	



Kar, S.; Devnath, P.; Emran, T.B.; Tallei, T.E.; Mitra, S.; Dhama, K. Oral and intranasal vaccines against SARS-CoV-2: Current progress, prospects, advantages, and challenges. Immun. Inflamm. Dis. 2022, 10, e604. [Google Scholar] [CrossRef]

	



Rothen, D.A.; Krenger, P.S.; Nonic, A.; Balke, I.; Vogt, A.-C.S.; Chang, X.; Manenti, A.; Vedovi, F.; Resevica, G.; Walton, S.M. Intranasal administration of a VLP-based vaccine induces neutralizing antibodies against SARS-CoV-2 and variants of concern. Allergy 2022, 77, 2446–2458. [Google Scholar] [CrossRef]

	



Cohen, A.A.; van Doremalen, N.; Greaney, A.J.; Andersen, H.; Sharma, A.; Starr, T.N.; Keeffe, J.R.; Fan, C.; Schulz, J.E.; Gnanapragasam, P.N.P.; et al. Mosaic RBD nanoparticles protect against challenge by diverse sarbecoviruses in animal models. Science 2022, 377, eabq0839. [Google Scholar] [CrossRef]

	



Rezaei, S.; Sefidbakht, Y.; Uskoković, V. Tracking the pipeline: Immunoinformatics and the COVID-19 vaccine design. Brief. Bioinform. 2021, 22, bbab241. [Google Scholar] [CrossRef]

	



Bhattacharya, M.; Sharma, A.R.; Ghosh, P.; Lee, S.-S.; Chakraborty, C. A next-generation vaccine candidate using alternative epitopes to protect against Wuhan and all significant mutant variants of SARS-CoV-2: An immunoinformatics approach. Aging Dis. 2021, 12, 2173. [Google Scholar] [CrossRef]

	



Wang, C.Y.; Hwang, K.-P.; Kuo, H.-K.; Peng, W.-J.; Shen, Y.-H.; Kuo, B.-S.; Huang, J.-H.; Liu, H.; Ho, Y.-H.; Lin, F. A multitope SARS-CoV-2 vaccine provides long-lasting B cell and T cell immunity against Delta and Omicron variants. J. Clin. Investig. 2022, 132, e157707. [Google Scholar] [CrossRef]

	



Malone, B.; Simovski, B.; Moliné, C.; Cheng, J.; Gheorghe, M.; Fontenelle, H.; Vardaxis, I.; Tennøe, S.; Malmberg, J.-A.; Stratford, R. Artificial intelligence predicts the immunogenic landscape of SARS-CoV-2 leading to universal blueprints for vaccine designs. Sci. Rep. 2020, 10, 22375. [Google Scholar] [CrossRef]

	



Zhu, J.; Ananthaswamy, N.; Jain, S.; Batra, H.; Tang, W.-C.; Lewry, D.A.; Richards, M.L.; David, S.A.; Kilgore, P.B.; Sha, J. A universal bacteriophage T4 nanoparticle platform to design multiplex SARS-CoV-2 vaccine candidates by CRISPR engineering. Sci. Adv. 2021, 7, eabh1547. [Google Scholar] [CrossRef]

	



Chatterjee, S.; Bhattacharya, M.; Nag, S.; Dhama, K.; Chakraborty, C. A Detailed Overview of SARS-CoV-2 Omicron: Its Sub-Variants, Mutations and Pathophysiology, Clinical Characteristics, Immunological Landscape, Immune Escape, and Therapies. Viruses 2023, 15, 167. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Bhattacharya, M.; Dhama, K. Cases of BA. 2.75 and recent BA. 2.75. 2 subvariant of Omicron are increasing in India: Is it alarming at the global level? Ann. Med. Surg. 2022, 84, 104963. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Bhattacharya, M.; Sharma, A.R.; Dhama, K.; Lee, S.S. The rapid emergence of multiple sublineages of Omicron (B. 1.1. 529) variant: Dynamic profiling via molecular phylogenetics and mutational landscape studies. J. Infect. Public Health 2022, 15, 1234–1258. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Bhattacharya, M.; Sharma, A.R.; Dhama, K.; Agoramoorthy, G. A comprehensive analysis of the mutational landscape of the newly emerging Omicron (B. 1.1. 529) variant and comparison of mutations with VOCs and VOIs. GeroScience 2022, 44, 2393–2425. [Google Scholar] [CrossRef]

	



Chakraborty, C.; Bhattacharya, M.; Sharma, A.R.; Mallik, B. Omicron (B. 1.1. 529)-A new heavily mutated variant: Mapped location and probable properties of its mutations with an emphasis on S-glycoprotein. Int. J. Biol. Macromol. 2022, 219, 980–997. [Google Scholar] [CrossRef]

	



Mohapatra, R.K.; Kandi, V.; Sarangi, A.K.; Verma, S.; Tuli, H.S.; Chakraborty, S.; Chakraborty, C.; Dhama, K. The recently emerged BA. 4 and BA. 5 lineages of Omicron and their global health concerns amid the ongoing wave of COVID-19 pandemic—Correspondence. Int. J. Surg. 2022, 103, 106698. [Google Scholar] [CrossRef]

	



Bhattacharya, M.; Sharma, A.R.; Dhama, K.; Agoramoorthy, G.; Chakraborty, C. Omicron variant (B. 1.1. 529) of SARS-CoV-2: Understanding mutations in the genome, S-glycoprotein, and antibody-binding regions. GeroScience 2022, 44, 619–637. [Google Scholar] [CrossRef]








[image: Vaccines 11 00682 g001 550] 





Figure 1. The timeline describes the different milestone achievements of vaccine development. 
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Figure 2. The different significant achievements of the first vaccine’s development and its approval process. The first vaccine (Pfizer–BioNTech mRNA) was developed within eight months. Several researchers call the speed of vaccine development “pandemic speed”. 
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Figure 3. Different vaccine platforms and different clinical trials of vaccines. (A) A schematic chart that describes different vaccine platforms. (B) A statistical model was developed using the number of clinical trials. (C) Percentages of vaccine platforms described through a pie chart. 
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Figure 4. A spike protein’s 3D structure and its characters which make it the central point of attraction for vaccine development. Here, we depict some significant mutations in S proteins, such as P681R, N501Y, K444R, K41N/K, and D614G. 
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Table 1. Different approved COVID-19 vaccines.
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	Sl. No.
	Approved COVID-19 Vaccines
	Developer of the Vaccines
	Vaccine Type/Platform
	Country of Origin
	Storage Temperature (°C)
	Dose
	Reference





	1.
	Pfizer–BioNTech vaccine
	BioNTech SE, Pfizer Inc.
	Nucleoside-modified mRNA
	Germany, USA
	−70 ± 10
	Two doses given three weeks apart
	[38]



	2.
	Moderna vaccine

(mRNA-1273)
	United States National Institute of Allergy and Infectious Diseases, Moderna Inc.,

Biomedical Advanced Research and Development Authority, Coalition for Epidemic Preparedness Innovations
	Nucleoside-modified mRNA
	USA
	−20 ± 5
	Two doses given four weeks apart
	[39]



	3.
	Oxford–AstraZeneca vaccine
	AstraZeneca plc,

University of Oxford,

Coalition for Epidemic Preparedness Innovations
	Modified adenovirus vector
	Sweden, UK
	2–8
	Two doses given four to twelve weeks apart
	[40]



	4.
	Sputnik V
	Gamaleya Research Institute of Epidemiology and Microbiology
	Modified adenovirus vector
	Russia
	≤−18
	Two doses given three weeks apart
	[41]



	5.
	Johnson & Johnson vaccine
	Janssen Pharmaceuticals,

Beth Israel Deaconess Medical Center
	Modified adenovirus vector
	Belgium,

Netherlands
	2–8
	One dose
	[42]



	6.
	Ad5-nCoV
	CanSino Biologics,

Beijing Institute of Biotechnology
	Modified adenovirus vector
	China
	2–8
	One dose
	[43]



	7.
	BBIBP-CorV
	Beijing Institute of Biological Products, Wuhan Institute of Biological Products,

China National Pharmaceutical Group Corporation
	Inactivated SARS-CoV-2
	China
	2–8
	Two doses given three to four weeks apart
	[44]



	8.
	ZF2001
	Chinese Academy of Sciences,

Anhui ZhifeiLongcom Biologic Pharmacy Co., Ltd.
	Adjuvanted protein subunit
	China
	-
	Three doses given in thirty days apart
	[45]



	9.
	CoronaVac
	Sinovac Biotech Ltd.
	Inactivated SARS-CoV-2
	China
	2–8
	Two doses given two weeks apart
	[46]



	10.
	BBV152
	Bharat Biotech International Limited,

Indian Council of Medical Research
	Inactivated SARS-CoV-2
	India
	2–8
	Two doses given four weeks apart
	[47]



	11.
	EpiVacCorona
	State Research Centerof Virology and Biotechnology VECTOR
	Peptide subunit
	Russia
	2–8
	Two doses given three to four weeks apart
	[48]



	12.
	CoviVac
	Russian Academy of Sciences
	Inactivated SARS-CoV-2
	Russia
	2–8
	Two doses given two weeks apart
	[49]
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Table 2. Approved COVID-19 vaccines and their efficacy.
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	Sl. No.
	Approved COVID-19 Vaccines
	Efficacy
	Reference





	1.
	Pfizer–BioNTech
	Overall efficacy 95%
	[76]



	2.
	Moderna vaccine (mRNA-1273)
	Overall efficacy 94.5%
	[39]



	3.
	Oxford–AstraZeneca
	Overall efficacy 70% (64% after 1st dose)(70.4% after 2nd doses)
	[77]



	4.
	Sputnik V
	Overall efficacy 91.6%
	[78,79]



	5.
	Johnson & Johnson
	Overall efficacy 66.3% (72% in the USA)
	[80]



	6.
	Ad5-nCoV
	Overall efficacy 92% against severe COVID-19
	[81]



	7.
	BBIBP-CorV
	Severe COVID-19 showing efficacy 86–90%
	[82]



	8.
	ZF2001
	Overall efficacy of 90–96%
	[83]



	9.
	CoronaVac
	Overall efficacy 83·5% (after 2nd dose)
	[84]



	10.
	BBV152
	Overall efficacy 78%,severe COVID-19 disease: 93.4%
	[85]



	11.
	EpiVacCorona
	Overall efficacy 70–75%
	[86]



	12.
	CoviVac
	Overall efficacy 83% (after 2nd dose)
	[87,88]
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Table 3. Reduced vaccine efficacy of different significant COVID-19 vaccines against SARS-CoV-2 variants.
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Sl. No.

	
COVID-19 Vaccine Name

	
Remarks

	
Reference






	
1.

	
Pfizer/BioNTech

	
In occurrence of Alpha variant the vaccine efficacy recorded to 81.5% from 95%.

	
[100]




	
Vaccine efficacy reduced from 95 % to 6.7% encounter with Gamma variant

	
[101]




	
2.

	
Moderna vaccine (mRNA-1273)

	
The vaccine efficacy decreased to 60.9% from 94.5% in presence of Omicron variant

	
[102]




	
3.

	
Novavax (NVX-CoV2373)

	
The vaccine efficacy become lowering to 86% from 96% in existence of Alpha variant

	
[103]




	
Vaccine efficacy reduced to 51% from 96 % to in occurrence of Beta variant

	
[104]




	
4.

	
Oxford–AstraZeneca

	
Vaccine efficacy was recorded 81%, and reduced 70% against Alpha variant

	
[100]




	
Efficacy observed only 10% Beta variant

	
[105]




	
5.

	
Johnson & Johnson

	
The vaccine efficacy reduced in 52% for moderate infection, whereas for severe disease it shows 72% efficacy in USA, 64% efficacy in South Africa.

	
[103,104,105]

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Vaccine was developedin a pandemicspeed (in a year)

Preclinical trial started

Clinical trials (phase II/
phase |ll) started

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2020

SARS-CoV-2genome
sequence published

Rolling data submitted to
the regulatory agency






nav.xhtml


  vaccines-11-00682


  
    		
      vaccines-11-00682
    


  




  





media/file6.jpg
Numbers of candidate vacciine in diferent platform
P

y=09mx+851
R20020






media/file2.png
USFDA approved first COVID-19mRNA vaccine

:BioNTech/Pfizer and Moderna COVID-19 vaccine

SARS-CoV-2genome First Inhaled
sequenced Moderna and Pfizer (BioNTech/Pfizer) COVID-19vaccine
start large-scale phase Il/phase 1| developed by CanSinoBIO

COVID-19vaccine trials

Moderna starts phase |
COVID-19 vaccine trial

2020

Pfizer (BioNTech/Pfizer) start phase |
COVID-19vaccine clinical trial

First next generation SARS-CoV-2
vaccine construct is developed insilico
(Bhattacharya et al., PMID:32108359)

50 COVID-19vaccine
candidates approved by at least
one country in the world

11 COVID-19 vaccines were granted
First approval of COVID-19 J EUL( Emergency Use Listing) by WHO
DNA vaccine in India

Intranasal Covid-19vaccine
by Bharat Biotech
approved in India

First phase Ill randomized clinical trial data on
COVID-19vaccines published






media/file5.jpg





media/file3.jpg
Vaccine was developedin a pandemicspeed (ina year)

Cinica vl (phose 1/
Ericeca v g =] -






media/file9.png
Numbers of candidate vacciine in different platform

3

30

=

—=
=

o
=

A y =0.97x+ 8.51
/ R? = 0.029

RNA

Protein subunit |
A

" Viral Vecto icating
ctor (non-repl ) Inactivated Virus
A <
Virus Like Particle™. |,

DNA Viral Vector (replicating)
VVnr + Antigen Presenting Cell

A A |
2 4 [ P/ B 12
VW + Antigen Presenting Cell






media/file1.jpg
B —






media/file7.jpg
aPraten subunt
aVica Vector (nonepicatiog)
o
“inactvateavinus
R
aVicaVectr replcating)
“Vins Uie Parice
Wi+ Artigen Presenting Cel

Lve Atteruatea Vs

“VVar + Antigen Preserting Cell

~Bacteral antgen-spore expression
vedtor





media/file10.png
m Protein subunit

mViral Vector (non-replicating)

= DNA

mInactivated Virus

mRNA

mViral Vector (replicating)

= Virus Like Particle

“VVr + Antigen Presenting Cell
Live Attenuated Virus

~VVnr + Antigen Presenting Cell

» Bacterial antigen-spore expression
vector





media/file12.png
NS01Y
K417N/T

Characteristics of S protein
that make the central point
of attraction of vaccine

development
P681R

4 Highly immunogenic
’ Presence of short epitopes within
the S protein

& Antigenic domains presence
in the RBD





media/file0.png





media/file8.png
A Different platforms of COVID-19 vaccine development

| |

Whole virus vaccines Component virus vaccines

| | | | | |

Live attenuated Inactivated RNA based  DNA based Virus like particles Protein subunit Replicating viral vector Non-replicating viral vector

¥ T @ @ ’






media/file11.jpg
N501Y KdagR
Ka17N/T

Characteristics of S protein
that make the central point
of attraction of vaccine
development

P681R
4 Highly immunogenic

4 Presence of short epitopes within
the S protein

4 Antigenic domains presence
in the RBD





