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With the successful development of the Corona Virus Disease 2019 (COVID-19) vaccines and increased vaccination coverage, great progress in global outbreak control has been made in several countries. However, new coronavirus variants emerge and their rapid spread, causing a new wave of economic and social upheaval worldwide. The spread of new coronavirus variants poses a new and enormous challenge to vaccination and pandemic control, so further studies to explore and develop vaccines for the prevention and control virus infection are warranted. In this review, we provide an overview of the most prevalent variants including Omicron, and explore the effectiveness of COVID-19 vaccines against related variants to better understand existing vaccines and to facilitate improved research into new vaccines. In addition, this review discusses existing strategies to increase vaccine efficacy and introduces novel vaccines by the non-injection route.
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INTRODUCTION

In March 2020, the World Health Organization (WHO) announced a new coronavirus named Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) causing a global pandemic. Since then, nearly 400 million people worldwide have been infected by it, resulting in more than 5.7 million deaths (1). Some progress has been made in controlling the epidemic with the development and production of the COVID-19 vaccines and mass vaccination. Nevertheless, an emerging SARS-CoV-2 variant was first reported in the United Kingdom in late 2020, and nowadays there are different mutations and variants prevalent around the world (2). The virus is constantly updating and mutating at an unpredictable rate, especially the newly reported Variant Omicron by the WHO (3, 4) which is gradually replacing the Delta variant and leading a new wave of outbreaks in several countries (1). The emergence of SARS-CoV-2 variants not only hindered the control of global outbreaks, but also poses new challenges to the effectiveness of existing vaccines and the development of new vaccines, so there is a need to further explore and develop vaccines for the prevention and control virus infection.

Current research on SARS-CoV-2 revolves around several aspects such as new variants and the effectiveness of the COVID-19 vaccines against the variants, but relevant trials and information are still being further studied and updated. Since certain variants have induced world-wide fears due to their ability to be highly infectious or cause severe disease, this paper details them and summarizes the effectiveness of two COVID-19 vaccines against them in order to better understand existing vaccines and to facilitate improved research on new vaccines. In addition, how to improve the effective resistance of vaccines against variants is a hot issue worldwide. In this review, we explore existing strategies to maintain or improve vaccine effectiveness and discuss the explanation of novel non-injection route COVID-19 vaccines.



SARS-CoV-2 AND VARIANTS

The SARS-CoV-2 is a single-stranded positive-stranded Ribonucleic Acid (RNA) virus belonging to the genus β-coronavirus. SARS-CoV-2 contains 4 structural proteins and 16 non-structural proteins, of which the structural proteins include nucleoprotein, envelope, matrix protein, and spike (S) protein (2). The S protein is further divided into the amino terminal (N-terminal) S1 subunit, which is responsible for viral receptor binding, and the Carboxy terminal (C-terminal) S2 subunit, which facilitates viral-cell membrane fusion. S1 subunit includes two structures: amino acid N-terminal domain (NTD) and receptor binding domain (RBD) (5). The RBD is the top exposed loop of the S protein and is responsible for binding to the host cell receptor angiotensin-converting enzyme 2 (ACE2), which is the main target of neutralizing antibodies (6).

Usually, under natural selection, RNA viruses have a high rate of nucleotide substitution and are prone to mutations due to errors during replication, which subsequently give rise to a rapidly evolving viral population. This characteristic may lead to the accumulation of amino acid mutations, which in turn affect or alter the pathogenicity and transmissibility of the virus (7). Similarly, SARS-CoV-2 is susceptible to genetic evolution as it continues to adapt to new human hosts, leading to the emergence of multiple variants over time (8). In November 2020, the new variant Alpha (B.1.1.7) was first reported in the United Kingdom (UK). Since then, diverse new variants have been reported in various countries of the world, including South Africa, Brazil, and India, and the number is still increasing. The emergence of new coronavirus variants has changed the dynamics of the pandemic and greatly impacted public health.

There are various methods for naming and classify new variants of SARS-CoV-2, including Nextstrain typing, Pango genealogy nomenclature, and Global Initiative of Sharing All Influenza Data (GISAID) typing, among others (9). For the purpose of public understanding and information dissemination, WHO divided the variants into two categories (10): variants of concern (VOC), which include Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1. 1.529), and variants of interest (VOI) includes Eta, Iota, Kappa, Lambda, and Mu (Table 1). VOCs have received focused attention and detection worldwide owing to their potential to increase transmissibility and cause exacerbations.


Table 1. SARS-CoV-2 variants.
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Alpha variant emerged in November 2020 (dating back as far as August) in southeastern England, then spread throughout the UK and eventually prevalent in over 100 countries. Compared to the original strain, it has 17 mutation sites, of which 8 mutations are located in the S protein. This kind of variants spreads much faster than other variants and may lead to exacerbation and increased mortality (11). Beta variant was first discovered in South Africa in late 2020. The results of gene sequencing show that Beta has 10 mutation sites on the S protein, of which three mutations are located in the RBD, N501Y, E484K, and K417N, respectively (12).

Gamma variant was first detected in Brazil in late 2020 and early 2021. Gamma variant contains 11 mutations in the S protein. The mutations include K417T, E484K, and N501Y in RBD, and L18F, T20N, P26S, D138Y, and R190S in NTD. It is twice as contagious as the original coronavirus strain and has the possibility to cause secondary infection (13).

In late 2020 and March 2021, the variant of B.1.617 was found in Maharashtra, India, and named by WHO as Delta. Two mutations in Delta, L452R and E484Q, have received significant attention by reason of their location in the RBD and their association with increased viral transmissibility and affinity for ACE2 (14). From March 2021, lineage B.1.617.2 dominates in India and is the main variant causing the second wave of outbreaks in India. Delta is 50% more infectious than Alpha and has extended to more than 120 countries (15).

Omicron was first identified in Botswana, Africa, and was first reported to WHO from South Africa on 24 November 2021.WHO acted quickly, and officially designated it as Omicron variant 2 days later, on 26 November 2021, and classified it as a VOC (16). As far as the published sequences of the relevant genes are known, Omicron has a large number of mutations, with more than 30 mutations in the protein alone (17). The number of mutation sites in the RBD region of the ACE2 receptor is 15, which is several times more than the most popular Delta variant (18, 19). This variant, which contains a large number of variants, is receiving global attention (20). WHO statement mentioned that this variant has an increased risk of reinfection compared to other VOCs. More worryingly, Omicron may weaken the protective efficacy of the COVID-19 vaccines, according to a report published in Nature (21).



EVALUATION OF THE EFFECTIVENESS OF EXISTING VACCINES AGAINST VARIANTS

Due to the nature of the transmission of SARS-CoV-2 virus, close tracking and detection of mutations and variants of the virus is a very important step so as to quickly detect new changes and assess their possible impact. Numerous researchers worldwide are sequencing emerging new variants and sharing the results on public databases such as GISAID, and this international collaboration has contributed to promote in-depth research on the variants (22).

In addition to ongoing surveillance of new SARS-CoV-2 variants, there is a need to assess whether existing vaccines are losing efficacy against variants and to determine whether improved or new vaccines are necessary to restore efficacy (23). Nevertheless, assessing the effectiveness of the COVID-19 vaccine against variants is complex for the reason that the basic knowledge of SARS-CoV-2 and its variants is still being refined, and therefore the efficacy results of SARS-CoV-2 vaccines must be evaluated objectively and impartially with scientific rigor to comprehend their combined ability and clinical value (24). The currently widely accepted design approach for assessing vaccine efficacy is the test-negative case-control study design, which is also the preferred plan for evaluating influenza vaccine effectiveness. A clear advantage of this approach is that it allows control for bias because of differences in medical behavior between vaccine unvaccinated and vaccinated individuals (25). Since many approved vaccines are still in clinical trials or in small-scale use, in this paper we only use the BNT162b2 vaccine (Pfizer/BioNTech) and the ChAdOx1 nCoV-19 vaccine (AstraZeneca), which are widely used worldwide, as examples to collect and evaluate the efficacy of these two vaccines against several VOCs (Table 2).


Table 2. Vaccine Effectiveness with BNT162b2 or ChAdOx1 nCoV-19.
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Alpha and Beta

According to the available evidence, the COVID-19 vaccines remain clinically resistant to the Alpha variant. In the United Kingdom, a study based on all COVID-19 symptomatic infected individuals between October 26, 2020 and May 16, 2021 demonstrated that for the ChAdOx1 nCoV-19 vaccine, the effectiveness of two doses of this vaccine was 74.5% (95% CI, 68.4–79.4) in the Alpha population, while after two doses of BNT162b2 vaccine, the effectiveness was 93.7% (95% CI, 91.6–95.3) (26). Similarly, in Qatar, the effectiveness of BNT162b2 vaccine was 89.5% for any registered Alpha variant infection and 97.4% for severe disease (27).

In Beta-dominant South Africa, AstraZeneca conducted a small (2026) phase 1/2a clinical trial focusing on the efficiency of the ChAdOx1 nCoV-19 vaccine in mildly and moderately infected patients with B.1.351. The results presented efficacy of only 10.4% (95% CI, −76.8–54.8), with a maximum of no more than 60%. This may suggest that the two-dose regimen of ChAdOx1 nCoV-19 vaccine did not show protection against mild to moderate COVID-19 (28). But this survey has a small sample size and more data are required to analyze and validate it. In Qatar, researchers collected information from 265,410 BNT162b2 two-dose vaccine recipients and showed a protection effect of 75.0% against Beta infection and 97.4% against severe disease (27).



Delta and Omicron

As far as multiple studies have been combined, the overall effectiveness of the vaccine against the variant delta remains in height, despite the high infectivity of the variant. In Scotland, after two vaccinations, the efficacy of the BNT162b2 vaccine against delta infection (confirmed by RT-PCR) was 79% compared to 60% for the ChAdOx1 nCoV-19 vaccine (29). Another survey from England further compared the effectiveness data of BNT162b2 or ChAdOx1 nCoV-19 vaccines against delta variant with alpha variant. The data showed that the efficacy of the 2 doses of BNT162b2 vaccine against alpha and delta was 93.7 and 88.0%, respectively. The 2 doses of ChAdOx1 nCoV-19 vaccine were 74.5 and 67.0% effective against the alpha and delta variant, respectively (27). Overall, the differences between the two vaccine doses against delta and alpha variants in terms of vaccine efficacy were insignificant.

Nonetheless, in the case of the developing variant Omicron, the two-dose vaccine appeared a noteworthy decrease in protection against the Omicron variant in the available experiments. The team from China found that antibody titer levels against the Omicron variant decreased more significantly between the two vaccine doses, with neutralizing antibody titers dropping to 6, ~10-fold reduction from the original strain. Moreover, after 14 days of vaccination, 80% of specimens had neutralizing antibody levels against the Omicron variant below the lower limit of detection (30). Similarly, Pfizer's BNT162b2 vaccine study showed a significant decline in human serum neutralizing antibody titers against omicron after two doses, with ~25-fold decrease compared to the original strain (31). This certainly increases the apprehension about the presented vaccines against the SARS-CoV-2 variants.

Though, even the assessment of the value of the same vaccine against the same virus varies widely due to distinctions in region, sample size, age group and even virus subtype. For instance, a trial in the United States demonstrated 100% effectiveness of the BNT162b2 vaccine in a group of adolescents aged 12–15 years, producing a greater immune response compared to younger adults (32). In another testing that also evaluated the BNT162b2 vaccine, neutralizing antibody levels were significantly lower in older vaccine recipients (33).

Across age groups, regions, populations, the type of virus, as well as the type of variant, changes over time owing to the type of vaccine. Hence, clinically determined effective vaccines need to be reassessed from time to time in different population data sets (34). Furthermore, vaccine efficacy assessment includes not only the ability to combat viral infection or transmission, but also the effectiveness of defense against severe disease and death. Consequently, with the aim of ensuring that comparisons between different vaccines are meaningful and that the most effective vaccine candidates are configured, it is critical to establish standardized methods or systems for assessing different efficacy endpoints (24).

The appraisal of validity is a particularly crucial step in the development, production and application of vaccines. Nevertheless, a multitude of additional factors need to be considered in practical applications to allow for a more comprehensive and holistic evaluations (35). The advantages and disadvantages of the two vaccines are discussed below in a series of aspects to provide more intuition and understanding when selecting a vaccine (Table 3). BNT162b2 is an RNA vaccine that requires lower temperature storage and has higher storage requirements. ChAdOx1 nCoV-19 is a non-replicating viral vector vaccine that can be stored at 2–8°C for 6 months and is suitable for use in countries and regions where storage conditions are not stringent (36).


Table 3. Comparison of BNT162b2 and ChAdOx1 nCoV-19.
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In terms of effectiveness in use, BNT162b2 performed better overall compared to ChAdOx1 nCoV-19, both with respect to efficacy in phase 3 clinical trials and with respect to new variants. But ChAdOx1 nCoV-19 may be working better in patients with severe disease COVID-19 (23). With regard to safety, the main serious adverse events that occurred after BNT162b2 vaccination were Lymphadenopathy, Anaphylaxis, Myocarditis and Pericarditis, with a high incidence of Lymphadenopathy at ~78.4/100 000 (37). Serious adverse events after inoculation with ChAdOx1 nCoV-19 include Thromboembolic events, Thrombosis with thrombocytopenia syndrome, Anaphylaxis, and Guillain-Barré syndrome, of which Thrombosis with thrombocytopenia syndrome is of more concern (38, 39).




MAINTENANCE OR IMPROVEMENT OF VACCINE EFFICACY

Although the appearance of variants may affect the effectiveness of current vaccines against SARS-CoV-2, researchers worldwide are trying their best to explore new strategies for the purpose of maintaining or improving the efficacy of the vaccine (40). Scientists have explored not only the types of vaccines and doses administered, but also new attempts to get antibodies into the body. Considering the long development cycle of new vaccines coupled with the rapid rate of virus mutation, refining on present vaccines is a time-efficient and cost-effective approach at the same time.


Vaccine Booster

Faced with a new wave of infections caused by the SARS-CoV-2 variant Omicron and the possibility of weakened immunity over time triggered by the COVID-19 vaccine, many countries are considering whether to provide booster doses to those who have been fully vaccinated, including the United States, Germany, and Israel. Now an increasing number of countries have begun administering additional doses, such as China and Russia, and so on (41, 42).

Generally, after vaccination the body produces neutralizing antibodies and a surge in the number of associated immune cells, but over time the antibody level slowly decreases and leaves a small percentage of memory immune cells (43). Ali Ellebedy, an immunologist from the United States, believes that booster shots not only rise neutralizing antibody levels again but also expand the pool of memory B cells, promoting a faster and stronger immune response. Pfizer supported a global trial of a third booster dose of the BNT162b2 vaccine, which showed that median neutralizing antibody titers at 1 month after the third dose were beyond 5 times in the young and middle-aged group after the second dose, while in the elderly group this number exceeds 7. Additional studies monitored predominantly mild to moderate adverse effects after the booster dose, similar to those after the second dose (44). A recent team from Yale University moved forward to analyze neutralizing antibody levels after two doses of inactivated vaccine using a booster shot and found that the booster dose was able to enlarge the magnitude and breadth of neutralization on top of the already existing antibody response and may supply more effective and durable defend against the variants of Delta and Omicron (45). Results from another team in the United States similarly corroborated that the neutralizing antibody titers against the Omicron strain were 20-fold upper after the third booster dose of the mRNA-1273 vaccine than those assessed after the second dose, with a remarkable boost in antibody levels (46).

Furthermore, certain investigations have shown that booster shots not only enhance the immune response but also reduce mortality caused by SARS-CoV-2. An experiment from Israel divided 843,208 participants into a booster group (receiving a third dose of BNT162b2 after 5 months of the second dose) and a non-booster group and weighed the mortality rate in 2 groups, showing a 90% reduction in mortality in the booster group compared to the non-booster group (47).

Nonetheless, the WHO does not support the implementation of the booster vaccine and calls for its immediate discontinuation. Similarly, an article published in The Lancet on September 13, 2021, does not approve vaccine booster dosing for three reasons. First, the paper argues that most of the studies supporting this claim are preliminary and that there is an elevated potential for confounding and selective reporting among them. Second, there may be a risk of serious adverse reactions, especially with the adenoviral vector COVID-19 vaccine—with possible immune-mediated side effects (e.g., myocarditis or Guillain-Barre syndrome)—if booster doses are used too early or too widely. Third, the availability of existing vaccines is still limited, and more lives could be saved if vaccines were made available to those who are at clear risk of serious disease and have not received any vaccine (48). Even so, some research teams disagreed with the second point of appeal, and they counted and analyzed data on adverse reactions after booster vaccination on the centers for disease control and prevention (CDC) between August 12 and September 19, 2021, and showed that there were no unexpected adverse reactions and most of them were mild or moderate after receiving the booster dose of the vaccine (49). This trial has some limitations in terms of vaccine type and time span yet. In other words, despite the fact that many institutions and organizations worldwide are conducting clinical trials of booster doses and have been tracking and testing adverse reactions to booster shots, there are still huge controversies and disagreements.

In conclusion, despite the number of studies highlighting the importance and effectiveness of third dose booster vaccines, there are still a lot of gaps in this research that need to be filled. Apart from the question of whether to use booster shots, the issues of when to use them and what populations are suitable for them are all problems that need to be addressed in depth.



Heterologous Vaccines

Booster immunization with the original vaccine is generally considered to be a fast, effective, and straightforward way to increase antibody potency, but so-called “homologous” vaccination protocols are vulnerable to unexpected delays in production, logistics, and intervals between vaccinations (42). Thus, researchers have considered mixing and matching two different vaccines (heterologous) to make vaccination protocols more flexible: this would speed up the vaccination process and reduce the impact of any supply chain disruptions (50). An examination in the UK combining ChAdOx1 nCoV-19 and BNT162b2 vaccines reported that the combination of two different vaccines produced a broader and stronger immune response compared to ChAdOx1 nCoV-19/ChAdOx1 nCoV-19 as evidenced by higher neutralizing antibody titers and T-cell levels (51). In another study in Germany using the ChAdOx1 nCoV-19/BNT162b2 vaccine regimen, researchers further explored the role of heterologous vaccination against the variant (52). The results of this trial found that the ChAdOx1 nCoV-19/BNT162b2 combination induced 11.5 times more neutralizing antibodies than a single ChAdOx1 nCoV-19 vaccination, while this figure was only 2.9 in the homologous regimen, i.e., ChAdOx1 nCoV-19/ChAdOx1 nCoV-19, and more outstandingly, the heterologous regimen produced higher levels of neutralizing antibodies against the B.1.1.7, B.1.351, and P.1 variants (53). With the exception of the above-mentioned combinations, a team of researchers from the University of Mörö in Sweden confirmed that the amalgamation of ChAdOx1 nCoV-19 and mRNA-1273 inoculation also increased the level of neutralizing antibodies (54).

Recently, the University of Oxford, UK, published an article in The Lancet on current heterologous combination regimens of SARS-CoV-2 mRNA, adenoviral vector and protein adjuvant vaccines, with programs including ChAdOx1 nCoV-19/NVX-CoV2373, ChAdOx1 nCoV-19/mRNA-1273, ChAdOx1 nCoV-19/BNT162b2, BNT162b2/mRNA-1273, and BNT162b2/NVX-CoV2373. Consistent with previous findings, the article confirmed that the mixture vaccines were strongly resistant to the virus, especially the regimens containing mRNA vaccines (55).

Nonetheless, the time to reach effective antibody titers and the level of neutralizing antibodies produced in humans after vaccination differ by reason of the type of vaccine. The subject of how to achieve a mixture of different vaccines while ensuring that effective or even maximum antibody levels are achieved after vaccination requires further research and calculation of immune antibody levels and vaccination intervals. Moreover, because of the complexity of the immune system and the limited knowledge available to humans, the issue of whether mixing different vaccines causes potential adverse reactions or overwhelming immune responses leading to immune system-related diseases or even more serious consequences needs to be further investigated over a longer period of time and with more rigorous trials and follow-ups.

On the whole, immune efficacy is improved by increasing the dose of vaccine, whether through booster shots or a combination of vaccines. Perhaps trials of low-dose vaccines can shed new light. An experiment from the United States estimate the immune efficacy produced by the two different doses through measuring the levels of acute and memory SARS-CoV-2-specific antibodies, CD4+ T cells and CD8+ T cells in blood samples from subjects receiving either a low dose (25 μg) or a standard dose (100 μg) of mRNA-1273 vaccine (56).The findings suggest that low doses of mRNA1273 vaccine can induce the production of persistent and functional T cells and immune memory comparable to natural infection. At the same time, a number of studies have also shown that low doses of RNA vaccines have fewer immune side effects (43, 49). This research is very attractive in the context of global vaccine scarcity and multi-dose regimens.

Low-dose RNA vaccines have great prospection for future demand and application. If it can be applied in clinical practice in the future, it will not only save vaccine doses and alleviate the vaccine shortage, but also minimize the side effects associated with the vaccine. On the other hand, in practical applications, dissimilarity in different age or risk groups need to be considered, which requires advanced studies on immune efficacy and immune memory at different doses.




DEVELOPMENT OF NOVEL VACCINES

Vaccination currently remains the safeguard and cornerstone of the fight against the SARS-CoV-2 variants and global health care. Although SARS-CoV-2 vaccines are being developed at an unprecedented rate, most vaccines that have been approved or are currently in the clinical trial process are almost always administered by the injectable route and are capable of inducing a systemic immune response in vaccinated individuals (57). This requires not only the operation of professionally trained medical personnel, but also the support of strictly regulated cold chain facilities. In order to break the limitations of traditional vaccines, scientists have tried and used new scientific techniques to develop novel vaccines, starting from non-specific immunity. Nowadays, the intranasal vaccines and patch vaccines have received a lot of attention.


Intranasal Vaccines for SARS-CoV-2

Previous studies have shown that SARS-CoV-2 is a respiratory virus that is transmitted primarily by the “respiratory droplet” route, and therefore virus invasion and replication begin in the respiratory mucosa. Although the available humoral and cellular immune responses induced by SARS-CoV-2 vaccination are highly effective in humans (70–95%), there is little protection against infection of the virus in the upper respiratory tract, suggesting that vaccine recipients are still at risk of virus infection and transmission (58). Thus, some researchers designed an inhalable nanovaccine that induces mucosal immunity by mimicking the structure and pathway of viral infection. It was found that this nanovaccine induced the production of secretory immunoglobulin A (sIgA) titers that were hundreds of times higher than those of conventional injectable vaccines and provided longer protection (lasting at least 5 months) against viral entry through the upper and lower respiratory tracts (59). Several scientists have then suggested that intramuscular vaccination followed by a booster inhalation vaccine may produce a more comprehensive immune response, including prevention or reduction of viral replication in the upper and lower respiratory tracts. Intranasal vaccines are receiving increasing attention and focus from scientists worldwide. Currently, intranasal vaccines are under development or clinical trials in many countries, such as the ChAdOx1 nCoV-19 vaccine (intranasal route) in the United Kingdom, the ChAd-SARS-CoV-2-S vaccine in the United States, and the Ad5-nCoV and ZF2001 vaccines in China, among others (60–62).

Along with the strong mucosal protection induced by intranasal vaccines, there are other potential advantages. While intramuscular vaccines usually entail specialized and trained medical personnel to administer and manage, intranasal vaccines are non-invasive and self-administered, which not only saves labor for medical personnel, but makes them more acceptable to the vaccine recipient. Additionally, the vaccine can be stored at room temperature and the vaccine device is reusable, eliminating the need for refrigeration as is required for intranasal vaccines, which foster simplifying transport and storage (63).

Even if nasal inhalation vaccines hold promise for market adoption and even as an alternative to injectable vaccines, there are some hidden problems that need to be addressed. For instance, despite the fact that the mucosal immune response may play an important role in preventing viral invasion of the upper and lower respiratory tract, it may be counterproductive if it elicits an overly robust immune response, worsening lung conditions and causing enhancement of antibody-associated respiratory disease. Previous studies have demonstrated that severe COVID-19 cases are associated with an excessive immune system response caused by higher IgA titers. Therefore, careful testing and evaluation of possible IgA-induced adverse events is necessary before nasal inhalation vaccines are introduced to the marketplace (64). Also, most intranasal vaccines against SARS-CoV-2 are in early clinical trials, and pregnant women and children are not included in clinical trials for this vaccine study, so data on the safety and efficacy of this vaccine need to be investigated statistically (65).



Patch Vaccine

The WHO announced on October 26, 2021, that they are launching the takeoff of the Solidarity Trial Vaccines (STV) project in collaboration with the Ministries of Health of Colombia, Mali, and the Philippines. The aim of the STV project is to help discover a new generation of vaccines with possibility for elaboration against SARS-CoV-2 variants, longer immune protection, non-injection routes, etc., which can also be called second-generation vaccines. The SARS-CoV-2 vaccine patch undoubtedly belongs to the second generation of vaccines (66). This vaccine was developed by a team from the University of Queensland, Australia, using a technology called the high-density microarray patch (HD-MAP), which can be administered by simply attaching the patch to the upper arm. Even though it is only 7 x 7 mm, it is distributed with 5,000 needle-like protrusions that are able to pierce the skin and deposit the vaccine into the immune-rich epidermal and dermal tissue layers without pain or skin bleeding. Academics have now completed preliminary tests in rats and have found that this approach induces a neutralizing antibody IgG and cellular immune response that is superior to the cellular and humoral immunity produced by vaccine injection. As well as inducing a higher immune response, the patch can be stored stably at room temperature for up to 1 month (67). This simple and convenient method of vaccination may also lower the threshold for vaccination, benefiting those who fear pain and needles.

Though there is a lot of scope for future development and application of the patch vaccine, it is too early to actually market it and make it available to the general public. Examination on patch vaccines developed specifically for the new coronavirus is still in the animal testing phase and has not yet entered human testing. It is reported that the University of Queensland team will initiate a Phase I clinical trial in 2022 in collaboration with a patch technology company. On the other hand, more validation is needed to determine whether the SARS-CoV-2 vaccine patch can replace the injectable vaccine or be used as an adjunct to it.




DISCUSSION

The transmissibility of SARS-CoV-2 and their ability to rapidly evolve and mutate have undoubtedly caused concern worldwide. In this situation, it becomes increasingly imperative to assess whether current therapies still maintain efficacy against the variants. However, recent experiments have found a significant decrease in the protection of the two-dose vaccine against the new variant of Omicron strain. Reassuringly, a number of investigations have analyzed that a third homologous or heterologous booster dose boosts the neutralizing antibody titer of the vaccine against the Omicron strain (45, 46). In attempt to preserve or boost their efficacy against new variants, institutions and organizations around the world are constantly developing new vaccines beyond the effective dose, including innovations in types and delivery methods. For instance, the World Health Organization has approved the addition of the adjuvant subunit protein vaccine NVX-CoV2373 to the emergency use list on December 20, 2021 (68).

It requires a certain amount of time for a new vaccine to be developed, introduced into the market and accepted by the general public. Vaccine costs, costs, access, frequency, duration and efficacy are all part of the thinking, especially in low- and middle-income countries (69). For example, the storage and logistics of many vaccines require ultra-cold chain conditions of −60°C to −90°C, which is a significant financial burden for low- and middle-income countries with limited resources (70). But the solutions always outweigh the difficulties.

Firstly, government departments should play a leading role by actively and innovatively disseminating knowledge about the new coronavirus and vaccines and promoting the benefits of vaccination to increase vaccination coverage. Second, ensure fair, open and transparent distribution of vaccine resources to prevent corruption in the production and distribution of vaccines in the supply chain (71). Third, it is a cost-effective way to shift to vaccines that can be stored at +2°C to +8°C, reduce the cost of vaccination and promote vaccination motivation. Fourth, new nasal aspirate and patch vaccines have been developed to address the route and frequency of vaccination, both of which are highly acceptable and easy to use (54, 60). Fifth, a multi-strategy system involving social, political, and cultural aspects for individuals is necessary to address the challenges of vaccine hesitancy (72). For example, promoting public participation in clinical trials or promoting the involvement of community and religious leaders in vaccination campaigns (73).

Notwithstanding, the latest variant- Omicron, for example, has emerged and spread at an unexpectedly rapid rate, and new or stronger variants are likely to emerge in the future (74). What is more, the development of improved or new vaccines requires a race against time and challenges, and vaccines are not suitable for everyone, such as some people with poor innate immunity, whose protective power as well as persistence is difficult to estimate. Consequently, a single or temporary vaccination will not directly stop the spread of the variant and the epidemic, and stopping a COVID-19 pandemic requires a multi-path approach and strategy to fight the virus—vaccines, preventive and control measures, and therapeutic drugs are all needed. Although prevention and control measures may sound like a lofty and difficult concept to implement, they are manifested in all aspects of life, for example, washing hands regularly, wearing masks, and maintaining social distance. On the other hand, prevention and control measures cannot remain at the level of advocacy, but must be implemented at the grassroots level and at the individual level in every country, and must be prepared for long-term implementation.

There has been significant recent research advancement in the area of therapeutic agents, with the world's first approved oral antiviral for new coronavirus, Molnupiravir, approved in the United Kingdom on November 4, 2021, which significantly reduced the risk of hospitalization or death in patients with neoconiosis by ~50% according to interim phase III clinical data (75). A recent study further found that early use of Molnupiravir reduced the risk of hospitalization or death in non-hospitalized, unvaccinated adult COVID-19 patients (76). Molnupiravir is currently used to treat patients with mild to moderate COVID-19. Another antiviral drug, paxlovid, developed by Pfizer, is reported to be 89% effective in patients at risk of severe disease (77). The successful development of antiviral drugs has a great positive effect on controlling the epidemic.

In spite of antiviral drugs, there is no substitute for the role of vaccines, both in preventing infection and in reducing the rate of severe disease and death. Furthermore, although scientists have been working on the structure and pathogenesis of SARS-CoV-2, the understanding is still limited. So, continuous monitoring and consistent research is needed to enhance understanding so that prevention and treatment strategies can be improved and enhanced.
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