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Abstract: Pursuing vaccinations against COVID-19 brings hope to limit the spread of SARS-CoV-2 and remains the most rational decision under pandemic conditions. However, it does not come without challenges, including temporary shortages in vaccine doses, significant vaccine inequity, and questions regarding the durability of vaccine-induced immunity that remain unanswered. Moreover, SARS-CoV-2 has undergone evolution with the emergence of its novel variants, characterized by enhanced transmissibility and ability to at least partially evade neutralizing antibodies. At the same time, serum antibody levels start to wane within a few months after vaccination, ultimately increasing the risk of breakthrough infections. This article discusses whether the administration of booster doses of COVID-19 vaccines is urgently needed to control the pandemic. We conclude that, at present, optimizing the immunity level of wealthy populations cannot come at the expense of low-income regions that suffer from vaccine unavailability. Although the efficiency of vaccination in protecting from infection may decrease over time, current data show that efficacy against severe disease, hospitalization, and death remains at a high level. If vaccine coverage continues at extremely low levels in various regions, including African countries, SARS-CoV-2 may sooner or later evolve into variants better adapted to evade natural and vaccine-induced immunity, ultimately bringing a global threat that, of course, includes wealthy populations. We offer key recommendations to increase vaccination rates in low-income countries. The pandemic is, by definition, a major epidemiological event and requires looking beyond one’s immediate self-interest; otherwise, efforts to contain it will be futile.
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1. Introduction
The COVID-19 vaccines were developed and authorized at an unprecedented pace. The first COVID-19 cases were reported in China in late 2019, whereas their etiological factor was identified in mid-January 2020 when its first whole-genome sequence was made publicly available by Chinese scientists. This development rapidly led to essential research on diagnostic methods, followed by studies of seroconversion, viral pathogenicity, and potential therapeutic targets [1–3]. At the same time, great effort has been expended in developing vaccine candidates based on attenuated or inactivated SARS-CoV-2 and those employing virus-like particles, mRNA, DNA, or recombinant proteins [4]. The first candidate to enter a phase I clinical trial was mRNA-1273 (Moderna Therapeutics, USA), with the first doses administered in mid-March 2020. At the turn of 2020–2021, two mRNA vaccines, BNT162b2 (BioNTech/Pfizer, Germany/USA) and mRNA-1273, became the first to be approved in the USA and European Union. This achievement would not have been made possible without use of innovative technologies, significant financial support, multiple trials running in parallel, and regulatory institutions working around the clock [5].
By early October 2021, twenty-two vaccines were approved in different parts of the world, including four adenoviral vector vaccines, two mRNA vaccines, ten vaccines based on inactivated SARS-CoV-2, five subunit vaccines, and one DNA vaccine. By October 2021, 45% of the world population had received at least one dose and one-third was fully vaccinated. In the European Union, four vaccines were available: BNT162b2 (delivered in two doses 21 days apart), mRNA-1273 (delivered in two doses 28 days apart), and two adenoviral vector vaccines, AZD-1222 (manufactured by Oxford/AstraZeneca and delivered in two doses 4–12 weeks) and AD26.COV2 (manufactured by Janssen/Johnson & Johnson and delivered in a single dose) [6–9].
Although one-third of the European Union population was still unvaccinated at the beginning of October 2021, the discussion of administering an additional COVID-19 vaccine doses (booster) was already in full swing. This discussion initially concerned immunocompromised patients whose response to vaccination is frequently lower, while some may not respond to initial vaccination at all and remain at high risk of severe COVID-19. As shown in Israel and USA, immunocompromised individuals may account for as much as 40–45% of hospitalized breakthrough cases [10,11]. Additionally, as illustrated in randomized clinical trials, administering a third mRNA vaccine to solid transplant recipients increases previously low antibody levels, improves cellular immunity, and decreases the share of individuals falling into the non-responders category [12–14]. It is now apparent that in immunocompromised patients, a three-dosing vaccination strategy is required for optimal immune generation. Therefore, recommendations to offer the additional COVID-19 vaccine dose to patients with primary or secondary immune deficiencies were generally accepted, justified, and issued in various regions in late summer 2021.
The recommendation to offer the additional vaccine dose for certain immunocompromised individuals cannot be extrapolated to the general population, which is expected to yield sufficient immune response following the original vaccination regimen. However, since late August 2021, Israel, in a pioneering move, was already recommending a third dose of BNT162b2 vaccine to all individuals aged 12 years and older [15]. Calls to offer booster doses to the general public have also become frequent in the European countries and the USA [16]. The rationale underlying these calls have been two-fold: (i) observations that serum antibody levels decrease within a few months following the completion of the initial vaccination regime, thus lowering protection against the infection [17–19]; and (ii) the emergence of more transmissible SARS-CoV-2 variants such as B.1.617.2 (delta variant), which increases the risk of breakthrough infection and could induce a higher viral load even in vaccinated individuals, at least within the first days after contracting the virus [20–24]. Although the European Medicine Agency stated that “there is no urgent need for the administration of booster doses of vaccines to fully vaccinated individuals” [25] in September 2021, a month later, it concluded that in the case of BNT162b2, “booster doses may be considered at least 6 months after the second dose for people aged 18 years and older” [26]; the agency expressed the same opinion on mRNA-1273 on 25 October 2021 [27]. These recommendations may have been met with relief by some national authorities in light of the autumn 2021 surge of infections in European countries, with the majority of cases caused by B.1.617.2. This SARS-CoV-2 variant, classified as a variant of concern (VOC), had become dominant in the USA and European Region by June/July 2021 [28]. By October 2021, the European Centre for Disease Prevention and Control distinguished two other VOCs: B.1.351 (beta) and P.1. (gamma), both showing community transmission. It also distinguished two variants of interest (VOI): B.1.621 (mu) and C.37 (lambda), both detected sporadically. The B.1.1.7 (alpha), dominant at the beginning of 2021, was considered to be a deescalated variant in Europe [29].
Although offering the booster to the general population will at some point become inevitable, we do not believe that these two reasons listed above suffice to justify such a recommendation at this moment. Here, we present arguments in favor and against the administration of a booster. We conclude that, although a booster strategy may be beneficial for wealthy nations in the short term, it is not only morally questionable but may also engender additional challenges for pandemic control if pursued at the expense of vaccinations in low-income countries. We strongly advocate prioritizing vaccination in poorly vaccinated regions of the world, as they constitute the hot spots for the SARS-CoV-2 evolution. Unvaccinated individuals remain the main drivers of viral spread in the population.
2. The Vaccine Booster Will Improve Protection Against Infection
For individuals with no history of SARS-CoV-2 infection, the administration of the booster will represent a third (in the case of those vaccinated with AZD-1222, BNT162b2, or mRNA-1273) or second (in the case of those who previously received Ad26.COV2) exposure to the antigen. However, the boosters will also be offered to those who already had an infection. The short-term results of pre-authorization clinical trials have established high vaccine efficacy against infection under initial regimes. Observations of up to six months of individuals vaccinated with BNT162b2 showed a decline in such efficacy, estimated at a rate of approximately 6% every two months, with 84% efficacy four-to-six months after the second dose. However, these data could not predict the current situation, because the cut-off date for the analysis was 13 March 2021 [30], before the B.1.617.2 variant became dominant in various parts of the world. The results of clinical trials of mRNA-1273 have indicated that the efficacy against symptomatic infection 4–5 months after the second dose is 92%. However, again, the cut-off date of this trial (26 March 2021) preceded the global domination of the B.1.617.2 variant [30,31]. Nevertheless, there is clinical and post-authorization evidence that protection against infection gradually declines as serum antibody level decreases, whereas the circulation of highly transmissible variants such as B.1.617.2 may further increase the risk of contracting SARS-CoV-2 by vaccinated individuals [17,30,32–34].
As already shown in non-immunocompromised individuals, the administration of the booster effectively recalls specific immune responses to SARS-CoV-2 and increases serum antibody levels. This response likely restores the initial and considerable levels of protection against infection, even for the more highly transmissible variants, with potency to induce great viral loads in the upper respiratory tract [17,35–38]. Short-term evidence from Israel has demonstrated that rates of confirmed infections are lower in the booster group than in the vaccinated non-booster group [39]. Currently, there are no published data on clinical trials evaluating the efficacy of booster doses. Given that developed countries are facing a growing challenge of convincing unvaccinated individuals to receive a COVID-19 vaccine, offering boosters to vaccinated people represents a strategy for a more effective and local control of the pandemic. This strategy may be financially advantageous, particularly considering that, in the temperate zone, SARS-CoV-2 has revealed a strong seasonal pattern, with infections rising in the autumn–winter season [40]. Offering the booster may also contribute to keeping schools open, which is a boon for children’s education, as well as their mental and physical well-being [41,42]. Vaccine boosters offered to healthcare personnel, who were the first group to receive initial COVID-19 vaccine doses, will decrease the risk of SARS-CoV-2 transmission to patients, including vulnerable groups, and mitigate the disruption of the general healthcare system caused by the quarantine of SARS-CoV-2-positive healthcare workers. Moreover, the administration of the booster will likely improve the quality of life of COVID-19 high-risk groups who otherwise may experience higher stress levels during the autumn–winter waves of COVID-19 cases, hospitalizations, and deaths, all of which are further exaggerated by extensive media coverage and hype surrounding the danger of more transmissible SARS-CoV-2 variants.
3. Protection Against Severe Disease after the Initial Vaccination Regime Remain High
Although serum antibody levels usually decrease within a few months after initial vaccination against COVID-19, this pattern cannot be directly translated into a gradual loss of immune protection. Firstly, no minimal threshold levels that confer protection against infection have been established so far. Secondly, the total anti-S or anti-S1-RBD IgG antibody levels that are most frequently quantified to assess the response to vaccination are not necessarily directly correlated with neutralization potencies. Thirdly, a vital role in antiviral response is played by the vaccine-induced adaptive cellular immunity [43]. Although the risk of breakthrough infections may increase over time in vaccinated individuals due to the waning of serum antibody levels and can be further elevated due to circulation of some more transmissible SARS-CoV-2 variants (e.g., B.1.617.2), this does not equal an increased risk of breakthrough diseases, especially ones leading to hospitalization or risk of death. Data originating from different parts of the world consistently show that COVID-19 vaccines retain high levels of protection against severe infections and death; that is, the risk of hospitalization and death due to severe COVID-19 is significantly higher in unvaccinated individuals, although its exact values may vary across populations due to different settings and types of administered vaccines [44–52]. For example, data collected by the US Centers for Disease Control and Prevention indicate that, in August 2021, unvaccinated individuals had a 6-fold higher risk of SARS-CoV-2 infection and an 11-fold higher risk of dying from COVID-19 [53]. Furthermore, the clinical trial on BNT162b2 that demonstrated a decline in efficacy against infection within six months after administering the second dose still reported an excellent overall efficacy (97%) against severe COVID-19. This pattern was also confirmed in a large retrospective study of nearly 3.5 million individuals conducted in the USA, which revealed a decline in the effectiveness of BNT162b2 vaccination against infection with the B.1.617.2 variant (from 93% during the first month after full vaccination to 53% after four months) but a stable effectiveness of 93% against hospitalization due to B.1.617.2 infection up to six months (maximum time of observation) following full vaccination [54]. These findings clearly indicate that, although the risk of infection may increase (likely due to a decline in serum antibody levels), the primary goal of vaccination (i.e., high level of protection from severe COVID-19 and death) is still met. Moreover, a clinical trial of Ad26.CoV2 vaccine demonstrated that a single dose elicits neutralizing antibodies that remain at a fairly stable level for at least nine months (maximum reported study time point) [37].
Even though studies have illustrated that initial viral loads of B.1.617.2 are comparable in vaccinated and unvaccinated individuals [21,55,56], these loads significantly decrease after 5–6 days from infection in the former group [21]. This decrease indicates that vaccine-induced cellular immunity offers protection from progression to more severe COVID-19. Ultimately, vaccine efficacy against infection may decrease over time, but protection against hospitalization and death remains high enough to prevent healthcare systems from being overwhelmed. In addition, a recent large study of contacts of persons infected with SARS-CoV-2 illustrated that vaccination is significantly reducing viral transmission, including that of B.1.617.2 variant, especially within the first three months from the second dose [57].
We should heed these facts. Vaccinology’s priority has always been to decrease the clinical severity of infection. The prevention of infection (whether symptomatic or asymptomatic) has been a secondary goal, while the complete pathogen eradication (highly improbable in the case of SARS-CoV-2) is the most challenging task [58]. Thus, mitigating the hospitalization rates and decreasing the overwhelming of healthcare systems must be prioritized. Unvaccinated individuals remain at the highest risk of severe COVID-19. We do not believe that optimizing the immunity of already vaccinated individuals should be a primary strategy to ease pressure on local hospitals.
At present, the durability of immune protection following vaccination remains unclear. At the same time, there is little evidence supporting a significant loss of protection against severe COVID-19, hospitalization, and death within the vaccinated population, at least within eight months since the completion of the initial vaccine regime. In other words, a primary goal of vaccination has been met and should now be urgently pursued in low-income countries.
4. Vaccine Inequity Will Place Large Numbers at High Risk of Severe COVID-19 
and Death
The development and authorization of COVID-19 vaccines are intended to put the spread of SARS-CoV-2 under better control [5]. However, the efficient distribution of vaccine doses in different parts of the world represents a major challenge. The pandemic, by definition, is a major epidemiological event occurring over a wide geographic area and should be treated as such when pursuing global COVID-19 vaccination efforts. So far, this has clearly not been the case. While developed countries have already considered the recommendation of COVID-19 vaccine booster doses, at the current rate of vaccination, low-income countries will not likely achieve substantial protection levels until at least 2023 [59]. The aim of initiatives such as COVID-19 Vaccines Global Access (COVAX) is equitable access to COVID-19 vaccines in low-to-middle-income countries. The initial goal of COVAX was to deliver 2 billion vaccine doses by the end of 2021. However, by October 2021, only 311 million (15.5% of the target) had been shipped [60]. The direct response from wealthy nations has also been subdued. For example, though the USA has pledged to donate at least 1.1 billion doses of COVID-19 vaccine doses for global use before 2023, only 200 million had been shipped by late October 2021 [61].
Although wealthy nations have publicly declared their support, the disparity in vaccination rates in different parts is substantial. The World Health Organization has repeatedly urged political leaders to hold off on the administration of boosters in order to enable every nation to vaccinate at least 40% of the population. This call will likely be (or already has been) discarded by several developed countries, some of which have destroyed an excess of unused doses, sold them to other wealthy nations, or imposed vaccine export bans. Commentators have called these actions a “moral outrage” and a “crime against humanity” [62].
The prevalence of fully vaccinated Africans by October 2021 amounted to only 4%, 16-fold and 12-fold lower compared to the vaccination rate in the European Union and North America, respectively (Table 1). This has rendered a significant share of individuals in low-income regions fully vulnerable to SARS-CoV-2 infection and its consequences. Such regions lack the capacity to independently cope with epidemiological outbreaks due to high poverty rates, anemic healthcare and social security systems, shortages in diagnostic equipment and medicines, weak research capacities, and low epidemiological surveillance [63].
Table 1. The proportion of fully and partially vaccinated and unvaccinated individuals in different world by 1 October 2021. Based on [64].
	Region
	Fully Vaccinated
	Partially Vaccinated
	Unvaccinated
	
	

	
	[%]
	
	

	Africa
	4
	2
	94
	
	

	Asia
	37
	15
	48
	
	

	Oceania/Australia
	32/43
	16/20
	52/37
	
	

	Europe/European Union
	52/63
	4/4
	44/33
	
	

	North America
	47
	10
	43
	
	

	South America
	41
	20
	39
	
	

	World
	34
	12
	54
	
	


The reported number of COVID-19 cases and deaths does not fully reflect the pandemic’s impact in the African region due to substantially smaller testing capacities on this continent compared to, for example, Europe, Oceania, and North America [65,66]. An efficient COVID-19 vaccination campaign can avert numerous hospitalizations and deaths. In the United States alone, vaccination was estimated to prevent 1.25 million hospitalizations and 279 thousand COVID-19-related deaths by the end of June 2021 [67]. An efficient vaccination campaign would save even more lives in Africa, as its population is over 3.5-fold larger than that of USA. Moreover, COVID-19 has far-reaching impacts on various aspects of society including socio-economic development. The limited access to vaccination may not only increase the morbidity and mortality associated with COVID-19 but also adversely affect the already fragile economies of low-income countries, making post-COVID-19 recovery even more difficult.
5. The Vaccine Inequity Will Drive the SARS-CoV-2 Evolution
There is evidence that focusing vaccination efforts on unvaccinated individuals is a strategy to suppress the mutation dynamics of SARS-CoV-2 [68]. As shown in countries dominated by the B.1.617.2 variant, there is a significant negative correlation between fully vaccinated rate and mutation frequency (Mf), with the highest values of Mf observed for populations with vaccination rates below 10% [68]. These findings should represent a wake-up call for wealthy nations—and all political and public health leaders—to pursue humanitarian aid in the distribution of the COVID-19 vaccine. An alternative approach to suppressing the Mf includes implementing strict non-pharmaceutical mitigation strategies based on use of personal protection equipment, hand washing, and social distancing. However, the implementation of such control measures has been met with significant challenges and resistance in developed countries; in regions such as Africa (featuring the lowest vaccination rate in the world), these challenges are even more severe due to poverty and strong socio-cultural norms and practices, including religious practices, gender disparities, and beliefs [63]. Additionally, since the first COVID-19 vaccines were authorized, SARS-CoV-2 has undergone adaptation, increasing its transmissibility and potency to induce high viral loads. According to some reports, the basic reproduction number for the B.1.617.2 variant is up to 8, compared to 4.0 for B.1.1.7 (alpha variant) and <3.0 for variants dominant in 2020 [69,70]. Although B.1.617.2 can initially induce similar viral loads in vaccinated and unvaccinated individuals [19,53,54], the former group suppresses the SARS-CoV-2 replication significantly sooner, thus reducing mutation rates, limiting within-host adaptations, and curtailing further SARS-CoV-2 spread in the population [21,71]. Therefore, the reports on identified VOCs and VOIs should motivate continued primary vaccination in developed regions and a greater effort to reduce vaccine inequities in low-income countries as soon as possible. The high proportion of the unvaccinated population creates an environment that is more favorable to the infection, replication, and evolution of SARS-CoV-2, along with the concurrent threat of emergence of variants that possess multiple immune escape mutations. In addition, the emergence of variants such as B.1.351 (beta variant), B.1.525 (eta variant), B.1.621 (mu variant), P.2. (zeta variant), and P.3. (theta variant) characterized by the E484K mutation in the receptor-binding domain of the spike protein (which partially evades antibody neutralization in convalescent and vaccinated individuals) occurred prior to the implementation of massive COVID-19 vaccination programs [29]. Leaving the poorer parts of the world without COVID-19 vaccines may eventually present a threat for wealthy nations through the spontaneous emergence and global spread of variants that possess novel escape mutations, thus significantly decreasing vaccine efficacy against infection, severe COVID-19, and death.
6. Key Recommendations
In light of the fact that COVID-19 is a major epidemiological event and to promote equity in COVID-19 vaccine, we make the following recommendations:
1. Access to the vaccines developed to fight pandemics, including COVID-19, needs to be declared a human right.
2. The promotion of vaccine funding in low-income countries by global health agencies should be continued and strengthened.
3. Global health agencies and funding partners should organize global crowdfunding to support vaccine deliveries to low-income countries.
4. As part of their corporate social responsibility and contribution to the global fight against the pandemic, large pharmaceutical companies involved in the production of COVID-19 vaccines should consider a two-tier pricing system with a cross-subsidy. In this case, developed countries targeting booster vaccination will acquire vaccines at a higher price than their low-income counterparts, resulting in the former subsidizing the latter. This pricing model is conceptually similar to the block tariff system commonly used for water pricing and is anchored by the notion that access to COVID-19 vaccines is a human right.
5. Every individual receiving a booster dose in a developed country should be given a voluntary opportunity to financially support vaccination in low-income countries. Concurrently, public campaigns should be launched in developed countries to raise awareness of the global importance of COVID-19 vaccinations in low-income countries.
6. Export bans on COVID-19 vaccines should be lifted in developed countries, particularly for vaccines targeted at low-income countries.
7. A ban on trading COVID-19 vaccines between developed countries should be imposed. The excess doses should be donated to the COVID-19 vaccine humanitarian aid program.
8. Low-income countries should prioritize allocating financial resources and co-funding COVID-19 vaccination programs in collaboration with external partners. Co-funding ensures the local ownership of such COVID-19 vaccination programs and will avert the perpetuation of the donor syndrome prevalent in low-income regions such as Africa. However, to achieve this, financial governance and accounting systems in low-income countries will need to be strengthened to ensure transparency and the efficient use of local and donor funds.
9. Massive campaigns to fight vaccine hesitancy, educate on COVID-19 and its threats, promote vaccine uptake, and make better use of available vaccine doses need to be launched in low-income countries with support from the international scientific community, bringing together experience from vaccinations in developed countries and local specificity.
10. The high-quality production of COVID-19 vaccines in low-income countries should be supported to decrease the dependency of these countries on imports and donations. This capacity to produce high-quality vaccines should be extended to other human infections accounting for high human morbidity and mortality in low-income countries.
7. Conclusions
The administration of COVID-19 vaccine booster doses will restore high antibody levels and provide additional protection against SARS-CoV-2 infection. However, the initial vaccination regimes offer sufficiently high protection from severe disease, hospitalization, and death despite the emergence of highly transmissible SARS-CoV-2 variants such as B.1.617.2. At the same time, there are billions of unvaccinated individuals worldwide, the majority of whom reside in low-income regions and remain the main drivers of the pandemic. We should prioritize vaccinating the unvaccinated individuals and decreasing vaccine inequities rather than optimizing immunity levels in wealthy nations. If vaccine coverage continues to remain inadequate in low-income countries, SARS-CoV-2 may sooner or later evolve into variants better adapted to evade natural and vaccine-induced immunity, ultimately endangering wealthy populations. Containing the pandemic requires looking beyond one’s immediate self-interest.
Author Contributions: Conceptualization, P.R. and N.R.; writing—review and editing P.R., C.A.C.J., A.F., R.F., W.G., R.K., A.L., J.J.N., A.O., M.P., B.P., C.S., F.S., E.C.S., A.S., and N.R.; supervision, P.R and N.R. 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.
Acknowledgments: M.P. is supported by the Slovenian Research Agency (Grant P1-0403 and J1-2457).
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Nowakowska, J.; Sobocińska, J.; Lewicki, M.; Lemańska, Ż.; Rzymski, P. When science goes viral: The research response during three months of the COVID-19 outbreak. Biomed. Pharmacother. 2020, 129, 110451, doi:10.1016/j.biopha.2020.110451.
2. Wang, P.; Tian, D. Bibliometric analysis of global scientific research on COVID-19. J. Biosaf. Biosecur. 2021, 3, 4–9, doi:10.1016/j.jobb.2020.12.002.
3. Ahmad, T.; Murad, M.A.; Baig, M.; Hui, J. Research trends in COVID-19 vaccine: A bibliometric analysis. Hum. Vaccines Immunother. 2021, 17, 2367–2372, doi:10.1080/21645515.2021.1886806.
4. Le, T.T.; Cramer, J.P.; Chen, R.; Mayhew, S. Evolution of the COVID-19 vaccine development landscape. Nat. Rev. Drug Discov. 2020, 19, 667–668, doi:10.1038/d41573-020-00151-8
5. Rzymski, P.; Borkowski, L.; Drąg, M.; Flisiak, R.; Jemielity, J.; Krajewski, J.; Mastalerz-Migas, A.; Matyja, A.; Pyrć, K.; Simon, K.; et al. The Strategies to Support the COVID-19 Vaccination with Evidence-Based Communication and Tackling Misinformation. Vaccines 2021, 9, 109, doi:10.3390/vaccines9020109.
6. 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.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: An interim analysis of four randomised controlled trials in Brazil, South Africa, and the UK. Lancet 2021, 397, 99–111, doi:10.1016/s0140-6736(20)32661-1.
7. Sadoff, J.; Gray, G.; Vandebosch, A.; Cárdenas, V.; Shukarev, G.; Grinsztejn, B.; Goepfert, P.A.; Truyers, C.; Fennema, H.; Spiessens, B.; et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against COVID-19. N. Engl. J. Med. 2021, 384, 2187–2201, doi:10.1056/NEJMoa2101544.
8. 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.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615, doi:10.1056/NEJMoa2034577.
9. 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.; et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2020, 384, 403–416, doi:10.1056/NEJMoa2035389.
10. Brosh-Nissimov, T.; Orenbuch-Harroch, E.; Chowers, M.; Elbaz, M.; Nesher, L.; Stein, M.; Maor, Y.; Cohen, R.; Hussein, K.; Weinberger, M.; et al. BNT162b2 vaccine breakthrough: Clinical characteristics of 152 fully vaccinated hospitalized COVID-19 patients in Israel. Clin. Microbiol. Infect. 2021, doi:10.1016/j.cmi.2021.06.036.
11. Tenforde, M.W.; Patel, M.M.; Ginde, A.A.; Douin, D.J.; Talbot, H.K.; Casey, J.D.; Mohr, N.M.; Zepeski, A.; Gaglani, M.; McNeal, T.; et al. Effectiveness of SARS-CoV-2 mRNA Vaccines for Preventing Covid-19 Hospitalizations in the United States. medRxiv 2021, doi:10.1101/2021.07.08.21259776.
12. Kamar, N.; Abravanel, F.; Marion, O.; Couat, C.; Izopet, J.; Del Bello, A. Three Doses of an mRNA COVID-19 Vaccine in Solid-Organ Transplant Recipients. N. Engl. J. Med. 2021, 385, 661–662, doi:10.1056/NEJMc2108861.
13. Benotmane, I.; Gautier, G.; Perrin, P.; Olagne, J.; Cognard, N.; Fafi-Kremer, S.; Caillard, S. Antibody Response After a Third Dose of the mRNA-1273 SARS-CoV-2 Vaccine in Kidney Transplant Recipients With Minimal Serologic Response to 2 Doses. JAMA 2021, 326, 1063–1065, doi:10.1001/jama.2021.12339.
14. Hall, V.G.; Ferreira, V.H.; Ku, T.; Ierullo, M.; Majchrzak-Kita, B.; Chaparro, C.; Selzner, N.; Schiff, J.; McDonald, M.; Tomlinson, G.; et al. Randomized Trial of a Third Dose of mRNA-1273 Vaccine in Transplant Recipients. N. Engl. J. Med. 2021, 385, 13, doi:10.1056/NEJMc2111462.
15. Reardon, S. Will Giving COVID Booster Shots Make It Harder to Vaccinate the Rest of the World? Available online: https://www.scientificamerican.com/article/will-giving-COVID-booster-shots-make-it-harder-to-vaccinate-the-rest-of-the-world/ (accessed on 28 October 2021).
16. Mahase, E. COVID-19 booster vaccines: What we know and who’s doing what. BMJ 2021, 374, n2082, doi:10.1136/bmj.n2082.
17. Choi, A.; Koch, M.; Wu, K.; Chu, L.; Ma, L.; Hill, A.; Nunna, N.; Huang, W.; Oestreicher, J.; Colpitts, T.; et al. Safety and immunogenicity of SARS-CoV-2 variant mRNA vaccine boosters in healthy adults: An interim analysis. Nat. Med. 2021, 1–7, doi:10.1038/s41591-021-01527-y.
18. Shrotri, M.; Navaratnam, A.M.D.; Nguyen, V.; Byrne, T.; Geismar, C.; Fragaszy, E.; Beale, S.; Fong, W.L.E.; Patel, P.; Kovar, J.; et al. Spike-antibody waning after second dose of BNT162b2 or ChAdOx1. Lancet 2021, 398, 385–387, doi:10.1016/S0140-6736(21)01642-1.
19. Yamayoshi, S.; Yasuhara, A.; Ito, M.; Akasaka, O.; Nakamura, M.; Nakachi, I.; Koga, M.; Mitamura, K.; Yagi, K.; Maeda, K.; et al. Antibody titers against SARS-CoV-2 decline, but do not disappear for several months. EClinicalMedicine 2021, 32, 100734, doi:10.1016/j.eclinm.2021.100734.
20. Mlcochova, P.; Kemp, S.; Dhar, M.S.; Papa, G.; Meng, B.; Ferreira, I.; Datir, R.; Collier, D.A.; Albecka, A.; Singh, S.; et al. SARS-CoV-2 B.1.617.2 Delta variant replication and immune evasion. Nature 2021, 599, 114–119, doi:10.1038/s41586-021-03944-y.
21. Chia, P.Y.; Xiang Ong, S.W.; Chiew, C.J.; Ang, L.W.; Chavatte, J.-M.; Mak, T.-M.; Cui, L.; Kalimuddin, S.; Chia, W.N.; Tan, C.W.; et al. Virological and serological kinetics of SARS-CoV-2 Delta variant vaccine-breakthrough infections: A multi-center cohort study. medRxiv 2021, doi:10.1101/2021.07.28.21261295.
22. Gazit, S.; Shlezinger, R.; Perez, G.; Lotan, R.; Peretz, A.; Ben-Tov, A.; Cohen, D.; Muhsen, K.; Chodick, G.; Patalon, T. Comparing SARS-CoV-2 natural immunity to vaccine-induced immunity: Reinfections versus breakthrough infections. medRxiv 2021, doi:10.1101/2021.08.24.21262415.
23. Ayass, M.A.; Zhang, J.; Zhu, K.; Cao, W.; Griko, N.; Pashkov, V.; Dai, J.; Tripathi, T.; Mosleh, L.A. The Impact of New SARS-CoV-2 Variants on Vaccine Breakthrough: A Pilot Study on Spreading Infection in the Communities. medRxiv 2021, doi:10.1101/2021.09.21.21263898.
24. Teyssou, E.; Delagrèverie, H.; Visseaux, B.; Lambert-Niclot, S.; Brichler, S.; Ferre, V.; Marot, S.; Jary, A.; Todesco, E.; Schnuriger, A.; et al. The Delta SARS-CoV-2 variant has a higher viral load than the Beta and the historical variants in nasopharyngeal samples from newly diagnosed COVID-19 patients. J. Infect. 2021, 83, e1–e3, doi:10.1016/j.jinf.2021.08.027.
25. European Medicine Agency. ECDC and EMA Highlight Considerations for Additional and Booster Doses of COVID-19 Vaccines. Available online: https://www.ema.europa.eu/en/news/ecdc-ema-highlight-considerations-additional-booster-doses-COVID-19-vaccines (accessed on 13 September 2021).
26. European Medicine Agency. Comirnaty and Spikevax: EMA Recommendations on Extra Doses and Boosters. Available online: https://www.ema.europa.eu/en/news/comirnaty-spikevax-ema-recommendations-extra-doses-boosters (accessed on 26 October 2021).
27. European Medicine Agency. Spikevax: EMA Recommendation on Booster. Available online: https://www.ema.europa.eu/en/news/spikevax-ema-recommendation-booster (accessed on 26 October 2021).
28. European Medicine Agency. SARS-COV-2 Delta Variant Now Dominant in Much of the European Region and Efforts Must Be Reinforced to Prevent Transmission, Warn WHO/Europe and ECDC. Available online: https://www.ecdc.europa.eu/en/news-events/sars-cov-2-delta-variant-now-dominant-european-region (accessed on 26 October 2021).
29. European Medicine Agency. SARS-CoV-2 Variants of Concern as of 21 October 2021. Available online: https://www.ecdc.europa.eu/en/COVID-19/variants-concern (accessed on 26 October 2021).
30. Thomas, S.J.; Moreira, E.D.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Polack, F.P.; Zerbini, C.; et al. Six Month Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. medRxiv 2021, doi:10.1101/2021.07.28.21261159.
31. El Sahly, H.M.; Baden, L.R.; Essink, B.; Doblecki-Lewis, S.; Martin, J.M.; Anderson, E.J.; Campbell, T.B.; Clark, J.; Jackson, L.A.; Fichtenbaum, C.J.; et al. Efficacy of the mRNA-1273 SARS-CoV-2 Vaccine at Completion of Blinded Phase. N. Engl. J. Med. 2021, 385, 1774–1785, doi:10.1056/NEJMoa2113017.
32. Fowlkes, A.; Gaglani, M.; Groover, K.; Thiese, M.S.; Tyner, H.; Ellingson, K. Effectiveness of COVID-19 Vaccines in Preventing SARS-CoV-2 Infection Among Frontline Workers Before and During B.1.617.2 (Delta) Variant Predominance—Eight U.S. Locations, December 2020–August 2021. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 1167–1169, doi:10.15585/mmwr.mm7034e4.
33. Nanduri, S.; Pilishvili, T.; Derado, G.; Soe, M.M.; Dollard, P.; Wu, H.; Li, Q.; Bagchi, S.; Dubendris, H.; Link-Gelles, R.; et al. Effectiveness of Pfizer-BioNTech and Moderna Vaccines in Preventing SARS-CoV-2 Infection Among Nursing Home Residents Before and During Widespread Circulation of the SARS-CoV-2 B.1.617.2 (Delta) Variant—National Healthcare Safety Network, March 1-August 1, 2021. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 1163–1166, doi:10.15585/mmwr.mm7034e3.
34. Lopez Bernal, J.; Andrews, N.; Gower, C.; Gallagher, E.; Simmons, R.; Thelwall, S.; Stowe, J.; Tessier, E.; Groves, N.; Dabrera, G.; et al. Effectiveness of COVID-19 Vaccines against the B.1.617.2 (Delta) Variant. N. Engl. J. Med. 2021, 385, 585–594, doi:10.1056/NEJMoa2108891.
35. Pan, H.; Wu, Q.; Zeng, G.; Yang, J.; Jiang, D.; Deng, X.; Chu, K.; Zheng, W.; Zhu, F.; Yu, H.; et al. Immunogenicity and safety of a third dose, and immune persistence of CoronaVac vaccine in healthy adults aged 18–59 years: Interim results from a double-blind, randomized, placebo-controlled phase 2 clinical trial. medRxiv 2021, doi:10.1101/2021.07.23.21261026.
36. Kozlov, M. COVID-vaccine booster shot shows promise in Israeli study. Nature 2021, doi:10.1038/d41586-021-02516-4.
37. Sadoff, J.; Le Gars, M.; Cardenas, V.; Shukarev, G.; Vaissiere, N.; Heerwegh, D.; Truyers, C.; de Groot, A.M.; Scheper, G.; Hendriks, J.; et al. Durability of antibody responses elicited by a single dose of Ad26.COV2.S and substantial increase following late boosting. medRxiv 2021, doi:10.1101/2021.08.25.21262569.
38. Flaxman, A.; Marchevsky, N.G.; Jenkin, D.; Aboagye, J.; Aley, P.K.; Angus, B.; Belij-Rammerstorfer, S.; Bibi, S.; Bittaye, M.; Cappuccini, F.; et al. Reactogenicity and immunogenicity after a late second dose or a third dose of ChAdOx1 nCoV-19 in the UK: A substudy of two randomised controlled trials (COV001 and COV002). Lancet 2021, 398, 981–990, doi:10.1016/S0140-6736(21)01699-8.
39. Bar-On, Y.M.; Goldberg, Y.; Mandel, M.; Bodenheimer, O.; Freedman, L.; Kalkstein, N.; Mizrahi, B.; Alroy-Preis, S.; Ash, N.; Milo, R.; et al. Protection of BNT162b2 Vaccine Booster against COVID-19 in Israel. N. Engl. J. Med. 2021, 385, 1393–1400, doi:10.1056/NEJMoa2114255.
40. Gavenčiak, T.; Monrad, J.T.; Leech, G.; Sharma, M.; Mindermann, S.; Brauner, J.M.; Bhatt, S.; Kulveit, J. Seasonal variation in SARS-CoV-2 transmission in temperate climates. medRxiv 2021, doi:10.1101/2021.06.10.21258647.
41. Lee, J. Mental health effects of school closures during COVID-19. Lancet Child Adolesc. Health 2020, 4, 421, doi:10.1016/S2352-4642(20)30109-7.
42. Amran, M.S.; Jamaludin, K.A. The Impact of Unplanned School Closures on Adolescent Behavioral Health During the COVID-19 Pandemic in Malaysia. Front. Public Health 2021, 9, 639041.
43. Sadarangani, M.; Marchant, A.; Kollmann, T.R. Immunological mechanisms of vaccine-induced protection against COVID-19 in humans. Nat. Rev. Immunol. 2021, 21, 475–484, doi:10.1038/s41577-021-00578-z.
44. Rzymski, P.; Pazgan-Simon, M.; Simon, K.; Łapiński, T.; Zarębska-Michaluk, D.; Szczepańska, B.; Chojnicki, M.; Mozer-Lisewska, I.; Flisiak, R. Clinical Characteristics of Hospitalized COVID-19 Patients Who Received at Least One Dose of COVID-19 Vaccine. Vaccines 2021, 9, 781, doi:10.3390/vaccines9070781.
45. Tang, P.; Hasan, M.R.; Chemaitelly, H.; Yassine, H.M.; Benslimane, F.M.; Khatib, H.A.A.; AlMukdad, S.; Coyle, P.; Ayoub, H.H.; Kanaani, Z.A.; et al. BNT162b2 and mRNA-1273 COVID-19 vaccine effectiveness against the Delta (B.1.617.2) variant in Qatar. medRxiv 2021, doi:10.1101/2021.08.11.21261885.
46. Grannis, S.J.; Rowley, E.A.; Ong, T.C.; Stenehjem, E.; Klein, N.P.; DeSilva, M.B.; Naleway, A.L.; Natarajan, K.; Thompson, M.G. Interim Estimates of COVID-19 Vaccine Effectiveness Against COVID-19-Associated Emergency Department or Urgent Care Clinic Encounters and Hospitalizations Among Adults During SARS-CoV-2 B.1.617.2 (Delta) Variant Predominance—Nine States, June–August 2021. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 1291–1293, doi:10.15585/mmwr.mm7037e2.
47. Scobie, H.M.; Johnson, A.G.; Suthar, A.B.; Severson, R.; Alden, N.B.; Balter, S.; Bertolino, D.; Blythe, D.; Brady, S.; Cadwell, B.; et al. Monitoring Incidence of COVID-19 Cases, Hospitalizations, and Deaths, by Vaccination Status—13 U.S. Jurisdictions, April 4–July 17, 2021. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 1284–1290, doi:10.15585/mmwr.mm7037e1.
48. Bajema, K.L.; Dahl, R.M.; Prill, M.M.; Meites, E.; Rodriguez-Barradas, M.C.; Marconi, V.C.; Beenhouwer, D.O.; Brown, S.T.; Holodniy, M.; Lucero-Obusan, C.; et al. Effectiveness of COVID-19 mRNA Vaccines Against COVID-19-Associated Hospitalization—Five Veterans Affairs Medical Centers, United States, February 1–August 6, 2021. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 1294–1299, doi:10.15585/mmwr.mm7037e3.
49. Dyer, O. COVID-19: Unvaccinated face 11 times risk of death from delta variant, CDC data show. BMJ 2021, 374, n2282, doi:10.1136/bmj.n2282.
50. Martínez-Baz, I.; Trobajo-Sanmartín, C.; Miqueleiz, A.; Guevara, M.; Fernández-Huerta, M.; Burgui, C.; Casado, I.; Portillo, M.E.; Navascués, A.; Ezpeleta, C.; et al. Product-specific COVID-19 vaccine effectiveness against secondary infection in close contacts, Navarre, Spain, April to August 2021. Eurosurveillance 2021, 26, 2100894, doi:10.2807/1560-7917.ES.2021.26.39.2100894.
51. de Gier, B.; Kooijman, M.; Kemmeren, J.; de Keizer, N.; Dongelmans, D.; van Iersel, S.C.J.L.; van de Kassteele, J.; Andeweg, S.P.; The RIVM COVID-19 Epidemiology and Surveillance Team; de Melker, H.E.; et al. COVID-19 vaccine effectiveness against hospitalizations and ICU admissions in the Netherlands, April–August 2021. medRxiv 2021, doi:10.1101/2021.09.15.21263613.
52. Haas, E.J.; McLaughlin, J.M.; Khan, F.; Angulo, F.J.; Anis, E.; Lipsitch, M.; Singer, S.R.; Mircus, G.; Brooks, N.; Smaja, M.; et al. Infections, hospitalisations, and deaths averted via a nationwide vaccination campaign using the Pfizer–BioNTech BNT162b2 mRNA COVID-19 vaccine in Israel: A retrospective surveillance study. Lancet Infect. Dis. 2021, doi:10.1016/S1473-3099(21)00566-1.
53. Centers for Disease Control and Prevention. Rates of COVID-19 Cases and Deaths by Vaccination Status. Available online: https://COVID.cdc.gov/COVID-data-tracker/#rates-by-vaccine-status (accessed on 26 October 2021).
54. Tartof, S.Y.; Slezak, J.M.; Fischer, H.; Hong, V.; Ackerson, B.K.; Ranasinghe, O.N.; Frankland, T.B.; Ogun, O.A.; Zamparo, J.M.; Gray, S.; et al. Effectiveness of mRNA BNT162b2 COVID-19 vaccine up to 6 months in a large integrated health system in the USA: A retrospective cohort study. Lancet 2021, 398, 1407–1416, doi:10.1016/s0140-6736(21)02183-8.
55. Pouwels, K.B.; Pritchard, E.; Matthews, P.C.; Stoesser, N.; Eyre, D.W.; Vihta, K.-D.; House, T.; Hay, J.; Bell, J.I.; Newton, J.N.; et al. Impact of Delta on viral burden and vaccine effectiveness against new SARS-CoV-2 infections in the UK. medRxiv 2021, doi:10.1101/2021.08.18.21262237.
56. Riemersma, K.K.; Grogan, B.E.; Kita-Yarbro, A.; Halfmann, P.; Kocharian, A.; Florek, K.R.; Westergaard, R.; Bateman, A.; Jeppson, G.E.; Kawaoka, Y.; et al. Shedding of Infectious SARS-CoV-2 Despite Vaccination when the Delta Variant is Prevalent—Wisconsin, July 2021. medRxiv 2021, doi:10.1101/2021.07.31.21261387.
57. Eyre, D.W.; Taylor, D.; Purver, M.; Chapman, D.; Fowler, T.; Pouwels, K.B.; Walker, A.S.; Peto, T.E.A. The impact of SARS-CoV-2 vaccination on Alpha & Delta variant transmission. medRxiv 2021, doi:10.1101/2021.09.28.21264260.
58. Phillips, N. The Coronavirus is here to stay—Here’s what that means. Nature 2021, 590, 382–384.
59. Rouw, A.; Wexler, A.; Kates, J.; Michaud, J. Tracking Global COVID-19 Vaccine Equity. Available online: https://www.kff.org/coronavirus-COVID-19/issue-brief/tracking-global-COVID-19-vaccine-equity/ (accessed on 1 October 2021).
60. WHO. COVAX Announces New Agreement, Plans for First Deliveries. Available online: https://www.who.int/news/item/22-01-2021-covax-announces-new-agreement-plans-for-first-deliveries (accessed on 1 October 2021).
61. KFF. U.S. International COVID-19 Vaccine Donations Tracker—Updated as of October 26. Available online: https://www.kff.org/global-health-policy/issue-brief/u-s-international-COVID-19-vaccine-donations-tracker/ (accessed on 26 October 2021).
62. Hassan, F.; Yamey, G.; Abbasi, K. Profiteering from vaccine inequity: A crime against humanity? BMJ 2021, 374, n2027, doi:10.1136/bmj.n2027.
63. Gwenzi, W.; Rzymski, P. When silence goes viral, Africa sneezes! A perspective on Africa's subdued research response to COVID-19 and a call for local scientific evidence. Environ. Res. 2021, 194, 110637, doi:10.1016/j.envres.2020.110637.
64. Our World in Data. Coronavirus (COVID-19) Vaccinations. Available online: https://ourworldindata.org/COVID-vaccinations (accessed on 1 October 2021).
65. Zahid, M.N.; Perna, S. Continent-Wide Analysis of COVID 19: Total Cases, Deaths, Tests, Socio-Economic, and Morbidity Factors Associated to the Mortality Rate, and Forecasting Analysis in 2020–2021. Int. J. Environ. Res. Public Health 2021, 18, 5350.
66. Ssentongo, P.; Fronterre, C.; Geronimo, A.; Greybush, S.J.; Mbabazi, P.K.; Muvawala, J.; Nahalamba, S.B.; Omadi, P.O.; Opar, B.T.; Sinnar, S.A.; et al. Pan-African evolution of within- and between-country COVID-19 dynamics. Proc. Natl. Acad. Sci. USA 2021, 118, e2026664118, doi:10.1073/pnas.2026664118.
67. Moghadas, S.M.; Sah, P.; Fitzpatrick, M.C.; Shoukat, A.; Pandey, A.; Vilches, T.N.; Singer, B.H.; Schneider, E.C.; Galvani, A.P. COVID-19 deaths and hospitalizations averted by rapid vaccination rollout in the United States. medRxiv 2021, 2021, doi:10.1101/2021.07.07.21260156.
68. Yeh, T.-Y.; Contreras, G.P. Full vaccination is imperative to suppress SARS-CoV-2 delta variant mutation frequency. medRxiv 2021, doi:10.1101/2021.08.08.21261768.
69. Liu, Y.; Rocklöv, J. The reproductive number of the Delta variant of SARS-CoV-2 is far higher compared to the ancestral SARS-CoV-2 virus. J. Travel Med. 2021, 69, taab124, doi:10.1093/jtm/taab124.
70. Burki, T.K. Lifting of COVID-19 restrictions in the UK and the Delta variant. Lancet Respir. Med. 2021, 9, e85, doi:10.1016/s2213-2600(21)00328-3.
71. Cobey, S.; Larremore, D.B.; Grad, Y.H.; Lipsitch, M. Concerns about SARS-CoV-2 evolution should not hold back efforts to expand vaccination. Nat. Rev. Immunol. 2021, 21, 330–335, doi:10.1038/s41577-021-00544-9.




Vaccines 2021, 9, x. https://doi.org/10.3390/xxxxx	www.mdpi.com/journal/vaccines

image1.png




image2.png
' vaccines




image3.png




