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Abstract: The COVID-19 pandemic has served as a stark reminder that outbreaks of novel pathogens
(i.e., those not previously encountered by humans) have always plagued mankind and will continue
to do so. The COVID-19 pandemic has also taught us that a single exposure to a novel pathogen is
typically not sufficient to build robust population immunity that exists against common respiratory
viruses. Robust population-level immunity can be achieved through repeated natural infection
(typically at the cost of high mortality and overwhelmed public health resources) and/or repeated
vaccination (which may be limited by vaccine availability, a country’s economic resources, and/or
vaccine hesitancy). Here, we suggest that the broader use of antivirals could be a mitigation strategy
to limit severe disease and the burden on healthcare systems during widespread virus circulation
while allowing the buildup of population immunity.
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1. Introduction

The COVID-19 pandemic started in late 2019 and the causative agent, SARS-CoV-2,
spread around the world rapidly; by mid-January 2023, more than 666 million cases
and more than 6.7 million deaths had occurred (https://coronavirus.jhu.edu/map.html;
accessed on 13 January 2023). To date, several variants have emerged, which replaced the
previously circulating strains; some of these variants are of concern because they ‘escaped’
from the immunity conferred by earlier SARS-CoV-2 infection or vaccination [1]. With
most of the world transitioning from the pandemic to an endemic phase of the COVID-19
pandemic, key lessons have been learned that may help to reduce the impact of future
pandemics. One such lesson is that to transition out of a pandemic, multiple exposures
to the novel pathogen are likely necessary to establish robust population-level immunity
similar to that against common human respiratory viruses. Several strategies can induce
this kind of robust population-level immunity. Vaccination (once vaccines to a novel
pandemic virus are available) is the most common, and in the long run most effective,
strategy to build population-level immunity against novel viruses, but the vaccine efficacy
may be lower than desired, and vaccine supplies may be limited, especially during the
early phases of a pandemic. Broad population-level immunity can also be achieved through
(repeated) natural infections with the novel pandemic pathogen and variants that may arise
quickly. Natural infections with several variants would be ideal to elicit robust immunity,
but the uncontrolled spread of highly transmissible and potentially highly pathogenic
viruses in naïve populations can easily overburden healthcare systems and lead to high
morbidity and mortality. Excess morbidity and mortality are typically highest in the
elderly, young children, pregnant women, and individuals with underlying health issues,
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such as immunodeficiencies, obesity, diabetes, or cardiovascular disease. A combination
of both scenarios (i.e., vaccination and natural infections) is most realistic; in fact, for
COVID-19, this occurred in many countries. Another strategy, not widely employed during
the COVID-19 pandemic, would be to ‘allow’ widespread natural infections while reducing
the negative consequences (including excess morbidity and mortality) through the broad
use of antivirals. This strategy could provide a balance between the rapid building of
population-level immunity through natural infections while reducing some of the dire
consequences of rapid virus spread in naïve populations.

2. Lessons Learned from Common Human Respiratory Viruses

By the age of 10, most children have experienced at least one infection with a common
human respiratory virus, such as influenza [2], rhino- [3], respiratory syncytial [4], parain-
fluenza [5], human metapneumo- [4], adeno- [6], boca- [7], or human coronaviruses [8].
Due to waning immunity and/or the emergence of novel antigenic variants, reinfections fre-
quently occur. For the four common human coronaviruses (i.e., HCoV-229E, HCoV-NL63,
HCoV-OC43, and HCoV-HKU1), first infections occur during childhood and reinfections
are common throughout life [9–16]. Serum antibody titers wane appreciably within one
year of infection, leading to frequent reinfections with a homologous virus [9,10,17,18].
Reinfections with a homologous HCoV have even been detected in the presence of neutral-
izing antibody titers in serum [17]; however, such reinfections tend to cause limited clinical
symptoms [9,17], suggesting that repeated infections with common human coronaviruses
may lead to B- and/or T-cell responses that do not prevent reinfection, but protect against
severe clinical symptoms.

At some point, many of the now common human respiratory viruses may have been
pandemic viruses. Examples are the pandemic influenza viruses from 1918, 1957, 1968,
and 2009. These pandemics were caused by wholly avian influenza viruses or reassortants
between human and non-human influenza viruses that infected humans and spread rapidly
in naïve human populations that had not been exposed to a virus with similar antigenic
properties. In addition, an H1N1 influenza virus that was antigenically similar to viruses
circulating in the 1950s caused an outbreak in 1977. Despite increasing immunity in human
populations through natural infection and vaccination, the pandemic viruses were not
eliminated from human populations but became common respiratory pathogens. Similarly,
the four common human coronaviruses (HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-
HKU1) may have been introduced from an animal reservoir into humans and eventually
became endemic in their new host. SARS-CoV-2 is also believed to have originated from
an animal reservoir [19–21] and we expect a trajectory similar to that of other common
respiratory viruses; that is, with increasing population-level immunity, SARS-CoV-2 will
likely become a common human respiratory virus that causes repeated infections with
limited morbidity and mortality, although high-risk groups (such as the elderly) may
experience more severe disease than the general public. Like influenza viruses, repeated
infections with antigenically distinct SARS-CoV-2 viruses may occur throughout life, and
SARS-CoV-2 vaccines may need to be updated periodically to reflect the changing antigenic
properties of the circulating variants.

3. Building Population Immunity

As outlined above, multiple exposures to SARS-CoV-2 (through vaccination and/or
natural exposure) may be necessary to build population immunity similar to that against
common respiratory viruses (with reinfections throughout life causing mostly asymp-
tomatic or mild infections). This concept is supported by data showing that hybrid immu-
nity from SARS-CoV-2 vaccination and natural infection results in more robust and broader
immunity than either vaccination or infection only [22–25].

By the end of 2022, more than 13 billion doses of COVID-19 vaccine had been adminis-
tered, yet about one-third of the global population remains unvaccinated [26]. Only few
countries have reported vaccination rates of greater than 90% (including Portugal, Chile,
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Vietnam, Singapore, Argentina, and Canada), whereas a larger number of countries have
vaccinated more than 60% of their population (Figure 1). It should be noted that even
countries with ample vaccine supply and free vaccinations have not achieved the desired
vaccination rate, primarily because of vaccine hesitancy (these countries include the US and
several European countries) [27]. In other countries, often those with limited economic re-
sources, the vaccination rate remains below 30% (Figure 1). However, vaccination rates are
difficult to compare because the different SARS-CoV-2 vaccines require different numbers
of doses.
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Based on a meta-analysis of 965 seroprevalence studies, the global seroprevalence rate
(reflecting both vaccination and natural infection) was 59.2% in September 2021 [29] and has
since risen to greater than 80% in many countries due to the Omicron wave [29]; however,
many people have not yet experienced multiple exposures to multiple SARS-CoV-2 variants.
Moreover, the seroprevalence rates differ greatly among countries.

Countries with limited financial, economic, and healthcare resources did not imple-
ment comprehensive measures to contain or eliminate COVID-19. In Africa, the infection-
induced seroprevalence rate rose from <5% in the spring of 2020 [30] to more than 86% by
the end of 2021 [29]. Vaccines to SARS-CoV-2 only became available after most people had
been naturally infected [31]. These populations may be developing immunity similar to
that against common human respiratory viruses. Nevertheless, the unchecked spread of
SARS-CoV-2 should not be the preferred strategy because of the negative consequences
outlined earlier.

At the beginning of the pandemic, many counties (primarily those in North Amer-
ica, Europe, and parts of Asia) tried to manage the pandemic through a combination of
non-pharmaceutical interventions and vaccination (once vaccines became available). With
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increasing vaccination rates and a large Omicron wave in early 2022, the overall seropreva-
lence rates in most of these countries are now above 90% [29,32], and most, but not all,
non-pharmaceutical interventions have been lifted. By mid-November 2022, over 94% of
the US population was estimated to have been infected with SARS-CoV-2 at least once,
and half of the population was estimated to have been infected more than once [33]. Even
so, most people may not have experienced multiple exposures with different variants to
develop broad B- and T-cell immune responses.

Countries, such as Japan, Australia, New Zealand, and China, implemented stringent
border-closings, a measure that in some countries was combined with extensive domestic
contact tracing. (Partial) Border openings in Australia, New Zealand, and Japan in 2022
resulted in increased numbers of natural infections. In Japan, seroprevalence to infection
increased from 5% in March 2022 [34] to 28.6% (95%CI: 27.6–29.6%) by the end of October
2022 (https://www.niid.go.jp/niid/images/epi/corona/82/covid19-82.pdf); similar to
that in other countries, seroprevalence was higher in younger than in older people. In
New Zealand, seroprevalence increased after the border was opened to roughly 31%
in July 2022 [35] and 41% by the end of 2022 (https://www.health.govt.nz/covid-19
-novel-coronavirus/covid-19-data-and-statistics/covid-19-case-demographics; accessed
on 7 January 2023). The vaccination rates in these countries are greater than 80%, but the
relatively low rates of natural infections suggest that most of their citizens will not yet have
robust immunity to SARS-CoV-2.

During the first two years of the COVID-19 pandemic, China’s ‘Zero Covid Strategy’
(with strict travel restrictions, lengthy lockdowns, mandatory testing, and vaccination
campaigns) prevented the extensive spread of the novel pandemic virus in China, resulting
in relatively low numbers of COVID-19 infections and fatalities. However, the highly
transmissible Omicron variants proved more difficult to contain and caused more frequent
and larger outbreaks in different parts of the country. Consequently, when China ended
its strict containment measures in December 2022, the number of COVID-19 infections
in China increased rapidly. While the overall vaccination rate in China is greater than
85% [36], it is much lower among the elderly [36], leaving many people at high risk of
severe COVID-19 infections. However, the currently circulating Omicron variants are less
pathogenic (though more transmissible) than the ancestral SARS-CoV-2 virus, and thus,
China may not encounter case fatality rates that are as high as those encountered by other
countries during the early phase of the pandemic.

4. Exit Strategies from Pandemics

Antivirals have not received much attention in the management of pandemics. Here,
we posit that antivirals could be a tool to mitigate severe disease while allowing immunity
to build in humans. Remdesivir (a SARS-CoV-2 polymerase inhibitor) is approved for
the treatment of COVID-19 by the US Food and Drug Administration (FDA), but its
intravenous administration limits its use in outpatient settings. Molnupiravir (Lagevrio),
a ribonucleoside analogue, has received Emergency Use Authorization by the FDA. In
a clinical trial, molnupiravir provided a relative risk reduction of 30% from COVID-19-
related hospitalization or death [37]. Paxlovid (a SARS-CoV-2 protease inhibitor composed
of two compounds, nirmatrelvir and ritonavir) received EUA approval in December of
2021 for the treatment of mild-to-moderate COVID-19 in adults and children aged 12 years
or older. In clinical trials, Paxlovid reduced the risk of hospitalization and death due to
COVID-19 by 89% [38]. Both antivirals are administered orally, thus allowing at-home
treatment. Nonetheless, these antivirals have not been prescribed widely; for example,
as of 24 May 2022, only about 831,000 courses of Paxlovid had been prescribed in the
US (https://www.fiercepharma.com/pharma/pfizers-paxlovid-use-soars-uptake-merck-
az-covid-drugs-remains-limited; accessed on 6 January 2023).

In Japan, patients with influenza-like illness are tested with rapid antigen tests and
if found positive are prescribed an antiviral to influenza—a similar strategy for high-
risk COVID-19 patients could be envisioned to mitigate the burden of pandemics. This
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strategy could prevent high mortality while tolerating a certain level of virus spread in
the population, thereby increasing population-level immunity. However, this strategy
would require that antivirals are approved and widely available (including middle- and
low-income countries). A potential concern with this strategy is the emergence of drug-
resistant variants. In experimental settings, resistance to nirmatrelvir (an active component
of Paxlovid) arises [39,40], but the mutations responsible have not been detected frequently
in patient samples. Importantly, combination therapy with antivirals targeting different
viral proteins or different steps in the viral life cycle might help reduce the emergence
of drug-resistant variants. Thus, sustained vaccination efforts coupled with the broader
prescription of antivirals to COVID-19 patients to improve population-level immunity
without increasing mortality could present an exit strategy from the current pandemic for
countries, such as Japan, for which the population has not encountered several natural
infections with different variants. Moreover, such a strategy could help countries to manage
the current wave of COVID-19 infections without overwhelming their healthcare systems
and causing appreciable numbers of deaths. The use of antivirals to manage pandemics
may have the added advantage that many people may be more willing to take a pill than
to get vaccinated.

Author Contributions: Writing—original draft preparation, G.N. and Y.K.; writing—review and
editing, G.N. and Y.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the NIAID-funded Center for Research on Influenza Pathogen-
esis and Transmission (CRIPT, Contract Number 75N93021C00014). This work was also supported
by the Japan Program for Infectious Diseases Research and Infrastructure (JP22wm0125002) and a
grant (JP223fa627001) from the Japan Agency for Medical Research and Development.

Acknowledgments: We thank Susan Watson for scientific editing.

Conflicts of Interest: G.N. and Y.K. are co-founders of FluGen. Y.K. has research collaborations with
FUJIFILM Toyama Chemical Co., Ltd. (various viruses), Shionogi & Co., Ltd. (influenza viruses),
Daiichi Sankyo Pharmaceutical, Otsuka Pharmaceutical, KM Biologics, Kyoritsu Seiyaku, Fuji Rebio,
Tauns Laboratories, Inc., and Matsubara Co., Ltd.

References
1. Meggiolaro, A.; Sane Schepisi, M.; Farina, S.; Castagna, C.; Mammone, A.; Siddu, A.; Stefanelli, P.; Boccia, S.; Rezza, G.

Effectiveness of vaccination against SARS-CoV-2 Omicron variant infection, symptomatic disease, and hospitalization: A
systematic review and meta-analysis. Expert Rev. Vaccines 2022, 21, 1831–1841. [CrossRef] [PubMed]

2. Wright, P.F.; Neumann, G.; Kawaoka, Y. Orthomyxoviruses. In Fields Virology, 6th ed.; Knipe, D.M., Howley, P.M., Cohen, J.I.,
Griffin, D.E., Lamb, R.A., Martin, M.A., Racaniello, V.R., Roizman, B., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA,
USA, 2013; Volume 1, pp. 1186–1243.

3. Gern, J.E.; Palmenberg, A.C. Rhinoviruses. In Fields Virology; Knipe, D.M., Howley, P.M., Cohen, J.I., Griffin, D.E., Lamb, R.A.,
Martin, M.A., Racaniello, V.R., Roizman, B., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; Volume 1,
pp. 513–549.

4. Collins, P.L.; Karron, R.A. Respiratory Syncytial Virus and Metapneumovirus. In Fields Virology; Knipe, D.M., Howley, P.M., Cohen,
J.I., Griffin, D.E., Lamb, R.A., Martin, M.A., Racaniello, V.R., Roizman, B., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA,
USA, 2013; Volume 1, pp. 1086–1123.

5. Karron, R.A.; Collins, P.L. Parainfluenza Viruses. In Fields Virology; Knipe, D.M., Howley, P.M., Cohen, J.I., Griffin, D.E., Lamb,
R.A., Martin, M.A., Racaniello, V.R., Roizman, B., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; Volume 1,
pp. 996–1023.

6. Wold, W.S.M.; Ison, M.G. Adenoviruses. In Fields Virology; Knipe, D.M., Howley, P.M., Cohen, J.I., Griffin, D.E., Lamb, R.A.,
Martin, M.A., Racaniello, V.R., Roizman, B., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; Volume 2,
pp. 1732–1767.

7. Berns, K.I.; Parrish, C.R. Parvoviridae. In Fields Virology; Knipe, D.M., Howley, P.M., Cohen, J.I., Griffin, D.E., Lamb, R.A., Martin,
M.A., Racaniello, V.R., Roizman, B., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; Volume 2, pp. 1768–1791.

8. Masters, P.S.; Perlman, S. Coronaviridae. In Fields Virology; Knipe, D.M., Howley, P.M., Cohen, J.I., Griffin, D.E., Lamb, R.A.,
Martin, M.A., Racaniello, V.R., Roizman, B., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; Volume 1,
pp. 825–858.

9. Callow, K.A.; Parry, H.F.; Sergeant, M.; Tyrrell, D.A. The time course of the immune response to experimental coronavirus
infection of man. Epidemiol. Infect. 1990, 105, 435–446. [CrossRef] [PubMed]

http://doi.org/10.1080/14760584.2022.2130773
http://www.ncbi.nlm.nih.gov/pubmed/36242513
http://doi.org/10.1017/S0950268800048019
http://www.ncbi.nlm.nih.gov/pubmed/2170159


Viruses 2023, 15, 303 6 of 7

10. Edridge, A.W.D.; Kaczorowska, J.; Hoste, A.C.R.; Bakker, M.; Klein, M.; Loens, K.; Jebbink, M.F.; Matser, A.; Kinsella, C.M.; Rueda,
P.; et al. Seasonal coronavirus protective immunity is short-lasting. Nat. Med. 2020, 26, 1691–1693. [CrossRef] [PubMed]

11. Gorse, G.J.; Patel, G.B.; Vitale, J.N.; O’Connor, T.Z. Prevalence of antibodies to four human coronaviruses is lower in nasal
secretions than in serum. Clin. Vaccine Immunol. 2010, 17, 1875–1880. [CrossRef]

12. Hruskova, J.; Heinz, F.; Svandova, E.; Pennigerova, S. Antibodies to human coronaviruses 229E and OC43 in the population of
C.R. Acta Virol. 1990, 34, 346–352. [PubMed]

13. Mourez, T.; Vabret, A.; Han, Y.; Dina, J.; Legrand, L.; Corbet, S.; Freymuth, F. Baculovirus expression of HCoV-OC43 nucleocapsid
protein and development of a Western blot assay for detection of human antibodies against HCoV-OC43. J. Virol. Methods 2007,
139, 175–180. [CrossRef]

14. Reed, S.E. The behaviour of recent isolates of human respiratory coronavirus in vitro and in volunteers: Evidence of heterogeneity
among 229E-related strains. J. Med. Virol. 1984, 13, 179–192. [CrossRef]

15. Schmidt, O.W.; Allan, I.D.; Cooney, M.K.; Foy, H.M.; Fox, J.P. Rises in titers of antibody to human coronaviruses OC43 and 229E
in Seattle families during 1975-1979. Am. J. Epidemiol. 1986, 123, 862–868. [CrossRef]

16. Severance, E.G.; Bossis, I.; Dickerson, F.B.; Stallings, C.R.; Origoni, A.E.; Sullens, A.; Yolken, R.H.; Viscidi, R.P. Development of a
nucleocapsid-based human coronavirus immunoassay and estimates of individuals exposed to coronavirus in a U.S. metropolitan
population. Clin. Vaccine Immunol. 2008, 15, 1805–1810. [CrossRef]

17. Bradburne, A.F.; Bynoe, M.L.; Tyrrell, D.A. Effects of a “new” human respiratory virus in volunteers. Br. Med. J. 1967, 3, 767–769.
[CrossRef]

18. Sariol, A.; Perlman, S. Lessons for COVID-19 Immunity from Other Coronavirus Infections. Immunity 2020, 53, 248–263. [CrossRef]
[PubMed]

19. Andersen, K.G.; Rambaut, A.; Lipkin, W.I.; Holmes, E.C.; Garry, R.F. The proximal origin of SARS-CoV-2. Nat. Med. 2020, 26,
450–452. [CrossRef] [PubMed]

20. Holmes, E.C.; Goldstein, S.A.; Rasmussen, A.L.; Robertson, D.L.; Crits-Christoph, A.; Wertheim, J.O.; Anthony, S.J.; Barclay, W.S.;
Boni, M.F.; Doherty, P.C.; et al. The origins of SARS-CoV-2: A critical review. Cell 2021, 184, 4848–4856. [CrossRef]

21. Pekar, J.E.; Magee, A.; Parker, E.; Moshiri, N.; Izhikevich, K.; Havens, J.L.; Gangavarapu, K.; Malpica Serrano, L.M.; Crits-
Christoph, A.; Matteson, N.L.; et al. The molecular epidemiology of multiple zoonotic origins of SARS-CoV-2. Science 2022, 377,
960–966. [CrossRef] [PubMed]

22. Roltgen, K.; Nielsen, S.C.A.; Silva, O.; Younes, S.F.; Zaslavsky, M.; Costales, C.; Yang, F.; Wirz, O.F.; Solis, D.; Hoh, R.A.;
et al. Immune imprinting, breadth of variant recognition, and germinal center response in human SARS-CoV-2 infection and
vaccination. Cell 2022, 185, 1025–1040.e14. [CrossRef] [PubMed]

23. Smolenov, I.; Han, H.H.; Li, P.; Baccarini, C.; Verhoeven, C.; Rockhold, F.; Clemens, S.A.C.; Ambrosino, D.; Richmond, P.; Siber, G.;
et al. Impact of previous exposure to SARS-CoV-2 and of S-Trimer (SCB-2019) COVID-19 vaccination on the risk of reinfection: A
randomised, double-blinded, placebo-controlled, phase 2 and 3 trial. Lancet Infect. Dis. 2022, 22, 990–1001. [CrossRef]

24. Altarawneh, H.N.; Chemaitelly, H.; Ayoub, H.H.; Tang, P.; Hasan, M.R.; Yassine, H.M.; Al-Khatib, H.A.; Smatti, M.K.; Coyle, P.;
Al-Kanaani, Z.; et al. Effects of Previous Infection and Vaccination on Symptomatic Omicron Infections. N. Engl. J. Med. 2022, 387,
21–34. [CrossRef]

25. Nordstrom, P.; Ballin, M.; Nordstrom, A. Risk of SARS-CoV-2 reinfection and COVID-19 hospitalisation in individuals with
natural and hybrid immunity: A retrospective, total population cohort study in Sweden. Lancet Infect. Dis. 2022, 22, 781–790.
[CrossRef]

26. Lazarus, J.V.; Wyka, K.; White, T.M.; Picchio, C.A.; Gostin, L.O.; Larson, H.J.; Rabin, K.; Ratzan, S.C.; Kamarulzaman, A.;
El-Mohandes, A. A survey of COVID-19 vaccine acceptance across 23 countries in 2022. Nat. Med. 2023, 1–10. [CrossRef]

27. Available online: https://www.who.int/publications/i/item/WHO-WHE-SPP-2022.1 (accessed on 28 August 2022).
28. Mathieu, E.; Ritchie, H.; Rodés-Guirao, L.; Appel, C.; Gavrilov, D.; Giattino, C.; Hasell, J.; Macdonald, B.; Dattani, S.;

Beltekian, D.; et al. Coronavirus Pandemic (COVID-19). Available online: https://ourworldindata.org/coronavirus (accessed on
13 January 2023).

29. Bergeri, I.; Whelan, M.; Ware, H.; Subissi, L.; Nardone, A.; Lewis, H.C.; Li, Z.; Ma, X.; Valenciano, M.; Cheng, B.; et al. Global
SARS-CoV-2 seroprevalence: A systematic review and meta-analysis of standardized population-based studies from January
2020–May 2022. medRxiv 2022. [CrossRef]

30. Lewis, H.C.; Ware, H.; Whelan, M.; Subissi, L.; Li, Z.; Ma, X.; Nardone, A.; Valenciano, M.; Cheng, B.; Noel, K.; et al. SARS-CoV-2
infection in Africa: A systematic review and meta-analysis of standardised seroprevalence studies, from January 2020 to December
2021. medRxiv 2022. [CrossRef] [PubMed]

31. Zar, H.J.; MacGinty, R.; Workman, L.; Botha, M.; Johnson, M.; Hunt, A.; Bird, T.; Nicol, M.P.; Flasche, S.; Quilty, B.J.; et al. Natural
and hybrid immunity following four COVID-19 waves in a South African cohort. medRxiv 2022. [CrossRef]

32. Clarke, K.E.N.; Jones, J.M.; Deng, Y.; Nycz, E.; Lee, A.; Iachan, R.; Gundlapalli, A.V.; Hall, A.J.; MacNeil, A. Seroprevalence of
Infection-Induced SARS-CoV-2 Antibodies—United States, September 2021-February 2022. MMWR Morb. Mortal. Wkly. Rep.
2022, 71, 606–608. [CrossRef]

33. Klaassen, F.; Chitwood, M.H.; Cohen, T.; Pitzer, V.E.; Russi, M.; Swartwood, N.A.; Salomon, J.A.; Menzies, N.A. Changes in
population immunity against infection and severe disease from SARS-CoV-2 Omicron variants in the United States between
December 2021 and November 2022. medRxiv 2022. [CrossRef]

http://doi.org/10.1038/s41591-020-1083-1
http://www.ncbi.nlm.nih.gov/pubmed/32929268
http://doi.org/10.1128/CVI.00278-10
http://www.ncbi.nlm.nih.gov/pubmed/1981445
http://doi.org/10.1016/j.jviromet.2006.09.024
http://doi.org/10.1002/jmv.1890130208
http://doi.org/10.1093/oxfordjournals.aje.a114315
http://doi.org/10.1128/CVI.00124-08
http://doi.org/10.1136/bmj.3.5568.767
http://doi.org/10.1016/j.immuni.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32717182
http://doi.org/10.1038/s41591-020-0820-9
http://www.ncbi.nlm.nih.gov/pubmed/32284615
http://doi.org/10.1016/j.cell.2021.08.017
http://doi.org/10.1126/science.abp8337
http://www.ncbi.nlm.nih.gov/pubmed/35881005
http://doi.org/10.1016/j.cell.2022.01.018
http://www.ncbi.nlm.nih.gov/pubmed/35148837
http://doi.org/10.1016/S1473-3099(22)00144-X
http://doi.org/10.1056/NEJMoa2203965
http://doi.org/10.1016/S1473-3099(22)00143-8
http://doi.org/10.1038/s41591-022-02185-4
https://www.who.int/publications/i/item/WHO-WHE-SPP-2022.1
https://ourworldindata.org/coronavirus
http://doi.org/10.1371/journal.pmed.1004107
http://doi.org/10.1136/bmjgh-2022-008793
http://www.ncbi.nlm.nih.gov/pubmed/35998978
http://doi.org/10.2139/ssrn.4132330
http://doi.org/10.15585/mmwr.mm7117e3
http://doi.org/10.1101/2022.11.19.22282525


Viruses 2023, 15, 303 7 of 7

34. Available online: https://www.cfr.org/in-brief/japan-covid-19-pandemic-response-restrictions-two-years (accessed on
28 August 2022).

35. Available online: https://www.reuters.com/business/healthcare-pharmaceuticals/covid-infections-fall-new-zealand-worst-
case-scenario-likely-avoided-2022-07-27/ (accessed on 28 August 2022).

36. Yuan, S. Zero COVID in China: What next? Lancet 2022, 399, 1856–1857. [CrossRef]
37. Available online: https://www.merck.com/news/merck-and-ridgeback-biotherapeutics-provide-update-on-results-from-move-

out-study-of-molnupiravir-an-investigational-oral-antiviral-medicine-in-at-risk-adults-with-mild-to-moderate-covid-19/ (ac-
cessed on 28 August 2022).

38. Hammond, J.; Leister-Tebbe, H.; Gardner, A.; Abreu, P.; Bao, W.; Wisemandle, W.; Baniecki, M.; Hendrick, V.M.; Damle, B.;
Simon-Campos, A.; et al. Oral Nirmatrelvir for High-Risk, Nonhospitalized Adults with COVID-19. N. Engl. J. Med. 2022, 386,
1397–1408. [CrossRef] [PubMed]

39. Service, R.F. Bad news for Paxlovid? Resistance may be coming. Science 2022, 377, 138–139. [CrossRef] [PubMed]
40. Iketani, S.; Mohri, H.; Culbertson, B.; Hong, S.J.; Duan, Y.; Luck, M.I.; Annavajhala, M.K.; Guo, Y.; Sheng, Z.; Uhlemann, A.C.;

et al. Multiple pathways for SARS-CoV-2 resistance to nirmatrelvir. bioRxiv 2022. [CrossRef]

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.

https://www.cfr.org/in-brief/japan-covid-19-pandemic-response-restrictions-two-years
https://www.reuters.com/business/healthcare-pharmaceuticals/covid-infections-fall-new-zealand-worst-case-scenario-likely-avoided-2022-07-27/
https://www.reuters.com/business/healthcare-pharmaceuticals/covid-infections-fall-new-zealand-worst-case-scenario-likely-avoided-2022-07-27/
http://doi.org/10.1016/S0140-6736(22)00873-X
https://www.merck.com/news/merck-and-ridgeback-biotherapeutics-provide-update-on-results-from-move-out-study-of-molnupiravir-an-investigational-oral-antiviral-medicine-in-at-risk-adults-with-mild-to-moderate-covid-19/
https://www.merck.com/news/merck-and-ridgeback-biotherapeutics-provide-update-on-results-from-move-out-study-of-molnupiravir-an-investigational-oral-antiviral-medicine-in-at-risk-adults-with-mild-to-moderate-covid-19/
http://doi.org/10.1056/NEJMoa2118542
http://www.ncbi.nlm.nih.gov/pubmed/35172054
http://doi.org/10.1126/science.add8037
http://www.ncbi.nlm.nih.gov/pubmed/35857562
http://doi.org/10.1038/s41586-022-05514-2

	Introduction 
	Lessons Learned from Common Human Respiratory Viruses 
	Building Population Immunity 
	Exit Strategies from Pandemics 
	References

