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Pandemic dynamics and health care responses are markedly different during the COVID-19 pandemic
than in earlier outbreaks. Compared with established infectious disease such as influenza, we currently
know relatively little about the origin, reservoir, cross-species transmission and evolution of SARS-CoV-
2. Health care services, drug availability, laboratory testing, research capacity and global governance are
more advanced than during 20th century pandemics, although COVID-19 has highlighted significant gaps.

Keywords: The risk of zoonotic transmission and an associated new pandemic is rising substantially. COVID-19 vac-
SARS-CoV-2 cine development has been done at unprecedented speed, with the usual sequential steps done in par-
pandemic allel. The pandemic has illustrated the feasibility of this approach and the benefits of a globally coor-
‘é?)c\figem dinated response and infrastructure. Some of the COVID-19 vaccines recently developed or currently in
development might offer flexibility or sufficiently broad protection to swiftly respond to antigenic drift
or emergence of new coronaviruses. Yet many challenges remain, including the large-scale production of
sufficient quantity of vaccines, delivery of vaccines to all countries and ensuring vaccination of relevant
age groups. This wide vaccine technology approach will be best employed in tandem with active surveil-
lance for emerging variants or new pathogens using antigen mapping, metagenomics and next generation

sequencing.
© 2021 GlaxoSmithKline Biologicals S.A. Published by Elsevier Ltd on behalf of International Society for
Infectious Diseases.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
Introduction change, land use changes, global population growth, and increased

Since the 1980s, at least 30 new infectious disease threats
have emerged (Mukherjee, 2017). Of emerging infectious diseases
(EIDs) identified since 1940, 60% were zoonotic in nature, of which
70% originated in wildlife (Jones et al., 2008). This trend is ex-
pected to rise because of increased human-animal contact, climate
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global interconnectedness (Jones et al., 2008, Mukherjee, 2017,
Petersen et al., 2018).

Pandemics and epidemics have increased in frequency since
the Middle Ages: bubonic plague (started 1347), smallpox (early
1500s), influenza 'Great Pandemic’ (1833), cholera (1881), Span-
ish influenza (1918), Asian influenza (1957), hepatitis C (1960s),
Hong Kong influenza (1968), Russian influenza (1977), human im-
munodeficiency virus (HIV, 1981), severe acute respiratory syn-
drome coronavirus (SARS-CoV-1, 2003), swine influenza (2009),
Middle East respiratory syndrome coronavirus (MERS-CoV, 2012),
West Africa Ebola virus (2013), chikungunya virus (2013), Zika
virus (2015) and coronavirus disease 2019 (COVID-19) (SARS-CoV-
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Table 1
Features of 20th and 21st century influenza pandemics
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Pandemic Dates Influenza virus  No. waves No. deaths Age groups with highest
mortality
Spanish influenza 1918-1920 A/HIN1 3(Barry, 2005) 20-100 million (Barry, 2005, Infants, young adults (20-40
Johnson and Mueller, 2002, years), elderly
Jordan, 1927, Nicholson et al., (Taubenberger and
2019) Morens, 2006)
Asian influenza 1957-1958 A/H2N2 2(Rogers 2020) 1-2 million Infants, children (5-14 years),
(Saunders-Hastings and young adults (15-24 years),
Krewski, 2016) elderly (Viboud et al., 2016)
Hong Kong influenza 1968-1969 A/H3N2 2(Cockburn et al., 1969, 0.5-2 million >65 years (Centers for Disease
Saunders-Hastings and Krewski, 2016) (Saunders-Hastings and Control and Prevention 2019b)
Krewski, 2016)
Russian influenza 1977-1979 A/HIN1 1(Gregg et al., 1978) 700,000 (Gregg et al., 1978) Infants, young adults (<25
years) (Gregg et al., 1978)
Swine influenza 2009-2010 A/H1IN1pdmO09 2 or 3 depending on 123,000-203,000 (Simonsen et al.,,  5-59 years (Charu et al., 2011)

location(Jhung et al., 2011,
Saunders-Hastings and Krewski, 2016)

2013)

2, 2019). Although the World Health Organization (WHO) includes
coronavirus as a priority pathogen, until the COVID-19 pandemic,
influenza was considered to be the most likely causal pathogen of
the next significant pandemic, and modelling suggested an annual
1% chance of an influenza pandemic that would result in 6 million
global deaths (Madhav et al., 2018).

The first difficulty in drawing lessons from previous influenza
A pandemics is that the COVID-19 outbreak is the first and
only pandemic caused by a coronavirus during the scientific era
(CDCP, 2018a, Honigsbaum, 2020, WHO, 2020a). The biological dif-
ferences between influenza A viruses and coronaviruses are sub-
stantial (Abdelrahman et al., 2020). The ultimate goal in declaring
a pandemic or a Public Health Emergency of International Con-
cern (PHEIC) is to create a global alert (Durrheim et al., 2020).
The term pandemic has been used for approximately 40 years and
was not widely adopted during the pandemic events of 1957 and
1968. It is more than 50 years since the occurrence of a pan-
demic with similar severity and extent to the current COVID-19
pandemic. Mortality in the 1957 Asian and 1968 Hong Kong in-
fluenza pandemics was comparable to that of COVID-19 so far
(Honigsbaum, 2020). However, severity and mortality were sub-
stantially lower in the 2009 influenza A pandemic than in the
current COVID-19 pandemic (Faust and Del Rio, 2020, Saunders-
Hastings and Krewski, 2016). Human contact has been far greater
with the HIN1 influenza A virus subtype than with other influenza
viruses (Palese and Wang, 2011). One reason for the mildness of
the 2009 pandemic could be the intrinsic pathogenicity and vir-
ulence of the H1 subtype (Belser et al., 2010) and the presence
of partial immunity against the A/California/04/2009 (H1N1) virus
among older adults (Hancock et al., 2009).

While there is a surveillance network made up of 144 national
influenza centres all over the world (WHO, 2020b), there is nothing
similar for the surveillance of other diseases. In the current COVID-
19 pandemic, surveillance has been implemented with the same
tools used for influenza surveillance (WHO, 2021a).

Key features of previous influenza pandemics

Features of previous pandemics are summarised in Table 1.
Pandemic dynamics and cultural contexts

The spread of the presumed influenza 'Great Pandemic’ in 1833
occurred via transatlantic shipping between the Americas and
Africa (Patterson, 1986). The first outbreak of the 1918 pandemic

was identified in military camps across USA towards the end of
World War 1 (Barry, 2005). The pandemic spread globally over
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nine months (Barry, 2005, Byerly, 2010). War-related factors might
have promoted high transmission levels and hampered efforts to
contain the pandemic (National Academies of Sciences et al., 2019).
In the US, it was illegal to be critical of the government during the
war (Nicholson et al., 2019), whilst the UK mounted one of the
least effective responses to the pandemic largely because health
care professionals underplayed its importance (Tomkins, 1992). The
causal agent is now known to be influenza A/HIN1. Influenza A
virus was first isolated only in 1933 by Smith, Andrewes and Laid-
law, followed by influenza B virus by Francis in 1936 (Smith et al.,
1933, CDCP, 2019a).

In February 1957, a new reassorting A/H2N2 influenza strain
(Asian influenza pandemic) emerged in the Yunnan Province
of China, and rapidly spread globally (Saunders-Hastings and
Krewski, 2016). A second wave affected the Northern hemisphere
in November 1957 which was more severe than the first (Rogers,
2020). Most global transmission occurred via land and sea routes
(Saunders-Hastings and Krewski, 2016). In 1957, the existence
of the avian reservoir and the phenomena of antigenic drift
and genetic reassortment were not recognised (Kilbourne, 1980,
Kilbourne, 2006).

First reported in July 1968, a new A/H3N2 pandemic strain
(a reassortment of the Asian influenza strain with an avian in-
fluenza H3 subtype) resulted in the Hong Kong influenza pandemic
(Cockburn et al., 1969, Saunders-Hastings and Krewski, 2016). By
autumn, the virus had been detected in several Asian countries
and the US, before spreading more widely (Cockburn et al., 1969,
Saunders-Hastings and Krewski, 2016). The 1968 pandemic was the
first in which air travel played a significant role in transmission
(Saunders-Hastings and Krewski, 2016). Russian influenza emerged
in the former Soviet Union during November 1977 and had spread
elsewhere by early 1978 (Gregg et al., 1978). It was caused by an
influenza A/HIN1 virus that had circulated worldwide during the
1950s, and mainly affected individuals younger than 25 years of
age (Gregg et al., 1978).

The 2009 influenza pandemic was caused by the influenza
A/HIN1pdmO9 virus (Saunders-Hastings and Krewski, 2016), a
triple reassortment virus containing genes from classic swine in-
fluenza A viruses, North American lineage avian influenza viruses
and human influenza A viruses (Dawood et al., 2009). The first
case was recorded in April 2009 in Mexico and the US. It was de-
clared a pandemic by the WHO in June 2009 (Chan, 2009). The
pattern of the pandemic varied between countries (Jhung et al.,
2011, Saunders-Hastings and Krewski, 2016). School cycles were
shown to be important in transmission dynamics in Mexico and
Hong Kong (Chowell et al., 2011, Wu et al., 2010).
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Morbidity and mortality

Mortality during the ‘Great Pandemic’ in 1833 was up to 80%,
with a high death toll for people between 21 and 40 years
of age (Patterson, 1986). The Spanish influenza pandemic in-
fected approximately 500 million people, roughly one-third of
the world’s population at the time, with mortality estimates
of 20-100 million deaths worldwide (Barry, 2005, Johnson and
Mueller, 2002, Jordan, 1927, Nicholson et al., 2019). The overall
mortality was >2.5% (Taubenberger and Morens, 2006), but with
wide differences; for example, mortality was high where popu-
lations were naive to influenza such as islands in Oceania (e.g.
22% in Western Samoa)(Shanks et al., 2018) or Alaska and Es-
kimo populations (e.g. up to 38% in Alaska and up to 75% in
Labrador)(Mamelund et al., 2013). Age-specific death rates followed
a W-shaped curve, with high death rates in the very young and
the elderly (as observed with seasonal influenza), but with the
addition of a third peak of deaths in adults 20-40 years of age
(Taubenberger and Morens, 2006). Nearly half of the influenza
deaths during the 1918 pandemic occurred in persons 20-40 years
of age (Taubenberger and Morens, 2006). Total mortality in Eu-
rope has been estimated at 2.64 million i.e. 1.1% of the total pop-
ulation (Ansart et al., 2009). Mortality varied more than 30-fold
across countries, with poorer countries disproportionately affected
(Murray et al., 2006). Extrapolating mortality rates to the 2004
population estimated that a similar pandemic would result in 62
million deaths (Murray et al., 2006).

The 1957 Asian influenza was relatively mild and resulted in ap-
proximately 1-2 million deaths worldwide (Saunders-Hastings and
Krewski, 2016). A study using historical mortality data estimated
an average pandemic-associated excess respiratory mortality rate
of 1.9 per 10,000 persons (Viboud et al., 2016). The Hong Kong
influenza (1968) pandemic is estimated to have caused half a
million to 2 million deaths worldwide (Saunders-Hastings and
Krewski, 2016), with most deaths occurring in people >65 years
of age (CDC, 2019b). All-cause mortality rose by between 3.6% in
Canada to 13.0% in England and Wales (Viboud et al., 2005). Mor-
tality in the 1977 Russian influenza pandemic was estimated at
700,000 (Gregg et al., 1978).

Global respiratory deaths from the 2009 A/HIN1 pandemic
have been estimated at 123,000-203,000, approximately 10 times
as high as the WHO’s laboratory-confirmed count (Simonsen et al.,
2013). Another modelling study estimated 105,700-395,600 res-
piratory deaths globally with a further 46,000-179,900 cardio-
vascular deaths (Dawood et al., 2012); up to 85% of deaths oc-
curred in people under 65 years of age (Dawood et al., 2012,
Simonsen et al., 2013). Another study estimated that 71% of deaths
in Mexico occurred in people under 60 years of age (Charu et al.,
2011). Pregnant women were also identified to be at particular risk
(Louie et al., 2010).

Pandemic responses: non-pharmaceutical interventions, treatments
and vaccination

Mitigation efforts in the 1918 pandemic relied upon non-
pharmaceutical interventions (NPI) such as wearing face masks,
quarantines, restriction of activities and gatherings, closures of
schools and churches (Nicholson et al., 2019). Concurrent school
closures and public gathering bans were the most commonly im-
plemented interventions and resulted in a statistically significant
reduction in excess pneumonia and influenza deaths (Markel et al.,
2007). Although no antibiotics, antivirals or modern vaccines were
available, passive immunisation with immunoglobulins was im-
plemented (Luke et al., 2006). Mortality later in the pandemic
is believed to be the result of secondary bacterial infections
(Brundage, 2006, Morens et al., 2010).
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The 1957 influenza pandemic was the first in which a previous
vaccine was available; however, it took 6 months before it could
be rolled out because the developers needed to adjust its formula-
tion with the new pandemic strain. Only 30 million vaccine doses
were distributed globally and inadequate coverage meant that vac-
cination had little impact on the pandemic (Henderson et al.,
2009, Jensen et al., 1958, Saunders-Hastings and Krewski, 2016).
The generally mild nature of the 1968 pandemic again meant
that NPIs were not considered necessary (Saunders-Hastings and
Krewski, 2016). However, vaccines became available only after the
pandemic had peaked (Rogers, 2020).

School closures and other NPIs were implemented swiftly in
Mexico after the outbreak of the 2009 A/HIN1 pandemic, fol-
lowed by similar measures in many other countries (Chowell et al.,
2011, Saunders-Hastings and Krewski, 2016). This was the first pan-
demic to employ both vaccination and use of antivirals (Saunders-
Hastings and Krewski, 2016). Data from the first vaccine clinical
trial became available in August 2009, 4 months after the outbreak
was first identified (WHO, 2012). A month later, the WHO identi-
fied that the amount of vaccine that could be produced within a
year would be substantially less than the 4.9 billion doses previ-
ously estimated (WHO, 2012). However, the vaccine could be ad-
ministered as a 1-dose instead of 2-dose series (WHO, 2012). Vac-
cination rates in Europe varied from 0.6% in the Czech Republic
to 59% in Sweden (Samanlioglu and Bilge, 2016), while the rate in
Canada was estimated at 41% (Gilmour and Hofmann, 2010), in the
US at between 20% and 37% depending on age group (CDCP, 2010)
and in Brazil at 86% (Domingues and de Oliveira, 2012). The WHO
Pandemic Influenza A(H1IN1) Vaccine Deployment Initiative facil-
itated access to the pandemic vaccine in developing countries.
However, demand from countries varied considerably and suffi-
cient vaccine was delivered to provide coverage ranging from 0.4%
to >100% of the population, with a median coverage of 9.9%
(WHO, 2012).

Economic impact

It has been estimated that the Spanish influenza pandemic re-
duced per capita Gross Domestic Product (GDP) by 6% compared
with an 8% reduction resulting from World War 1 (Barro et al,,
2020). However, economic recovery was swift, with a 25.5% re-
bound in industrial production in the US between March 1919
and January 1920 (Anderson, 1979, Grant, 2014, Vernon, 1991).
An analysis of the post-1940 US population showed that unborn
children at the time of the pandemic had lower educational at-
tainment, income and socioeconomic status compared with other
birth cohorts (Almond, 2006). In contrast, the economic impact of
the Asian, Hong Kong and 2009 A/H1IN1 influenza pandemics was
small (Henderson et al., 2009, James and Sargent, 2006, Saunders-
Hastings and Krewski, 2016). A systematic review of the cost effec-
tiveness of pandemic interventions concluded that, at a threshold
of $45,000 per disability-adjusted life-year (DALY), hospital quar-
antine and vaccination were cost-effective options, but school clo-
sures and social distancing were not (Pasquini-Descomps et al.,
2017). Cost-effectiveness ratios for antivirals ranged from $350 to
$3500 per DALY or quality-adjusted life-year (QALY) in lethal epi-
demics but were as high as $40,000 to $250,000 for less severe
infections (Pasquini-Descomps et al., 2017).

Coronavirus PHEIC threats (SARS 2003 and MERS 2012) and
COVID-19 pandemic

Coronaviruses are positive, single-stranded RNA viruses belong-
ing to the family Coronaviridae (Li, 2016, Su et al., 2016). They
are classified into four genera: Alphacoronavirus, Betacoronavirus,
Gammacoronavirus and Deltacoronavirus (Li, 2016, Su et al., 2016).
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There are four endemic coronaviruses that circulate widely in hu-
mans. These cause mainly upper and mild respiratory infections
such as the common cold, but also less frequently result in more
severe respiratory syndromes including pneumonia in vulnerable
and immunocompromised hosts (Su et al., 2016). Two of these
four coronaviruses are Betacoronavirus (HCoV-OC43 and HCoV-
HKU1) and two are Alphacoronavirus (HCoV-229E and HCoV-NL63)
(Forni et al., 2017, Greenberg, 2016, Su et al., 2016). There are
a further two epidemic coronaviruses: MERS-CoV that produces
epidemic outbreaks with short chains of transmission and with-
out clear adaptation to spread widely in humans, and SARS-CoV-
1 which has been eradicated by control measures. Both are Beta-
coronavirus, with MERS-CoV belonging to lineage C (subgenus mer-
becovirus from etymology “MER” “BEta” “COronavirus”) and SARS-
CoV-1 belonging to lineage B (subgenus sarbecovirus “SARs” “BEta”
“COronavirus”)(Greenberg, 2016, Tang et al., 2020). Pandemic SARS-
CoV-2 also belongs to Betacoronavirus and to the sarbecovirus sub-
genus (Zhu et al., 2020). Bats or rodents are believed to be the
original, natural hosts of all seven human coronaviruses, with cat-
tle, camels, civets and mink implicated as probable intermediate
hosts (Forni et al., 2017, Hul et al., 2021, Tang et al., 2020, Tu et al.,
2004).

SARS-CoV-1 first emerged in China in November 2002 and
spread to 26 countries, although most cases were concentrated
in China, Taiwan, Hong Kong, Singapore and Toronto (Canada)
(Wilder-Smith et al., 2020). The outbreak was short-lived and was
brought under control by July 2003, by which time it had resulted
in 8098 cases and 774 deaths (case fatality rate 9.5%) (Wilder-
Smith et al., 2020). MERS-CoV emerged in 2012 in Saudi Arabia,
but was never defined as having pandemic potential. So far, it has
resulted in 2562 laboratory-confirmed cases and 881 deaths (case
fatality rate 34.4%) (WHO, 2019). SARS-CoV-2 was first identified in
Wuhan, China in December 2019 and has rapidly spread through-
out the world. As of 21 March 2021, more than 123 million cases
and 2.7 million deaths had been reported globally (Johns Hopkins
University, 2020). The death rate per 100,000 population reported
varies enormously over time and in different countries, probably
because of different testing and reporting policies (Johns Hopkins
University, 2020). A systematic review including data up to June
2020 has estimated the infection fatality rate of SARS-CoV-2 at
0.68% (range 0.09-1.60) (Meyerowitz-Katz and Merone, 2020).

Individual and community-based NPIs such as isolation, physi-
cal distancing, mask use, and closure of public places were widely
implemented during the SARS 2003 outbreak, as were hospital iso-
lation facilities and widespread use of personal protective equip-
ment (Wilder-Smith et al., 2020). There was a strong political will
in affected countries to implement effective public health measures
(Wilder-Smith et al., 2020). SARS-CoV-1 viral loads in the lungs
peaked at 6-11 days after the onset of illness and the number
of secondary cases was substantially reduced if an infected indi-
vidual could be isolated within four days of symptom appearance
(Cheng et al., 2004, Li et al.,, 2004). Fortunately, person-to-person
transmission of MERS-CoV was substantially lower than SARS-CoV-
1 (Peeri et al.,, 2020), although hospital transmission was signifi-
cant (Al-Tawfiq and Auwaerter, 2019).

Some countries, for example Taiwan, Vietnam, South Korea and
New Zealand, were successful in controlling COVID-19 (Bacay Wat-
son, 2020). Vietnam closed its border with China and implemented
testing, contact tracing and social distancing (Bacay Watson, 2020).
New Zealand banned entry from China and mandated a strict quar-
antine for visitors very early, followed by a stringent national lock-
down and extensive testing (Bacay Watson, 2020). Many other
countries have relied upon physical distancing, handwashing, mask
wearing in public spaces, national lockdowns and contact tracing
(Petersen et al., 2020). A study concluded that the most effec-
tive measures were closure or restriction of places where people
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gather, including businesses, educational institutions, bars, restau-
rants, etc (Haug et al, 2020). However, less intrusive measures
such as border restrictions and risk communication strategies were
also effective (Haug et al., 2020).

SARS-CoV-2 has spread at a massively higher rate than SARS-
CoV-1. Several factors might account for this. Firstly, there was pre-
epidemic circulation in the months before the initial outbreak, and
the first major outbreak occurred at the time of a Chinese holiday
in a city of over 11 million people that is also a large transport
hub, facilitating early spread (Wilder-Smith et al., 2020). Secondly,
there is a marked difference in virus shedding between SARS-CoV-
1 and MERS-CoV versus SARS-CoV-2. In the former two, the virus
primarily replicates in the lower airways, but more in the upper
airways in the latter (Cheng et al., 2004, Petersen et al., 2020,
Wolfel et al., 2020). Peak viral loads in nasopharyngeal aspirates of
SARS-CoV-1 occur 6-11 days after symptom onset; in contrast, vi-
ral loads of SARS-CoV-2 peak during the first few days of infection,
including before the patient becomes symptomatic.(Cheng et al.,
2004, To et al., 2020, Wolfel et al., 2020). In addition, many SARS-
CoV-2 infections remain asymptomatic (Day, 2020, Li et al., 2020,
Petersen et al., 2020). The “serial interval” provides an estimate of
the time from symptom onset in a primary case to symptom on-
set in a secondary case. This has been estimated at 8.4 days for
SARS-CoV-1, but only 4.0 days for SARS-CoV-2 (Lipsitch et al., 2003,
Nishiura et al., 2020). A third factor is the very high transmissi-
bility of SARS-CoV-2. The basic reproduction number, Ry, of SARS-
CoV-2 was estimated in the European Union at 0.91-6.33 at the
beginning of the outbreak, with a mean of 4.22 (Linka et al., 2020).
In contrast, the Ry values for MERS-CoV and SARS-CoV-1 were esti-
mated at 0.6-0.7 and 2-4, respectively, before mitigation measures
were put in place (Breban et al., 2013, WHO, 2003).

Pandemics now: where are we in 2021?

The present situation differs significantly from that of 1918. In
2021, we have substantially improved health care and no intense
combat or world war. We also have in place the WHO, other inter-
national governance mechanisms and the Global Health Security
Agenda (GHSA) (Nicholson et al., 2019). In this section, we review
the current situation with regard to likely pandemic dynamics and
health care responses. We discuss the role of new vaccine technol-
ogy later in the paper.

Risk of zoonotic transmission

The COVID-19 pandemic has led to increasingly urgent calls to
change how humans impact on the environment (Settele et al.).
Land use change, climate change, mining, urbanisation, population
growth, wild animal markets and modern human-animal interac-
tions, travel and globalisation all act to bring humans into closer
contact both with each other and with animals that host novel
pathogens (Bedford et al., 2019, Settele et al.). A study of EIDs be-
tween 1940 and 2004 showed that human population density was
an independent predictor of zoonotic EIDs and wildlife host species
richness was an additional predictor of zoonotic EIDs of wildlife
origin (Jones et al., 2008). Another study showed that in areas with
substantial human activity, wildlife that hosts pathogens shared
with humans comprised a higher proportion of local species com-
pared with nearby undisturbed areas (Gibb et al., 2020). Both anal-
yses concluded that conserving wildlife diversity by reducing hu-
man activity is likely to contribute to reducing zoonotic disease
(Gibb et al., 2020, Jones et al., 2008).

The One Health initiative is a collaborative, transdisciplinary ap-
proach with focus on the interconnection between people, animals,
plants and their shared environment (Figure 1) (CDCP, 2018b). A
number of tools and programmes using the One Health approach
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Figure 1. The One Health concept.

have been developed (CDCP, 2018b, Rist et al., 2014, Salyer et al.,
2017). PREDICT, part of USAID’s Emerging Pandemic Threats pro-
gramme, was established in 2009 to conduct and build capac-
ity for surveillance for zoonotic pathogens with pandemic poten-
tial (USAID PREDICT, 2020). However, funding for PREDICT ended
in early 2020 (Carlson, 2020). The related Global Virome Project
has the ambitious goal of detecting the majority of zoonotic vi-
ral threats to human health and food security within 10 years
(Global Virome Project, 2020). The project has estimated that there
are between 631,000 and 827,000 unknown viruses with zoonotic
potential in mammal and bird hosts (Carroll et al., 2018).

Virus variability and the human immune response

Bats, and particularly those of the genus Rhinolophus, are be-
lieved to be the main natural reservoir of SARS- and MERS-related
coronaviruses (Hu et al., 2015, Li et al., 2005). However, the origin
and reservoir of SARS-CoV-2 still remain unclear (Mallapaty, 2020).
In contrast, the origin, reservoir, cross-species transmission, genetic
and antigenic evolution of influenza viruses are much better un-
derstood (Wille and Holmes, 2020). The antigenic drift in influenza
virus means that the formulation of seasonal influenza vaccines
must be updated regularly (Petrova and Russell, 2018). The SARS-
CoV-2 genome experiences lower mutation rates (Alouane et al.,
2020) but it is too early to predict whether regular reformula-
tion of COVID vaccines will be necessary. The recent emergence
and rapid spread in different parts of the world of SARS-CoV-2
virus variants that harbour point mutations in the spike protein
is a matter of concern (Kupferschmidt, 2021, Lauring and Hod-
croft, 2021, Tegally et al., 2020), and it has been shown that such
mutations are associated with reduced neutralising activity of con-
valescent serum antibodies (Greaney et al., 2021). Vaccination will
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progressively increase the population’s immunity against the virus
but might also contribute to the selection of some specific escape
mutants (Kupferschmidt, 2021).

Drugs for pandemic use

Bacterial co-infection, secondary infection and superinfec-
tion are common during virus pandemics (Brundage, 2006,
Chertow and Memoli, 2013). Studies of autopsy data found bac-
terial infection in nearly all deaths in the 1918 influenza pan-
demic (Morens et al., 2008) and up to 55% of deaths in the 2009
A/HIN1 pandemic (CDC, 2009, Gill et al., 2010). Antibiotics are
often overused or misused in both humans and animals, leading
to development of antimicrobial resistance (Buchy et al., 2020).
A recent systematic review of patients with confirmed COVID-19
found that bacterial co-infection was identified in 3.5% of patients
and secondary bacterial infection in 14.3%; however, 71.9% received
treatment with antibiotics (Langford et al., 2020). The WHO con-
siders antimicrobial resistance as one of the top 10 threats to
global health (World Health Organization).

Antivirals are likely to be of significant benefit in reducing mor-
bidity and mortality and are the only specific intervention avail-
able before a vaccine is developed, however supplies are lim-
ited (WHO, 2018). Traditional antivirals used in influenza infection
are the adamantane derivatives, amantadine and rimantadine, and
the neuraminidase inhibitors, oseltamivir, zanamivir, peramivir and
laninamivir (Principi et al., 2019). However, resistance to amanta-
dine and rimantadine is widespread (Centers for Disease Control
and Prevention 2020). A Cochrane review and meta-analysis found
that oseltamivir reduced the time to symptom alleviation, although
it was not possible to determine whether serious influenza compli-
cations such as pneumonia were reduced (Jefferson et al., 2014).
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Baloxavir marboxil is a new drug against influenza virus tar-
geting the endonuclease function of the viral PA polymerase sub-
unit. It has been licensed in Japan and the US since 2018 and acts
by inhibiting viral replication without cytotoxicity (Principi et al.,
2019). It has been shown to be as effective as oseltamivir at al-
leviating symptoms of uncomplicated influenza and is also effec-
tive at preventing influenza infection among household contacts
(Hayden et al., 2018, Ikematsu et al., 2020, Ison et al., 2020). The
clinical development of pimodivir for the treatment of influenza A
infection has recently been halted (Anon, 2020).

Several monoclonal antibodies against the conserved stalk re-
gion of the influenza A haemagglutinin (HA) protein are in devel-
opment and have demonstrated antiviral activity in phase 2 trials
(Ali et al., 2018, Hershberger et al., 2019, McBride et al., 2017). A
systematic review and meta-analysis concluded that convalescent
plasma might reduce mortality in severe influenza and SARS-CoV-
1 infection (Mair-Jenkins et al., 2015); however, a meta-analysis of
randomised, controlled trials in severe influenza found no benefit
(Xu et al., 2020). A Cochrane review of convalescent plasma used
in patients with COVID-19 concluded that its benefit is as yet un-
certain (Piechotta et al., 2020).

Numerous drugs are being evaluated for the treatment of
COVID-19. As of March 2021, the Milken Institute listed over
300 new or repurposed drugs being investigated (Milken Insti-
tute, 2021). The WHO SOLIDARITY trial evaluated four repur-
posed drugs: remdesivir, hydroxychloroquine, lopinavir-ritonavir
fixed dose combination and interferon-f81a in patients hospitalised
for COVID-19 (Pan et al., 2021). None of the study drugs re-
duced mortality, initiation of ventilation or duration of hospital
stay (Pan et al.,, 2021). Two previously published randomised tri-
als had shown non-significant improvements with remdesivir ver-
sus placebo (Beigel et al., 2020, Wang et al., 2020). The CoDEX
randomised trial showed a significant increase in the number of
ventilator-free days with dexamethasone compared with standard
care, although there was no significant difference in all-cause mor-
tality (Tomazini et al., 2020). The RECOVERY trial showed a signifi-
cant mortality benefit with dexamethasone versus standard care in
patients receiving ventilator support or oxygen, but not in patients
receiving no respiratory support (Horby et al, 2020). A number
of neutralising monoclonal antibodies are in development for the
treatment of patients with mild to moderate disease who are at
high risk of progression to severe disease, with promising results
(Taylor et al., 2021).

Several guidelines have been published to guide clinical use
of treatments for COVID-19 (NIH, 2021, Chalmers et al., 2021,
WHO, 2021b, Bhimraj et al., 2021). Neutralising antibodies are rec-
ommended for patients with mild to moderate illness who are
high risk of progression (NIH, 2021, Bhimraj et al., 2021). Dex-
amethasone or other systemic corticosteroids are widely recom-
mended in hospitalised patients receiving supplemental oxygen
or mechanical ventilation, with the possible additional of remde-
sivir, baricitinib or tocilizumab (NIH, 2021, Chalmers et al., 2021,
WHO, 2021b, Bhimraj et al, 2021). Guidelines do not recom-
mend drugs such as hydroxychloroquine, azithromycin, ivermectin
and protease inhibitors such as lopinavir or ritonavir (NIH, 2021,
Chalmers et al., 2021, WHO, 2021b, Bhimraj et al., 2021).

Vaccine acceptance and hesitancy

Even though effective vaccines against COVID-19 are now avail-
able, it is still unclear how widely accepted they will be by the
public. Vaccine hesitancy has become a significant barrier to up-
take (Salmon et al., 2015, Shetty, 2010), often fuelled by social
media. The Mott Poll Report in the US reported that only 68%
of parents intended to have their children vaccinated against in-
fluenza in the 2020-21 season (CS Mott Children’s Hospital, 2020).

305

International Journal of Infectious Diseases 112 (2021) 300-317

Vaccine hesitancy might become a barrier to uptake of COVID-19
vaccines (French et al., 2020, McAteer et al., 2020). A survey in
France found that 26% of respondents would be unwilling to re-
ceive a SARS-CoV-2 vaccine, rising to 37% among low-income peo-
ple (COCONEL Group, 2020). Similarly, a survey in the US reported
that 32% of adults were unsure whether they would take a vac-
cine and 11% stated that they would not (Fisher et al., 2020). In
contrast, over 90% of adults in China were willing to be vaccinated
(Wang et al., 2020).

Multi-country studies of likely acceptance of COVID-19 vaccines
have shown variation between countries. In a survey of 12 coun-
tries, likely vaccine acceptance ranged from 86% in China to 63%
in the US and Sweden (Kerr et al., 2021). A systematic review of
survey studies from 33 countries found likely acceptance rates of
over 90% in Ecuador, Malaysia, Indonesia and China, while the low-
est acceptance rates were found in France (59%), US (57%), Poland
(56%), Russia (55%), Italy (54%), Jordan (28%) and Kuwait (24%)
(Sallam 2021). Another study found higher COVID-19 vaccine ac-
ceptance in 10 low- and middle-income countries in Asia, Africa
and South America (80.3%) compared with Russia (30.4%) and the
US (64.6%) (Arce et al., 2021). Among the low- and middle-income
countries, vaccine acceptance ranged from 66.5% in Pakistan and
Burkina Faso to 96.6% in Nepal.

Tracking pandemic death rates

Although there are multiple sources of data on the number
of deaths caused by COVID-19, the true number is unknown. The
statistics available from different countries can be substantially in-
fluenced by different definitions used; for example, some countries
include only laboratory-confirmed COVID-19-related deaths, whilst
others also include suspected deaths. Limited testing capacity in
some countries, particularly in the developing world, can lead to
considerable underestimation of the death rate. These issues can
be avoided, at least to a degree, by calculation of the number of
excess deaths, defined as the increase in all-cause mortality over
the expected mortality based on historical data. This method has
been used to estimate mortality in previous pandemics and sea-
sonal influenza epidemics. Although it does not provide the exact
mortality associated with the pandemic or epidemic, it is consid-
ered to provide an objective indicator (Beaney et al., 2020).

The excess mortality resulting from the COVID-19 pandemic
is being tracked by several groups. Data from the World Mortal-
ity Dataset, which tracks mortality in 103 countries, found the
highest excess mortality per 100,000 population in Latin Amer-
ican and Eastern European countries: Peru (590), Bulgaria (460),
North Macedonia (420), Serbia (400), Mexico (360), Ecuador (350),
Lithuania (350) and Russia (340) (Karlinsky & Kobak 2021). Some
countries, including Uruguay, Australia and New Zealand, had neg-
ative excess mortality i.e. fewer deaths than expected. Similar
results were obtained from other groups (The Economist, 2021,
Sanmarchi et al, 2021). The excess mortality data indicated
that the official number of COVID-19-related deaths reported by
many countries are underestimates (Karlinsky & Kobak, 2021,
The Economist, 2021, Sanmarchi et al, 2021).

Health care capacity

The COVID-19 pandemic has highlighted significant gaps in
health services. In the US, hospitals were largely operating at full
capacity pre-pandemic (Ajao et al., 2015). An adequately staffed
health workforce cannot be depended on in a pandemic because
of high absentee rates, driven by illness or fear (Madhav et al.,
2017 Nov 27). In addition, influenza vaccination coverage among
health care professionals continues to be variable and often subop-
timal in many countries (CDC, 2021, Haviari et al., 2015). There is a
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broad recognition among stakeholders that health systems need to
change post-COVID-19 to provide a better basis to manage future
pandemics. Active debate is taking place regarding initiatives such
as improving prevention and early care; strengthening health, pub-
lic health and social services; integrating elements of global health
security with universal health coverage; developing resilience in
health care systems; applying equity as a basis for all health care
systems; moving from reactive, short-term approaches to planning
for longer-term outcomes; maximizing digital health care and in-
formation systems; rebuilding trust in governments and healthcare
systems; enhancing high-value and eliminating low-value services;
(Lal et al., 2021, EFPIA, 2021, Sorensen et al., 2020, Alami et al.,
2021).

Risk factors for infectious diseases

In many countries, the population is getting older, and many
age-related diseases such as diabetes and renal disease predispose
people to infections (Muller et al., 2005, Wang et al., 2011). Treat-
ments for cancer lead to immunosuppression and increased sus-
ceptibility to infection, as do immunosenescence and frailty in el-
derly people (American Cancer Society, 2020, Sadighi Akha, 2018).
The COVID-19 pandemic has illustrated the high risk of viral trans-
mission in elderly care facilities (Barnett et al., 2020, Graham et al.,
2020). Moreover, immunosenescence leads to a poorer immune re-
sponse to vaccination, meaning that vaccines are often less effec-
tive in the elderly (Crooke et al., 2019); at present, it is unknown
whether this will impact upon effectiveness of COVID-19 vaccines.
Obesity has become a serious health care concern, even in low-
and middle-income countries, and is associated with increased risk
for diseases such as cancer, diabetes and cardiovascular disease,
as well as with a weaker immune system. Numerous studies have
shown that obese patients with COVID-19 have a higher risk of se-
vere disease outcomes and death, and the highest death rates have
been seen in countries with the highest proportion of overweight
individuals (Public Health England, 2020, World Obesity Federa-
tion, 2020, Cai et al., 2021, Gao et al., 2021, Wise, 2021).

Laboratory and research capacity

The genome of the SARS-CoV-2 virus was fully sequenced
within a few weeks of identification of the first patients with
unidentified pneumonia in China (Zhu et al, 2020). The Global
Initiative on Sharing All Influenza Data (GISAID) was launched in
2008 with the aim of sharing influenza genomic data, and the
initiative played an important role in the response to the 2009
influenza A/HIN1 pandemic and now to the COVID-19 pandemic
(GISAID, 2021, Shu and McCauley, 2017). As of March 2021, nearly
one million SARS-CoV-2 genomic sequences have been made avail-
able via the GISAID platform. Genomic epidemiology combines ge-
nomics data with epidemiological investigations and is able to
answer key questions about virus outbreaks more quickly than
traditional epidemiological case tracking (Grubaugh et al., 2019,
Rockett et al., 2020).

Global research networks can be used to assess pandemic char-
acteristics (Simonsen et al., 2018). For example, data from two co-
hort studies of influenza conducted by the International Network
for Strategic Initiatives in Global HIV Trials (INSIGHT) have been
used to estimate the case fatality rate during the 2009 A/H1N1
influenza pandemic (Simonsen et al.,, 2018). Although this was a
retrospective analysis, the same methodology could be used to as-
sess an emerging pandemic (Simonsen et al., 2018). The COVID-19
pandemic has illustrated how rapidly research can be shared, with
extensive use of online journal publications and pre-print uploads.

The Coalition for Epidemic Preparedness Innovations (CEPI) was
founded in 2017 as a public-private partnership to develop vac-
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cines for future epidemics and enable equitable access to vaccines
during outbreaks (CEPI, 2020a). During the COVID-19 pandemic,
CEPI has formed the COVAX collaboration with the WHO and Gavi,
the Vaccine Alliance; it aims to produce 2 billion SARS-CoV-2 vac-
cine doses for distribution in 2021 and is providing funding for the
development of 11 vaccine candidates (CEPI, 2020b).

Global governance

The International Health Regulations (IHR) 2005 are an in-
ternational legal agreement between 196 countries, including all
WHO Member States, whose implementation is coordinated by
the WHO (WHO, 2016). The WHO also coordinates the Global
Influenza Programme (GIP) with the aim of providing strategic
guidance, technical support and coordination of activities to pre-
pare health systems for seasonal, zoonotic and pandemic influenza
threats (WHO, 2020c). Activities include surveillance and moni-
toring via the Global Influenza Surveillance and Response System
(GISRS) and platforms such as FluNet and FluID!2. It also includes
the Pandemic Influenza Preparedness Framework which came into
effect in 2011 and whose goals are to improve sharing of influenza
viruses with human pandemic potential and to increase access of
developing countries to vaccines and other pandemic-related sup-
plies (WHO, 2020d). Under this framework, an advance supply con-
tract with manufacturers, research institutes and other bodies en-
sures that the WHO receives supplies of vaccines and other prod-
ucts needed to respond to a pandemic.

A 2011 review of the IHR and the response to the 2009 A/HIN1
pandemic made three summary conclusions: (1) The IHR im-
proved preparedness for public health emergencies, but capaci-
ties called for in the IHR were not fully operational nor on a
path towards timely implementation; (2) The WHO performed well
in many ways, confronted systemic difficulties and demonstrated
some shortcomings; (3) The world is ill-prepared for a severe in-
fluenza pandemic or similar event (WHO, 2011). The review made
a total of 15 recommendations, including to accelerate implemen-
tation of core capacities, reinforce evidence-based decisions on in-
ternational travel and trade, develop and apply measures to as-
sess severity, create a more extensive public health reserve work-
force, reach agreement on sharing of viruses and access to vac-
cines and pursue a comprehensive influenza research programme
(WHO, 2011).

Infodemics and fake news

Misinformation about COVID-19 has spread widely, particu-
larly on, but not limited to, social media. Common misinforma-
tion has included erroneous health advice, such as self-injection
with bleach and use of hydroxychloroquine, as well as conspir-
acy theories such as bioengineering of the SARS-CoV-2 virus and
the role of 5G networks in spreading the virus (Callisher et al.,
2020; World Health Organization 2021c). Polls in the UK and US
have indicated that almost half of the population have been ex-
posed to misinformation about COVID-19 (Ofcom, 2020, Mitchell &
Oliphant, 2020) and several studies have identified a high propor-
tion of false or inaccurate information related to COVID-19 in social
media content (Islam et al., 2020, Islam et al., 2021, Marwah et al.,
2021) Furthermore, exposure to misinformation appears to be as-
sociated with the likelihood of rejecting public health guidelines
and vaccine hesitancy (Uscinski et al., 2020, Freeman et al., 2020,
Romer and Hall Jamieson, 2021, 2020). At the same time, the num-
ber of scientific papers has proliferated. Unfortunately, the quality
of some of the papers is uncertain and the rate of retractions is
higher than other related research topics (Tentolouris et al., 2021,
Yeo-Teh & Tang, 2021).
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Figure 2. Platforms for COVID-19 vaccines. Adapted from Callaway, 2020 and Jeyanathan et al., 2020.

Development of pandemic vaccines

The 2009 A/HIN1 pandemic, in which a vaccine did not be-
come available until after the peak of the pandemic had passed,
illustrates the problems associated with traditionally delivered in-
fluenza vaccines in the pandemic setting (WHO, 2012). A major
problem is the difficulty in predicting which virus will cause the
next pandemic and the use of vaccines based on influenza virus
cultures in eggs. This method of manufacture cannot be upscaled
quickly, in contrast to the adenovirus and RNA-based vaccines that
have been developed against SARS-CoV-2. Because it was widely
believed that the next pandemic would be caused by an influenza
virus, significant effort has been invested in development of 'ready
to go’ pre-pandemic influenza vaccines (Nicholson et al., 2019). As
of October 2020, the WHO had identified 41 vaccine candidates
against influenza A/H5 viruses, 22 candidates against influenza
A/H7 viruses and eight candidates against influenza A/HON2 virus
(WHO, 2020e).

However, it is not sustainable to continuously update multiple
candidate vaccines (Marston et al., 2017, Nicholson et al., 2019).
Therefore, the focus in more recent years has changed towards de-
velopment of vaccine platforms; the theory behind this approach is
that any platform can be used to present any immunogen from any
pathogen (Marston et al., 2017). In addition, for influenza vaccines,
substantial work has been done towards development of a univer-
sal vaccine capable of eliciting a broad immune response against
antigenically diverse influenza viruses (Ostrowsky et al., 2020). It
is hoped that a similar approach can be adopted towards vaccines
against non-influenza pathogens (Cassone and Rappuoli, 2010).

Vaccine platforms

Several vaccine platforms are available or under development
(Figure 2). Whole virus vaccines include inactivated virus vaccines
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and live attenuated virus vaccines. Inactivated vaccines are widely
used in licensed vaccines such as influenza, polio and hepatitis A
(Jeyanathan et al., 2020). Production infrastructure for inactivated
vaccines is well established and there are few safety concerns asso-
ciated with this type of vaccine (Jeyanathan et al., 2020). However,
more than one dose is often needed to elicit a robust immune re-
sponse or an adjuvant might be required (Jeyanathan et al., 2020).
An adjuvant is a vaccine component that modifies or enhances the
antigen-specific immune response (Di Pasquale et al., 2015). Using
an adjuvant allows the dose of antigen to be decreased (antigen-
sparing) or the number of doses to be reduced (Cohet et al., 2019,
Di Pasquale et al., 2015).

Several live attenuated vaccines are also available, including oral
polio vaccine, influenza vaccine, measles, mumps and rubella vac-
cine (MMR), and varicella (chickenpox) vaccine (Jeyanathan et al.,
2020, Krammer, 2020, Strugnell et al., 2011). Before use of a live
attenuated vaccine, it must be clearly shown that the virus cannot
revert genetically to become pathogenic (Jeyanathan et al., 2020).

Viral vector platforms include, among others, adenoviruses, al-
phaviruses, vesicular stomatitis virus (VSV) and Modified Vac-
cinia Virus Ankara (MVA, poxvirus) (Rajdo and Pérez, 2018,
Sebastian and Lambe, 2018). Replicating or non-replicating vi-
ral vector vaccines use a viral backbone that is genetically engi-
neered to express antigens from the target virus (Callaway, 2020,
Jeyanathan et al., 2020). Replicating viral vector vaccines use a
weakened viral backbone such as measles; although they can
still replicate within cells, they are unable to cause disease
(Callaway, 2020, Jeyanathan et al., 2020).

In non-replicating viral vector vaccines, key replication genes in
the backbone are disabled (Callaway, 2020, Jeyanathan et al., 2020).
The first adenovirus vaccine vectors were based on human aden-
oviruses such as HAdV-5 (Colloca et al, 2012). However, a large
proportion of adults have pre-existing neutralising antibodies to
human adenoviruses (Barouch et al,, 2011). High seroprevalence
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of neutralising antibodies against the vector was largely blamed
for the failure of a human adenovirus-based HIV vaccine and the
finding that study participants with high titres of anti-adenovirus
antibodies were more susceptible to HIV infection than those
without such antibodies (Buchbinder et al., 2008, McElrath et al.,
2008, Sekaly, 2008). This problem has since been addressed by
development of vectors based on viruses to which humans are
naive, including chimpanzee adenoviruses (Farina et al., 2001). Li-
censed viral vector vaccines are available against Ebola, dengue
fever and Japanese encephalitis, and the technology for large-scale
production already exists (Jeyanathan et al., 2020, Sebastian and
Lambe, 2018).

Protein-based subunit vaccines use an isolated protein or pro-
tein fragment from the pathogen (Vartak and Sucheck, 2016).
They show a strong immunogenicity when administered with an
adjuvant, as well as safety in immunocompromised individuals
(Vartak and Sucheck, 2016). Virus-like particles (VLPs) comprise
empty virus shells that contain no genetic material. Both subunit
and VLP technologies are well established, but the vaccines can be
poorly immunogenic and might require repeated administration or
use of an adjuvant (Callaway, 2020, Jeyanathan et al., 2020).

Nucleic acid vaccines (mRNA or DNA) use only genetic mate-
rial from the target pathogen, inserted into human cells which
then produce copies of the virus protein encoded by the ge-
netic material, leading to acquired immunity (Callaway, 2020,
Jeyanathan et al., 2020). RNA vaccines use an RNA-containing vec-
tor, such as lipid nanoparticles, while DNA vaccines use a genet-
ically engineered plasmid to deliver the genetic sequence to the
cells. The vaccines are non-infectious, with advantages over other
platforms in terms of safety, and are also easy to produce and scale
up (Callaway, 2020, Jeyanathan et al., 2020).

Development of vaccines against human coronaviruses

Immunological considerations

Studies have shown that SARS-CoV-1, SARS-CoV-2 and MERS-
CoV efficiently suppress activation of the innate immune system,
which might explain the long pre-symptomatic period observed
with SARS-CoV-2 infection (Zhou et al., 2020). Suppression of the
innate immune system is likely associated with the dysregulated
inflammatory responses observed in severe cases of COVID-19.

The spike protein is the main target for neutralising antibod-
ies, which makes it an essential antigen for vaccine development
(Buchholz et al., 2004, Du et al, 2013). Antibodies that bind to
the S1 receptor binding domain of SARS-CoV-1 block its interac-
tion with ACE2, while antibodies binding with other regions of S1
inhibit conformational changes of the S protein (Coughlin et al.,
2007). Antibodies against the spike protein of SARS-CoV-1 have
been shown to be cross-neutralising and to inhibit entry of SARS-
CoV-2 into host cells (Walls et al., 2020). Neutralising antibod-
ies to SARS-CoV-1 have remained detectable in patients recovering
from natural infection for up to 17 years (Anderson et al., 2020).
High antibody titres against the nucleocapsid protein have also
been demonstrated following natural infection with SARS-CoV-2
(To et al., 2020), suggesting that this protein could also be a useful
target for vaccine development. Currently, no immune correlate of
protection has been identified for any of the coronaviruses.

T-cell mediated immunity is also an important element in
COVID-19 vaccine design. A study of patients recovering from
COVID-19 showed that SARS-CoV-2-specific CD4* and CD8*" T-
cells were detected in 100% and 70% of patients, respectively
(Grifoni et al., 2020). Most of the CD4* T-cell response was tar-
geted against the spike protein (27%), membrane protein (21%)
and nucleocapsid protein (11%) (Grifoni et al., 2020). Specific CD4*
T-cell responses against the spike protein correlated highly with

308

International Journal of Infectious Diseases 112 (2021) 300-317

anti-spike antibody titres (Grifoni et al., 2020). Other studies have
shown that T-cell activation is delayed in SARS-CoV-2 infection (as
well as SARS-CoV-1 and MERS-CoV infection), particularly for CD8*
T-cells (Remy et al., 2020, Zhou et al., 2020). Further evidence sug-
gests that patients with less severe COVID-19 illness have higher
levels of CD8* memory T-cells compared with more severe cases
(Liao et al., 2020, Peng et al., 2020).

Vaccine-enhanced disease

Two types of vaccine-enhanced disease are currently recog-
nised: antibody-dependent enhancement (ADE) and vaccine-
associated enhanced respiratory disease (VAERD) (Graham, 2020).
ADE is mediated by the Fc antibody portion, whereby a virus-
antibody complex binds more efficiently to cells bearing an Fc
receptor, facilitating virus entry to the cell (Graham, 2020). This
primarily occurs when vaccination induces neutralising antibodies
that are unable to effectively neutralise the virus (Graham, 2020).
ADE was reported during preclinical evaluation of a SARS-CoV-
1 MVA-based vaccine (Weingartl et al, 2004). VAERD was ob-
served in young children in the 1960s during evaluation of
measles and respiratory syncytial virus (RSV) whole inactivated
vaccines (Graham, 2020). In the RSV trial, it was observed that
a high ratio of binding antibody to neutralising antibody could
result in immune complex deposition and complement activation
(Graham, 2020).

In the context of COVID-19 vaccine development, the risk of
vaccine-enhanced disease can be reduced by demonstrating induc-
tion of neutralising antibodies in early clinical studies, as well as
protection against virus replication and disease in animal models
(Graham, 2020). It is also important to use conformationally cor-
rect antigens to induce high quality antibodies and to avoid in-
duction of Ty2-biased immune responses (Graham, 2020). Finally,
study of lung pathology in animal challenge studies might help to
predict abnormal pathology in vaccine recipients (Graham, 2020).

Vaccine candidates against SARS-CoV-1 and MERS-CoV

Several candidate vaccines for SARS-CoV-1 and MERS-CoV were
developed, but none reached commercial development, likely
because there was little incentive to continue vaccine devel-
opment for an outbreak that resolved within months (SARS-
CoV-1) or resulted in relatively few cases (MERS-CoV) (Padron-
Regalado, 2020). For both viruses, vaccines based on inactivated
virus, live-attenuated virus, viral vectors, protein-based subunits,
VLPs and DNA were evaluated (Padron-Regalado, 2020). The spike
protein and nucleocapsid protein were the primary targets for non-
whole virus vaccines (Padron-Regalado, 2020).

Vaccine candidates against SARS-CoV-2

As of 22 March 2021, the WHO listed 82 COVID-19 candi-
date vaccines in clinical development (Table 2) and 182 in pre-
clinical development (WHO, 2021d). The candidate vaccines use
a wide range of vaccine platforms (Figure 3). Vaccines based on
mRNA, adenovirus vector and inactivated virus technologies have
advanced most rapidly. The Pfizer/BioNTech vaccine (BNT162b2)
is a lipid nanoparticle-formulated, nucleoside-modified RNA vac-
cine encoding the full-length spike protein (Polack et al., 2020).
A phase 2/3 study demonstrated 95.0% (95% CI: 90.0-97.9) vac-
cine efficacy in preventing COVID-19 disease after two vaccine
doses; notably, the cumulative incidence of cases in the vaccine
and placebo groups began to diverge by 12 days after the first
vaccine dose (Polack et al., 2020). The vaccine was well tolerated
(Polack et al., 2020). Another lipid nanoparticle-formulated mRNA
vaccine encoding the spike protein (mRNA-1273; Moderna) has re-
ported 94.5% (95% Cl: 86.5-97.8) vaccine efficacy against COVID-
19 disease after two doses and raised no safety concerns during
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Table 2
COVID-19 vaccine candidates in clinical development (WHO draft landscape on 22 March 2021) (World Health Organization, 2020b)
Type of candidate vaccine Developer Dose and route of Phase 1 Phase Phase 2 Phase Phase 3
administration 1/2 2/3
Whole virus vaccines
Inactivated Sinovac DO0-14, IM
Inactivated Wuhan Institute of Biological Products; D0-21, IM
Sinopharm; China National Biotech Group
Inactivated (BBIBP-CorV) Beijing Institute of Biological Products; D0-21, IM
Sinopharm; China National Biotech Group
Inactivated (Vero cells) Institute of Medical Biology, Chinese D0-28, IM
Academy of Medical Sciences
Inactivated QazCovid-in Research Institute for Biological Safety D0-21, IM
Problems, Republic of Kazakhstan
Whole-virion inactivated Bharat Biotech D0-14, IM

Inactivated SARS-CoV-2 vaccine (Vero cell)
COVI-VAC, live attenuated virus

Beijing Minhai Biotechnology Co.
Codagenix/Serum Institute of India

Not disclosed, IM
DO or DO-28, IN

VLA2001 Valneva, National Institute for Health D0-21, IM
Research, UK

ERUCOV-VAC, inactivated virus Erciyes University D0-21, IM

Inactivated Shifa Pharmed Industrial Co D0-14, IM

FAKHRAVAC (MIVAC)

Viral vector vaccines

Organization of Defensive Innovation and
Research

DO0-14 or D0-14-21, IM

ChAdOx1-S University of Oxford; AstraZeneca D0-28, IM

Adenovirus Type 5 Vector CanSino Biological Inc; Beijing Institute of IM
Biotechnology

Adeno-based (rAd26-S+rAd5-S) Gamaleya Research Institute; Heath D0-21, IM

Ad26C0OVS1

Ministry Russian Federation
Janssen Pharmaceutical Companies

DO or D0-56, IM

DeINS1-2019-nCoV-RBD-OPT1 (intranasal University of Hong Kong; Beijing Wantai DO, IN
influenza-based RBD) Biological Pharmacy; Xiamen University
MVA-SARS-2-S Ludwig-Maximilians - University of DO0-28, IM
Munich
Replication defective Simian adenovirus ReiThera; LEUKOCARE; Univercells DO, IM
(GRAd) encoding S
Ad5 adjuvanted oral vaccine platform Vaxart DO0-28, oral
Measles-vector based Merck & Co; Institute Pasteur; Themis; DO0-28, IM
University of Pittsburgh
Covid-19/aAPC vaccine Shenzhen Geno-Immune Medical Institute DO0-14-28, SC
LV-SMENP-DC vaccine Shenzhen Geno-Immune Medical Institute DO, SC & IV
hAd5-S-Fusion+N-ETSD vaccine ImmunityBio, Inc. & NantKwest, Inc. DO, SC or Oral
COHO04S1 (MVA-SARS-2-S) — Modified vaccinia City of Hope Medical Center + National DO0-28, IM
ankara (sMVA) platform + synthetic Cancer Institute
SARS-CoV-2
rVSV-SARS-CoV-2-S Vaccine Israel Institute for Biological Research DO, IM
Dendritic cell vaccine AV-COVID-19 Aivita Biomedical, Inc. DO, IM
National Institute of Health Research and
Development, Ministry of Health, Republic
of Indonesia
AdCLD-CoV19 (adenovirus vector) Cellid Co., Ltd. DO, IM
AdCOVID (adenovirus vector) Altimmune, Inc. DO, IN
NDV-HXP-S (Newcastle disease virus vector) Mahidol University; Government DO0-28, IM
Pharmaceutical Organization; Icahn
School of Medicine at Mount Sinai
BBV153 (adenovirus vector) Bharat Biotech International Ltd DO, IN
Spike or spike plus T-cell epitopes Gritstone Oncology DO0-14-28 or D0-28-56
(chimpanzee adenovirus) or D0-112, IM
mRNA vaccines
mRNA-1273 Moderna; NIAID D0-28, IM
BNT162 (3 LNP-mRNAs) Pfizer; BioNTech; Fosun Pharma D0-28, IM
CVnCoV vaccine Curevac AG D0-28, IM

ARCT-021
ARCoV

Arcturus Therapeutics

Academy of Military Sciences; Walvax
Biotechnology; Suzhou Abogen
Biosciences

Not disclosed
D0-14 or D0-28, IM

LNP-nCoVsaRNA Imperial College London DO, IM
ChulaCov19 mRNA vaccine Chulalongkorn University DO0-21, IM
m-RNA-1273.351 (B.1.351 variant) Moderna; NIAID DO or D0-28 or D56
PTX-COVID19-B Providence Therapeutics DO0-28, IM
CoV2 self-amplifying RNA LNP GlaxoSmithKline D0-28, IM
DNA vaccines
DNA plasmid vaccine with electroporation Inovio Pharmaceuticals; International DO0-28, ID
Vaccine Institute; Advaccine (Suzhou)
Biopharmaceutical Co Ltd
DNA plasmid vaccine Zydud Cadila D0-28-56, ID
DNA vaccine (GX-19) Genexine Consortium DO0-28, IM
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Table 2 (continued)
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Type of candidate vaccine Developer Dose and route of Phase 1 Phase Phase 2 Phase Phase 3
administration 1/2 2/3

AG0301-COVID19 AnGes; Takara Bio; Osaka University D0-14, IM

Covigenix VAX-001 + PLV Entos Pharmaceuticals Inc. D0-14, IM

CORVax - spike protein plasmid DNA vaccine Providence Health & Services DO0-14, ID

bacTRL-Spike oral DNA vaccine Symvivo Corporation DO, Oral

GLS-5310 GeneOne Life Science, Inc. DO0-56 or DO-84, ID

COVID-eVax Takis; Rottapharm Biotech IM or
IM + electroporation

COVIGEN University of Sydney; Bionet Co Ltd; D0-28, IM or ID

Protein-based vaccines

Full length recombinant SARS CoV-2
glycoprotein nanoparticle vaccine adjuvanted
with Matrix M

Recombinant vaccine (CHO cell)

KBP-COVID-19 (RBD-based protein subunit)
Protein subunit RBD (baculovirus production
expressed in Sf9 cells)

S protein subunit (baculovirus

production) + ASO3

SCB-2019 + CpG1018 adjuvant plus alum
(native-like trimeric subunit spike protein
vaccine)

Recombinant spike protein plus adjuvant
MF59 adjuvanted SARS-CoV-2 Sclamp vaccine
MCV-COV1901 (S-2P protein + CpG 1018)

FINLEY-FR1 (RBD + adjuvant)

FINLEY-FR2 (RBD chemically conjugated to
tetanus toxoid + adjuvant)

Peptide

IMP CoVacl (SARS-CoV-2 HLA-DR peptides)
UB612 (multitope peptide-based
S1-RBD-protein)

AdimrSC-2f (recombinant RBD +/- aluminium)
CIGB-669 (RBD-+AgnHB)

CIGB-66 (RBD+aluminium hydroxide)

BECOV2

Recombinant SARS-CoV-2 Spike protein,
Aluminum adjuvanted

Recombinant protein vaccine S-268019

(baculovirus expression vector system)

SARS-CoV-2-RBD-Fc fusion protein

COVAC-1 and COVAC-2 sub-unit vaccine
(spike protein) + SWE adjuvant
EuCorVac-19

SK SARS-CoV-2 recombinant surface antigen
(NBP2001) + alum adjuvant

SPFN (spike ferritin nanoparticle) + QS21
adjuvant

Razi Cov Pars

GBP510 recombinant surface protein
vaccine + AS03

VLP-based vaccines

RBD-HBsAg VLPs

Plant-derived VLP adjuvanted with GSK or
Dynavax adjuvants
VBI-2902a

Technovalia

Novavax

Anhui Zhifei Longcom Biopharmaceutical;
Institute of Microbiology, Chinese
Academy of Sciences

Kentucky Bioprocessing, Inc

West China Hospital, Sichuan University

Sanofi Pasteur; GSK

Clover Biopharmaceuticals Inc; Dynavax

Vaxine Pty Ltd; Medytox

University of Queensland; CSL; Seqirus
Medigen Vaccine Biologics Corporation;
NIAID; Dynavax

Instituto Finlay de Vacunas, Cuba
Instituto Finlay de Vacunas, Cuba

Federal Budgetary Research Institution
State Research Center of Virology and
Biotechnology 'Vector’

University Hospital Tuebingen
COVAXX; United Biomedical Inc Asia

Adimmune Corporation

Center for Genetic Engineering and
Biotechnology (CIGB)

Center for Genetic Engineering and
Biotechnology (CIGB)

Biological ELimited

Nanogen Pharmaceutical Biotechnology

Shionogi
University Medical Center
Groningen + Akston Biosciences Inc.

University of Saskatchewan

POP Biotechnologies; EuBiologics Co Ltd
SK Bioscience Co Ltd

Walter Reed Army Institute of Research
Razi Vaccine and Serum Research Institute

SK Bioscience Co Ltd; CEPI; GSK

SpyBiotech; Serum Institute of India;
Accelagen Pty
Medicago Inc.; Dynavax; GSK

VBI Vaccines Inc

D0-21, IM

DO0-28 or D0-28-56, IM
DO0-21, IM

D0-28, IM

D0-21, IM

DO0-21, IM

DO, IM

D0-28, IM

D0-28, IM

D0-28, IM
D0-28, IM

D0-21, IM

DO, SC

D0-28, IM

Not disclosed
D0-14-28 or D0-28-56,
IN

D0-14-28 or D0-28-56,
IM

D0-28, IM

D0-21, IM

D0-21, IM

SC or IM

D0-28, IM

DO0-21, IM
D0-28, IM

D0-28-180, IM
D0-21-51, IM and IN
D0-28, IM

D0-28, IM

D0-21, IM

D0-28, IM

2APC: artificial antigen presenting cells; CHO: Chinese hamster ovary; D: Day of vaccination; DC: dendritic cell; HLA: human leukocyte antigen; ID: intradermal; IM: in-
tramuscular; IN: intranasal; LNP: lipid nanoparticle; LV: lentivirus; MVA: Modified Vaccinia Virus Ankara; PLV: proteo lipid vehicle; RBD: receptor binding domain; sa:
self-activating; SC: subcutaneous; VLP: virus-like particle; VSV: vesicular stomatitis virus; WHO: World Health Organization

The landscape of candidate vaccines is
draft-landscape-of-covid-19-candidate-vaccines).

changing constantly. For the latest
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Figure 3. COVID-19 vaccine candidates in clinical development according to vaccine platform (WHO draft landscape on 22 March 2021, 2021b). VLP: virus-like particle;

WHO: World Health Organization.

a phase 3 clinical trial (Baden et al.,, 2021). A phase 1/2 study of
the NVX-CoV2373 vaccine, a nanoparticle vaccine adjuvanted with
Matrix-M1 developed by Novavax, has demonstrated a high im-
mune response and good safety profile (Keech et al., 2020). Phase
3 data have shown 89.7% vaccine efficacy against symptomatic dis-
ease (Heath et al., 2021).

The University of Oxford/AstraZeneca vaccine (ChAdOx1 nCoV-
19; AZD-1222) is based on a chimpanzee adenovirus vector that
was developed some years ago (Dicks et al., 2012) and contains
a codon-optimised full-length spike protein (S1 and S2 subunits)
of SARS-CoV-2 (van Doremalen et al., 2020). A pooled analysis
of safety from four phase 1/2/3 studies showed that the vaccine
is well tolerated (Voysey et al., 2021). Recently, however, con-
cerns over rare reports of coagulation disorders with unexpected
deaths have been expressed by some European countries. Efficacy
against COVID-19 disease was evaluated in two phase 2/3 stud-
ies (Voysey et al,, 2021). In one study, the first vaccination was
given at a lower dose than planned to some participants and ef-
ficacy data have therefore been presented for two study groups:
low dose at first vaccination followed by standard dose at the sec-
ond vaccination (LD/SD) and both vaccinations given at the stan-
dard dose (SD/SD). Vaccine efficacy was 90.0% (95% CI: 67.4-97.0)
in the LD/SD group and 62.1% (95% Cl: 41.0-75.7) in the SD/SD
group (Voysey et al., 2021). The mechanism for the higher efficacy
in the group who received a lower priming dose is as yet unknown.

The Gam-COVID-Vac combined vector vaccine, Sputnik V, devel-
oped by the Russian Gamaleya Center, uses two adenovirus vectors
(Ad5 and Ad26) containing the spike protein (Logunov et al., 2021).
A phase 3 study reported vaccine efficacy of 91.6% after two vac-
cine doses, with no moderate or severe cases of COVID-19 re-
ported in the vaccine group (Logunov et al., 2021). A phase 2 study
of another adenovirus vector vaccine, Ad26.COV2.S developed by
Janssen, has reported a good safety profile and high immune re-
sponse (Sadoff et al., 2021a). A phase 3 trial demonstrated that a
single dose offered 66% protection against moderate to severe dis-
ease and 85% against severe disease (Sadoff et al., 2021b).

Inactivated vaccines created from Vero cells inoculated with
SARS-CoV-2 are being developed by the Chinese companies, Sino-
vac and Sinopharm (Xia et al., 2021; Zhang et al., 2021). A phase 2
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trial demonstrated that the Sinovac vaccine (CoronaVac) at a dose
of 3 ng was well tolerated and resulted in up to 97% seroconver-
sion for neutralising antibodies (Zhang et al., 2021). Interim data
from a phase 3 trial in Turkey demonstrated vaccine efficacy of
83.5% against symptomatic COVID-19 (Tanriover et al., 2021). In a
phase 2 trial, the Sinopharm vaccine (BBIBP-CorV) was well toler-
ated and a 4 pg dose administered in a 2-dose schedule (days 0
and 21 or days 0 and 28) resulted in higher neutralising antibody
titres than a 4 pg 2-dose schedule at days 0 and 14 or a single ad-
ministration of a 8 ng dose (Xia et al., 2021). Phase 3 trials of both
vaccines are ongoing.

According to Our World in Data, as of 6 September 2021, 40.6%
of the world’s population and 1.9% of people in low-income coun-
tries had received at least one dose of a COVID-19 vaccine (Math-
ieu et al., 2021). The proportion of the population who had been
fully vaccinated was 28% globally, 49% in Europe (59% in the Eu-
ropean Union), 43% in North America, 32% in South America, 29%
in Asia and 3% in Africa (Mathieu et al., 2021). These values illus-
trate sharply the global inequity in access to COVID-19 vaccines,
which is allowing spread of the virus to continue in unvaccinated
populations and increasing the risk of emergence of new variants
(Padma, 2021).

Universal influenza vaccines

The HA and neuraminidase (NA) glycoproteins are the ma-
jor surface proteins of the influenza virus. Current influenza vac-
cines are designed to induce neutralising antibodies against HA,
which consists of a membrane-distal globular head domain and
a membrane-proximal stalk domain (Kaminski and Lee, 2011).
The head domain is immunodominant, meaning that the immune
response is mainly directed towards this part of the glycopro-
tein (Angeletti et al., 2017). The head domain has high plastic-
ity and undergoes constant antigenic drift (Heaton et al., 2013,
Kirkpatrick et al., 2018). This means that antibodies against the
head domain are highly strain-specific and become ineffective
when the virus mutates. The aim for a universal influenza virus
vaccine is to elicit a robust and durable immune response to all
influenza virus strains and subtypes.
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The Universal Influenza Vaccine Technology Landscape is a pub-
licly available database of universal influenza vaccine technolo-
gies that have reached clinical or late pre-clinical development
(CIDRAP, 2020, Ostrowsky et al., 2020). It includes 22 vaccine can-
didates in clinical development and 74 in late pre-clinical devel-
opment, utilising a variety of vaccine platforms (CIDRAP, 2020,
Ostrowsky et al., 2020). Target antigens are aimed at inducing neu-
tralising antibody responses, cross-reactive T-cell responses or a
combination of both. Targets for neutralising antibodies include the
stalk domain of the HA glycoprotein, the NA glycoprotein and the
matrix 2 membrane protein (M2). T-cell targets are mainly focused
on internal proteins such as nucleoprotein, matrix protein (M1)
and nonstructural proteins (CIDRAP, 2020, Ostrowsky et al., 2020).

Conclusions

For pandemic use, an ideal platform would allow progress
within a few weeks or months from viral sequencing to clini-
cal trials, demonstrate consistent immune responses with differ-
ent pathogens and be suitable for large-scale manufacture regard-
less of the pathogen included in the vaccine (Lurie et al., 2020).
It has been suggested that pandemic vaccines can be developed
using a new pandemic paradigm with a rapid start and the usual
sequential steps done in parallel (Lurie et al., 2020). The COVID-
19 pandemic has illustrated the feasibility of this approach and
the benefits of a globally coordinated response and infrastructure
(Ball, 2021). Adequate financial support and a system for fair al-
location of vaccine is essential for this approach to be successful
(Ball, 2021, Lurie et al., 2020).

The current pandemic has also demonstrated these new vac-
cines can be developed at high speed without compromising
safety. Yet, the development of mRNA and viral vector COVID-19
vaccines benefited from years of research on these technologies
(e.g., Ebola vaccine) and on other coronaviruses (SARS-CoV-1 and
MERS-CoV)(Ball, 2021). Some of the COVID-19 vaccines recently
developed or currently in development might offer some flexibil-
ity or sufficient broad protection to swiftly respond to antigenic
drift or emergence of new coronaviruses. Conventional vaccines
have several advantages such as long experience of safety, cost and
breadth of immune response with adjuvants. However, vaccines
based on cultured virus face problems with rapid upscaling of pro-
duction; future pandemic vaccines will most probably be fully syn-
thetic, as we are witnessing with the new SARS-CoV-2 vaccines.

This wide vaccine technology approach will be best employed
in tandem with active surveillance for emerging variants or new
pathogens using antigen mapping, metagenomics and next genera-
tion sequencing. New generations of vaccines will certainly be de-
veloped (Lavine et al., 2021). In addition, pandemic preparedness
needs to take account of challenges such as the large-scale pro-
duction of sufficient quantity of vaccines, delivery of vaccines to
all countries and ensuring vaccination of relevant age groups. Large
harmonised networks of vaccination registries, together with ro-
bust infrastructure, are needed to ensure that people of all ages
can be vaccinated during inter-pandemic periods. A plain language
summary of our observations is presented in Supplementary Fig-
ure 1.
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