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Abstract The record speed at which Chinese scientists identified severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) and shared its genomic sequence with the world, has greatly facilitated the development of
coronavirus disease (COVID-19) diagnostics, drugs, and vaccines. It is unprecedented in pandemic control history
to develop a dozen successful vaccines in the first year and to immunize over half of the global population in the
second year, due to the efforts of the scientific community, biopharmaceutical industry, and regulatory agencies
worldwide. The challenges are both great and multidimensional due to the rapid emergence of virus variants and
waning of vaccine immunity. Vaccination strategies need to adapt to these challenges to keep population immunity
above the herd immunity threshold, by increasing vaccine coverage, especially for older adults and young people,
and providing timely booster doses with homologous or heterologous vaccine boosts. Further research should be
undertaken to develop more effective vaccines against SARS-CoV-2 variants and to understand the best prime-
boost vaccine combinations and immunization strategies to provide sufficient and sustainable immune protection
against COVID-19.
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Rapid development of SARS-CoV-2
vaccines

In less than two years, coronavirus disease (COVID-19)
has significantly changed the world, with over 255 million
people infected by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and the heavy loss of over 5
million lives [1]. Chinese scientists identified and isolated
SARS-CoV-2 within two weeks of the first reported cases
of COVID-19, in late December 2019 [2,3]. In the first
year of the COVID-19 pandemic, the whole world had to
rely on non-pharmaceutical interventions (NPI), i.e., public
health strategies to control the spread of SARS-CoV-2
within and beyond the country’s borders and to simulta-

neously treat the patients to save lives. Within hours of
Chinese scientists sharing the SARS-CoV-2 full genomic
sequence on an international public database (GISAID) in
early January 2020 [4–6], scientists from public and
private research institutes and pharmaceutical companies
worldwide started to develop SARS-CoV-2 vaccines. In
record time, several different types of vaccine were
produced in both developed and developing countries.
Regulatory agencies in these countries accelerated their

review and approval processes to meet the urgent needs of
COVID-19 pandemic control. The inactivated vaccines of
Sinopharm and Sinovac were approved for emergency use
in July 2020, in China. Initially, they were used for
vaccinating key figures in pandemic control, including
frontline doctors, nurses, public health professionals, and
public servants, especially those at the community level, as
well as workers on the land borders, airports, and seaports.
The adenoviral vector (Ad26/Ad5) vaccines of Gamaleya’s
Sputnik V (Gam-COVID-Vac) were approved in August
2020, for emergency use in Russia. The Pfizer-BioNTech
and Moderna COVID-19 mRNA vaccines, were approved

Received November 25, 2021; accepted December 13, 2021

Correspondence: Yiming Shao, yshao@chinaaids.cn;

Xinxin Zhang, zhangx@shsmu.edu.cn;

Feng Xiong, xiongfeng@ngd.org.cn

REVIEW
Front. Med. 2022, 16(2): 185–195
https://doi.org/10.1007/s11684-021-0913-y



for emergency use in the US in December 2020 and in the
EU in December 2020 and January 2021, respectively. The
Champ adenoviral vector vaccine of AstraZeneca (AZ)
COVID-19 vaccine was approved for emergency use in the
UK in December 2020 and in the EU in January 2021. The
inactivated Bharat Biotech BBV152 COVAXIN vaccine
was approved for emergency use in India in January 2021.
The Johnson and Johnson (J&J)/Janssen adenoviral 26
vector COVID-19 vaccine was approved for emergency
use in the US in February 2021 and in the EU in March
2021. The Anhui-Zhifei recombinant protein vaccine was
approved for emergency use in China in March 2021. The
Chinese Sinopharm, Sinovac and CanSino (adenovirus 5
vector) vaccines also obtained conditional marketing
authorization in China in late 2020 and early 2021,
respectively (Fig. 1A).
These COVID-19 vaccines were the most widely

administered worldwide by the end of October 2021.
The contribution from each vaccine type was: Sinovac and
AZ both over 2 billion doses, Sinopharm and Pfizer-
BioNTech each close to 2 billion doses, Moderna, Sputnik
V, and J&J each over 100 million doses, and Bharat and
Anhui-Zhifei each in the tens of million doses (Fig. 1B)
[7]. The WHO has approved seven of these ten vaccines,
excluding the Gamaleya, CanSino, and Anhui-Zhifei
vaccines, for emergency use.

The importance of maintaining high
vaccination coverage

In the second year of pandemic control, countries
employed both vaccines and NPI public health measures.
International standards set the SARS-CoV-2 vaccine
clinical trial end point as the prevention of COVID-19
symptoms, with the aim of secondary prevention. All

approved SARS-CoV-2 vaccines achieved the goal of
preventing over 80%–90% of COVID-19 hospitalizations,
severe disease, and death, despite having wider disparities
of 50%–90% in the prevention of mild symptoms (Fig. 1A
[8–22]). Therefore, all current vaccines have strong
efficacy in the reduction of COVID-19 severe cases and
mortality and have less effects on the control of viral
infection and mild symptoms. Therefore, a clear reverse
correlation is found between SARS-CoV-2 vaccine cover-
age and COVID-19 mortality in many countries (Fig. 2
[23,24]). To better control the COVID-19 morbidity and
mortality in the world, efforts are needed to rapidly
increase the vaccine coverage in all countries, while
continuing and further optimizing NPI public health
control measures.
Similar scenarios can be observed in many countries, as

shown in Fig. 3. In early 2021, the SARS-CoV-2 infection
and mortality waves that occurred across continents were
controlled initially by increased vaccine coverage in these
countries. With the appearance of the Delta variant and
waning vaccine immunity, SARS-CoV-2 infections
rebounded rapidly again, without significantly increased
severity and mortality, in countries with higher vaccine
coverage (UK, Germany, France, Japan, Chile, and
Australia), in contrast to the increased severity and
mortality of cases in countries with low or insufficient
vaccine coverage (Hungary, Croatia, Romania, Russian,
and the Philippines) (Fig. 3 [23,24]). Lessons should be
taken from countries with insufficient vaccine coverage in
the older-adult population, such as the 80 years older age
groups in Hungary and Croatia, which compromises
effective control of COVID-19 mortality (Fig. 4 [23–
25]). Since older adults have the highest COVID-19
mortality, countries should invest more resources and find
better strategies to achieve and sustain higher vaccine
coverage for senior citizens.

Fig. 1 The key features and delivery of COVID-19 vaccines. (A) Key features of COVID-19 vaccines. (B) Delivery amounts. bn,
billion. (Reused from CGTN Europe [7] with permission.)
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The waning of vaccine immunity and
emergence of viral variants

Scientists typically look at antibody levels, or titers, as an
important indicator of vaccine effectiveness. However,

early indications suggest that antibody levels induced by
most COVID-19 vaccines are falling with time after
vaccination. On October 4, 2021, American scholars
published research on more than 3.4 million people in
The Lancet regarding the effectiveness of the Pfizer-

Fig. 2 COVID-19 vaccination and case mortality rates in selected countries. (Reused from https://ourworldindata.org/covid-
vaccinations [23] and https://ourworldindata.org/covid-cases [24] with permission.)

Fig. 3 Relationship between vaccination rates and incidence and mortality rates of COVID-19. (Reused from https://ourworldindata.
org/covid-vaccinations [23] and https://ourworldindata.org/covid-cases [24] with permission.)
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BioNTech (BNT162b2) vaccine [26]. The results show
that protection against infection declined from 88%, during
the first month after full vaccination, to 47% after 5
months. This reduction in vaccine effectiveness over time
is primarily due to waning immunity, although the Delta
variant evading full vaccine protection effects could also
play a role. A large, long-term follow-up of vaccine trials
from several countries, released in September 2021,
reveals a similar story; the efficacy of the BNT162b2
mRNAvaccine against SARS-CoV-2 dropped from 96.2%
at its peak after the second dose to 83.7% at 4 months [27].
Another study suggests that the mRNA vaccine is 92%
effective at keeping people from developing a high viral
load 14 days after the second dose, but the effectiveness
decreased to 90%, 85%, and 78% after 30, 60, and 90 days,
respectively [28]. However, reduced protection is not the
only explanation for these observations. Individuals who
were vaccinated early tended to be the healthcare workers
in many countries, who were at a higher risk of infection
than others vaccinated later; this could lead to data bias.
It is uncertain whether these drops in immunity reflect a

decline in protection against the virus. Vaccines stimulate

complex immune responses, including B and T cells,
which may last longer than neutralizing antibodies.
Vaccination initially produces a surge in the number of
immune cells that generate antibodies and other molecules,
which then slowly decline. This leaves a small pool of
long-lasting “memory” B and T cells that patrol the body
for future infections by that pathogen. A booster vaccine
leads to the reproduction of B cells, which elevates the
levels of antibodies. A non-peer-reviewed study of
healthcare workers in China found that B and T cells
specific for SARS-CoV-2 could be detected five months
after two doses of inactivated vaccine [29].
Early in the COVID-19 pandemic, there were a few

“mutant” variant viruses detected with spike (S) protein
mutations in the receptor binding domain, which interacted
with the angiotensin-converting enzyme 2 cell receptor
[30]. Over time, a number of missense mutations in the S
protein, especially in the receptor binding domain region,
were observed in different variants of SARS-CoV-2. Some
of them evolved to become more transmissible. The
transmissibility of all five variants of concern (VOC)
currently recognized by the WHO has increased to varying

Fig. 4 COVID-19 vaccination rate by age group in the EU. (Reused from https://www.ecdc.europa.eu/en/publications-data/overview-
implementation-covid-19-vaccination-strategies-and-deployment-plans [25], https://ourworldindata.org/covid-vaccinations [23], and
https://ourworldindata.org/covid-cases [24] with permission.)
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levels [31,32]. Notably, as the currently predominant
SARS-CoV-2 strain, Delta (B.1.617.2) variant, is spread-
ing globally, including in populations with high vaccina-
tion coverage, and it has the highest transmissibility
compared to the original virus and Alpha, Beta and
Gamma VOCs [31]. Studies showed that vaccination
reduces the risk of Delta-variant infection and accelerates
viral clearance. Nonetheless, the peak viral load of fully
vaccinated individuals with breakthrough infections by
Delta variant is similar to that in unvaccinated cases, which
indicates that vaccination is not sufficient to prevent
transmission of the Delta variant in household settings with
prolonged exposure [33].

The need for booster vaccines

In the absence of reliable correlation for protection,
researchers are looking for signs of vaccine efficacy in
real-world data, from countries that have both high
infection risk and advanced vaccination programs. The
finding that early high vaccination coverage had not
prevented infection rebound, due to antibody fading, in
countries like Israel, which made the country employed
one of the earliest and fastest booster vaccination programs
in the world. On July 30, 2021, Israel began offering
booster shots to anyone aged 60 years and older.
According to recent studies, a third dose of Pfizer-
BioNTech vaccine significantly lowers the risk of infec-
tion. A report from Israel’s Ministry of Health evaluated
1.1 million Israelis over the age of 60 years who had
received their first two doses at least five months earlier. It
shows that a third dose reduces the rate of confirmed
SARS-CoV-2 infection by more than 10-fold at least 12
days after administration [34]. In a preprint article,
researchers found that the booster dose roughly halves a
person’s chances of testing positive for SARS-CoV-2
starting 7–13 days after the booster vaccination and further
reduces it after 14–20 days [35]. The US and other
countries have also started to give boosters to people at
high professional risk of developing COVID-19 and to
older adults or those with compromised immune systems.
A trial tested various combinations of boosters, including
using a different vaccine from the original inoculations
[36]. Using a homologous booster dose increased
neutralizing antibody titers 4.2- to 20-fold, whereas
heterologous boost increased titers 6.2- to 76-fold.
However, these studies only cover a short period after
the booster dose, and the duration of protection remains to
be determined.
The Sinovac (CoronaVac) and Sinopharm vaccines from

China have also been used in studies of booster vaccination
to collect immunogenicity data. After 14 days from the
third dose, the antibody levels rapidly increased to a higher
level (geometric mean titer (GMT) of Group 2 up to 137.9

and GMT of Group 4 up to 143.1), approximately 3 to 5
times that after the second dose [37]. Another trial from
China, not yet peer-reviewed, suggests that a third dose of
CoronaVac increases neutralizing antibody levels, and a
similar boost has been observed in studies of Sinopharm’s
vaccine [38]. Whether a booster vaccine offers benefits to
people with weakened immune systems is debatable. A
group from the University of Hong Kong recently reported
the results of a randomized clinical trial of a third dose of
CoronaVac or Pfizer-BioNTech (BNT162b2) vaccine in
adults after an initial two doses of CoronaVac. At one
month after the third vaccine, BNT162b2 elicited sig-
nificantly higher surrogate virus neutralizing test (sVNT),
spike receptor binding, spike N-terminal domain binding,
and spike S2 subunit domain binding levels than
CoronaVac; however, more participants from the
BNT162b2 group reported side effects such as injection
site pain, swelling, fatigue, and muscle pain than those who
received CoronaVac. The mean suppression of the sVNT
levels against the Wild-type, Beta, Gamma, and Delta
variants in the BNT162b2 boosted group were 96.83%,
92.29%, 92.51%, and 95.33%, respectively, which were
significantly higher than those in the CoronaVac group
(Wild-type, 57.75%; Beta, 38.79%; Gamma, 32.22%;
Delta, 48.87%) [39]. Of note, a recent report showed that a
third booster using a heterologous protein vaccine
compared to the homologous inactivated vaccine, after
previous administration of two-dose inactivated vaccines,
could significantly increase the neutralizing antibody
responses by 1.6, 2.4, 2.4 and 2.3 fold against the original
viral strain, Beta, Gamma, and Delta variants, respectively
[40]. The result indicated that the heterologous vaccine
booster is superior to the homologous booster. These
interesting data provide important evidence for establish-
ing future global heterologous boosting strategies against
COVID-19; although, homologous boosting can still be
used in view of the easy access to vaccines already
approved by the WHO and national regulatory agencies
[41]. In addition to the potential advantage of heterologous
over homologous boosting, the use of non-injection
formulations for the booster has been proposed, such as
the aerosolized adenoviral 5 vector-based formulation,
with the potential advantage of inducing membrane
immunity in the respiratory system [42]. On the other
hand, a large proportion of organ transplant recipients on
immunosuppressive drugs do not generate high levels of
antibodies after two doses of vaccine. One study found that
only half of transplant recipients produced detectable
antibody levels [43]. Certainly, there is evidence that a
booster dose can improve these titers, but for many
individuals, the levels remain lower than those seen in
other vaccination groups [44].
How soon the booster is needed may depend in part on

the rate at which antibody levels decline. One modeling
study estimated that low levels of antibodies are sufficient
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to offer significant protection against severe disease [45].
However, the current accumulated data suggested that a
booster is necessary in approximately 6–12 months after
the second dose. Multiple trials are currently underway to
explore the effects of boosters and we will likely not have
their results for several months.

The world’s first booster vaccination
campaign

As the first country with the highest COVID-19 vaccina-
tion rates in the world, Israel’s primary vaccination
campaign with two doses of mRNAvaccine (mostly Pfizer
BNT162b2) covered more than half the population by the
end of March 2021 [23]. The incidence of COVID-19/
million population/day dropped from 900 cases in mid-
January 2021 to fewer than two cases [23,46] by June
2021, together with a sharp drop in both severe illness and
disease mortality (Fig. 3B) [47]. Nevertheless, with the
emergence of the Delta variant of SARS-CoV-2 and in
conjunction with the waning of vaccine-induced immunity,
a rapid rebound occurred in the number of confirmed
infections, severe illness, and disease mortality (Fig. 3B)

[23]. By the end of August 2021, more than 10 000 nucleic
acid confirmed cases were detected daily, and more than
600 cases were hospitalized with severe clinical symptoms
[34].
To address the challenge of nationwide epidemic

resurgence, the booster dose vaccine administration was
approved by the Israeli authorities. The third dose
BNT162b2 booster vaccination was first inoculated into
high-risk populations on July 12, 2021, and then to persons
aged 60 years or older starting on July 30, 2021 [34]. This
mass booster-dose vaccination has greatly improved the
overall booster vaccination level in Israel, reaching 70% of
those primarily vaccinated, which is the highest in the
world (Table 1 [23]). The results show that after 12 days of
the booster dose, the neutralizing antibody levels increased
approximately 10 times when compared to the levels after
the second dose [45,48]. The rates of confirmed infection
and severe illness were significantly lower in the booster
group than in the non-booster group (by a factor of 11.3
and 19.5, respectively) in persons aged 60 years or older
[34]. A related study showed that booster vaccination
greatly elevated vaccine efficacy in preventing infection,
hospitalization, intensive care unit admission, and death to
88%, 93%, 92%, and 81%, respectively (Table 2)

Table 1 The COVID-19 vaccine boosters administered throughout the world

Time initiated Country Vaccine booster doses, million (%) % of total vaccine % of total population

2021/7/5 France 4.24 (2.66) 9.14 6.28

2021/7/15 United Arab Emirates 2.88 (1.81) 32.69 28.86

2021/7/30 Israel 4.04 (2.54) 70.14 43.47

2021/7/30 Turkey 12.87 (8.08) 25.97 15.14

2021/8/5 Thailand 2.71 (1.70) 7.57 3.87

2021/8/8 Cambodia 2.02 (1.27) 15.30 11.91

2021/8/10 Chile 7.24 (4.55) 46.03 37.7

2021/8/15 Uruguay 1.29 (0.81) 49.05 36.97

2021/8/17 United States 30.33 (19.05) 15.65 9.02

2021/8/30 Canada 0.82 (0.52) 2.86 2.13

2021/8/31 Hungary 1.76 (1.11) 30.4 18.32

2021/9/1 Italy 2.85 (1.79) 6.52 4.73

2021/9/5 Germany 3.83 (2.41) 6.82 4.56

2021/9/11 South Korea 1.35 (0.85) 3.37 1.93

2021/9/24 Russia 2.34 (1.47) 4.63 1.60

2021/9/28 Singapore 0.74 (0.46) 14.77 13.29

2021/9/30 UK 12.18 (7.65) 26.48 17.86

2021/10/5 Spain 2.65 (1.66) 7.07 5.19

2021/10/15 China 49.44 (31.05) 4.62 3.42

2021/10/23 Iran 0.42 (0.26) 1.05 0.50

2021/10/23 Bulgaria 0.013 (0.01) 0.78 0.19

2021/10/25 Poland 1.96 (1.23) 9.69 5.19

2021/10/27 Brazil 11.23 (7.05) 8.90 5.25

Total 159.203 (100.00) 　

Reused from https://ourworldindata.org/covid-vaccinations [23] with permission.
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[34,49,50]. In recent weeks, newly confirmed COVID-19
cases and deaths in Israel have fallen to low levels due to
the rapid scale up booster vaccination (Fig. 3B).

Improving the overall vaccination strategy
for better control of the COVID-19 pandemic

Due to the combined challenges of SARS-CoV-2 variants,
including the merging Omicron variant, as well as the
waning vaccine immunity, booster vaccine doses will be
needed more frequently and for more people. Many
countries started booster jabs in high-risk professionals,
older adults, and those with compromised immune
systems. The decision to administer booster vaccines to
the general population needs to be justified by a
comprehensive risk/benefit analysis for that country,
while simultaneously considering the issue of vaccine
inequity, as raised by the WHO.

The mRNA and viral vector vaccines have both higher
efficacy and higher adverse effects, but with side effects
that cannot be ignored, especially to certain age groups and
patients with certain underlying conditions. A detailed risk/
benefit analysis of these vaccines is needed to address these
group-specific issues, since there is a higher safety burden
when a booster vaccine is used in the general population.
Inactivated vaccines have lower efficacy in the prevention
of mild cases but have lower side effects. There is a lower
safety burden for inactivated vaccines when applied to the
general population as a booster vaccine.
There is an urgent need to increase vaccination coverage

in low-income countries, especially Africa (Fig. 5 [23]),
and to address the inequity in SARS-CoV-2 vaccine
distribution. Thus there is a heavy responsibility on higher-
income countries in deciding whether mRNA vaccines
should be used as a booster for the general population who
have received two doses of vaccines. Since inactivated
vaccines have lower neutralizing antibody titers compared

Table 2 The effect of booster vaccination doses of COVID-19 vaccines

Study site Treatment
Interval between
2nd and 3rd dose

Preventing
infection

Preventing
hospitalization

Preventing ICU
admission

Preventing
death

Isreal [34] Pfrizer 2 doses+ Pfrizer 3rd dose
(7 days after third dose)

At least 5 months 88% 93% 92% 81%

USA [49] J&J 1 dose+ J&J 2nd dose
(14 days after third dose)

56 days 94% – 100% –

Chile [50] Sinovac 2 doses+ AstraZeneca
3rd dose (14 days after third
dose)

5 months 93% 96.30% 98.65% –

Sinovac 2 doses+ Pfrizer 3rd dose
(14 days after third dose)

90% 87% 92.68% –

Sinovac 2 doses+ Sinovac 3rd dose
(14 days after third dose)

80.20% 88% 85.10% –

Fig. 5 Worldwide inequity in COVID-19 vaccine distribution. (A) COVID-19 vaccine administered in the world (November 19, 2021).
(B) COVID-19 vaccine doses administered per 100 people. (Reused from https://ourworldindata.org/covid-vaccinations [23] with
permission.)
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with mRNA vaccines, WHO’s Strategic Advisory Group
of Experts on Immunization has recommended providing a
third dose of inactivated vaccine as a primary vaccination
regimen for the older population [51]. There is less burden
for countries to use a third dose of inactivated vaccines to
increase vaccine efficacy. It may also be justified for China
to administer booster vaccines to her population, who
received mainly the inactivated vaccines (> 90%), since
China has provided most of the vaccines, about half of the
total SARS-CoV-2 vaccines used worldwide. Even though
the SARS-CoV-2 incidence is low in China, it is
challenging to determine the most appropriate vaccine
combination, timing, and immunization strategy for the
booster vaccination, considering the constant emergence of
variants including Omicron and the high standards of the
current dynamic zero-case COVID-19 control policy.
Currently, the Chinese government is organizing compre-
hensive pilot research projects to collect data to support
nationwide booster vaccination campaigns, while equally
recognizing the importance of promoting high vaccination
coverage in both older adults and children aged 3 to 11
years.

Conclusions

In the history of infectious disease control, one disease is
usually controlled by one or two types of vaccines. Thanks
to advances in science and technology, we have at least
four kinds of vaccines to fight the COVID-19 pandemic,
caused by a novel virus. Each vaccine has its own
advantages and disadvantages. mRNA vaccines have
higher efficacy, more side effects, and reduced accessibility
due to the extremely low temperatures required for storage
and transport compared with inactivated vaccines. Inacti-
vated vaccines have reduced efficacy preventing mild
cases, less side effects, and better accessibility due to the
easier temperature requirements compared with mRNA
vaccines. Viral vectors and protein vaccines have more
balanced efficacy, safety and accessibility and can serve as
both primary and booster jabs. Decisions should be based
not on geopolitics and ideology, but on the needs and
requirements of the people, young and old, with and
without underlying disease. Singapore served as a good
example for providing her people with the freedom to
choose vaccine type (from mRNA, inactivated, or viral
vector-based vaccines) according to their health conditions
and requirements.
SARS-CoV-2 recognizes no borders, and no one is truly

safe until everyone is protected. Vaccine inequity has
become the biggest barrier for the COVID-19 pandemic
control due to the huge disparity in vaccine accessibility;
over 60% of the US and EU populations and around 50%
Asian population have been vaccinated, but only less than
7% of the African population have received vaccines.

China has already provided over 1.8 billion SARS-CoV-2
vaccines to over 100 countries and will provide an
additional 200 million doses by the end of 2021.
At the opening of the Forum on China-Africa Coopera-

tion on November 29, 2021, Chinese President Xi Jinping
announced that China will deliver another 1 billion doses
of COVID-19 vaccines to Africa, with 600 million doses
donations and 400 million doses through joint production
between Chinese and African companies. President Xi also
said that China will build 10 health projects in Africa and
send 1500 doctors and public health experts to African to
support local health work [52].
Collaboration, not competition or even confrontation, is

the key to ensuring that sufficient vaccines are delivered to
all people in both developed and developing countries.
Only by sharing the SARS-CoV-2 vaccine, mankind can
end the devastating COVID-19 pandemic in both the
northern and southern hemispheres.
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