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Abstract
With the outbreak of the coronavirus disease 2019 (COVID-19) pandemic, the importance of vaccines in epidemic prevention and
public health has become even more obvious than ever. However, the emergence of multiple severe acute respiratory syndrome
coronavirus 2 variants worldwide has raised concerns about the effectiveness of current COVID-19 vaccines. Here, we review the
characteristics of COVID-19 vaccine candidates in five platforms and the latest clinical trial results of them. In addition, we further
discuss future directions for the research and development of the next generation of COVID-19 vaccines. We also summarize the
serious adverse events reported recently after the large-scale vaccination with the current COVID-19 vaccines, including the
thromboembolism caused by the AstraZeneca and Johnson & Johnson vaccines.
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Introduction

Following severe acute respiratory syndrome coronavirus
(SARS-CoV), which caused an outbreak in 2002, and
Middle East respiratory syndrome coronavirus, which
caused an outbreak in 2012, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) is the third highly
pathogenic coronavirus that has emerged in humans over
the past 20 years.[1] Since the whole genome sequence
of SARS-CoV-2 was released by Chinese scientists on
January 11, 2020, there has been an upsurge in the
research and development of vaccines against coronavirus
disease 2019 (COVID-19) worldwide. The World Health
Organization (WHO) reported that there are currently
>270 COVID-19 vaccines/vaccine candidates, including
protein subunit vaccines, viral vector vaccines, inactivated
vaccines, DNA or RNA vaccines, virus-like particles
vaccines, and live-attenuated vaccines; of which, approxi-
mately 90 have been approved for the use in clinical
trials.[2] Till date, 14 COVID-19 vaccines have been
approved for marketing or emergency use authorization.[3]

In China, five COVID-19 vaccines have been conditionally
approved for marketing or emergency authorization for
use by the government, including vaccines based on
inactivated SARS-CoV-2 (produced by National Vaccine
& Serum Institute (Beijing Institute of Biological Products
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[CNVSI Beijing] and Wuhan Institute of Biological
Products [CNVSI Wuhan]), and SINOVAC Biotech,
Co., Ltd., China), recombinant SARS-CoV-2 using an
Ad5 adenoviral vector (produced by CanSino Biologics,
Inc., Tianjin, China), and recombinant SARS-CoV-2 using
Chinese hamster ovary (CHO) cells (produced by Anhui
Zhifei Longcom Biopharmaceutical, Anhui, China).[4-8]

With the approval of a variety of COVID-19 vaccines for
marketing or emergency use, concern has shifted to the
safety of their use in large-scale vaccination.[9]

Here, we aimed to review the research progress regarding
the main currently available COVID-19 vaccines [Table 1]
and to analyze the safety events that have occurred after
large-scale vaccination to provide a scientific basis for the
subsequent development and use of COVID-19 vaccines.
Nucleic acid vaccines

Themain component of COVID-19 nucleic acid vaccines is
a nucleic acid (RNA or DNA) expressing the target antigen
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Table 1: An overview of the different platforms and their current status of the main currently available COVID-19 vaccines.

Vaccine
platform

Developer/
manufacturer Name of vaccine

Immunization
schedule Vaccine efficacy Number of COVID-19 cases

Nucleic acid
vaccine

Pfizer, Inc.and
BioNTech SE

BNT162b2 Days 0, 21 95.0% 170 (eight in vaccine group)

Moderna, Inc mRNA-1273 Days 0, 28 94.0% 196 (11 in vaccine group)
Inovio
Pharmaceuticals

INO-4800 Days 0, 28 – –

Viral vector
vaccine

Institute of Biological
Engineering,
Academy of
Military Medical
Sciences, and
CanSino Biologics
Inc.

Ad5-nCoV Day 0 68.8% 101

Johnson & Johnson Ad26.COV2.S Day 0 66.0% 464 (116 in vaccine group)
AstraZeneca/
University of
Oxford

AZD1222 Days 0, 28 62.1% (two standard
doses); 90.0% (low
+ standard doses)

131 (30 in vaccine group)

Gamaleya Research
Institute/Health
Ministry of the
Russian Federation

Sputnik V Days 0, 21 91.4% 78 (16 in vaccine group)

Inactivated
vaccine

SINOVAC Biotech
Co., Ltd., China

CoronaVac Days 0, 14 or 28 91.3% (in Turkey);
50.4% (in Brazil)

29 (three in vaccine group)

Sinopharm, Beijing
Institute of
Biological Products

BBIBP-CorV Days 0, 21 78.1% 116 (21 in vaccine group)

Sinopharm, Wuhan
Institute of
Biological Products

WIBP-CorV Days 0, 21 72.5% 121 (26 in vaccine group)

Bharat Biotech, Ltd. COVAXIN Days 0, 28 81.0% 130
Subunit protein
vaccine

Novavax NVX-CoV2373 Days 0, 21 89.3% 62 (six in vaccine group)

Clover
Biopharmaceuticals

SCB-2019 Days 0, 21 – –

Anhui Zhifei
Longcom
Biopharmaceutical

ZF2001 Days 0, 28, 56 – –

Ad26.COV2.S: Ad26 adenovirus-vectored vaccine; COVID-19: Coronavirus disease 2019.
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component of SARS-CoV-2 in a vector, such that the
effective antigen (eg, S protein) of the virus is manufactured
in vivo instead of being manufactured in vitro before its
injection into the body. Two major advantages of nucleic
acid vaccines are that they are easy and fast to prepare and
they can induce high levels of specific antibodies. However,
mRNA can cause acute adverse reactions, and these types
of vaccines require colder temperatures for preservation,
usually below �70°C. Before the research and develop-
ment of COVID-19 vaccines, no nucleic acid vaccines had
been approved for marketing in China or elsewhere.

Three main available nucleic acid COVID-19 vaccines are
as follows: BNT162b2 developed by Pfizer, Inc. (New
York, USA), and BioNTech SE (Mainz, Germany), the
mRNA-1273 vaccine developed by Moderna, Inc. (Cam-
bridge, USA), and the INO-4800 DNA vaccine developed
by Inovio Pharmaceuticals (Plymouth Meeting, USA). The
2038
interim data from phase 3 clinical trials have been
announced for both the mRNA vaccines, and the efficacy
of them were >90%. Their immunization schedules both
require two injections, administered at intervals of 21 days
(BNT162b2) or 28 days (mRNA-1273). Regarding
BNT162b2, the results of a phase 3 clinical study
conducted in over 40,000 people in 152 regions worldwide
showed that the most common local adverse reaction in
vaccinated subjects was pain at the injection site, and the
most common systemic adverse reactions were headache
and fatigue. Most of the adverse reactions were mild to
moderate in severity, and the vaccine was 95.0% effective
for preventing COVID-19 in people aged >16 years
old.[10] Similar to BNT162b2, the mRNA-1273 vaccine
was also found in a phase 3 clinical trial, conducted in
approximately 30,000 people in 99 regions of the United
States, to cause pain at the injection site as the most
common adverse reaction to vaccination and have an
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efficacy of 94.0% against COVID-19.[11] Additionally,
BNT162b1 and BNT162b2, jointly developed in China
and licensed by BioNTech and Fosun Pharma (Shanghai,
China), were also found to have good safety and produce
high specific antibody levels. BNT162b2 was approved for
emergency use authorization in Hong Kong of China and
Macau of China at the beginning of this year.
Viral vector vaccines

COVID-19 viral vector vaccines use a genetic technology
to deliver genes expressing antigen proteins (eg, SARS-
CoV-2 S protein) to adenoviruses, and the resulting viruses
produce SARS-CoV-2 antigen proteins in infected cells.
The production of viral vector vaccines has well-
established processes that are relatively inexpensive. This
vaccine type sometimes causes acute adverse reactions, and
a vaccine recipient’s existing antibodies against adenovirus
can interfere with the vaccine function.

The four main available adenovirus-vectored COVID-19
vaccines are the Chinese Ad5-vectored vaccine jointly
developed by the Institute of Biological Engineering,
Academy of Military Medical Sciences, and CanSino
Biologics Inc., the chimpanzee adenovirus-vectored vac-
cine (AZD1222) jointly developed by AstraZeneca
(London, UK)/University of Oxford (UK), the Russian
Ad26/Ad5 adenovirus-vectored vaccine (Gamaleya Re-
search Institute, Moscow, Russia), and the Ad26 adenovi-
rus-vectored vaccine (Ad26.COV2.S) developed by
Johnson & Johnson (New Brunswick, USA). The results
of interim analyses of phase 3 clinical trials for these four
vaccines have been published, and both the chimpanzee
adenovirus-vectored vaccine and the Ad26/Ad5 adenovi-
rus-vectored vaccine have a protective efficacy of >90%.
The Chinese Ad5 adenovirus-vectored vaccine and the
Johnson & Johnson Ad26.COV2.S can each induce a
protective efficacy of >60% with a single-dose immuniza-
tion strategy, which meets the WHO’s requirement for
useful COVID-19 vaccines of a protective efficacy of
>50%. Consequently, all four of these vaccines have
obtained conditional marketing or emergency use autho-
rization. In addition, a recombinant COVID-19 vaccine
(adenovirus type 5 vector) for inhalation, developed in
cooperation with the Institute of Biological Engineering,
Academy of Military Sciences and CanSino Biologics, Inc.,
has been recently approved for the clinical trial by the
National Medical Products Administration (NMPA) on
March 22, 2021. Compared with the humoral and cellular
immunity formed by the intramuscular injection of
COVID-19 vaccines, a vaccine administered by inhale
injection can also form mucosal immunity, which will be
the most ideal state of this triple immunity.

Preliminary efficacy studies of the AZD1222 vaccine in the
United Kingdom and Brazil showed that the protective
efficacy of two standard doses was 62.1%, whereas the
efficacy achieved by administering an initial injection of
low-dose vaccine followed by a second injection of
standard-dose vaccine could reach 90.0%. Importantly,
the overall safety of this vaccine, regardless of the dosing
regimen, was good. However, the transverse myelitis was
observed in one participant at 14 days after the booster
2039
vaccination which was considered to be related to the
vaccination by the study investigators.[12]

A randomized, double-blind, placebo-controlled phase 3
clinical trial of the Ad26/Ad5 adenovirus-vectored vaccine
in Russia (Gamaleya Research Institute) found that its
protective efficacy against COVID-19 was 91.4% and that
most of the reported adverse reactions were mild, with any
serious treatment-emergent adverse events unrelated to
vaccination.[13]

The interim analysis of a phase 3 clinical trial of Johnson&
Johnson’s Ad26.COV2.S vaccine revealed that a single-
dose vaccination was well tolerated in adults aged ≥18
years and that its overall efficacy was 66%. At 28 days
post-vaccination, the protective efficacy of Ad26.COV2.S
for preventing severe cases of COVID-19 was 85%.[14]

The CanSino Ad5-vectored vaccine is the only COVID-19
vaccine approved for use in China that uses a single-dose
immunization schedule. The data from an interim analysis
of its phase 3 clinical trial show that the overall efficacy of
the Ad5-nCoV vaccine for preventing COVID-19 at 28
days post-vaccination was 68.8%, but its protective
efficacy for preventing serious disease was 90.1%, and
that no serious adverse events related to the vaccine were
observed during the study period.[15]
Inactivated virus vaccines

Inactivated virus vaccines are made from viruses that
have lost their infectivity and pathogenicity following
the application of physical or chemical processes but have
retained the complete viral structure and consequently
have antigenicity recognizable by the immune system.
Because inactivated vaccines have been used for a long time,
the research and development technologies for making this
type of vaccine arewell-established, and these vaccines have
the advantages of a mature industrial technology platform,
good stability, and high safety. However, the major
disadvantage of inactivated vaccines is their weak immu-
nogenicity; they generally either fail to induce a cellular
immune response or induce a veryweak one. Consequently,
an immunization schedule of two or even three injections is
usually required, or adjuvants are added to the vaccine
components to enhance the vaccine immunogenicity.

Till date, only China and India have applied the technology
platform of inactivated vaccines to the development of
COVID-19 vaccines. In China, three COVID-19 vaccines
were developed by SINOVAC Biotech, Beijing Institute of
Biological Products Co., Ltd., and Wuhan Institute of
Biological Products Co., Ltd., respectively, all of which
use aluminum adjuvants to enhance their immune effect.
They have all obtained emergency use authorization or
conditional marketing in China as well as in some other
countries. The inactivated vaccines produced in India have
also obtained local emergency use authorization.

The results of phase 3 clinical trials show that the
protective efficacy of each of the three inactivated COVID-
19 vaccines in China is >50%, using two-dose immuniza-
tion schedules with an interval of 14 or 21 days. The phase
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3 clinical trials of the inactivated COVID-19 vaccine
(CoronaVac) developed by SINOVAC were conducted in
Brazil and Turkey in July 2020. The interim efficacy results
show that the vaccine had a protective efficacy of 50.4%
for COVID-19 in people aged ≥18 years. The most
common adverse reactions included pain at the injection
site, headache, and fatigue; and no serious adverse events
related to the vaccines occurred during the study
period.[5,16] Additionally, in a serum cross-neutralization
test of 12 prevalent SARS-CoV-2 strains conducted in 80
subjects before and after immunization in China and
elsewhere, the neutralizing antibodies induced after
vaccination could effectively neutralize different SARS-
CoV-2 strains (including the D614G mutant strain), and
the positive antibody conversion rate was ≥80.0%. In
contrast, a phase 1/2 clinical study of CoronaVac
conducted in 550 children aged 3 to 17 years who were
vaccinated on the immunization schedule of days 0 and 28
found that at 28 days after the second vaccine dose, the
adverse reaction rates in the low-dose, middle-dose, and
placebo groups were 25.6%, 29.0%, and 23.7%,
respectively, while the positive SARS-CoV-2 neutralizing
antibody conversion rates in the low-dose and middle-dose
groups were 96.8% and 100.0%, respectively. The
induced levels of SARS-CoV-2 neutralizing antibodies
were significantly higher in juveniles than in adults or the
older adults, suggesting the strong immunogenicity of this
vaccine in children and adolescents.[16] Since the safety and
immunogenicity of CoronaVac in children 3 to 17 years of
age and adults ≥18 years of age are comparable, NMPA
has recently approved the emergency use of CoronaVac in
individuals ≥3 years of age. Besides, because the benefits of
using SINOVAC’s inactivated COVID-19 vaccine are
greater than the known risks, CoronaVac was approved
for emergency use under the WHO Emergency Use Listing
procedure on June 2, 2021.[17]

The phase 3 clinical trial of the COVID-19 inactivated
virus vaccine developed by CNVSI Beijing, conducted in
United Arab Emirates, revealed that high levels of SARS-
CoV-2 neutralizing antibodies were produced after the
administration of two vaccine doses, with a positive
antibody conversion rate of up to 99.5%, and that the
efficacy of preventing COVID-19 infection was 78.1%,
with good safety.[6] Similarly, the mid-term analysis data of
the phase 3 clinical study of the COVID-19 inactivated
virus vaccine produced by CNVSI Wuhan found that the
positive SARS-CoV-2 neutralizing antibody conversion
rate after two-dose vaccination was 99.1%, and the overall
protective efficacy of the candidate vaccine was 72.5%.[18]

In the phase 3 clinical trial of the COVID-19 inactivated
virus vaccine COVAXIN independently developed by
Bharat Biotech Ltd. (Andhra Pradesh, India), about 25,800
subjects were vaccinated on the immunization schedule of
days 0 and 28; the results indicate that the protective
efficacy of a two-dose vaccination with COVAXIN is
81.0% in people aged ≥18 years.[19]
Subunit protein vaccines

Subunit protein vaccines are prepared by culturing an
antigenic protein (eg, SARS-CoV-2 S protein) from a
2040
pathogen, which can be achieved in various ways, and then
purifying it. Protein vaccines have the advantages of high
purity and ease of large-scale production. Because this type
of vaccine contains only the target antigenic protein of the
pathogen, rather than the entire pathogen, it is safer than
those that contain the entire pathogen. However, adju-
vants are generally required to produce a good immune
effect, and the immune memory effect can be weak.
Therefore, their immunizations schedules usually required
two or three doses.

Three representative protein vaccines for COVID-19 are
NVX-CoV2373 (adjuvant: matrix) developed byNovavax
(Gaithersburg, USA), SCB-2019 (adjuvant: CpG/alum)
developed by Clover Biopharmaceuticals (Chengdu,
China), and ZF2001 (adjuvant: aluminum) jointly devel-
oped by Institute of Microbiology, Chinese Academy of
Sciences and Anhui Zhifei Longcom Biopharmaceutical
Co., Ltd (Hefei, China). The NVX-CoV2373 and SCB-
2019 vaccines have shown good safety and immunogenic-
ity in phase 1/2 clinical studies using an immunization
schedule of two doses administered with an interval of 21
days. However, there was a drastic difference between the
level of SARS-CoV-2 neutralizing antibodies induced by
these vaccines and those induced by vaccines created using
other technology platforms.[20,21] The phase 1 clinical
study of the SCB-2019 vaccine was conducted in 148
subjects in Australia, and it found that the vaccine was well
tolerated. The most common local adverse reaction was
mild pain at the injection site. Compared with SCB-2019
vaccines with or without the adjuvant CpG/alum, SCB-
2019 vaccines with the adjuvant AS03 had a higher
incidence of local adverse reactions. Two doses of SCB-
2019 (CpG/alum) vaccine or SCB-2019 (AS03) vaccine
each induced a higher SARS-CoV-2 neutralizing/binding
antibody titer and positive antibody conversion rate
compared with the SCB-2019 vaccine without adjuvant
(at 36 days after the full-course immunization, the
geometric mean titer [GMT] of anti-SCB-2019 immuno-
globulin [IgG] antibody induced by the vaccines with
adjuvant AS03 was 1567–4452, whereas the GMT of anti-
SCB-2019 IgG antibody induced by the vaccine with
adjuvant CpG/alum was 174–2440).[21]

The phase 3 clinical study of the NVX-CoV2373 vaccine
conducted in the United Kingdom with over 15,000
subjects aged 18 to 84 years revealed that the vaccine had a
protective efficacy of 89.3%. A post-mortem analysis
found that the NVX-CoV2373 vaccine had an efficacy of
95.6% against the original COVID-19 strains, whereas its
efficacy against the British variant strain was 85.6%.
Additionally, the incidence of adverse reactions after the
subjects were vaccinated with two doses of NVX-
CoV2373 vaccine was low, and there was no significant
difference in adverse reactions between the vaccine and
placebo groups.[22]

The ZF2001 vaccine has obtained emergency use
authorization in China. This recombinant protein vaccine
is made in CHO cells and encodes the SARS-CoV-2 S
protein receptor-binding domain (RBD) antigen; the RBD
encoded by the vaccine is designed to form a dimer joined
by tandem repeats. Its immunization schedule is three
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doses, administered at 30-day intervals. The phase 1 and
phase 2 clinical trials of ZF2001 were completed in China.
In the phase 2 clinical trial, at 14 days after subjects had
received three 25-mg doses of the ZF2001 vaccine, the
GMT of SARS-CoV-2 neutralizing antibody was 102.5,
and the positive neutralizing antibody conversion rate
reached 97%, values which both exceeded those in the
group that received 50-mg doses of vaccine. The incidence
of adverse reactions was similar in the vaccine and placebo
groups, and most reported adverse reactions were mild to
moderate in severity.[23]
Live-attenuated vaccines

Live-attenuated vaccines are composed of variant strain
pathogens with weakened or even non-toxic effects that still
retain their immunogenicity. These variant strains are
obtained by subjecting the pathogen to one or more of
various mutation-inducing treatments and then cultivating
the resulting strains.Vaccination conductedwith a live virus
variant strain does not cause the vaccine recipient to develop
disease, but it can induce the development of an immune
response. The advantages of live-attenuated vaccines are
that they can induce a strong immune response, they
generally do not require adjuvants, and they typically
require only one or two doses to induce protection. Their
biggest drawback is the associated safety concerns. The
residual virulence of live virusesmay inducedisease for some
individuals, and the phenomenon of “virulence reversion”
can occur. Therefore, people who suffer from autoimmune
diseases or have low immunity generally cannot be
vaccinated with live-attenuated vaccines. At present, the
COVID-19 vaccine candidates that have been developed
using a live-attenuated vaccine as a technological platform
are still in thepreclinical stageor phase1 clinical study stage.
A new generation of two-component vaccines

Most first-generation COVID-19 vaccines were designed
using the SARS-CoV-2 S protein or a fragment of S protein
(ie, RBD) as the target antigen. The next-generation
COVID-19 vaccines should be designed as dual targets.
This design concept was first proposed by the team of
Feng-Cai Zhu from Jiangsu Provincial Center for Disease
Control and Prevention in May 2020. This group led the
conceptual design and functional verification of the
COVID-19 vaccine with two-component subunits, S
protein RBD and N-terminal domain (NTD).[24] At
present, the study group has signed a strategic cooperation
agreement with Jiangsu Rec-Biotechnology Co., Ltd.
(Taizhou, China) and the Taizhou Pharmaceutical High-
tech Industrial Park Management Committee on the joint
research and development of this COVID-19 subunit
vaccine. A new generation of this recombinant COVID-19
vaccine has been launched in Jiangsu province, and a phase
1 clinical trial will be started in the near future. After
Moderna’s first-generation COVID-19 vaccine mRNA-
1273 obtained emergency use authorization which
employs the SARS-CoV-2 S protein as its target, the
second-generation mRNA-1283 was designed to target
two fragments (RBD and NTD) on the S protein, and this
COVID-19 vaccine candidate has recently entered the
clinical trial.[25]
2041
Safety after mass vaccination
Recently, the serious adverse events that occurred after
vaccination with adenovirus-vectored COVID-19 vaccines
have become a focus. Thromboembolic events have
occurred after vaccination with AstraZeneca’s chimpanzee
adenovirus-vectored COVID-19 vaccine or with Johnson
& Johnson’s Ad26-vectored COVID-19 vaccine. In
September 2020, unexplainable adverse events of trans-
verse myelitis occurred after vaccination with AstraZeneca
COVID-19 vaccine. In February 2021, two women
receiving the AstraZeneca COVID-19 vaccine experienced
the disturbance of blood coagulation: one of them died,
and the other was hospitalized to treat a pulmonary
embolism. Since March 3, 2021, use of the AstraZeneca
COVID-19 vaccine has been suspended or restricted in
several countries. On April 7, 2021, the European
Medicines Agency (EMA) confirmed that the specific
thrombotic events accompanied by thrombocytopenia are
particularly rare adverse reactions to the AstraZeneca
COVID-19 vaccine but stated that the benefits of
immunization with this vaccine still outweigh the risks,
so they still recommend the use of this vaccine. On April 9,
EMA stated that it was conducting an assessment on the
potential relationship between the Johnson & Johnson
COVID-19 vaccine and thrombosis, and the scope of their
investigation of the AstraZeneca COVID-19 vaccine was
expanded. According to the relevant reports, four patients
suffered from abnormal thrombosis with thrombocytope-
nia after vaccination with the Johnson& Johnson COVID-
19 vaccine, one of whom died, and the disease in these
patients was very similar to the thrombosis caused by the
AstraZeneca COVID-19 vaccine. Later, the US Food and
Drug Administration and Centers for Disease Control and
Prevention issued a joint statement recommending that
use of the Johnson & Johnson COVID-19 vaccine be
suspended. On April 13, 2021, the White House
announced the suspension of administering Johnson &
Johnson COVID-19 vaccine injections in the United States.

The causes for the risk of suspected thrombosis after
vaccination with the AstraZeneca COVID-19 vaccine still
need to be further investigated. The existing data suggests
that there are three possible reasons for this reaction. First,
the chimpanzee adenovirus vector itself may pose a risk
because this chimpanzee adenovirus does not usually infect
humans. The difference in its sequence from that of human
adenovirus may increase the risk of blood clotting events.
The dose-toxicity relationship between the chimpanzee
adenovirus vector and human adenovirus vector is
different. The dose of human adenovirus-vectored
COVID-19 vaccine was selected to help overcome any
pre-existing vector-specific antibody, whereas the dose of
the chimpanzee adenovirus-vectored COVID-19 vaccine is
the same as that of the human adenovirus-vectored
vaccine, which consequently increases the toxicity risk
posed by the chimpanzee adenovirus vector. Second, the
SARS-CoV-2 S protein may pose a risk. Post-vaccination
thrombosis might be a type III allergic reaction triggered by
SARS-CoV-2 S protein or the thrombosis might be caused
by SARS-CoV-2 infection. Third, the risk may be related to
the vaccine design. The thromboembolism caused by
vaccination with the AstraZeneca or Johnson & Johnson
COVID-19 vaccine may actually be vaccine-induced
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immune thrombotic thrombocytopenia, which is a rare
adverse event described following immunizations with
other vaccines [26]. Although the specific mechanism is not
clear yet, this adverse event has been determined to be
related to the immune response induced by some COVID-
19 vaccines.

Bell palsy was once suspected to be related to vaccination
with BNT162b2. In a phase 3 clinical trial of the
BNT162b2 vaccine in the United States, four participants
developed Bell palsy after vaccination with the BNT162b2
vaccine.[27] However, the US FDA stated that the incidence
of this adverse event is equivalent to its expected
background incidence in the general population; therefore,
a causal relationship between the BNT162b2 vaccine and
the occurrence of Bell palsy cannot be confirmed.
However, prior studies have shown that the incidence of
Bell palsy is 15 to 30 cases per 100,000 person-years.
According to a follow-up study on the person-years of the
populations who were vaccinated with the BNT162b2
vaccine, the expected number of Bell palsy cases is only one
or two, which is lower than the actual number of cases with
Bell palsy.[28] However, because the symptoms of Bell
palsy are usually mild and can subside spontaneously, and
the benefits of vaccination with the BNT162b2 vaccine are
much higher than the associated risks, it is still
recommended that people aged ≥16 years continue to
receive the BNT162b2 vaccine. The possible risk of Bell
palsy following administration of the BNT162b2 vaccine
should be further monitored.
Prospects

Currently, 14 COVID-19 vaccines have been approved for
marketing in some countries or regions around the
world.[3] Because of the vigorous promotion of immuni-
zation with COVID-19 vaccines, as of April 18, 2021,
about 790 million COVID-19 vaccine doses have been
administered to people in countries and regions world-
wide.[29] Currently, Israel has the highest COVID-19
vaccination rate. In that country, approximately 90% of
people aged ≥60 years have received one or two doses of
the BNT162b2 vaccine, which has reduced the incidence of
COVID-19 by 40%.[30] Thus, immunization with COVID-
19 vaccines plays a significant role in public health.
However, with the gradual increase in the number of
vaccinated people, a series of unpredictable, rare, and
serious adverse events have gradually emerged, including
the thromboembolism caused by the AstraZeneca
AZD1222 vaccine and the Johnson & Johnson COVID-
19 vaccine, which are worrying. Therefore, we should
monitor the serious adverse events occurring in the
vaccinated populations to ensure the safety of COVID-
19 vaccine recipients.

Although the protective efficacy of many COVID-19
vaccines has been confirmed and their efficacy in the
prevention of COVID-19 has been proven, the constant
mutation of SARS-CoV-2 strains is constantly challenging
the protective efficacy of COVID-19 vaccines. Vaccines
that use only the SARS-CoV-2 S protein or its RBD as the
target protein may not be sufficient to provide effective
protection for all people in the future. Especially in the
2042
United Kingdom, South Africa, and Brazil, where there is
an ongoing spread of SARS-CoV-2 variants of interest,
there is concern about the continued efficacy of COVID-19
vaccines. Taking the BNT162b2 vaccine as an example,
serological studies have shown that the SARS-CoV-2
neutralizing antibody titers of this vaccine against the
British variant (B.1.1.7), the South African variant
(B.1.351), and the Brazilian variant (P.1) were lower than
those against the original virus strain (USA-WA1/2020);
and the neutralizing ability of the induced antibodies
against the South African variant was lower than that
against other variants by 2.3 to 3.4 times.[31] A similar
phenomenon was also observed for the Moderna COVID-
19 vaccine.[32] Therefore, researchers worldwide still need
to closely monitor the mutation and escape of SARS-CoV-
2 and to develop more effective next-generation COVID-
19 vaccines that can completely control the COVID-19
pandemic. The current mainstream design ideas for
COVID-19 vaccine design are still based on the RBD of
the SARS-CoV-2 S protein. Recent studies have shown that
the heptad repeat 2 (HR2) in the S2 subunit may trigger a
metastable state of the S protein and promote conforma-
tional changes, thereby achieving immune escape.[33]

Animal experiments have also confirmed that an HR2-
deficient SARS-CoV-2 S protein can induce higher
neutralizing antibody titers, which may be useful in the
design of next-generation COVID-19 vaccines.[34]

At present, most of the immunization programs of
COVID-19 vaccine approved globally are based on clinical
studies of a single COVID-19 vaccine. It is urgent to carry
out studies on sequential vaccination or booster immuni-
zation conducted with different types of COVID-19
vaccines because vaccine combinations may improve the
level of vaccine-induced immune response and could
activate multiple immune response pathways. The first
clinical trial to assess a combination of COVID-19
vaccines occurred in Russia, where two COVID-19
vaccines with different viral vectors (rAd26 and rAd5
vectors) were used in a phase 3 clinical trial. For this trial, a
two-dose immunization program of basic immunization
and booster immunization on days 0 and 21, respectively,
was conducted, and the resulting protective efficacy
reached 91.6%.[13] An ongoing trial assessing sequential
vaccination with an adenovirus-vectored COVID-19
vaccine and the BNT162b2 vaccine, with a 12-week
interval between the two vaccine doses, is currently being
conducted in the United Kingdom. An interim analysis of
this trial showed good safety and slightly strong
immunogenicity of the heterologous AZD1222/
BNT162b2 immunization schedule with 10 to 12 week
vaccine intervals compared with homologous BNT162b2/
BNT162b2 vaccination with 3-week vaccine intervals.[35]

The results of this study are expected to help improve the
immunization program using existing COVID-19 vaccines
and to enhance the protective efficacy of COVID-19
vaccination.[36]

Owing to the extremely high worldwide demand for
COVID-19 vaccines, the affordability and accessibility of
these vaccines have attracted increasing attention. To
ensure that low- and middle-income developing countries
can also receive safe and effective COVID-19 vaccines, the
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global alliance for vaccines and immunization (GAVI)
has launched a multi-billion-dollar financing plan, known
as the advance market commitment (AMC), to provide
sufficient COVID-19 vaccines for these countries.[37]

AstraZeneca is the world’s first vaccine manufacturer to
sign an AMC; they are committed to providing 300 million
COVID-19 vaccine doses in a non-profit manner.
However, there are still countries or regions that are
ineligible for GAVI or other assistance for various reasons,
where they are unable to independently develop or produce
COVID-19 vaccines. For these countries, controlling the
price of COVID-19 vaccines may be an effective means of
increasing vaccine accessibility. However, if such price
control is implemented in only low- and middle-income
countries, COVID-19 vaccine manufacturers may choose
to supply insufficient doses to or not sell at all in these
markets, or they may give priority to high-margin
markets.[38] Therefore, other measures, in addition to
COVID-19 vaccine price control, must also be taken
to ensure the fair distribution of COVID-19 vaccines
worldwide.
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