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Abstract: The worldwide pandemic of coronavirus disease 2019 (COVID-19) has imposed a challenge
on human health worldwide, and vaccination represents a vital strategy to control the pandemic.
To date, multiple COVID-19 vaccines have been granted emergency use authorization, including
inactivated vaccines, adenovirus-vectored vaccines, and nucleic acid vaccines. These vaccines have
different technical principles, which will necessarily lead to differences in safety and efficacy. There-
fore, we aim to implement a systematic review by synthesizing clinical experimental data combined
with mass vaccination data and conducting a synthesis to evaluate the safety and efficacy of COVID-19
vaccines. Compared with other vaccines, adverse reactions after vaccination with inactivated vaccines
are relatively low. The efficacy of inactivated vaccines is approximately 60%, adenovirus-vectored
vaccines are 65%, and mRNA vaccines are 90%, which are always efficient against asymptomatic
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, symptomatic COVID-19,
COVID-19 hospitalization, severe or critical hospitalization, and death. RNA-based vaccines have
a number of advantages and are one of the most promising vaccines identified to date and are
particularly important during a pandemic. However, further improvements are required. In time, all
the antibody levels weaken gradually, so a booster dose is needed to maintain immunity. Compared
with homologous prime-boost immunization, heterologous prime-boost immunization prompts more
robust humoral and cellular immune responses.
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1. Introduction

After the initial outbreak in Wuhan, China, coronavirus disease 2019 (COVID-19) has
now spread to more than 200 countries and territories [1]. The worldwide pandemic has
imposed a challenge to human health, a significant test of humans facing public health
emergencies. Due to ineffective treatments against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), vaccination has become a primary strategy to control the
COVID-19 pandemic. In the long term, the establishment of herd immunity by increasing
population immunity above a threshold is extremely critical to viral eradication, which
not only reduces the spread of the virus from person to person but also indirectly protects
unvaccinated, high-risk individuals, including infants, pregnant or breastfeeding women,
patients with cancer, immunocompromised people, and so on [2,3]. This can only be
done by expanding the vaccinated population to achieve the SARS-CoV-2 herd immunity
threshold as fast as possible for specific vaccines. Studies have suggested that the herd
immunity threshold for SARS-CoV-2 is approximately 60–70% [4,5]. Therefore, wars against
SARS-CoV-2 cannot be comprehensively won without vaccines.

The differences in technical principles and production routes of COVID-19 vaccines
will necessarily lead to differences in safety and efficacy [6,7]. Therefore, we aim to im-
plement a systematic review by synthesizing clinical experimental data combined with
mass vaccination data and conducting a synthesis to evaluate the safety and efficacy of
COVID-19 vaccines.
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2. Concept of Vaccine Design and Mechanism of Action

SARS-CoV-2, the pathogen causing COVID-19, is a positive-stranded enveloped RNA
virus containing four main structural proteins, including the spike protein (S), an envelope
protein (E), membrane protein (M), and nucleocapsid protein (N) [8,9]. Among them, the
S protein, primarily the receptor-binding domain (RBD) on the S1 subunit, mediates cell
membrane fusion, facilitates endocytosis, and initiates intracellular signaling related to
viral replication by binding to the cell surface receptor angiotensin-converting enzyme 2
(ACE2) [10,11]. Thus, the S protein is the primary target for vaccine design [12]. The role of
vaccines is to artificially activate a beneficial immune response by inducing antibody and
memory T-like cells. The immune response occurs rapidly upon viral invasion, leading to
rapid anamnestic antibody and T cell responses. Circulating antibodies and memory cell
recall responses can immediately eliminate viruses and limit virus dissemination [13].

3. Types and Differences of Vaccines

A vaccine from research to marketing ultimately typically requires 5 to 10 years.
However, ongoing outbreaks and strong support from drug regulatory authorities greatly
accelerate the process of vaccine development. At present, multiple COVID-19 vaccines
have been included in the World Health Organization (WHO) emergency use list or have
been granted emergency use authorization among different countries, including inactivated
vaccines and adenovirus-vectored vaccines, and nucleic acid vaccines [14–19]. The vaccines
were all given intramuscularly in the deltoid. More details are shown in Table 1.

Table 1. Several granted COVID-19 vaccines and details.

Vaccine Name Technology Developer/Company Expiration Date Immunization Protocol Approved

CoronaVac Inactivated vaccine Sinovac Biotech Ltd.
(Beijing, China) 2–8 ◦C for 24 months 2 doses (600SU/0.5 mL/dose),

2–4 weeks apart
WHO

2021.6.1

BBIBP-CorV Inactivated vaccine
Sinopharm Beijing

Institute of Biotechnology
(Beijing, China)

2–8 ◦C for 24 months 2 doses (6.5U/0.5 mL/dose),
3–4 weeks apart

WHO
2021.5.7

Convidecia Adenovirus vector
vaccine

Cansino Biologics
(Tianjin, China) 2–8 ◦C for 12 months 1 dose (5 × 1010 virus

particles/0.5 mL)
China

2021.2. 25

AZD1222 Adenovirus vector
vaccine

AstraZeneca (Cambridge,
UK), Oxford University

(Oxford, UK)
2–8 ◦C for 6 months

2 dose (5 × 1010 virus
particles/0.5 mL),
4–12 weeks apart

WHO
2021.3.1

Ad26.COV2.S Adenovirus vector
vaccine

Johnson & Johnson (New
Brunswick, NJ, USA) 2–8 ◦C for 3 months 1 dose (5 × 1010 virus

particles/0.5 mL)
WHO

2021.3.17

Sputnik V Adenovirus vector
vaccine

Gamaleya Research
Institute (Moscow, Russia) −18 ◦C/2–8 ◦C

2 dose (1011 viral
particles /0.5 mL/dose),

2–3 weeks apart

Multiple
countries

without WHO

BNT162b2 mRNA vaccine
Pfizer (New York, NY,

USA)/BioNTech
(Mainz, Germany)

Ultralow-temperature freezer for
6 months/−70 ± 10 ◦C for
10 days/2–8 ◦C for 5 days

2 doses (30 µg/0.3 mL/dose),
3 weeks apart

WHO
2021.1.14

mRNA-1273 mRNA vaccine Moderna (Cambridge,
MA, USA)

Between −25 ◦C and −15 ◦C for
supply/2–8 ◦C for 30 days

2 doses (100 µg/0.5 mL/dose),
28 days apart

WHO
2021.2.3

NVX-CoV2373 Recombinant
vaccine

Novavax and the Serum
Institute of India

(Pune, India)
2–8 ◦C for 9 months 2 doses (55 µg/0.5 mL/dose),

3–4 weeks apart
WHO

2021.12.20

Although the above vaccines fulfill the WHO criteria, the fundamental principles
and production routes have varied. An illustration of the design principles for different
COVID-19 vaccines is presented in Figure 1. Meanwhile, each of them has strengths and
weaknesses. Inactivated viral vaccines are a mature technology that has been successfully
used in immunization programs for decades, containing inactivated but previously virulent
microorganisms that have been destroyed with chemicals, heat, or radiation [20]. In the
absence of detailed information about pathogens, inactivated vaccines are the only available
vaccine against pandemics [21]. However, inactivated vaccines frequently need to be given
in multiple doses, and often a booster dose is necessary to maintain immunity. Examples
include BBIBP-CorV (Sinopharm) and CoronaVac (Sinovac). Adenovirus-vectored vaccines
are recombinant vaccines formulated by combining the replication-deficient adenovirus
vector and the target DNA, such as Convidecia containing replication-defective adenovirus
type-5 (Ad5) vectors and the full-length spike gene [22,23]. Therefore, immunized partici-
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pants can produce S protein and thus, cause a protective immunological response. However,
neutralizing antibodies against adenovirus are prevalent in the general population and are
likely to weaken the protective efficacy of vaccines [24,25]. Nucleic acid (DNA and RNA)
vaccines are novel types of vaccines that work by injecting genetically engineered vectors
containing DNA/RNA sequences encoding specific antigens [26]. Nucleic acid vaccines
have theoretical advantages over conventional vaccines, which can induce a variety of im-
mune response types at the same time by artificial sequence design [27,28]. Compared with
DNA vaccines, mRNA vaccines are safer and more efficient because they avoid the risk of
integration with the host cell genome and can produce pure viral protein [29–31]. However,
mRNA is destabilized and susceptible to degradation, which requires harsh preservation
conditions, such as ultralow temperatures. Moreover, none of the mRNA vaccines have
been licensed before, and experience in mass production is also scarce. Some mRNA
vaccines among the COVID-19 vaccines have received emergency use authorization, such
as BNT162b2 and mRNA-1273 developed by Pfizer/BioNTech and Moderna, respectively.
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Figure 1. Illustration of the design and operation principles for different COVID-19 vaccines. Inacti-
vated vaccines are inactivated but previously had virulent microorganisms that have been destroyed
with chemicals, heat, or radiation. Adenovirus-vectored vaccines are recombinant vaccines formu-
lated by combining the replication-deficient adenovirus vector and the target DNA. mRNA vaccines
are a novel type of vaccine that works by injecting genetically engineered vectors containing RNA
sequences encoding specific antigens. They function by activating cellular and humoral immunity to
varying degrees.
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4. Safety

Safety is the first consideration of widespread vaccination, mainly assessed by ad-
verse reactions (including local and systemic adverse reactions) and adverse event mon-
itoring [32]. The vaccine recipients were monitored for 30 min postvaccination for any
immediate adverse reactions. The most solicited common local adverse reactions are pain,
redness, and swelling at the injection site, whereas the common systemic adverse reactions
are fatigue, headache, fever, myalgia, diarrhea, nausea, cough, hypersensitivity, decreased
appetite, and so on. Serious adverse events are rare and typically involve allergic reactions
that can cause difficulty breathing [33]. Safety protection requirements are very demand-
ing regarding the research and development of inactivated vaccines. Inactivated whole
viruses can access the body directly and easily induce antibody-dependent enhancement
(ADE) [34], a phenomenon in which binding a virus to suboptimal antibodies enhances
its entry into host cells and replication, resulting in increased virus infectivity and viru-
lence [35]. Since body immune mechanisms and genes encoding S structural proteins do
not contain virus components, the safety of recombinant adenovirus-vectored vaccines
should be good since being unable to self-replicate adenovirus can be eliminated. How-
ever, the clinical experiments of AstraZeneca and Johnson & Johnson on the recombinant
adenovirus-vectored vaccine were paused because of the occurrence of thrombotic throm-
bocytopenia [36,37], which has raised questions about the safety of the adenovirus-vectored
vaccine. Theoretically, nucleic acid vaccines, especially mRNA vaccines, are considered the
safest vaccines without an infection risk because they do not contain any virus components
and do not integrate with the host cell genome. However, anaphylactic reactions have been
reported more after the administration of BNT162b2 [38]. The safe characteristic features of
each representative vaccine will be discussed in detail as follows.

4.1. Safety of Inactivated Vaccine CoronaVac

Several manufacturers are developing inactivated SARS-CoV-2 vaccines against
COVID-19. For example, CoronaVac was created from African green monkey kidney
cells (Vero cells) after inoculation with SARS-CoV-2 (CZ02 strain) and developed by Sino-
vac [39]. Phase I/II; trials showed that the vaccine doses investigated (3 µg or 6 µg) had
similar safety and immunogenicity profiles [40,41]. After carefully considering produc-
tion capacity, 3 µg of inactivated SARS-CoV-2 virus in 0.5 mL of aluminum hydroxide
diluent per dose with a two-dose immunization schedule was supported for clinical trial
studies. CoronaVac has been granted emergency authorization in more than 32 countries
or jurisdictions.

In a phase I/II; clinical trial of Chinese populations (including children and adolescents
aged 3–17 years [42], adults aged 18–59 years [41], and adults aged 60 years and older [40]),
the overall incidence of adverse reactions was 19–33% in the vaccine group and 18–22%
in the placebo group across all age groups, with no significant difference between them.
There were no significant differences in the incidence of local adverse reactions in all age
groups except for injection-site pain among the population aged 3–59 years, which was
also the most common local adverse reaction, reported by 10–21% of vaccine recipients and
2–10% of placebo recipients in all age groups. There were no significant differences in the
incidence of systemic adverse reactions among all age groups. The most common systemic
reaction was fever, reported by 3–5% of vaccine recipients and 1–4% of placebo recipients.
No vaccine-related serious adverse events were reported after vaccination.

The phase III clinical trial in a Turkish population aged 18–59 years demonstrated that
the frequencies of total adverse events were 18.9% in the vaccine group and 16.9% in the
placebo group (p = 0.0108) with no fatalities or grade 4 adverse events [43]. Injection-site
pain was the most common and the only local adverse reaction, with statistically significant
differences (2.4% in the vaccine group and 1.1% in the placebo group, p < 0.0001). The
frequency of systemic adverse reactions was significantly higher in the vaccine group
(17.7%) than in the placebo group (16.0%, p = 0.0263), and specific symptoms with significant
differences included fatigue, myalgia, and nausea (8.2%, 4.0%, 0.7% in the vaccine group
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and 7.0%, 3.0%, 0.2% in the placebo group, respectively, p < 0.05). One serious adverse
event (grade 3 systemic allergic reaction) was reported to have a causal relationship with
the vaccine, which occurred more than 24 h after the first dose of vaccine and resolved
uneventfully in the following 24 h.

The phase III clinical trial in an Indonesian population aged 18–59 years showed that
most adverse events were mild both in the vaccine (47.9%) and placebo (42.9%) groups [44].
The most common local adverse reaction and the most common systemic event were pain
and myalgia, respectively (30.5% and 19.9% in the vaccine group vs. 30.1% and 9.0% in the
placebo group). There were nine serious adverse events (SAEs) in all subjects including
five not related to vaccines, one very unlikely, and three less likely to be related to vaccine
products. Mass vaccination campaigns in Chile, including approximately 10.2 million
persons, demonstrated fewer adverse events [45]. Any pattern among these deaths could
not suggest a security issue for CoronaVac.

In conclusion, CoronaVac was well tolerated in populations across all age groups
among different countries. The most common local adverse reaction was pain, whereas
the common systemic events were fatigue, headache, fever, and myalgia. Most adverse
reactions were slight and disappeared within a short time. There was almost no vaccine-
related serious adverse reactions observed after vaccination. ADE is a theoretical possibility
with inactivated vaccines. Clinical trials in people thus far have not shown that participants
who received the vaccine have a higher rate of severe illness than participants who did not
receive the vaccine.

4.2. Safety of Adenoviral Vector Vaccine Convidecia

In recent years, recombinant adenovirus has been widely developed as a vaccine
vector, which is also a crucial technical route for vaccines against COVID-19. Among them,
Convidecia is the first vaccine against COVID-19 in a human trial and the only vaccine with
two modes of administration, including intramuscular injection and inhalation. Convidecia
was constructed by cloning an optimized full-length spike gene into an E1, and E3 deleted
Ad5 vector [22]. The mass vaccination dose and immunization schedule (5 × 1010 viral
particles per 0.5 mL, a single injection) chosen are mainly based on the data from phase
I/II; clinical trials.

In phase I/II; clinical trials of healthy Chinese individuals from Wuhan (phase I; for
adults aged 18–60 years; phase II; for participants aged ≥18 years, 13.0% for ≥55 years),
76.0% of recipients in the vaccine group and 48.0% in the placebo group experienced at least
one or more adverse events within 28 days after vaccination. A total of 74.0% of participants
in the vaccine group reported at least one solicited adverse reaction within 14 days after
vaccination, which was significantly higher than the 37.0% in the placebo group [46–48].
The most common local solicited adverse reaction was pain, reported by 56.0% vaccine
recipients and 9.0% placebo recipients. The most common systemic solicited reactions in
the vaccine and placebo groups were fatigue (34.0% vs. 17.0%), fever (16.0% vs. 10.0%)
and headache (28.0% vs. 13.0%), respectively. All of the above metrics in the vaccine group
were significantly higher than those in the placebo group. Unsolicited adverse reactions
within 14 days postvaccination showed no difference across the groups. No vaccine-related
serious adverse events were documented within 28 days.

Phase III clinical trials in Pakistan, Mexico, Russia, Chile, and Argentina (78 clinical
research centers in total) were completed. Adverse reactions were monitored over 52 weeks.
A total of 61.3% of vaccine recipients and 20.0% of placebo recipients reported an injection-
site adverse event (p < 0.0001), of which pain was the most frequent, reported by 59.0%
vaccine recipients and 19.0% placebo recipients. A total of 63.5% of vaccine recipients and
46.4% of placebo recipients reported a solicited systemic adverse event (p < 0.0001), of
which headache was the most common (44.0% of vaccine recipients and 30.6% of placebo
recipients; p < 0.0001) [49].

A phase I clinical trial of the aerosolized adenovirus type-5 vector-based COVID-19
vaccine (Ad5-nCoV) is just being finished. Safety evaluation revealed that no significant
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difference in the incidence of any solicited adverse events was found between the two
vaccination routes within 7 days after the first vaccination or booster vaccination. However,
injection-site pain was avoided. No vaccine-related serious adverse events were noted
within 56 days after the first vaccination.

Although a significantly higher proportion of participants in the vaccine group re-
ported adverse reactions such as fever, fatigue, and injection site pain than participants in
the placebo group, adverse reactions were generally mild and resolved in no more than
48 h. The experimental aerosolized COVID-19 vaccine with promising potential has a good
safety profile.

4.3. Safety of the mRNA Vaccine BNT162b2

Nucleic acid vaccines have emerged as ideal methods for rapid vaccine design, in-
cluding DNA and mRNA vaccines. Among them, BNT162b2, the first vaccine against
COVID-19 to be approved by the WHO for emergency use, is a lipid nanoparticle-formulated,
nucleoside-modified RNA vaccine that encodes a prefusion stabilized, membrane-anchored
SARS-CoV-2 full-length S protein [10,50]. After injection, the lipid nanoparticle-formulated
mRNA vaccine is taken up by the cells, and the RNA is released into the cytosol, where it is
translated into the S protein.

The multinational clinical trial of BNT162b2 in a population aged 16 years of age or
older demonstrated that BNT162b2 recipients reported more local reactions than placebo
recipients. The most commonly reported local adverse response in participants was pain,
which was reported more frequently in younger participants (83.0% vs. 78.0% after the first
and second dose) than participants older than 55 years of age (71.0% vs. 66.0% after the first
and second dose) [51]. Injection-site redness and swelling were reported by a noticeably
lower percentage of participants. Most local reactions were mild to moderate in severity
and usually resolved within 48 h.

Systemic events were reported more often by younger vaccine recipients than older
vaccine recipients in the reactogenicity subset and more often after dose 2 than dose 1.
Fatigue and headache were the most commonly reported systemic events, which were
higher in vaccine recipients (59.0% and 52.0%, among 16–55 years; 51.0% and 39.0%, among
≥55 years) than in placebo recipients (23.0% and 24.0%, among 16–55 years; 17.0% and
14.0%, among ≥55 years). The frequency of any severe systemic event after the first dose
was 0.9% or less. Fever (≥38 ◦C) was reported after the second dose by 16.0% of younger
vaccine recipients and 11.0% of older recipients. Only 0.2% of vaccine recipients and 0.1%
of placebo recipients reported a fever (38.9–40 ◦C) after the first dose, compared with 0.8%
and 0.1% after the second dose, respectively. Two participants in the vaccine and placebo
groups reported temperatures above 40.0 ◦C.

Adverse events or related adverse events were reported more frequently in BNT162b2
recipients (27.0% and 21.0%) than in placebo recipients (12.0% and 5.0%) [51]. Sixty-four
vaccine recipients (0.3%) and six placebo recipients (<0.1%) reported lymphadenopathy.
The CDC identified and submitted the Vaccine Adverse Event Reporting System (VAERS),
which estimated that the rate of anaphylaxis was 11.1 cases per million doses admin-
istered [38]. Four serious adverse events related to vaccination were reported among
BNT162b2 recipients, including shoulder injury, paroxysmal ventricular arrhythmia, right
axillary lymphadenopathy, and right leg paresthesia [51]. Six recipients died (four from
the placebo group and two from the vaccine group). However, the findings showed that
deaths were unrelated to vaccines or placebo. Multiple articles recently reported that many
healthy young individuals were definitively diagnosed with myocarditis after receiving the
second dose of the mRNA vaccine [52,53]. Cardiac MRI demonstrated that individuals with
vaccine-associated myocarditis have a similar pattern of myocardial injury [54]. Further
investigations are necessary to better understand the causal association. Meanwhile, some
sporadic articles also reported that vaccinated individuals developed a chronic obstructive
pulmonary disease and acute exacerbation of idiopathic pulmonary fibrosis [55,56].
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Adverse reactions were reported more often by vaccine recipients than placebo re-
cipients, more often by younger vaccine recipients (16–55 years) than by older vaccine
recipients (≥55 years), and more often after dose 2 than dose 1. Until now, several serious
adverse reactions have been reported in individuals after receiving the mRNA vaccine,
including anaphylactic reactions, lymphadenopathy, myocarditis, and pulmonary fibrosis,
but the specific causal relationship needs to be proven in further studies.

4.4. Comprehensive Safety Evaluation

Each vaccine must undergo rigorous clinical trials to ensure safety before approval.
However, no vaccine can be 100% safe for everyone because each person’s body can react
differently [57]. Minor side effects are relatively common, while serious side effects should
be infrequent and occur in approximately 1 out of every 100,000 vaccinations. Injection-site
pain was the most commonly reported local adverse reaction in the above vaccines through
intramuscular injection, while fatigue and headache were the most frequently reported
systemic adverse reactions. Several recent clinical trials are currently in the development
pipeline to deliver vaccines via mucosal surfaces to be taken up by the common mucosal
immune system, thus avoiding local adverse reactions [58]. Most adverse reactions were
mild in severity, and participants recovered within a short period. The comparability of
adverse reactions between vaccines may be limited due to differences in the definition of
the threshold for the same behavior. However, compared with their respective controls,
the available results could explain some problems to a certain extent. Figure 2 summarizes
the crude effects of this comparison. There were very few differences in the incidence of
adverse reactions across all age groups between vaccine recipients and placebo recipients
for the inactivated vaccine CoronaVac. For the adenovirus-vectored vaccine Convidecia
and mRNA vaccine BNT162b2, vaccine recipients reported more adverse reactions than
placebo recipients. Anaphylactic reactions and lymphadenopathy have been reported
more after the administration of BNT162b2 [38]. Vaccination with the adenovirus-vectored
vaccine (ChAdOx1 nCov-19) can result in the rare development of immune thrombotic
thrombocytopenia [36]. Compared with other COVID-19 vaccine candidates, adverse
reactions after vaccination with inactivated vaccines were relatively low. Adenovirus-
vectored vaccines and mRNA vaccines have a number of advantages; however, further
improvements are required.

The incidence of severe adverse reactions, such as allergic reactions, is not merely
correlated with the vaccine itself but is also related to the ingredients of vaccines and
the physical characteristics of recipients. For example, polyethylene glycol (PEG), used
in mRNA vaccines as a lipid carrier, was associated with an increasing number of PEG-
associated anaphylaxis events [59]. A total of 81.0% of patients with anaphylaxis have
a documented history of allergies or allergic reactions, and 33% have experienced an
episode of anaphylaxis in the past [38]. In the case of any severe adverse reactions, care-
ful understanding of the medical history and allergic diseases was necessary to avoid
adverse reactions before vaccination. The areas of personnel scheduling, material alloca-
tion, emergency planning, and workflow should be carefully planned before vaccination.
Postvaccination observation periods for 30 min are of great necessity and ensure sufficient
quantities of epinephrine [58].
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Figure 2. Illustration of common adverse reactions induced by COVID-19 vaccines. The most
common local adverse reactions are pain, redness, and swelling at the injection site, whereas the
common systemic adverse reactions are fatigue, headache, and fever. Serious adverse events are very
rare and typically involve thrombotic thrombocytopenia and anaphylactic reactions. The incidence of
each adverse reaction is denoted by different colors and symbols, with red indicating CoronaVac,
green indicating Convidecia, blue indicating BNT162b2, and ‘−’ indicating incidence is less than 10%,
‘±’ indicating incidence is 10–20%, ‘+’ indicating incidence is 20–50%, and ‘++’ indicating incidence is
greater than 50%.

5. Effectiveness and Immunogenicity

Effectiveness is a better marker than all vaccine quality variables except for safety. Vac-
cine efficacy is the most important and intuitive evaluation metric, assessed by comparing
the percentage of reduction in disease incidence in a vaccinated versus unvaccinated popu-
lation or vaccine-specific antibody production. High immunogenicity is pivotal for high
vaccine efficacy and represents a fundamental challenge for vaccine development, closely
related to strong humoral and cellular immune responses in vaccine recipients [60–62]. The
geometric mean titers (GMTs) of specific antibody responses to the RBD and neutralizing
antibody amounts against live SARS-CoV-2 and seroconversion (a positive antibody re-
sponse is at least a fourfold increase in postvaccination titer from baseline) were measured
as humoral immunogenicity endpoints. RBD antibody closed the receptor-binding domain
on the S1 subunit of SARS-CoV-2 and thereby prevented membrane fusion and endocytosis,
which could lead to viral replication. Neutralizing antibodies prevented the virus from
interacting with its host cells by neutralizing the biological effects of the antigen without
a need for immune cells. The higher the GMTs of the antibody is, the better the humoral
immune effect. Specific T cell response quantification with an interferon (IFN)γ enzyme-
linked immunospot (ELISpot) assay and positive T cell responses according to the secretion
of cytokines, such as IFNγ, interleukin-2 (IL-2), and tumor necrosis factor α (TNF-α), are
detected as endpoints for cellular immune responses. It is known that many factors affect
immunogenicity, including the technical principles of vaccines and the personal baseline
characteristics of recipients. For example, compared with recipients with high pre-existing
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anti-Ad5 immunity, recipients with low pre-existing anti-Ad5 immunity had more elevated
RBD-specific antibodies and neutralizing antibodies [46].

5.1. Effectiveness and Immunogenicity of the Inactivated Vaccine CoronaVac

The phase III study of CoronaVac has been conducted in multiple countries, including
Brazil, Turkey, Indonesia, and Chile. Based on the interim result from health care workers
with a vaccination schedule (day 0/14) in Brazil (5.1% for ≥60 years; 36.0% for males), the
overall vaccine efficacy against any COVID-19 was 50.7% (50.7% for 18–59 years; 51.1% for
≥60 years), while the vaccine efficacy against hospitalization and severe COVID-19 was
100.0% [14]. Vaccine efficacy was similar among participants with any comorbidity (48.9%),
including hypertension 100.0%, obesity 74.9%, and type 2 diabetes mellitus 48.6%. Based on
the interim result in a population aged 18–59 years with a vaccination schedule (day 0/14),
vaccine efficacy in Turkey and Indonesia was 83.5% and 65.3% [43,44], respectively. Mass
vaccination campaigns in a population aged 16 years of age or older in Chile (26.2% for
≥60 years) showed that the vaccine effectiveness was 65.9% (66.6% for ≥60 years) for
the prevention of COVID-19, 87.5% for the prevention of hospitalization, 90.3% for the
prevention of ICU admission, and 86.3% for the prevention of COVID-19-related death [45].

Overall, the findings suggested that CoronaVac was highly effective in protecting
against symptomatic SARS-CoV-2 infection, severe COVID-19, and death. The effectiveness
results in persons aged 18–59 years were also consistent with those for persons 60 years of
age or older. Vaccine efficacy was similar among participants with any comorbidity. The
variability of vaccine efficacy between the countries could be of great relevance for variance
in study characteristics such as population, sample size, detection reagents, and force of
infection. Brazil has the lowest vaccine efficacy, which may be related to the high-risk
population, particularly health care workers.

The humoral immunity results from Indonesia showed that the GMTs and seroconver-
sion rates of neutralizing antibodies were significantly different between the vaccine group
and placebo group at day 14 post-vaccination (15.8, 87.2% vs. 2.0, 0.0%). The GMTs and
seroconversion rates of RBD-specific IgG also varied significantly between the vaccine and
placebo groups at day 14 post-vaccination (5181.2, 97.5% vs. 223.6, 0.8%) [44]. Similar to
phase I/II trials [41], the GMTs and seroconversion rates of neutralizing antibodies in the
day 0/14 cohort showed significant differences between the vaccine group and placebo
group at day 14 post-vaccination (27.6, 92.0% vs. 0.0, 3.0%) and at day 28 post-vaccination
(23.8, 94.0% vs. 0.0, 0.0%), which also varied significantly at day 28 post-vaccination (44.1,
97.0% vs. 0.0, 0.0%) in the day 0/28 cohort. The GMTs and seroconversion rates of RBD-
specific IgG in the day 0/14 cohort showed significant differences between the 3 µg group
and the placebo group at day 14 post-vaccination (1094.3, 97.0% vs. 81.0, 0.0%) and at day
28 post-vaccination (1053.7, 97.0% vs. 80.0, 0.0%). There were marked differences between
the 3 µg group and the placebo group at day 28 post-vaccination (1783.6, 99% vs. 87.9, 7%)
in the day 0/28 cohort. The phase I/II trial results reported here also demonstrated that the
humoral immune response in the (day 0/28) vaccination schedule was larger than that in
the (day 0/14) vaccination schedule.

Humoral immunity results from Turkey indicated that 89.7% of vaccines produced
seropositive RBD-specific antibodies, and 92.0% of seropositive vaccines also yielded
protective neutralizing antibodies at least 14 days after the second vaccine. Seropositivity
decreased significantly with increasing age in women and men aged 18–59 [43], consistent
with phase I/II trials in China. In the above phase I/II trials, the GMTs and seroconversion
rates of neutralizing antibodies at day 28 post-vaccination showed significant differences
between the 3 µg group and placebo group in phase 1 (54.9, 100.0% vs. 0.0, 0.0%) and
in phase 2 (42.2, 98.0% vs. 0.0, 0.0%) among the population over the age of 60 years [40],
which also varies significantly between them in phase 1 (117.4, 100.0% vs. 0.0, 0.0%) and in
phase 2 (142.2, 100.0% vs. 0.0, 0.0%) among the population aged 3–17 years [42].

The immunogenicity analysis demonstrated that CoronaVac had good consistency
between each batch and appeared to induce a strong humoral immune response in all
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phase I/II/III trials. Compared with a 0/14 day emergency schedule, a 0/28 day routine
induced more robust humoral immune responses. Compared with the population over the
age of 17 years, CoronaVac induced more robust humoral immune responses among the
population aged 3–17 years.

5.2. Effectiveness and Immunogenicity of Adenovirus-Vectored Vaccine Convidecia

The interim and final analysis data showed that Convidecia had an overall efficacy of
65.3% or 57.5% at preventing all symptomatic COVID-19 disease 28 days after single-dose
vaccination and 68.8% or 63.7% 14 days after single-dose vaccination. Convidecia has an
efficacy of 90.1% or 91.7% at preventing severe disease 28 days postvaccination and 95.5%
or 96.0% 14 days postvaccination [49].

The humoral immunity results from the phase II clinical trial showed that RBD-
specific antibody GMTs and seroconversion rates were 571.0 and 97.0%, respectively, at
day 28 post-vaccination. In contrast, no antibody increase from baseline was 20.7 in
the placebo group. The GMTs and seroconversion rates of neutralizing antibodies were
18.3 and 47.0%, respectively, at day 28 post-vaccination, and no antibody increase from
baseline was observed at 4.1 in the placebo group. Vaccinees with low pre-existing anti-Ad5
immunity had approximately two times higher expression of RBD-specific antibody and
neutralizing antibody than those with high pre-existing anti-Ad5 immunity. Increasing
age was inversely related to the production of RBD-specific antibodies and neutralizing
antibody responses. Male and female participants presented similar levels of RBD-specific
antibodies and neutralizing antibodies post-vaccination.

T cell response results showed that 88.0% of participants in the vaccine groups were
positive for SARS-CoV-2 spike glycoprotein-specific IFNγ responses, whereas there were no
positive responses in the placebo group. Both CD4+ T cells and CD8+ T cells were activated
in vaccine recipients. T cell responses were observed in participants with high and low
pre-existing neutralizing antibodies on day 28. However, a pre-existing Ad5 neutralizing
antibody harmed the pattern of T cell responses. The sex and age of the participants did
not differ in their IFNγ T cell responses post-vaccination.

The immunogenicity results of aerosolized Ad5-nCoV showed [58] that at day 28
after the last vaccination, the geometric mean concentrations of IgG, IgA, and GMTs of
neutralizing antibody were 261 EU/mL, 312 EU/mL, and 107 in participants who received
two high aerosolized doses (2 × 1010 viral particles); 289 EU/mL, 297 EU/mL, and 105 in
participants who received two low aerosolized doses (1 × 1010 viral particles); 2013 EU/mL,
777 EU/mL, and 396 in participants who received an initial intramuscular (5 × 1010 viral
particles) vaccine followed by an aerosolized booster (2 × 1010 viral particles); 915 EU/mL,
425 EU/mL, and 95 in participants who received one intramuscular dose (5 × 1010 viral
particles); and 1190 EU/mL, 521 EU/mL, 425 EU/mL, and 95 in participants who received
one intramuscular dose (1011 viral particles). The T cell response results showed that one
dose of aerosolized Ad5-nCoV induced broad T cell responses, similar to the phenotype
observed with intramuscular Ad5-nCoV. CD4+ T cells predominantly secrete T helper-1
cytokines (IFN-γ and IL-2) rather than T helper-2 cytokines (IL-4 and IL-13). Pre-existing
Ad5 neutralizing antibody significantly reduced the specific IFN-γ response. The mixed
group received an initial intramuscular vaccine and an aerosolized booster that exhibited
the best immune effects.

In summary, adenovirus-vectored vaccines could induce robust humoral responses,
including RBD-binding IgG, IgA, and SARS-CoV-2 neutralizing antibodies and cellular
immune responses after only a single immunization. Similar to some clinical trials [63,64],
pre-existing immunity against adenovirus vectors affected the potency of an adenovirus-
based vaccine by both humoral immunity and cellular immunity. Mixed vaccination
strategies of intramuscular and aerosolized boosters could result in better efficacy and
effectiveness, but further studies are required to elucidate the details.
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5.3. Effectiveness and Immunogenicity of the mRNA Vaccine BNT162b2

This nationwide observational study in Israel showed that vaccine effectiveness esti-
mates against all SARS-CoV-2 outcomes were slightly higher at 14 days or longer than at
7 days or longer after the second dose. Vaccine effectiveness was 95.3% and 96.5% against
SARS-CoV-2 infection, 91.5% and 93.8% against asymptomatic SARS-CoV-2 infection, 97.0%
and 97.7% against symptomatic COVID-19, 97.2% and 98.0% against COVID-19 hospitaliza-
tion, 97.5% and 98.4% against severe or critical hospitalization, and 96.7% and 98.1% against
death at 7 days or longer and at 14 days and long after the second dose, respectively [65].
These findings are consistent with phase I/II trials that indicated that BNT162b2 was 95.0%
effective in preventing COVID-19 [51]. Similar vaccine efficacy (generally 90 to 100%) was
observed across subgroups defined by age, sex, race, ethnicity, baseline body mass index,
and the presence of coexisting conditions. Between the first and second doses, vaccine
efficacy was 52.0% during this interval, indicating early protection by the vaccine, starting
as soon as 12 days after the first dose. Compared with individuals with intact immune
systems, vaccinated patients with hematological neoplasms were more susceptible to
COVID-19, suggesting that vaccine effectiveness in patients with hematological neoplasms
was decreased [66].

The humoral immunity results from the phase I clinical trial showed that the GMTs
of neutralizing antibody elicited by BNT162b2 peaked one week after the second vac-
cination and began decaying one week later. RBD-specific antibodies were 9136.0 and
8147.0 U/mL among participants 18 to 55 years of age, or 7985.0 and 6014.0 U/mL among
those 65 to 85 years of age 7 or at day 14 post-vaccination, whereas no antibody increase
from baseline was 0.9 U/mL in the placebo group. The 50% neutralization titers were
361.0 and 163.0 among participants 18 to 55 years of age and 149.0 and 206.0 among
those 65 to 85 years of age at day 7 or at day 14 post-vaccination, respectively, whereas no
titer increase from baseline was 10.0 in the placebo group. The 50% neutralizing GMTs
at day 7 post-vaccination or day 14 post-vaccination ranged from 1.7 to 4.6 times the
GMT of the convalescent serum panel among participants 18 to 55 years of age and from
1.1 to 2.2 times the GMT of the convalescent serum panel among those 65 to 85 years of
age [67]. BNT162b2 elicited generally lower antigen-binding IgG and virus-neutralizing
responses in participants 65 to 85 years of age than in those 18 to 55 years of age.

Cell response results showed that a single dose of BNT162b2 elicited weak neutralizing
activity elicited in SARS-CoV-2-naïve individuals but strong anti-RBD and anti-S antibodies
with Fc-mediated effector functions and cellular CD4+/CD8+ T cell responses [68]. Strong
correlations between T helper cells and humoral responses showed that CD4+ T cell
responses facilitated the generation of specific humoral responses against SARS-CoV-2
after a single dose of BNT162b2. Compared to naïve people, participants with a history
of infection elicited more robust and functionally skewed responses. SARS-CoV-2-naïve
individuals with BNT162b2 stimulated specific humoral and T cell responses to levels
similar to those presented in infected individuals approximately nine months ago.

An exploratory analysis reported that the mRNA vaccine was immunogenic in preg-
nant women, including strong antibody responses and T-cell responses, and the induced
antibodies could be transported to infants by cord blood and breast milk. The GMTs of
neutralizing antibodies in nonpregnant, pregnant, and lactating women were lower by
3.5-fold for the B.1.1.7 variant and 6-fold lower for the B.1.351 variant than for the wild-type
variant [69].

Together, the BNT162b2 vaccine could induce robust humoral responses, including
RBD-binding IgM IgG, IgA, and SARS-CoV-2 neutralizing antibodies and cellular immune
responses after only a single immunization. Moreover, there was a strong correlation
between T helper cells and humoral responses.

5.4. Comprehensive Effectiveness Evaluation

According to WHO target product profiles for COVID-19 vaccines [70], the charac-
teristics required for emergency use during an outbreak included efficacy of at least 50%,
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maximum of two-dose regimen, suitability for use in older adults, and protection for at
least 6 months. Vaccines with emergency use authorization all achieved WHO criteria. The
efficacy of inactivated vaccines was approximately 60%, adenovirus-vectored vaccines were
65%, and mRNA vaccines were 90%, which were always efficient against asymptomatic
SARS-CoV-2 infection, symptomatic COVID-19, COVID-19 hospitalization, severe or criti-
cal hospitalization, and death. It could be summarized from the above COVID-19 vaccines
that similar overall vaccine efficacy was observed across subgroups defined by age, but
increasing age was found to be negatively correlated with the production of RBD-specific
antibodies and neutralizing antibody responses. Figure 3 summarizes the immunogenicity
results of COVID-19 vaccines. Neutralizing antibody and T cell responses are essential in
eradicating the virus and controlling COVID-19 progression. Neutralizing antibodies exert
effects by neutralizing free viruses. T cell responses are crucial in killing virus-infected cells.
CD4+ cells play important roles in B cell maturation and the development of high-affinity
antibodies in the germinal center of secondary lymphoid organs. Both Convidecia and
BNT162b2 induced robust humoral and T cell immune responses after vaccination. How-
ever, reports about CoronaVac-induced T cell responses are currently lacking. Compared
with conventional immunity, aerosolized immunity has some unique strengths in triggering
mucosal immunity and in preventing invading pathogens.
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Figure 3. Illustration of immunogenicity induced by COVID-19 vaccines. Both neutralizing antibody
and T cell responses are important in eradicating the virus and controlling COVID-19 development.
Neutralizing antibodies exert effects by neutralizing free viruses. T cell responses are essential for
directly killing virus-infected cells. In addition, CD4+ cell responses are critical for the cytotoxic
T cell response and for antibody production in B cells. The intensity of immunogenicity is denoted
by different colors and symbols, with red indicating CoronaVac, green indicating Convidecia, blue
indicating BNT162b2, ‘−’ indicating the unreported intensity, ‘+’ indicating the intensity is moderate,
and ‘++’ indicating the intensity is strong.
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Notably, vaccine effectiveness was gradually weakened over time. Robust evidence
demonstrated that the protective efficacy against SARS-CoV-2 infection decreased by 21.0%
over six months from full vaccination across all ages and for different vaccine types,
including mRNA vaccines and adenovirus-vectored vaccines [71]. However, vaccine
efficacy against severe disease remained greater than 70% over time. A subsequent study
also confirmed the similar conclusion that the protection efficacy waned to negligible
levels within seven months for BNT162b2 and 4 months for ChAdOx1 nCoV-19 [72]. The
decreased effectiveness was related not only to waning immunity but also to the emergence
of new variants. The emergence of new variants appeared to accelerate the waning of
vaccine protection. Compared with the earlier delta variant, the decline in protection
efficacy was more distinctive for omicron even in the first month after a booster dose [73].
SARS-CoV-2 was unlikely to be eliminated within a short time. Hence, vaccines with broad
and durable protection are urgently needed.

6. Prime-Boost Strategies

It should be noted that the antibody level gradually decreased over time [74]. The
third or fourth dose of vaccine could be necessary to sustain and prolong the duration of
protection in populations that have completed vaccination regimens. At present, multi-
ple prime-boost strategies, including homologous and heterologous strategies, are being
explored. Heterologous prime-boost immunization improved both humoral and cellular im-
mune responses, confirmed first in a mouse model [75]. The GMTs of neutralizing antibody
in recipients was 197.4 with 78-fold elevation after boosting with adenovirus-vectored Con-
videcia following two doses of inactivated vaccine CoronaVac at day 14 post-vaccination,
while they were 33.6 with 15.2-fold elevation after boosting with the third dose of inacti-
vated vaccine. The GMTs of neutralizing antibodies in recipients were 54.4 and 25.7-fold
elevated after one dose of inactivated vaccine and one dose of adenovirus-vectored vac-
cines, respectively, while they were 12.8 and 6.2-fold elevated after two doses of inactivated
vaccine, respectively. For the same vaccine, compared with two doses of aerosolized or
one dose of intramuscular Convidecia, the mixed group received an initial intramuscular
vaccine on day 0 followed by an aerosolized booster on day 28 and exhibited the best
immune effects [58]. Studies have indicated that primary immunization provides limited
protection against omicron-caused symptomatic disease after two doses of the ChAdOx1
nCoV-19 or BNT162b2 vaccine. Heterologous prime-boost immunization (a BNT162b2
or mRNA-1273 booster after either the ChAdOx1 nCoV-19 or BNT162b2 primary course)
substantially increased protection against omicron and that protection also waned over
time [73].

7. Conclusions

Compared with other vaccines, adverse reactions and immunogenicity after vaccina-
tion with the inactivated vaccine are all relatively low. mRNA vaccines with the highest
effectiveness are one of the most promising vaccines identified to date. As long as viral
genetic sequence information is known, RNA-based vaccines can be rapidly produced,
particularly important during a pandemic. Taken together, there were sustained declines
in SARS-CoV-2 incidence, suggesting that vaccination offers hope for eventual control of
the COVID-19 outbreak. However, with new variants, especially those less susceptible to
vaccines, progress toward herd immunity can be disrupted.
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et al. Efficacy and safety of an inactivated whole-virion SARS-CoV-2 vaccine (CoronaVac): Interim results of a double-blind,
randomised, placebo-controlled, phase 3 trial in Turkey. Lancet 2021, 398, 213–222. [CrossRef]

44. Fadlyana, E.; Rusmil, K.; Tarigan, R.; Rahmadi, A.R.; Prodjosoewojo, S.; Sofiatin, Y.; Khrisna, C.V.; Sari, R.M.; Setyaningsih, L.;
Surachman, F.; et al. A phase III, observer-blind, randomized, placebo-controlled study of the efficacy, safety, and immunogenicity
of SARS-CoV-2 inactivated vaccine in healthy adults aged 18–59 years: An interim analysis in Indonesia. Vaccine 2021, 39,
6520–6528. [CrossRef]

45. Jara, A.; Undurraga, E.A.; González, C.; Paredes, F.; Fontecilla, T.; Jara, G.; Pizarro, A.; Acevedo, J.; Leo, K.; Leon, F.; et al.
Effectiveness of an Inactivated SARS-CoV-2 Vaccine in Chile. N. Engl. J. Med. 2021, 385, 875–884. [CrossRef]

46. Zhu, F.C.; Guan, X.H.; Li, Y.H.; Huang, J.Y.; Jiang, T.; Hou, L.H.; Li, J.X.; Yang, B.F.; Wang, L.; Wang, W.J.; et al. Immunogenicity and
safety of a recombinant adenovirus type-5-vectored COVID-19 vaccine in healthy adults aged 18 years or older: A randomised,
double-blind, placebo-controlled, phase 2 trial. Lancet 2020, 396, 479–488. [CrossRef]

http://doi.org/10.1016/S0140-6736(21)02014-6
http://doi.org/10.1128/mBio.01024-15
http://doi.org/10.1038/s41467-020-17972-1
http://doi.org/10.1186/1465-9921-12-153
http://doi.org/10.1016/S0140-6736(20)32156-5
http://doi.org/10.1111/imm.12829
http://doi.org/10.1128/CMR.8.3.406
http://doi.org/10.7150/ijbs.59233
http://www.ncbi.nlm.nih.gov/pubmed/33907508
http://doi.org/10.1038/s41467-020-16505-0
http://doi.org/10.3390/vaccines9020081
http://www.ncbi.nlm.nih.gov/pubmed/33498787
http://doi.org/10.3390/vaccines9020147
http://www.ncbi.nlm.nih.gov/pubmed/33673048
http://doi.org/10.1038/s41541-020-0159-8
http://doi.org/10.1111/bcp.14112
http://doi.org/10.1001/jama.2021.3976
http://doi.org/10.1089/088282403763635465
http://doi.org/10.1038/d41587-020-00016-w
http://doi.org/10.1056/NEJMoa2104840
http://doi.org/10.1056/NEJMc2106075
http://www.ncbi.nlm.nih.gov/pubmed/33861522
http://doi.org/10.1001/jama.2021.0600
http://www.ncbi.nlm.nih.gov/pubmed/33475702
http://doi.org/10.1126/science.abc1932
http://www.ncbi.nlm.nih.gov/pubmed/32376603
http://doi.org/10.1016/S1473-3099(20)30987-7
http://doi.org/10.1016/S1473-3099(20)30843-4
http://doi.org/10.1016/S1473-3099(21)00319-4
http://doi.org/10.1016/S0140-6736(21)01429-X
http://doi.org/10.1016/j.vaccine.2021.09.052
http://doi.org/10.1056/NEJMoa2107715
http://doi.org/10.1016/S0140-6736(20)31605-6


Vaccines 2022, 10, 513 16 of 17

47. Zhu, F.C.; Li, Y.H.; Guan, X.H.; Hou, L.H.; Wang, W.J.; Li, J.X.; Wu, S.P.; Wang, B.S.; Wang, Z.; Wang, L.; et al. Safety, tolerability, and
immunogenicity of a recombinant adenovirus type-5 vectored COVID-19 vaccine: A dose-escalation, open-label, non-randomised,
first-in-human trial. Lancet 2020, 395, 1845–1854. [CrossRef]

48. Zhu, F.; Jin, P.; Zhu, T.; Wang, W.; Ye, H.; Pan, H.; Hou, L.; Li, J.; Wang, X.; Wu, S.; et al. Safety and immunogenicity of a
recombinant adenovirus type-5-vectored COVID-19 vaccine with a homologous prime-boost regimen in healthy participants
aged 6 years and above: A randomised, double-blind, placebo-controlled, phase 2b trial. Clin. Infect Dis. 2021, ciab845. [CrossRef]
[PubMed]

49. Halperin, S.A.; Ye, L.; MacKinnon-Cameron, D.; Smith, B.; Cahn, P.E.; Ruiz-Palacios, G.M.; Ikram, A.; Lanas, F.; Lourdes Guerrero,
M.; Muñoz Navarro, S.R.; et al. Final efficacy analysis, interim safety analysis, and immunogenicity of a single dose of recombinant
novel coronavirus vaccine (adenovirus type 5 vector) in adults 18 years and older: An international, multicentre, randomised,
double-blinded, placebo-controlled phase 3 trial. Lancet 2021, 399, 237–248. [PubMed]

50. Walsh, E.E.; Frenck, R.; Falsey, A.R.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Neuzil, K.; Mulligan, M.J.; Bailey, R.; et al.
RNA-Based COVID-19 Vaccine BNT162b2 Selected for a Pivotal Efficacy Study. medRxiv 2020. [CrossRef]

51. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]

52. Kim, H.W.; Jenista, E.R.; Wendell, D.C.; Azevedo, C.F.; Campbell, M.J.; Darty, S.N.; Parker, M.A.; Kim, R.J. Patients With Acute
Myocarditis Following mRNA COVID-19 Vaccination. JAMA Cardiol. 2021, 6, 1196–1201. [CrossRef]

53. Mansour, J.; Short, R.G.; Bhalla, S.; Woodard, P.K.; Verma, A.; Robinson, X.; Raptis, D.A. Acute myocarditis after a second dose of
the mRNA COVID-19 vaccine: A report of two cases. Clin. Imaging 2021, 78, 247–249. [CrossRef]

54. Fronza, M.; Thavendiranathan, P.; Chan, V.; Karur, G.R.; Udell, J.A.; Wald, R.M.; Hong, R.; Hanneman, K. Myocardial Injury
Pattern at MRI in COVID-19 Vaccine-associated Myocarditis. Radiology 2022, 212559. [CrossRef]

55. Ghincea, A.; Ryu, C.; Herzog, E.L. An Acute Exacerbation of Idiopathic Pulmonary Fibrosis After BNT162b2 mRNA COVID-19
Vaccination: A Case Report. Chest 2022, 161, e71–e73. [CrossRef]

56. Mumm, T.; Elbashir, M. A Copd Exacerbation That Occurred after the Mrna COVID-19 Vaccine. Chest 2021, 160, A1764. [CrossRef]
57. Chen, R.T.; Hibbs, B. Vaccine safety: Current and future challenges. Pediatr. Ann. 1998, 27, 445–455. [CrossRef] [PubMed]
58. Wu, S.; Huang, J.; Zhang, Z.; Wu, J.; Zhang, J.; Hu, H.; Zhu, T.; Zhang, J.; Luo, L.; Fan, P.; et al. Safety, tolerability, and

immunogenicity of an aerosolised adenovirus type-5 vector-based COVID-19 vaccine (Ad5-nCoV) in adults: Preliminary report
of an open-label and randomised phase 1 clinical trial. Lancet Infect Dis. 2021, 21, 1654–1664. [CrossRef]

59. Zhou, Z.H.; Stone, C.A., Jr.; Jakubovic, B.; Phillips, E.J.; Sussman, G.; Park, J.; Hoang, U.; Kirshner, S.L.; Levin, R.; Kozlowski, S.
Anti-PEG IgE in anaphylaxis associated with polyethylene glycol. J. Allergy Clin. Immunol. Pract. 2021, 9, 1731–1733.e3. [CrossRef]
[PubMed]

60. Zhao, J.; Zhao, J.; Perlman, S. T cell responses are required for protection from clinical disease and for virus clearance in severe
acute respiratory syndrome coronavirus-infected mice. J. Virol. 2010, 84, 9318–9325. [CrossRef]

61. Channappanavar, R.; Fett, C.; Zhao, J.; Meyerholz, D.K.; Perlman, S. Virus-specific memory CD8 T cells provide substantial
protection from lethal severe acute respiratory syndrome coronavirus infection. J. Virol. 2014, 88, 11034–11044. [CrossRef]

62. Tay, M.Z.; Poh, C.M.; Rénia, L.; MacAry, P.A.; Ng, L.F.P. The trinity of COVID-19: Immunity, inflammation and intervention. Nat.
Rev. Immunol. 2020, 20, 363–374. [CrossRef]

63. Zhu, F.C.; Hou, L.H.; Li, J.X.; Wu, S.P.; Liu, P.; Zhang, G.R.; Hu, Y.M.; Meng, F.Y.; Xu, J.J.; Tang, R.; et al. Safety and immunogenicity
of a novel recombinant adenovirus type-5 vector-based Ebola vaccine in healthy adults in China: Preliminary report of a
randomised, double-blind, placebo-controlled, phase 1 trial. Lancet 2015, 385, 2272–2279. [CrossRef]

64. Buchbinder, S.P.; Mehrotra, D.V.; Duerr, A.; Fitzgerald, D.W.; Mogg, R.; Li, D.; Gilbert, P.B.; Lama, J.R.; Marmor, M.; Del
Rio, C.; et al. Efficacy assessment of a cell-mediated immunity HIV-1 vaccine (the Step Study): A double-blind, randomised,
placebo-controlled, test-of-concept trial. Lancet 2008, 372, 1881–1893. [CrossRef]

65. Haas, E.J.; Angulo, F.J.; McLaughlin, J.M.; Anis, E.; Singer, S.R.; Khan, F.; Brooks, N.; Smaja, M.; Mircus, G.; Pan, K.; et al. Impact
and effectiveness of mRNA BNT162b2 vaccine against SARS-CoV-2 infections and COVID-19 cases, hospitalisations, and deaths
following a nationwide vaccination campaign in Israel: An observational study using national surveillance data. Lancet 2021, 397,
1819–1829. [CrossRef]

66. Mittelman, M.; Magen, O.; Barda, N.; Dagan, N.; Oster, H.S.; Leader, A.; Balicer, R. Effectiveness of the BNT162b2mRNA
COVID-19 vaccine in patients with hematological neoplasms in a nationwide mass vaccination setting. Blood 2022, 139, 1439–1451.
[CrossRef]

67. Walsh, E.E.; Frenck, R.W., Jr.; Falsey, A.R.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Neuzil, K.; Mulligan, M.J.; Bailey,
R.; et al. Safety and Immunogenicity of Two RNA-Based COVID-19 Vaccine Candidates. N. Engl. J. Med. 2020, 383, 2439–2450.
[CrossRef] [PubMed]

68. Tauzin, A.; Nayrac, M.; Benlarbi, M.; Gong, S.Y.; Gasser, R.; Beaudoin-Bussières, G.; Brassard, N.; Laumaea, A.; Vézina, D.;
Prévost, J.; et al. A single dose of the SARS-CoV-2 vaccine BNT162b2 elicits Fc-mediated antibody effector functions and T cell
responses. Cell Host Microbe. 2021, 29, 1137–1150.e6. [CrossRef] [PubMed]

69. Collier, A.Y.; McMahan, K.; Yu, J.; Tostanoski, L.H.; Aguayo, R.; Ansel, J.; Chandrashekar, A.; Patel, S.; Apraku Bondzie, E.;
Sellers, D.; et al. Immunogenicity of COVID-19 mRNA Vaccines in Pregnant and Lactating Women. JAMA 2021, 325, 2370–2380.
[CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(20)31208-3
http://doi.org/10.1093/cid/ciab845
http://www.ncbi.nlm.nih.gov/pubmed/34551104
http://www.ncbi.nlm.nih.gov/pubmed/34953526
http://doi.org/10.1101/2020.08.17.20176651
http://doi.org/10.1056/NEJMoa2034577
http://doi.org/10.1001/jamacardio.2021.2828
http://doi.org/10.1016/j.clinimag.2021.06.019
http://doi.org/10.1148/radiol.212559
http://doi.org/10.1016/j.chest.2021.07.2160
http://doi.org/10.1016/j.chest.2021.07.1607
http://doi.org/10.3928/0090-4481-19980701-11
http://www.ncbi.nlm.nih.gov/pubmed/9677616
http://doi.org/10.1016/S1473-3099(21)00396-0
http://doi.org/10.1016/j.jaip.2020.11.011
http://www.ncbi.nlm.nih.gov/pubmed/33217616
http://doi.org/10.1128/JVI.01049-10
http://doi.org/10.1128/JVI.01505-14
http://doi.org/10.1038/s41577-020-0311-8
http://doi.org/10.1016/S0140-6736(15)60553-0
http://doi.org/10.1016/S0140-6736(08)61591-3
http://doi.org/10.1016/S0140-6736(21)00947-8
http://doi.org/10.1182/blood.2021013768
http://doi.org/10.1056/NEJMoa2027906
http://www.ncbi.nlm.nih.gov/pubmed/33053279
http://doi.org/10.1016/j.chom.2021.06.001
http://www.ncbi.nlm.nih.gov/pubmed/34133950
http://doi.org/10.1001/jama.2021.7563
http://www.ncbi.nlm.nih.gov/pubmed/33983379


Vaccines 2022, 10, 513 17 of 17

70. World Health Organization. Assessing the Programmatic Suitability of Vaccine Candidates for WHO Prequalification. Available
online: https://apps.who.int/iris/bitstream/handle/10665/148168/WHO_IVB_14.10_eng.pdf;jsessionid=2B8144B8E176C5
D64BCD778FA63C3110?sequence=1 (accessed on 10 January 2022).

71. Feikin, D.R.; Higdon, M.M.; Abu-Raddad, L.J.; Andrews, N.; Araos, R.; Goldberg, Y.; Groome, M.J.; Huppert, A.; O’Brien,
K.L.; Smith, P.G.; et al. Duration of effectiveness of vaccines against SARS-CoV-2 infection and COVID-19 disease: Results of a
systematic review and meta-regression. Lancet 2022, 399, 924–944. [CrossRef]

72. Nordström, P.; Ballin, M.; Nordström, A. Risk of infection, hospitalisation, and death up to 9 months after a second dose of
COVID-19 vaccine: A retrospective, total population cohort study in Sweden. Lancet 2022, 399, 814–823. [CrossRef]

73. Andrews, N.; Stowe, J.; Kirsebom, F.; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.M.; et al.
COVID-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. J. Med. 2022, 2119451. [CrossRef]

74. Widge, A.T.; Rouphael, N.G.; Jackson, L.A.; Anderson, E.J.; Roberts, P.C.; Makhene, M.; Chappell, J.D.; Denison, M.R.; Stevens, L.J.;
Pruijssers, A.J.; et al. Durability of Responses after SARS-CoV-2 mRNA-1273 Vaccination. N. Engl. J. Med. 2021, 384, 80–82.
[CrossRef]

75. Zhang, J.; He, Q.; An, C.; Mao, Q.; Gao, F.; Bian, L.; Wu, X.; Wang, Q.; Liu, P.; Song, L.; et al. Boosting with heterologous vaccines
effectively improves protective immune responses of the inactivated SARS-CoV-2 vaccine. Emerg. Microbes Infect. 2021, 10,
1598–1608. [CrossRef]

https://apps.who.int/iris/bitstream/handle/10665/148168/WHO_IVB_14.10_eng.pdf;jsessionid=2B8144B8E176C5D64BCD778FA63C3110?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/148168/WHO_IVB_14.10_eng.pdf;jsessionid=2B8144B8E176C5D64BCD778FA63C3110?sequence=1
http://doi.org/10.1016/S0140-6736(22)00152-0
http://doi.org/10.1016/S0140-6736(22)00089-7
http://doi.org/10.1056/NEJMoa2119451
http://doi.org/10.1056/NEJMc2032195
http://doi.org/10.1080/22221751.2021.1957401

	Introduction 
	Concept of Vaccine Design and Mechanism of Action 
	Types and Differences of Vaccines 
	Safety 
	Safety of Inactivated Vaccine CoronaVac 
	Safety of Adenoviral Vector Vaccine Convidecia 
	Safety of the mRNA Vaccine BNT162b2 
	Comprehensive Safety Evaluation 

	Effectiveness and Immunogenicity 
	Effectiveness and Immunogenicity of the Inactivated Vaccine CoronaVac 
	Effectiveness and Immunogenicity of Adenovirus-Vectored Vaccine Convidecia 
	Effectiveness and Immunogenicity of the mRNA Vaccine BNT162b2 
	Comprehensive Effectiveness Evaluation 

	Prime-Boost Strategies 
	Conclusions 
	References

