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After about 2 years since the first detection of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infections in Wuhan, China, in December 2019 that
resulted in a worldwide pandemic, 6.2 million deaths have been recorded. As a
result, there is an urgent need for the development of a safe and effective vaccine
for coronavirus disease 2019 (COVID-19). Endeavors for the production of
effective vaccines inexhaustibly are continuing. At present according to the World
Health Organization (WHO) COVID-19 vaccine tracker and landscape, 153 vaccine
candidates are developing in the clinical phase all over the world. Some new
and exciting platforms are nucleic acid-based vaccines such as Pfizer Biontech
and Moderna vaccines consisting of a messenger RNA (mRNA) encoding a viral
spike protein in host cells. Another novel vaccine platform is viral vector vaccine
candidates that could be replicating or nonreplicating. These types of vaccines
that have a harmless viral vector like adenovirus contain a genome encoding the
spike protein of SARS-CoV-2, which induces significant immune responses. This
technology of vaccine manufacturing has previously been used in many human
clinical trials conducted for adenoviral vector-based vaccines against different
infectious agents, including Ebola virus, Zika virus, HIV, and malaria. In this paper,
we have a review of nucleic acid-based vaccines that are passing their phase 3
and 4 clinical trials and discuss their efficiency and adverse effects.
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Introduction

The first novel coronavirus disease 2019 (COVID-19) epidemic broke out in Wuhan
and became rapidly widespread with confirmed cases in whole China and the world and
has caused a new global public health crisis (Zhu et al., 2020). However, from December
2019 to July 2022, it has led to more than 553 million coronavirus cases and more than 6.3
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million deaths worldwide (WHO, 2022). Dramatic increase in the
prevalence of the virus and also the growth in mortality rate
resulted in a global competition for the discovery of the virus
vaccine among researchers. Perhaps, finding a potential vaccine
for the prevention of COVID-19 is a large step forward toward
ending this deadly pandemic. Therefore, more than 71 vaccine
candidates are in phase 3 clinical trials, and only 38 vaccines with
different platforms have been approved. Nucleic acid vaccines
benefit genetic instructions in the form of DNA or messenger
RNA (mRNA), to encode specific pathogenic antigens after
entering the host cells like dendritic cells and macrophages. These
cells present viral proteins to CD4 + T-helper cells through the
major histocompatibility complex (MHC) class 1, resulting in the
secretion of IL-12 and IFN-y to further Th1 and natural killer cells
activation (Figure 1; Chavda et al., 2021). Most of these vaccines
contained a plasmid encoding the spike (S) glycoprotein genes.
The advantages of these vaccines are the ability to stimulate
simultaneous innate and adaptive immune responses, safety,
scalability for mass production, and cost-effectiveness, and ease of
manufacturing (Abadi et al., 2018). Easy manipulation of vaccine
nucleic acid has superiority over other vaccines against various
likely mutations of SARS virus (Silveira et al., 2021).

Research has demonstrated that before the emergence of the
COVID-19 pandemic, no existing licensed vaccine has used this
technology. DNA vaccines insert a piece of specific genes encoding
an antigen plus their promoter into the host cell, using DNA
plasmids as a vector. For delivery to cells, the plasmid DNA needs
to cross via the nuclear pores of the host cell, a significant barrier
for DNA-based therapeutics. Electroporation (EP) and/or gene
guns are technologies that not only can facilitate the delivery of
plasmid DNA but also can greatly elevate the expression of the
target protein (Khavari et al., 2016). In addition, one of the benefits
of DNA vaccines rather than mRNA vaccines is greater thermal
stability and less refrigeration requirements (Kim and Jacob, 2009).
Nevertheless, DNA vaccines have to integrate into the host genome,
thereby increasing the risk of insertional mutations (Liu, 2019). The
mRNA vaccine encodes the antigen genome of interest in an mRNA
or self-amplifying mRNA, which can be translated into the
cytoplasm of the host cells after vaccination. The vaccine also does
not need to integrate into the host genome like the DNA one;
therefore, it cannot change or influence the host genome, as one of
the potential practical advantages of mRNA vaccines (Park et al.,
2021). Moreover, utilizing in vitro transcription does not need to
be multiplied in bacteria, or cell culture makes mRNA vaccine
production easier and shorter. However, the optimization of coding
sequence, screening of modified nucleotides, and optimization of
the delivery system are strategies to overcome the instability and
elevation of translational efficiency of the mRNA vaccine (Silveira
etal., 2021). These vaccines can be injected in various formulations
such as carrier-mediated (encapsulated within lipid nanoparticles,
polymers, and peptides), naked, and dendritic cell-based forms
(Zeng et al., 2020).

Inactivated SARS-CoV-2 vaccines are used for the prevention
of COVID-19. They are inactivated viruses which made through
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the growth of SARS-CoV-2 in the cell culture and then inactivation
of the virus. There are different procedures of inactivation, such as
the use of ultraviolet, gamma rays, glutaraldehyde, and
formaldehyde. These vaccines are given intramuscularly and
immune responses are induced against the nucleoprotein,
envelope, matrix, and spike proteins (Krammer, 2020; Khoshnood
etal, 2022). Ease of use, high speed of development, can be stored
at 2-8°C, are the profits of using inactivated vaccines (Al Kaabi
etal., 2021; Awadasseid et al., 2021).

Recombinant protein-based SARS-CoV-2 vaccines, also called
recombinant subunit vaccines, contain only the antigenic
components that are necessary to produce effective immune
responses. Most of them focusing on the virus’s spike protein
(Heidary et al,, 2022). The advantage of using this proven approach
in a pandemic situation is the ability to make a safe vaccine with
a highly productive process that can be manufactured in existing
facilities (Sartorius, 2022).

Other types of vaccine are live vector-based vaccines, which
were introduced as second-generation vaccines. In these vaccines a
genetically modified virus, as a vector, is used to express major
exogenous protective antigen (s), use the host translational
machinery, and then produce high-titer neutralizing antibodies. Live
virus vectors function as an adjuvant to increase immunogenicity
and induce a robust cytotoxic T lymphocyte (CTL) response to
eliminate virus-infected cells (Ura et al., 2014). They generally are
classified into two categories: replicating viral vectors that can
propagate themselves in host cells and carry severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) proteins on its surface and
nonreplicating viral vectors that also produce real virus proteins but
fail to multiply owing to the disability of key genes; most of these
vectors are based on adenoviruses (Ndwandwe and Wiysonge,
2021). The major limitations of some of the viral vectors entails low
efficiency due to the pre-existence of antibodies, impossible use in
immunocompromised  patients, variable immunogenicity,
chromosomal mutagenesis, and significant barriers for large-scale
production and long-term storage (Strizova et al., 2021). Adenovirus
(the causative agent of common cold), measles virus, and vaccinia
virus are instances of viral vectors. Among all the vaccines designed,
only a few have been approved. However, a great deal of effort is still
ongoing to develop an effective vaccine against the SARS-CoV-2
virus. Herein, we provide a comprehensive review of the current
knowledge, as well as the clinical developmental stage and use of
nucleic acid vaccines against COVID-19.

DNA vaccine candidates

The possibility of easy development of DNA vaccine makes it
an attractive option against rapidly emerging diseases like COVID-
19. COVID-19 DNA vaccines (Table 1) are plasmids, including the
gene of S protein, that are delivered into the body. After delivering,
DNA will be converted to mRNA, and finally, the S proteins are
produced. This process will cause cellular and humoral immunity
and prevent the disease in infected patients (Figure 2).
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The 4 of 11 candidate DNA vaccines were under phase 3
clinical trials to assess their safety and efficacy, however only one
vaccine of them (ZyCoV-D) had approved from India. Efficiency
ZyCoV-D vaccine was 66.6% against COVID-19 after two doses,
without severe COVID-19-related side effect.

ZyCoV-D vaccine
ZyCoV-D is the world’s first plasmid DNA vaccine for COVID-

19; it got approval for Emergency Use Authorisation (EUA) from the
Drug Controller General of India (DCGI) for healthy volunteers
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aged 12years or older. ZyCoV-D is nonreplicating and
nonintegrating plasmid DNA developed by Indian pharmaceutical
firm Zydus Cadila with support from the Biotechnology Industry
Research Assistance Council (Motamedi et al., 2021). Plasmid DNA
vector carries genes encoding the spike protein of SARS-CoV-2,
together with a promoter sequence that turns on the gene making
the vaccine very safe. This candidate has a lab-made structure and
is unable to interfere with the genetic composition of humans. It is
a three-dose vaccine (three doses of 2mg each) which is
administered using a spring-powered jet injector, a needle-free
applicator for painless intradermal vaccine delivery and reduces the
any side effects and soreness at the site of vaccination. This vaccine
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TABLE 1 Characteristics of COVID-19 DNA vaccines.

10.3389/fmicb.2022.984536

Vaccine Developer Route of Clinical Subunit Adjuvant  Efficacy Side effects Reference
administration/ stage and
dose structure
ZyCoV-D Zydus Cadila; IM/3 Phase 3 Plasmid DNA  NR 66.6% Negligible side- Khobragade
vaccine Department of Antigen: non- effects only in etal, 2022
Biotechnology, specified phase 1 (Data from
Government of India efficacy trials had
not been
published)
AG0301- AnGes, Osaka IM/2 Phasel/2 Plasmid DNA  Alum NR Not determinate Chauhan et al,
COVID19 University, Japan Antigen: (ongoing) 2021
vaccine Agency for Medical non-specified
Research and
Development
INO- Inovio Pharmaceuticals/ ID (EP)/2 Phase2/3 PGX0001 NR 100% No serious adverse  Sanicas et al.,
4800+EP International Vaccine expression (based on  events were 2020
vaccine Institute vector phaselin  reported (phasel:
Antigen: S the US) Erythema, pain,
protein nausea, any local
event).
GX-19 Genexine Consortium IM (EP or Phase2/3 Plasmid DNA NR NR Phase 1(injection Ahn et al.,, 2022
vaccine in the Republic of Korea PharmaJet” Antigen: S (ongoing)  site pain, itching,
Needle-Free) /2 protein tenderness, and

fatigue)

NR: Not Reported. IM: Intramuscular. IN: Intranasal. LNP: lipid nanoparticle.

has only side effects after the first dose of vaccine but not in another
dose, so it could be a safe booster. After the plasmid uptake by the
cell host, the encoded protein induces strong immunity, degrading
during the time. Studies from animal trials have shown that it can
elicit the protective level of neutralizing antibodies (Dey et al., 2021).
Phase 1 clinical trial (CTRI/2020/07/026352) of ZyCoV-D,
manufactured by India-based Zydus Cadila, was launched on 15th
July 2020 and performed on 1,048 healthy volunteers with
18-55years, to evaluate toleration and safety. Phase 2 study of the
vaccine was conducted with more than 1,000 healthy adult
volunteers in August 6, 2020 as a part of phase 1/2. Another phase
1/2 (CTRI/2021/03/032051) study was conducted to evaluate the
safety and immunogenicity of two doses of 3 mg of the vaccine in
150 healthy volunteers aged 18-60 years. Considering the success of
phase 1/2, the candidate vaccines entered phase 3 clinical trial
(CTRI/2021/01/030416). This phase was a metacentric, randomized,
double-blind, placebo-controlled trial carried out with three doses
of the vaccine on 28,216 volunteers in the age group of 12-99 at days
0, 28, and 56 since November 2020. About 1,000 of these volunteers
were in the age group of 12-17years. In April 2022, Khobragade
et al. demonstrated ZyCoV-D efficacy, safety, and immunogenicity
in a phase 3 study interim analysis (Khobragade et al., 2022). Based
on phase 3 clinical trial, the vaccine efficacy (VE) against
symptomatic COVID-19 in volunteers vaccinated was 66.6%. Lower
reactogenicity of ZyCoV-D vaccine rather than other currently used
vaccines in India, the ease of manufacturing the vaccine with
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minimal biosafety requirements (BSL-1), fast adaptation to viral
mutations, vaccine stability, and no cold chain for storage are
advantages of this platform (Chary et al., 2020; Chauhan et al., 2021;
Motamedi et al., 2021).

AGO0301-COVID-19 vaccine

AGO0301/AG0302 COVID19 is a plasmid DNA expressing S
protein antigen plus an adjuvant developed by AnGes Inc. (Osaka,
Japan) in partnership with Osaka University (Chauhan et al,
2021). Antibodies produced against S protein blocked the binding
of the virus spike to the cell’s receptor. It is a two-dose vaccine (first
low then high dose at 2 weeks intervals) administered through the
intramuscular. It is a non-randomized, open-label, non-controlled
phase 1/2 study (NCT04463472) performed in June 2020 to assess
the safety and immunogenicity of the vaccine in 30 healthy
volunteers aged 20-65. All subjects under study were divided into
the low (1.0mg; n=15) and high dose (2.0 mg; n=15) groups. A
phase II/III study (NCT04655625) was planned to evaluate the
safety, immunogenicity, and efficacy of AG0302-COVIDI19 in
healthy adult volunteers. In phase II/III, approximately 500 adult
volunteers (18 years and older) were vaccinated intramuscularly
with two doses of 2mg at different interval levels [group A
(n=250): 2-week intervals, group B (n=250): 4-week intervals].
Data from efficacy trials yet had not been published.
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Mechanism of action of the COVID-19 DNA and RNA vaccines. COVID-19 mRNA vaccine has strands of messenger RNA inside a coating that
protects it from enzymes. COVID-19 DNA vaccine comprises a plasmid that after the vaccine reaches the nucleus, it must be transcripted to an
mMRNA. In both vaccines, mRNA is translated into the human cells. Next, the encoded protein is expressed in the host cells, and the SARS-CoV-2
antigen can be then presented to antigen-presenting cells. Then, T helper cells stimulate the immune responses including an increase in

neutrophils, NK cells, CD 4+ T cells, CD 8+ T cells, and B cells.

INO-4800+EP vaccine

A clinical trial of DNA vaccines has been initiated by INOVIO
Pharmaceuticals (Pennsylvania, United States) and its partner
Beijing Advaccine Biotechnology, with the support of the
Coalition for Epidemic Preparedness Innovations (CEPI),
Norway. INOVIO was the first company to start phase 2a vaccine
for a related coronavirus that causes Middle East Respiratory
Syndrome (MERS; Ye et al., 2020). INO-4800 is composed of a
plasmid, namely pGX9501, designed to encode for the full length
of the spike glycoprotein of SARS-CoV-2, the main coronavirus
surface antigen with a leader sequence of IgE (Smith et al., 2020).
This candidate injects DNA plasmids intradermally in 2-dose
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series by EP using the CELLECTRA 2000 device (Sanicas et al.,
2020). This application improved the absorption of the antigen,
thereby enhancing the immune response. Moreover, plasmids
replicated into cells and induced natural response mechanisms in
the host. A non-randomized open-label phase 1 trial
(NCT04336410) of INO-4800 vaccine was started to investigate
the safety, tolerability, and immunogenicity of the vaccine on April
3, 2020, in 40 healthy volunteers (18-50years) in Philadelphia.
The vaccine will be injected intradermally with two doses of
1-2 mg through EP within 4 weeks (Tebas et al., 2021).

Phase 1/2 trial (NCT04447781) was planned by the International
Vaccine Institute (IVI) in collaboration with the Korean National
Institute of Health (KNIH) to occur in South Korea concurrently
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with the US on 25 June 2020. This trial evaluated the safety,
tolerability, and immunogenicity of 160 participants aged
19-64 years of age in two different parts (part A: open-label and part
B: double-blind) in the Republic of Korea. Following potential safety
and immunogenicity in phase 1/2 trial, phase 2 (randomized,
double-blinded, placebo-controlled) clinical trial
(ChiCTR2000040146) was performed to assess the immunogenicity,
tolerability, and safety of the intradermal injection of different dose
levels of the vaccine in 604 participants (18-50, 51-64, and 65years
and older) in China. Phase 2/3 (NCT04642638) of INOVIO
Pharmaceuticals, namely INNOVATE (INOVIO INO-4800 Vaccine
Trial for Efficacy), examined the safety and efficacy of two doses of
2mg INO-4800 vaccine based on the data from the phase 2
evaluation in 6578 participants (>18years old) in the United States.
This DNA vaccines are not currently on the market for use in
humans (Funk et al., 2020). No treatment-related serious adverse
events (SAE), type of adjuvant used, and efficacy assessment of this
vaccine have been reported. Also, it has not received any approval.

GX-19 vaccine

GX-19 is a DNA vaccine candidate that contained a 1:2 mix
ratio of GX-19 (1 mg) and GX-21 (2mg) developed by Genexine
Consortium in the Republic of Korea and administered
interadermally in two doses (day 1 and day 2). GX-19 is different
from other COVID-19 vaccines: (Zhu et al., 2020) unlike other
vaccines, Gx-19 targets both spike and nucleocapsid proteins,
thereby inducing a wide range of antigen-specific T-cell responses
and releasing a higher level of neutralizing antibodies that last
longer in the body; (WHO, 2022) it targets parts of the virus that
are shown to rarely mutate and provides protection against various
variants of the COVID-19 virus; (Chavda et al., 2021) it delivers
vaccine without adjuvant or viral vectors; hence, it can be safe for
compromised adults and those with weakened immune system;
(Abadi et al., 2018) the vaccine is delivered using a PharmaJet’s
needle-free injection system that delivers medicine directly into
muscle cells (Bahador et al., 2013).

In two studies of phase 1/2, clinical trials were evaluated in
170 (NCT04715997) and 210 (NCT04445389) healthy volunteers
with 18-55years of age, and the results indicated safety, tolerability,
and immunogenicity in healthy volunteers (Chang et al., 2013;
Clark et al., 2020). On July 9, 2021, a phase 2b/3 clinical trial was
conducted on at least 14,000 healthy individuals (18 years and
older) who have received one of the COVID-19 vaccines
authorized for emergency use in multicountries. So far, 7 trials
have been assessed safety and immunization in one country
(India). The interim results for safety and efficacy were reported
at the end of 2021 (DeJesus et al., 2004).

RNA vaccine candidates

As the name implies, genetically engineered mRNA is used in
the structure of RNA vaccines. After the vaccine is injected, the
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mRNA begins to produce the SARS-CoV-2S protein on the
surface of the person’s muscle cells, leading to antibody release.
These antibodies will prevent COVID-19, if the person becomes
infected with the SARS-CoV-2.

There are seven mRNA vaccines under phase 3 clinical trials
to assess their safety and efficacy, however only two vaccines of
them (BNT162b2 (Comirnaty), and mRNA-1,273) had approved.
The mRNA-1,273, and BNT162b2 vaccine effectiveness against
infection of COVID-19 were 94.1, and 94%, respectively. There
was anaphylaxis in 2.5 cases/ million doses of Moderna vaccine
and 4.7 cases/million doses of Pfizer/BioNTech vaccine according
to the Vaccine Adverse Event Reporting System (VAERS),
followed by excess incidence of myocarditis/pericarditis
particularly in younger individuals reported. Among all vaccine
recipients, less than 2% serious systemic events (Pain, Swelling
Redness, Allergy, Paralysis, Chills, Tiredness, Headache)
were reported.

MRNA-1273 vaccine

MRNA-1273 is a lipid nanoparticle (LNP)-encapsulated
mRNA-based vaccine developed by Moderna and the Vaccine
Research Center at the National Institute of Allergy and Infectious
Diseases (NIAID; Table 2). In animal challenge experiments, the
mRNA-1,273 vaccine has indicated protection, and in early-stage
human testing, it has caused safety and immunogenicity (Corbett
et al., 2020; Jackson et al., 2020).

In phase 3 placebo-controlled trial study, the efficacy of the
vaccine was demonstrated to be the same across secondary
analyses, i.e., assessment 2 weeks after the first dose, as well as
in participants with the evidence of SARS-CoV-2 infection at
baseline and in those who had 65 years of age or older. Severe
COVID-19 was observed in all cases in the placebo group, with
only one fatality. In the group vaccinated with mRNA-1,273,
moderate and temporary reactogenicity was occurred. The
efficacy of mRNA-1,273 vaccine in the prevention of
symptomatic SARS-CoV-2 infection was greater than that
observed in vaccines for respiratory viruses (Baden
et al., 2021).

Recently, Moderna has provided preliminary data from phase
2/3 study of 30,000 cases more than 18years of age in the US
(Investors, 2020). In the study, 37% of subjects were from diverse
racial/ethnic minority backgrounds, and 42% were subjects who
were at high risk for severe COVID-19. Moderna emphasized that
mRNA-1,273 vaccine was well tolerated across all populations
with mild temporary adverse events and has an effectiveness of
94.5%, 2 weeks after the second dose. Five cases of COVID-19
were identified in the vaccine group and 90 cases in the placebo
group; 15.8% of the COVID-19 cases were adults over 65 years of
age, and 21.1% were from diverse racial/ethnic minority
backgrounds. Additionally, 11 cases of severe COVID-19 were
found in the placebo group, but in the vaccine group, no case was
observed (Tumban, 2021). Another study investigated immune
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responses to NHP to different doses of mRNA-1,273 (Moderna)
and evaluated that circulating spike protein-specific antibodies
have a link to protection against SARS-CoV-2 replication in the
airways. In hamsters, NHP antibodies transferred passively could
mediate protection against SARS-CoV-2 challenge. Protection of
the lower respiratory tract needs lower concentrations of serum
antibodies, likely describing the reason the newest vaccines are
highly effectual against severe lower airway disease. The higher
antibody threshold necessary for the reduction of upper airway
infection has the potential for increasing, in order to restrict
transmission (Corbett et al., 2021). The efficacy of this vaccine has
been reported in various studies of 100% efficacy against B.1.1.7
(Alpha); 95.7% efficacy against B.1.35(Beta) in Qatar (Chemaitelly
etal, 2021) and 94.1% against wild type in United States (Baden
et al, 2021). On January 31, 2022, the U.S. FDA approved this
vaccine only to individuals above the age of 18 years and is not yet
approved for children. This company is testing its efficacy for
children ages 5-11.

MRNA-1273.351 vaccine

During the global pandemic coronavirus disease, numerous
mRNA-based vaccines were developed and distributed at an
unprecedented rate to combat COVID-19, because of their high
effectiveness against SARS-CoV-2. Moderna, by sponsoring the
NIAID, introduced mRNA-1273.351 as a novel variant booster
candidate against the variant B.1.351 initially identified in the
Republic of South Africa on January 25, 2021. The booster vaccine
was entered preclinical and phase 1 and 2 trials in the US by the
company to assess the immunological effect of elevating strain-
specific spike proteins (Chaudhary et al., 2021).

The administration of mRNA-1273.351 vaccine was carried
out in immunization regimens alone or in combination with
mRNA-1,273. LNP-encapsulated mRNA vaccine mRNA-1273.351
has the ability to encode a full-length, perfusion stabilized S
protein of the SARS-CoV-2 variants of concern (VOC) B.1.351
(Clinicaltrials.gov, 2022b).

In an in vivo research by Moderna, the vaccine was examined
as a two-dose primary series in mice and as a booster dose in
animals formerly vaccinated with two doses of mRNA-1,273.
Their observations revealed the effectiveness of a primary
immunization series in boosting neutralizing antibody titers
against the B.1.351 variant. Moreover, the third dosage of the
vaccine raised neutralization titers in the wild-type D614G and
B.1.351. These findings suggested the immunogenicity of the
vaccine in mice. Later, Moderna displayed the preliminary
outcomes of a clinical investigation on using mRNA-1273.351
vaccine almost 6 months earlier and concluded that the vaccine
had an acceptable safety profile and was immunogenic (Wu
etal, 2021a).

Wu et al,, using SARS-CoV-2 neutralization assay, measured
antibody neutralization titers against B.1.351 and P.1 variants
before booster vaccination, i.e., 6-8 months after the primary
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dose. Their results showed low titers or below the assay limit of
quantification, but higher titers against the wild-type strain.
Following the initial immunization 2 weeks later, antibody titers
against the two mentioned variants grew to levels similar to or
higher than peak titers. In general, the efficiency of mRNA-
1273.351 in elevating neutralization of the B.1.351 virus was more
than mRNA-1,273. In phase 2 trial (Wu et al., 2021a).

In phase 2 study (Wu et al., 2021b), among 14,711 cases were
given two primary doses of mRNA-1,273. In phase 3 study, cases
were administered a single booster dose of mRNA-1273.351,
which induced strong enhanced responses. Following the primary
dose of the vaccine, neutralizing antibody titer against D614G
virus was up to 4.4-fold higher than the peak titer. In the
previously reported phase 2 and 3 studies, the safety profiles after
mRNA-1273.351 and mRNA-1273 primary series were the same
(Khoury etal.,, 2021; Madhi et al., 2021). The results suggested that
variant-specific vaccines may increase former immune responses
instead of transmitting novel immune responses to the variant
epitopes (Otto et al., 2021).

In a study conducted by Ying and colleagues on 12952 and
K18-hACE2 mice, the immunogenicity and protective activity of
mRNA-1273.351 vaccine were assessed. Immunization with high
or low doses of the mRNA-1273.351 vaccine produced
neutralizing antibodies against both SARS-CoV-2 and various
variants. High dose formulation of the vaccine against all viruses
induced protection from weight loss and lung pathology, while
low dose indicated advanced lung infection and pneumonia with
B.1.617.2. Therefore, due to the decreased levels of immunity by
mRNA vaccines, the progress of infection and disease seems to
happen with a number of SARS-CoV-2 variants, which emphasizes
the need for further booster regimens (Ying et al., 2021). The
available vaccines have exhibited partial or complete effectiveness
against the original use of SARS-CoV-2 and its variations, which
should be promoted and extended for broad vaccination.

This is a phase 1, open-label, randomized clinical trial in
males and non-pregnant females, 18 years of age and older, who
are in good health, have no known history of COVID-19 or SARS-
CoV-2 infection, and meet all other eligibility criteria. This clinical
trial is designed to assess the safety, reactogenicity and
immunogenicity of mRNA-1273.351 manufactured by
ModernaTX, Inc.,, given in vaccination schedules alone,
sequentially, or coadministered with mRNA-1,273.

BNT162b2 (comirnaty) vaccine

Comirnaty is a nucleoside-modified RNA vaccine approved
by the US Food and Drug Administration (Lustig et al., 2021).
Pfizer Biontech COVID-19 vaccine encodes a prefusion-stabilized
SARS-CoV-2 spike protein encapsulated in a LNP to elevate its
uptake by host immune cells (Granados-Riveron and Aquino-
Jarquin, 2021).

Based on preclinical findings, the immunization of NHPs
(rhesus macaques) with BNT162b2 led to strong antiviral impacts
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TABLE 2 Characteristics of COVID-19 RNA vaccines.

10.3389/fmicb.2022.984536

Vaccine Developer Route of Clinical Subunit Adjuvant Efficacy  Side effects Reference
administration/ stage and
dose structure
mRNA-1273 ModernaTX, Inc. IM/2 Phase 4 LNP No adjuvant ~ 100% Systemic adverse Baden et al., 2021;
vaccine efficacy events were more Chemaitelly et al.,
against common after the 2021; Corbett
B.1.1.7; second vaccination. et al, 2021
95.7% Serious adverse
efficacy events
against were rare.
B.1.35in
Qatar and
94.1%in
United States
mRNA- ModernaTX, Inc. IM/2 Phase 2 LNP No adjuvant ~ NR NR Baden et al., 2021
1273.351
vaccine
BNT162b2 Pfizer-BioNTech  IM/2 Phase 4 LNP No adjuvant ~ 95% (based ~ Mild-to-moderate Sahin et al., 2021
(Comirnaty) on phase pain at the injection
vaccine 2/3) site within 7 days
after injection,
injection-site
redness or swelling,
fever, fatigue, and
headache
CVnCoV CureVac N.V. M/2 Phase 3 LNP No adjuvant ~ 48.2% Injection-site pain, ~ Hoffmann et al,,
vaccine (phase 2b/3)  fatigue, headache, 2021; Kremsner
None of the fatal etal, 2021
serious adverse
events reported
ARCoV vaccine AMS, Walvax IM/2 Phase 3 LNP No adjuvant ~ NR NR ClinicalTrials.gov,
Biotechnology 2021a
and Suzhou
Abogen Bio-
sciences
mRNA- ModernaTX, Inc. IM/2 Phase 2 LNP No adjuvant ~ NR NR Clinicaltrials.gov,
1273.211 2022b
vaccine
ARCT-154 Arcturus M/2 Phasel/2/ 3 self-amplifying  No adjuvant ~ NR NR Vietnam News
mRNA vaccine  Therapeutic mRNA Agency, n.d;

Clinical Trials
Arena, 2021;
ClinicalTrials.gov,

2022c

NR: Not Reported. IM: Intramuscular. IN: Intranasal. LNP: lipid nanoparticle.

on SARS-CoV-2 infection. In all SARS-CoV-2-challenged rhesus
macaques, vaccination with this vaccine inhibited lung infection,
and no viral RNA was observed in the lower respiratory tracts of
the vaccinated and challenged animals. BNT162b2 immunization,
within 3 days after infection, cleared the viral RNA in all SARS-
CoV-2-challenged animals. The vaccine produced SARS-CoV-2
and pseudovirus-neutralizing antibodies in rhesus macaques and
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mice, respectively, as well as induced potent antigen-specific CD4*
and CD8" T cells in both animal groups (Pfizer, 2020).

Based on the phase 1/2/3 study, immunization with BNT162b2
at well-tolerated doses produced a mixed adaptive humoral and
cellular immune response, which possibly contributes to protection
from COVID-19 (Sahin et al,, 2021). Emerging evidence has also
indicated that the effectiveness of the mRNA-based vaccine against
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the original SARS-CoV-2 and the B.1.1.7 variant was 95% (Lustig
et al,, 2021), which supports the findings of Polack and associates
who reported 95% effectiveness of the vaccine in avoiding COVID-
19. The efficacy of BNT162b2 was the same across subgroups
identified by gender, age, ethnicity, race, baseline BMI, and the
presence of concomitant diseases. The safety profile of the vaccine
included short-term, mild-to-moderate pain at the site of injection,
fatigue, and headache (Polack et al., 2020).

In an ongoing placebo-controlled trial, 2,260 participants, aged
12-15years, received injections; 1,131 cases were administered
BNT162b2, while 1,129 cases were given placebo. In other age
groups, the vaccine showed side effects, but with temporary mild-to-
moderate reactogenicity. The vaccine also induced a higher immune
response than in young adults. The overall efficacy of the vaccine was
found to be 100% (Frenck Jr et al, 2021). In phase 2 controlled
experiment, BNT162b2 vaccine was administered as a second dose
to individuals who were vaccinated with ChAdOx1-S. Vaccination
induced a strong immune response with an acceptable and
controllable reactogenicity (Borobia et al., 2021).

Collectively, the BNT162b2 vaccine showed superb effectiveness
and safety in phase 3 and robust immunogenicity in phase 2 studies.
In phase 4 trial, titers of neutralizing IgG were assessed against the
RBD of the S1 subunit of the SARS-CoV-2 spike protein 2 weeks
after vaccination of patients. Age-related antibody titers displayed
no significant difference in the range of 20-50years, but in the
50-60 age group, antibody titers were significantly lower (Kontou
et al, 2021). The Phase 1/2/3 trial, safety, tolerability, and
immunogenicity of the Pfizer-BioNTech COVID-19 Vaccine
evaluated among 10,000 children (aged 6 months-12years) in the
United States, Finland, Poland, Spain and Brazil. This vaccine
approved by FDA under Emergency Use Authorization (EUA) to
prevent of covid-19 infection in subjects 6 months of age and older.
87 trials in 27 countries assess safety and immunization of this
vaccine. This vaccine approved in 146 countries.

CVnCoV vaccine

CVnCoV, designed by CureVac N.V. (Germany) and the
Coalition for Epidemic Preparedness Innovations (Norway), is a
LNP vaccine encoding perfusion stabilized spike protein.
CVnCoV vaccine, unlike other mRNA-based vaccines, comprises
of non-chemically altered nucleotides and can be used at low
doses. In NHPs, CVnCoV can induce robust humoral and cellular
responses, and animals given 8 pug of the vaccine can be protected
from infection with SARS-CoV-2. Studies of pathological
alterations in challenged animals gave no evidence of increased.
Disease after vaccination with CVnCoV, which is suggestive of the
safety, immunogenicity, and protective effectiveness of the vaccine
(Rauch et al., 2020).

A former study has highlighted that immunization with
CVnCoV vaccine could induce robust humoral responses with
high titers of antibodies neutralizing the virus and strong T-cell
responses. Vaccination of hamsters with CVnCoV made a
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protection against challenge with wild-type SARS-CoV-2, but
those vaccinated with a minimal dose of the vaccine showed no
indication of increased disease due to vaccine. Altogether,
CVnCoV was recognized to be a strong and safe vaccine candidate
against SARS-CoV-2 (Rauch et al., 2021).

According to data from a phase 2b/3 trial of CVnCoV, the
vaccine designed for the completion of phase 3 trials had only 47%
effectiveness against the disease, which contradicts previous
mRNA vaccines developed by Moderna and Pfizer BioNtec that
showed almost twice efficacy (Baker and Dolgin, 2021). The
correlation of neutralizing antibody response with protection
against SARS-CoV-2 infection was analyzed across eight vaccine
platforms (Cromer et al., 2021). One study, using the K18-hACE2
transgenic mouse model, tested the effectiveness of CVnCoV
against the ancestral strain and VOC B.1.351. Based on the results,
the vaccine induced full protection against both disease and
mortality. Notwithstanding reduced neutralizing antibody titers
in comparison to BavPatl as the ancestral strain, CVnCoV
displayed full disease protection (Hoffmann et al, 2021). In
another study, a dosage escalation phase 1 was analyzed in healthy
subjects with the age of 18-60years old; those who received two
CVnCoV vaccinations or placebo displayed no serious AEs related
to vaccine. In general, two doses of CVnCoV vaccine showed to
be safe and had reactogenicity (Kremsner et al., 2021). A survey
in Poland evaluated eight unauthorized vaccines in the EU. The
vaccine with the highest level of trust belonged to CVnCoV,
followed by Ad26.COV2.S, NVX-CoV2373, and Sputnik V
(Rzymski et al., 2021). Phase 2b/3 study show that the efficacy of
this vaccine is 48.2%. The most frequently reported local reaction
was injection-site pain, and the most frequently reported
systematic reactions were fatigue and headache. 0-4% recipients
reported 100 serious adverse events. None of the fatal serious
adverse events reported were considered to be related to study
vaccination (Kremsner et al., 2022).

ARCoV vaccine

The Arabic vaccine, ARCoV or Walvax COVID-19 vaccine, is
an mRNA vaccine developed with relying on the RBD of SARS-
CoV-2 (Park et al., 2021). The vaccine was first designed by the
collaboration of Walvax Biotechnology with the Academy of
Military Medical Sciences and Suzhou Abogen Biosciences Co.,
Ltd. (China). Intramuscular immunization of ARCoV mRNA
LNP in mice and NHPs induced strong neutralizing antibodies to
SARS-CoV-2 and to a Th1-biased cellular response. Immunization
of mice with two doses of ARCoV elicited full protection against
SARS-CoV-2. ARCoV vaccine, which is produced as a liquid
formulation, can be preserved at room temperature for minimum
1 week. The safety, tolerance, and preliminary immunogenicity of
this vaccine assessed in phase 1 clinical trials (Zhang et al., 2020).
Fever and Low lymphocyte count were most common adverse
reaction. In January 2022, Phase II trial was conduct on 420
participants aged 18-59 to evaluate immunogenicity and safety of
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different doses. Phase 3 Clinical studies of this vaccine were
conducted in 28,000 people in Mexico, Indonesia, Nepal, and
China (ClinicalTrials.gov, 2021a).

MRNA-1273.211 vaccine

mRNA-1273.211 is an updated new mRNA booster vaccine
stabilizing the perfusion form of spike protein (Genetic
Engineering & Biotechnology News, 2022). The vaccine combines
mRNA-1,273 and mRNA-1273.351 (Pharmaceutical Technology,
2021). Wu and associates conducted a study on mice and evaluated
two novel COVID-19 mRNA vaccines developed for targeting
SARS-CoV-2 variants. The first vaccine, mRNA-1273.351, is
found in the B.1.351 lineage and encodes for the S protein, and
mRNA-1273.211 is the second vaccine consisting of a mixture
(1:1) of mRNA-1,273 and mRNA-1273.351. The two aforesaid
vaccines were studied in mice as a two-dose initial series. The first
vaccine was also assessed as a booster dose in animals vaccinated
with two doses of mRNA-1,273. Their results evinced the
effectiveness of both vaccines and emphasized that the third dose
of mRNA-1273.351 could considerably elevate both wild-type and
B.1.351-specific neutralization titers. The two vaccines are now
being assessed in both preclinical challenge models and in phase
1/2 clinical trial (Wu et al., 2020).

In a clinical study, three parts, A, B, and C, were evaluated. In
part A, two doses (50 or 100 pg, IM) of the mRNA-1273.211
vaccine, as a single booster dose, were given to the adults of the
mRNA-1,273-P301 (COVE [NCT04470427]) study. These
participants had formerly received two doses of mRNA-1,273. In
parts B and C, the mRNA-1,273 and mRNA-1273.617.2 vaccines
were, respectively, administered as a single booster dose (100 pig)
to the same adults mentioned above. The enrollment of part B will
initiate after completing the enrollment of part A and part C after
the completion of the enrolment of part B of the study
(ClinicalTrials.gov, 2022a). In another survey, Choi et al. evaluated
the safety and immunogenicity of a single booster dose of mRNA-
1,273, modified mRNA-1273.351, and multivalent mRNA-
1273.211 in healthy adults in phase 2a trial. Their results
demonstrated that all boosters were safe and well-tolerated and
numerically enhanced neutralization titers against SARS-CoV-2
VOCs, B.1.351, P.1, and B.1.617.2. Their clinical trial study is still
ongoing (Wu et al., 2021a). So far, 4 trials have been assessed safety
and immunization in one country (U.S).

ARCT-154 mRNA vaccine

ARCT-154 is a two-dose self-amplifying mRNA vaccine to
be produced under the collaboration of VinBioCare (a member of
Vingroup, the largest private conglomerate in Vietnam) and
Arcturus (Clinical Trials Arena, 2021). The vaccine was developed
based on the ARCT-021 vaccine, whose research results in phases
1,2, and 3 have been reported in the US and Singapore. Given this,
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the Health Ministry’s Biomedical Ethics Council permitted phases
2 and 3a clinical trials to take place at the same time (Vietnam
News Agency, n.d.). The two phases were carried out
simultaneously in Bac Ninh, Hanoi, and Long An with a total of
1,000 volunteers. The trial work was carried out by Hanoi Medical
University and Pasteur Institute in Ho Chi Minh City. In Bac
Ninh, from 20 to 23 September, the research team started
recruiting volunteers and selected 338 people aged 18-65, who
received the first dose from 27 to 29 September. In Long An and
Hanoi, the Ministry of Health also implemented the first dose for
volunteers. The phase 3 trial is expected to end on November 24th
2021, and the research team will report the results of the trial to
the Ministry of Health on December 30 (ClinicalTrials.gov,
2022¢). The studies showed this vaccine achieved 55% efficacy
against infection and 95.3% against severe disease.

Viral vector (nonreplicating)
vaccine candidates

In comparison to replicating viral vectors, nonreplicating
These
nonreplicating viral vectors to accept twice as larger genetic

vectors have genetic deletions. deletions allow
elements than replicating viral vectors (8 kb vs. 4kb). However, as
nonreplicating vectors are unable to replicate inside the body,
much higher doses are needed to promote immune responses
(Figure 3). There are six non-replicating viral vector vaccines
under phase 3 clinical trials to assess their safety and efficacy,
however only two vaccines of them (GRAd-COV2 vaccine and
AZD2816 vaccine) yet not approved. The ChAdOx1-S, Ad5-nCoV,
and Ad26.COV2.S vaccines received approval for emergency use
by the United States Food and Drug for individuals of 18 years and
above. ChAdOx1m, SPUTNIK V, Ad5-nCoV, Ad26.COV2 had an
efficacy of 76, 97.6, 65.7, 66% at preventing symptomatic
COVID-19 infection and 100,100, 90.98, 85% efficacy in
preventing severe COVID-19 infection. The majority of the
systemic adverse reactions in the clinical trials were mild to
moderate intensity and no serious events. The common side
effects were fever, headache, nausea, fatigue, and myalgia. The

most of side effects reported in patients under the age of 60 years.

ChAdOx1-S-(AZD1222) vaccine

The Oxford/AstraZeneca vaccine, AZD1222, also known as
Vaxzevria in the EU and ChAdOx1 nCoV-19, is an adenovirus-
based viral vector vaccine containing a genome encoding a
perfusion conformation of the SARSCoV2-spike glycoprotein
antige (Table 3; CDC, n.d.). In the past, viral vector vaccines using
adenovirus have demonstrated difficulties with immunity to viral
vectors, but there was not any indication of tumorigenicity (Kaur
and Gupta, 2020). Immunization of BALB/c and CD1 mice, pigs,
ferrets, and NHPs with AZD1222 has been exhibited to
be immunogenic in these animals (Ramasamy et al., 2020).
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FIGURE 3

Mechanism of action of the COVID-19 vector vaccines. In comparison to replicating viral vectors, nonreplicating vectors have genetic deletions
and unable to replicate inside the body. In both vaccines, the SARS-CoV-2 antigen can be presented to antigen-presenting cells. Then, T helper
cells stimulate the immune responses including an increase in neutrophils, NK cells, CD 4+ T cells, CD 8+ T cells, and B cells.

In phase 2/3 study, a single dose of the vaccine produced
humoral and cellular immune responses in rhesus monkeys and
induced protection against lower respiratory tract infection
following subsequent infection with SARSCoV2.17 (Tian et al.,
2021). Results from a phase 1/2 study in adults aged 18-55years
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have displayed that the vaccine is well-tolerated and induces stable
neutralizing antibodies and cellular immune responses to the
spike glycoprotein (Folegatti et al., 2020). In one study, the efficacy
of four trials (COV001, COV002, COV003, and COV005) was
analyzed among 17,178 people. The study detected 332 cases of
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TABLE 3 Characteristics of COVID-19 non-replicating viral vectors vaccines.

10.3389/fmicb.2022.984536

Vaccine Developer  Route of Clinical Subunit Adjuvant Efficacy Side effects Reference
administration/ stage  and
dose structure
ChAdOx1-S-/  AstraZeneca IM/2 Phase 4 Non- No adjuvant ~ 66.7% based on results ~ Fever, headache, Pormohammad
AZD1222/ and the replicating viral of four clinical trials in  muscle pain, etal., 2021;
Oxford- University of vector the UK, Brazil, and numbness, eye Voysey et al.,
AstraZeneca  Oxford (chimpanzee South Africa muscle pain. 2021; Alghamdi
vaccine adenovirus thrombotic events etal, 2022
vector (few studies)
encoding the
SARS-CoV-2
Spike protein)
Ad5-nCoV/ CanSino M/1 Phase 4 Non- No adjuvant  63.7 and 57.5% after Commonly mild Halperin et al.,
Convidecia Biological Inc. replicating viral day14 and 28 post- reaction: Headache, 2022
and Beijing vector administration pain at the injection
Institute of (adenovirus (according to phase3 site
Biotechnology type 5 vector data)
expressing the
SARS-CoV-2
coronavirus
spike protein)
JNJ-78436735/ Janssen M /1 Phase 4 Non- No adjuvant ~ 66.9% based on phase  generally mild to Sadoff et al., 2022
Ad26.COV2.S Pharmaceutical replicating viral 3 clinical trial data moderate and
Companies vector temporary with a
(Johnson & (adenovirus lower incidence
Johnson) type 26 among older subjects
expressing the
SARS-CoV-2
spike protein)
GRAd-COV2  ReiThera, IM/1 Phase 2/3  Non- No adjuvant ~ 98.8% seroconversion ~ mostly mild or Lanini et al.,
Leukocare and replicating viral rate based on phase 1~ moderate and witha  2021b
Universelle vector (gorilla data short duration
Adenovirus
encoding
SARS-COV-2
Spike protein)
AZD2816 AstraZeneca M /2 Phase 2/3  Non- No adjuvant  NR NR van Doremalen
and the replicating viral etal, 2022
University of vector (similar
Oxford to AZD1222;
but encoding
beta variant
SARS-COV-2
Spike protein)
Gam-COVID-  Gamaleya M /2 Phase3 Non- No adjuvant  91-6% efficacy based pain in the injection ~ Babamahmoodi
Vac /Sputnik  Research replicating viral on phase 3 data site, fatigue, body etal, 2021;
v Institute and vector pain, headache, fever, Logunov etal,
Health Ministry (adenovirus joint pain, chilling, 2021
of the Russian serotype 26 and
Federation encoding drowsiness(based on
SARS-COV-2 Iranian health care
Spike protein) workers’ results)

NR: Not Reported. IM: Intramuscular. IN: Intranasal. LNP: lipid nanoparticle.
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COVID-19 symptoms in more than 2 weeks following the second
injection of the vaccine. Moreover, 84 positive cases and 248 cases
were identified in the AZD1222 and control groups, respectively,
reflecting an efficacy of 66.7%. At 3months after the second
injection, no signs of reduced efficacy were observed against
symptomatic COVID-19 in relation to the vaccine (Voysey et al.,
2021). The immunogenicity data for COV001 suggested that the
second dose of the vaccine provided enhanced immunogenicity;
therefore, a two-dose regimen was used (Lefebvre et al., 2021). In
arandomized controlled trial with HIV-negative cases, the efficacy
and safety of AZD1222 vaccine were assessed. Participants (aged
>18<65) were randomly selected in a 1:1 ratio to receive two
doses of the vaccine or placebo within 21-35days. In this
secondary trial evaluating the effectiveness of AZD1222 against
VOE B.1351, 39 cases of the variant were reported. In addition,
there was little to no evidence that AZD1222 protected against
B.1351 variant, with a VE of 10.4% (Madhi et al., 2021).

The frequencies of side events reported for AZD1222 vaccine
were similar to those of the AstraZeneca vaccines, and the
majority of the adverse effects had no relationship with the
vaccine. In phase 3 trials, 12,000 cases were given the AZD1222
vaccine; only one case of transverse myelitis was found to
be associated with the vaccine (Lefebvre et al., 2021).

The more time passes, the more we know about severe adverse
events occurred following AZD1222 vaccine administration. In
addition to common and mild events, reports of thrombotic
adverse reactions in some countries since March 2021, resulted in
a temporary cession of vaccine usage (Belete, 2022).

A retrospective descriptive analysis based on EudraVigilance
database on frequency of thrombotic adverse events among the
population who received one of Moderna, Pfizer and Oxford-
AstraZeneca vaccines showed 53.8% of these events were related to
Oxford-AstraZeneca vaccine in the age group 18-64years, but
interestingly two other vaccines showed also high proportion among
subjects in 65-84 years group, indicating almost equal prevalence of
thrombotic adverse events between these vaccines that is relevant to
the age group (Tobaiqy et al., 2021). 69 trials in 32 countries assess
safety and immunization of this vaccine. Oxford-AstraZeneca
vaccines approved in 141 countries. The studies showed this vaccine
had an efficacy of 72% against symptomatic SARS-CoV-2 infection
and 75% against Omicron virus variant. Also, WHO published
interim recommendations for use this vaccine.

Ad5-nCoV vaccine

Ad5-nCoV, with the trade name of Convidecia, is a genetically
engineered vaccine developed in China and encodes the full-
length SARS-CoV-2 spike protein. Vaccines designed based on the
adenoviral vectors are easily developed and can be produced on a
large scale, which provides a promising platform for clinical use.
For instance, there are many human clinical trials performed for
adenoviral vector-based vaccines against varied infectious
diseases. The results of Ad5-nCoV studies have represented that
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these vaccines have ability to elicit pathogen-specific humoral and
cellular immunity (Cao et al., 2021). In an animal trial, it has been
explored that the vaccination of mice with a single dose of
Ad5-nCoV induces full protection against mouse-adapted SARS-
CoV-2 infection, both in the upper and lower respiratory tracts.
The trial also highlighted that mucosal vaccination could provide
a favorable protective efficacy (Wu et al., 2020).

With the aim of evaluating the safety and immunogenicity of
the Ad5-nCoV vaccine, a phase 1 trial was conducted in Wuhan city
of China. The trial included adults (aged >18 years) seronegative for
SARS-CoV-2. The most frequent AD observed 7 days after the first
booster vaccine was fever (in 48% of cases), followed by fatigue
(31%) and headache (35%). Aerosolized Ad5-nCoV was well
tolerated, and two doses of this vaccine induced neutralizing
antibody responses the same as one dose of intramuscular injection.
At 28days after the first intramuscular injection, an aerosolized
booster vaccination elicited potent IgG and neutralizing antibody
responses (Wu et al., 2021c).

An important step to approve vaccines is the clinical
assessment of the immune response, including immunogenicity,
safety, and efficacy (Cao et al., 2021). Determination of the dose
of the Ad5-nCoV vaccine was assessed in the first randomized
controlled trial, comprising of 508 eligible subjects assigned to
receive the vaccine (1x 10" and 5x 10" viral particles) or
placebo. Both doses of Ad5-nCoV induced significant neutralizing
antibody responses to live SARS-CoV-2. The Ad5-vectored
COVID-19 vaccine showed to be safe at 5 x 10" viral particles
and induced significant immune responses in most of the subjects
after a single immunization (Zhu et al, 2020). In a survey
conducted on 54 cases who received Ad5-nCoV vaccine, the
immunogenicity of the messenger adenovirus vector Ad5-nCoV
vaccine was discovered through the generation of IgG antibody to
subunit 1 of protein S, and the side effects of the vaccine were
evaluated. The vaccine induced S1 IgG antibodies in 88.89% of the
vaccinated cases. Females induced more antibodies when
receiving either vaccine. Ad5-ncov was concluded to be a safe
vaccine (Guzman-Martinez et al., 2021).

Phase 3 of the vaccine clinical trial with 36,717 participants
aged 18years and older conducted in Argentina, Chile, Mexico,
Pakistan, and Russia from Sept 2020 to Jan 2021 to investigate
immunogenicity and safety of single-dose Ad5-nCoV vaccine. The
vaccine was well-tolerated and pain at the injection site was the
most frequent side effect. Observation of severe adverse events
was rare and similar (0.1%) in both vaccine and placebo groups.
Efficacy of vaccine against symptomatic and PCR-confirmed
COVID-19 infection at day14 and 28 after administration were
63.7 and 57.5%, respectively, (Halperin et al., 2022).

In a longitudinal investigation, 346 cases (117 with and 229
without prior COVID-19) who were vaccinated with Ad5-nCoV
were selected. The vaccine induced higher neutralizing antibody
percentage in individuals with (98%) than without (72%) prior
COVID-19. Moreover, before vaccination, a natural infection
induced more neutralizing antibodies than immunized people
without prior COVID-19. None of the patients showed severe
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adverse effects related to the vaccine. Production of impaired
antibodies was associated with age, antidepressant and
immunosuppressive treatments, reactogenicity, and history of
COVID-19. In all groups, after 21 days of post vaccination, the
anti-Ad>5 antibodies increased (Hernandez-Bello et al., 2021).

The efficacy of Ad5-nCoV with one dose has been concerned.
In an investigation, SARS-CoV-2 spike 1-2 IgG antibodies in plasma
samples were compared between two groups. The first group was
immunized with Ad5-nCoV vaccine, and the second group received
a heterologous vaccination regimen containing Ad5-nCoV and
BNT. Cases who received BNT as a boost after Ad5-nCoV showed
higher SARS-CoV-2 spike 1-2 IgG antibody titers, without any
severe adverse effect (Romero-Ibarguengoitia et al., 2021). 14 trials
in 6 countries assess safety and immunization of this vaccine and
was approved in 10 countries. In Jan. 11, 2022, a phase 1/2 study
showed boosting dose with inhalation Convidecia induced a strong
mucosal immune response. On May 19, 2022, the WHO published
interim recommendations for use this vaccine.

Ad26.COVZ2.S vaccine

On February 27, 2021, Johnson and Johnson’s vaccine, Ad26.
COV2.S, was authorized for use in the US. Ad26.COV2.S has
hitherto been administered to more than eight million patients.
The vaccine is a recombinant, replication-incompetent human
adenovirus type 26 vector. Ad26.COV2.S vaccine causes the
expression of the SARS-CoV-2 spike antigen through mRNA or a
viral vector, without propagating the virus. Protection against
COVID-19 is occurred when the immune response is elicited to
the S antigen (Sulemankhil et al., 2021).

In a preclinical experiment with NHPs, the immunogenicity and
protective efficacy of a single dose of the vaccine were examined.
After the SARS-CoV-2 challenge, the vaccine induced strong
neutralizing antibody responses and made a complete or near-
complete protection in bronchoalveolar lavage and nasal swabs.
There was a connection between the titers of vaccine-elicited
neutralizing antibodies and protective efficacy, which is the indication
of an immune correlate of protection (Mercado et al., 2020).

Understanding the immune responses to SARS-CoV-2
contributes to the perception of disease pathogenesis and the
usefulness of treatment, as well as assists in the development of
vaccines, antivirals, and monoclonal antibodies (Sadoff et al.,
2021). In a placebo-controlled, phase 1-2a trial, healthy individuals
aged 18-55years (cohort 1) and aged 65 years or older (cohort 3)
were randomized to receive two doses of Ad26.COV2.S. After
administrating the first dose of the vaccine, fever was the most
common AV, and after the second dose, reactogenicity was lower.
Following the first vaccine dose, titer neutralizing antibodies
against wild-type virus were observed in the majority (90% or
more) of all subjects on day 29 and reached 96% by day 57, with
elevated titer in cohort 1a. However, the titers remained stable
until at least day 71. Spike binding antibody response and
neutralizing antibody response were found to be the same. On day
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15, CD4" T-cell responses were identified in 76-83% (in cohort 1)
and in 60-67% (in cohort 3). CD8" T-cell responses were strong,
though was lower in cohort 3 (Sadoff et al, 2021). In an
international, randomized, placebo-controlled phase 3 trial, adult
subjects (in a 1:1 ratio) were randomly assigned to receive a single
dose of Ad26.COV2.S vaccine (5 x 10" viral particles) or placebo.
On onset at least two and 4 weeks after administration, the vaccine
protected against moderate to severe critical COVID-19, with the
efficacy of 66.9%. A higher efficacy was also observed against
severe critical COVID-19, with onset at >14 days (76.7%) and at
>28days (85.4%). Reactogenicity with the vaccine was higher than
with placebo but was generally mild to moderate and temporary
with lower incidence among older subjects. Safety was speculated
to be comparable to that observed in other phase 3 trials of
COVID-19 vaccines (Poland et al., 2020; Sadoff et al., 2022). 24
trials in 24 countries assess safety and immunization of this
vaccine and was approved in 111 countries. Studies showed that
this vaccine simulated robust cellular protection against serious
infection caused by the highly transmissible Omicron (B.1.1.529),
Alpha (B117) and Delta (B1617.2) variant circulation. The WHO
published interim recommendations for use this vaccine.

GRAd-COV?2 vaccine

GRAd-COV?2 was developed for the first time by ReiThera,
LEUKOCARE, and Univercells. The vaccine uses GRAd32, a
Gorilla Adenovirus belonging to the group C adenovirus family,
to deliver an engineered SARS-CoV-2 spike protein sequence. A
very recent study has shown that GRAd-COV2 vaccine is highly
immunogenic, particularly in mice, and macaques can neutralize
SARS-CoV-2 infection and inhibit the spike protein of SARS-
CoV-2 binding to the ACE2 receptor. That study also demonstrated
that the prefusion stabilized spike antigen is superior to the wild
type in inducing ACE2-interfering, i.e., antibodies neutralizing
SARS-CoV-2. Considering these data, GRAd-COV2 was
recognized to be a potential COVID-19 vaccine candidate (Capone
et al, 2021). Another investigation reported the safety and
immunogenicity of GRAd-COV2 in healthy younger and older
adults after receiving a single intramuscular dose of the vaccine at
three escalating doses. To this end, a phase 1 trial was carried out
and included 90 healthy people. All subjects were intramuscularly
given a single dose of the vaccine at three increasing doses. Results
of enzyme-linked immunosorbent assay (ELISA) revealed that 89
of 90 (98.8%) volunteers raised detectable anti-spike protein IgG
at week 4 after vaccine injection. Furthermore, a robust T helper 1
cell-mediated cellular immunity response was detected against the
spike protein in 89 of 90 participants. Almost all reported reactions
were mild and short lived. The safety and immunogenicity data
from phase 1 clinical trial affirmed the additional development of
GRAd-COV2 vaccine (Lanini et al., 2021a,b).

In phase 2 trial (NCT04791423), almost 900 participants
received one single intramuscular dose of both GRAd-COV2
(2x10") and placebo after 21 days or two repeated (21 days apart)

frontiersin.org


https://doi.org/10.3389/fmicb.2022.984536
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Khoshnood et al.

intramuscular dose of the vaccine (1x 10") or two doses of placebo
on day 1 and day 22. Phase 3 trial will be adapted under the following
circumstances: a superiority trial vs. placebo not only on the overall
population but also on a subset of populations, as well as a
noninferiority trial vs. the available alternative vaccine(s) on a
surrogate endpoint, if available (ClinicalTrials.gov, 2021b). So far, 5

trials in 12 countries assess safety and immunization of this vaccine.
AZD2816 vaccine

AZD2816 vaccine was developed by Astra Zeneca and
collaborators using the adenoviral vector platform similar to
Vaxzevria, formally AZD1222, with minor genetic changes to the
spike protein on the basis of the Beta COVID-19 variant, B.1.351.
The Beta variant vaccine comprises of 10 alterations across the
spike protein; most of which can be found in other variants. These
changes often decrease the capability of antibodies induced against
the original virus to inhibit cell entry, raise infectivity compared
to the original virus, and decline the sensitivity of neutralizing
antibodies to the original virus. Regardless of minor changes, the
two vaccines are totally the same (AstraZeneca, 2021).

A survey conducted on the evaluation of a ChAdOx1-vectored
vaccine against new SARS-CoV-2 virus isolates or variants of
concern (VoC) B.1.351 explored the immunogenicity of AZD2816
vaccine following a single dose. The study also found that in mice
primed with AZD1222 vaccine and then received AZD2816
vaccine as a booster dose, no indication of “original antigenic sin”
was detected, instead, high titer antibodies were observed against
a number of variant spike proteins including Gama, Beta and
Delta variants (Spencer et al., 2021).

In another study similar to the previous one, the effectivity of
AZD?2816 single dose or as a booster for AZD1222 vaccine was
challenged in hamsters were infected with deferent variants, also
Omicron. On day5 after inoculation, there was minimal to no
subgenomic viral RNA in lung tissue, reflecting the vaccine
preventive effect against this new variant (van Doremalen et al.,
2022). So far, 2 trials have been assessed in 2 countries.

Sputnik V vaccine

Gam-COVID-Vac or Sputnik V was registered for the first
time in the world by the Decree of the Government of the Russian
Federation No. 441 dated 3 April 2020 (Naygovzina et al., 2021).
Gam-COVID-Vac uses two (Ad26 priming and Ad5 boost)
vectors to decrease the risk of reduced effectiveness of vaccination.
The Sputnik V vaccine benefits from high efficiency (97%), low
cost, and low cold storage temperatures (Cazzola et al., 2021).

Based on phase 3 clinical trial data, the efficacy of the vaccine
was 91.6%. Grade 1 was the most reported AVs, and serious AV's
were observed in 0.3 and 0.4% of participants. Moreover, four
deaths were reported, but none of them were related to the vaccine
(Logunov et al., 2021).

In an investigation in Argentina, specific antibody response of
SARS-CoV-2 was evaluated in a group of naive or previously
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infected healthcare workers after receiving Sputnik V vaccination,
to measure IgG antispike titers and to determine the neutralizing
capacity after one and two doses of the vaccine. The majority of
naive participants (94%) developed spike-specific IgG antibodies
by 3 weeks after receiving the first dose of the vaccine. Unlike the
naive group who received two doses of the vaccine, the formerly
infected groups receiving a single dose of the vaccine showed
higher antibody levels and virus-neutralizing capacity (Rossi et al.,
2021). In another study, most of the children (83%) receiving the
vaccine developed temporary fever and chills for one or 2 days
(Mehraeen et al., 2021). Montalti and associates assessed an AV
following immunization (AEFIs) with Sputnik V vaccine. Under
study population (1 =2,558), with the age range of 18-98 years and
the mean age of 66+ 14years received one or two doses of the
vaccine. Based on their results, first-and second-dose AEFI
incidences were 53.3 and 66.8%, respectively. Overall, 76.0% of
recipients who received two doses of the vaccine started some
AEFIs following either vaccine dose, and 2.1% of subjects aged
60-89years old experienced severe reactions. In addition, AEFI
incidence was 70%, with 53% of the recipients reporting systemic
symptoms and 0.8% describing severe reactions. Headache, local
and joint pain, and asthenia were the most frequent symptoms
(Montalti et al., 2021). Tkegame and colleagues represented the
biological results of the ensemble of S mutations in two VOC
lineages, i.e., B.1.1.7 (alpha) and B.1.351 (beta) variants. Using
replication-competent vesicular stomatitis virus (rcVSV)-CoV2-S,
they found out that among 12 serum samples collected from
recipients of the Gamaleya Sputnik V Ad26/Ad5 vaccine, only one
sample efficiently neutralized rcVSV-CoV2-S:B.1.351 at full serum
strength. The same serum also showed effective neutralization of
S with B.1.1.7 and moderately decreased activity against S carrying
the E484K substitution alone. Their findings demonstrated that
vaccines such as Sputnik V are likely to control some emergent
SARS-CoV-2 variants (Ikegame et al., 2021). In Venezuela, Claro
and co-workers conducted a survey on 86 subjects before and after
receiving the Sputnik V vaccine. They determined the IgG
antibody response to the nucleocapsid protein and the RBD of the
SARS-CoV-2 spike using an ELISA three and 6 weeks after the first
and second doses of the Sputnik V vaccine, respectively. Their
outcomes revealed that the antibody response in all subjects can
be triggered after receiving two doses of the vaccine. Moreover, the
second dose of the vaccine did not affect the IgG response for
those who were seropositive for SARS-CoV-2 antigens before
vaccination (Claro et al., 2021). In one study, the occurrence of
early events supposedly attributable to vaccination or
immunization (ESAVI) happened in subjects inoculated with the
first vaccine dose of Sputnik V. The majority of subjects (71.3%)
stated at least one ESAVT; 57% experienced pain at the injection
site, 11% reported redness and swelling, 58% stated new or
worsened muscle pain, 40% had fever, and 5% suffered from
diarrhea. Moreover, serious AV effects were referred by 5%, and
one case needed to be hospitalized (Logunov et al., 2021).

Based on the data from phase 3 trials, the result of vaccination
was overally effective (Calzetta et al., 2021). Body of evidence has
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revealed that Sputnik V vaccine has a decreased neutralizing capacity
against the beta variant, and all variants with the spike protein carry
the E484K substitution. However, Sputnik V vaccine, owing to its
characteristics, could be used as a beneficial means of satisfying the
need for mass vaccination. Nonetheless, the efficacy and safety of the
vaccine are required to be documented (Cazzola et al., 2021).

Some of the most recent studies investigated Sputnik V
neutralizing activity against Omicron (B.1.1.529) new variant
compared to reference Wuhan D614G (B.1) variant. In a
comparison between Sputnik V and BNT162b2 vaccines in people
who received two doses of each vaccine, at different time points
up to 6 months after administration, Sputnik V showed 8.1-fold
decrease in neutralizing antibody (NtAb) that it was 21.4 folds for
group of BNT162b2. In addition, 74.2% of Sputnik V and 56.9%
of BNT162b2 vaccinated persons had detectable NtAb to SARS-
CoV-2 Omicron variant, as a result, Sputnik V can be considered
as a booster dose for vaccination with other prime vaccine doses
(Lapa et al., 2022). On March 23, 2022 reported Sputnik V had
97% effective against moderate or severe infection development
among people living with HIV (PLWH). Overall, 25 trials in 8
countries assess safety and immunization of this vaccine and was
approved in 74 countries.

Viral vector (replicating) vaccine
candidates

Viral vector can induce high immunogenicity without an
adjuvant and stimulate antigen-specific T cell responses to destroy
virus-infected cells. Unlike non-replicating vaccines, these
vaccines multiply inside the infected cell and produce more viral
antigens. The deletions in nonreplicating viral vector vaccines are

TABLE 4 Characteristics of COVID-19 replicating viral vectors vaccines.

10.3389/fmicb.2022.984536

not present in replicating viral vectors. Thus, producing S protein
in the body gives a better immune response. This type of vaccine
has long been used successfully against Newcastle and infectious
bursal diseases. There are two replicating viral vector vaccines
under phase 3 clinical trials to assess their safety and efficacy. The
reporting of efficacy trials and treatment-related SAE have not
been published.

Brilife (IIBR-100) vaccine

The recombinant vesicular tomatitis virus (rVSV)-AG-spike
vaccine named ‘Brilife’ (IIBR-100) is a vaccine in clinical trials
developed by the Institute for Biological Research (IIBR) and
express the spike protein of the SARS-CoV-2 betacoronavirus on
its envelope (Table 4). The rVSV was formerly used as a vaccine
platform was designed by John Rose and Michael Whitt for
various viral pathogens such as Ebola virus, AIDS (HIV), and
Crimean-Congo Hemorrhagic Fever (Suder et al., 2018; Rodriguez
etal, 2019). As a vaccine platform, rVSV has various superiorities:
is simply propagated and reaches high titers, induces robust
cellular and humoral immunity in vivo, eliminates the main
virulence factor of the VSV, i.e., VSV-G protein, and reduces the
virus and its reactogenicity; the Pre-clinical data demonstrated
that rVSV-AG-SARS-CoV-2-S was a safe vaccine and induced
rapidly and strongly neutralized antibodies against SARS-CoV-2
(Yahalom-Ronen et al., 2020; Madar-Balakirski et al., 2021). The
immunogenicity, potential efficacy, and safety of the vaccine were
evaluated in a randomized, multi-center, controlled phase I/II
clinical trial study (NCT04608305). The study is comprised of two
phases; phase 1 assesses dose-escalation on 1,040 healthy adults
aged 18-55years. All subjects randomly receive a single injection

Vaccine Developer Route of Clinical ~ Subunitand Adjuvant Efficacy  Sideeffects  Reference
name administration/ stage structure
dose
Brilife (IIBR- NeuroRx, Inc., in IM/1 Phase2b/3 rVSV Antigen:, S Without NR (ongoing) injection-site Levin et al.,
100) collaboration with protein adjuvant pain, swelling, 2021
Cromos, Brilife redness, headache,
Georgia, Israel feverishness,
Institute for Biological fatigue, joint and
Research muscle pain,
nausea, arthritis,
rash, and
abnormal
sweating
DeINS1-2019-  Beijing Wantai IN/2 Phase I1I HIN1 Influenza  Without NR (ongoing)  No serious Chavda et al.,
nCoV-RBD- Biological Pharmacy/ virus adjuvant adverse events 2022

OPT1 vaccine  Xiamen University

Antigen: non-

were reported.

specified
RBD of S protein

NR: Not Reported. IM: Intramuscular. IN: Intranasal. LNP: lipid nanoparticle.
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of IIBR-100 at a low, mid, and high dose or saline or two injections
of IIBR-100 at the low dose, or saline, at a 28 days’ interval. Based
on data review obtained during phase I, Phase II trials were
conducted with larger cohorts as well as elderly age volunteers
(18-85) with similar dose treatment of phase I. Also, the booster
dose administration (prime-boost) was implemented when
immunogenicity responses were inadequate (Chavda et al., 2022).

In the phase 2b/3 trial (NCT04990466), IIBR partnered with
the US-based NRx Pharmaceuticals (Cromos, Brilife, Georgia) to
complete late-stage clinical studies and mass immunization of the
Georgian population in the year 2021. A randomized, multi-
center, and observer-blind study was conducted on 550 volunteers
in the age group of 18-90 with two intramuscular (IM) injections
of the IIBR-100 (prime-boost) or an active comparator at days 0
and 28 days, and followed up was performed to 12 months post
last vaccination (Chavda et al., 2022). NRx announced that this
vaccine not only does induce a single dose of a vaccine protecting
the volunteers from SARS-CoV-2 challenge but also induces
adequate levels of neutralizing antibodies against the Omicron. So
far, 4 trials in 1 country conducted to assess their safety and
efficacy, but this vaccine is not yet approved. This vaccine is
ongoing, and data from efficacy trials and treatment-related
serious adverse events (SAE) have not been published.

DelNS1-2019-nCoV-RBD-OPT1 vaccine

This is a two-dose intranasal spray vaccine based on a live
attenuated influenza virus-vectored vaccine targeting RBD
produced by University of Hong Kong, Xiamen University, and
Beijing Wantai Biological Pharmacy. The results of phase I
(ChiCTR2000037782) on 60 healthy subjects and phase II
(chiCTR2000039715) on 720 healthy subjects clinical indicated
that the vaccine is very tolerated and immunogenic in inducing
extensive adaptive immune responses, especially at the generation
of mucosal IgA, systemic IgG, and T cell responses. Based on
promising results obtained during phase I and phase II clinical
trials, the phase III trial (ChiCTR2100051391) was conducted in
the Philippines involving 40,000 subjects (Chavda et al., 2022).
Phase III trial is under investigation, and no data has been
reported on therapeutic efficacy, an adjuvant used, and treatment-
related SAE. So far, 5 trials in 3 countries, conducted to assess their
safety and efficacy.

Conclusion

Production of effective vaccines based on new platforms like
nucleic acid and viral vectors against SARS-CoV-2 infection
proved to be a useful option. Herein, we reviewed 19 vaccines
passing phase 3 and 4 clinical trial from different countries. SARS-
CoV-2 spike protein S is a large trimeric glycoprotein that plays
the most essential roles in viral attachment, fusion, and entry and
could be considered as a target for the development of antibodies,
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entry inhibitors, and vaccines. In these vaccines, the main target
is the expression of genes that encode the SARS-CoV-2 spike
glycoprotein on the host cell surface and then induce humoral and
cellular immune responses. The most reported side effects were
fever and muscular pain at the injection site. RNA vaccines have
an acceptable safety profile because they do not integrate it into
host DNA. However, the appropriate temperature to maintain
these vaccines with high efficacy is —20°C to —70°C, and
providing such an environment is a challenging issue. The long-
term immunity resulted by the RNA vaccine remains unknown.
There is also some evidence that the immunity derived from these
vaccines could decrease, especially against new variants such as
delta. Therefore, more studies are needed to evaluate a consensus
regarding the different properties of RNA vaccine. Additionally,
DNA vaccines advantages are that they can be simply and rapidly
produced by synthetic methods or PCR and at a large scale, are
safer and more thermostable than other vaccine platforms. On the
other hand, one of the most important concern about DNA
vaccines is the possibility that the injected DNA will actually
integrate into one of the human chromosomes inside the cell. The
effect could range from no effect or could potentially lead to
cancer through affecting genes controlling cell growth. Overall,
the occurrence of severe adverse events in all reviewed vaccines
was uncommon or minimal. The efficacy of the vaccines was
variable depending on the trial phase and participants’ underlying
features. In conclusion, despite all efforts to produce effective
vaccines, the appearance of new mutated SARS-CoV-2 strains is
a serious challenge. Present vaccine proficiency must be evaluated,
and their efficiency have to be reported.
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