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ARTICLE INFO ABSTRACT

Keywords: >20 months has been passed since the detection of the first cases of SARS-CoV-2 infection named COVID-19 from
COVID-19 Wuhan city of China. This novel coronavirus spread rapidly around the world and became a pandemic. Although
SARS-CoV-2

different therapeutic options have been considered and approved for the management of COVID-19 infection in
different stages of the disease, challenges in pharmacotherapy especially in patients with moderate to severe
COVID-19 and with underlying diseases have still remained. Prevention of infection through public vaccination
would be the only efficient strategy to control the morbidity and mortality caused by COVID-19. To date, several
COVID-19 vaccines using different platforms including nucleic acid-based vaccines, adenovirus-based vaccines,
protein-based vaccines, and inactivated vaccines have been introduced among which many have received
approval for prevention against COVID-19. In this comprehensive review, available COVID-19 vaccines have
been discussed. The mechanisms, safety, efficacy, dosage, dosing intervals, possible adverse reactions, storage,
and coverage of these four different vaccine platforms against SARS-CoV-2 variants have been discussed in detail
and summarized in tabular format for ease of comparison and conclusion. Although each COVID-19 vaccine has
various advantages and disadvantages over the others, accessibility and affordability of approved vaccines by the
official health organizations, especially in developing countries, would be essential to terminate this pandemic.
The main limitation of this study was the lack of access to the clinical data on available COVID-19 vaccines
developed in Eastern countries since the data on their efficacy, safety, and adverse reactions were limited.

Nucleic acid-based vaccines
Viral vector vaccines
Protein-based vaccines
Inactivated vaccines

1. Introduction

In late December 2019, a novel member of betacoronaviridae family
called SARS-CoV-2 caused COVID-19 that emerged from the Wuhan City
of China and soon spread worldwide becoming a pandemic [1]. Until
September 12th 2021, over 219 million cases have been infected with
SARS-CoV-2 and 4.55 million deaths had been reported. COVID-19 can
induce different complications and affect different organs mainly the
respiratory tract, gastrointestinal tract, central nervous system [2], liver,
kidney, heart, etc. [1]. Older adults and patients with underlying dis-
eases are highly prone to severe type of COVID-19 pneumonia that can
be presented by acute respiratory distress syndrome (ARDS), cytokine

release syndrome (CRS), acute kidney injury (AKI), septic shock, multi-
organ failure (MOF), and cardiac arrest [1]. Different therapies
including antiviral agents, anticoagulants, anti-inflammatory agents
[140], immunomodulators, and miscellaneous agents including iron and
zinc chelating agents [1,3-7] have been considered in the management
of different stages of COVID-19 infection. Although several therapeutic
strategies are available and administered to infected patients, COVID-19
pharmacotherapy is still a challenge and many people all around the
world still suffer from this disease and its related complications.
Furthermore, several SARS-CoV-2 variants have been identified origi-
nating from different geographical areas that are the main cause of
global viral dissemination [8]. Therefore, the best strategy to limit this
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pandemic would be preventive actions among which worldwide vacci-
nation is most lucrative.

The conventional platform for vaccine production is whole inacti-
vated viruses or live attenuated ones. The main concerns regarding this
vaccine platform is the possibility of incomplete viral inactivation.
Hence, validation of each batch is necessary to confirm complete inac-
tivation of recruited pathogens. The other concern related to inactivated
vaccines is the possibility of antibody disease enhancement (ADE) syn-
drome that can be attributed to the production of non-neutralizing an-
tibodies and can result in increased lung pathology [9]. Another vaccine
platform, the protein-based vaccines, are of great use, since they bene-
ficially induce immune responses against viral infections [10,11]. These
vaccines can be produced by the purification of specific proteins from
viruses as well as the production of recombinant proteins in the host
cells. Protein-based vaccines have the potential of higher safety at the
injection site with less side effects. However, adjuvants and vaccine
delivery systems are required in order to boost the immune response to
support their sufficient efficacy against COVID-19 [12]. Besides, the
virus-like particles could be prepared by the arrangement of antigen
proteins on a nanoparticle to mimic the natural protein structure.
Although these classic vaccine platforms have shown great impact on
the eradication of various life-threatening viral diseases, several factors
have limited their fast development which has decelerated the rate of
global vaccination [10,13]. The main limitation of such vaccine plat-
forms to control pandemics is the possibility of mass production and fast
availability. In other words, the game-changer vaccines must be able to
be produced for large populations in a short time. Such limitations have
led researchers to seek novel platforms providing quick response with
minimal biosafety concerns [14]. In this review, different platforms of
COVID-19 vaccines have been thoroughly discussed. Also, the mecha-
nisms, safety, and efficacy of available vaccines have been summarized.
Finally, the dosage, dosing intervals, storage, reported adverse re-
actions, and the coverage of each available COVID-19 vaccine against
different SARS-CoV-2 variants have been summarized in a Table.

2. Pathologic effects of COVID-19

SARS-CoV-2 infection can induce several complications including
loss of tissue stem cells that can stop the epithelial cell repair process and
induce inflammatory fibrosis. In this regard, SARS-CoV-2 can infect the
gut enterocyte and result in enhanced intestinal viral pool. The conse-
quence would be the experience of gastrointestinal presentations of
COVID-19 including nausea, vomiting, diarrhea, and anorexia. The
possible mechanism of intestinal involvement during COVID-19 infec-
tion, would be the presence of angiotensin converting enzyme 2 (ACE2)
and transmembrane serine protease 2 (TMPRSS2) receptors that have an
important role in viral entry to the cells [15]. Also, SARS-CoV-2 infec-
tion can result in severe respiratory distress and lung involvement due to
epithelial cell damage and inflammatory responses. This process takes
place due to the loss of lung stem cells and decline of lipid metabolism in
epithelial cells after COVID-19 infection [15]. The other complication of
COVID19 infection would be neural cell damage and neurological
complications including cerebrovascular attack, seizure, and psychotic
disorders. The possible mechanism would be the expression of ACE2 and
TMPRSS2 receptors in brain that can induce viral entry to the brain cells.
Also, SARSCoV-2 can damage the choroid plexus epithelium in the brain
that can result in easy passage of different immune cells, cytokines, and
pathogens. Furthermore, SARS-CoV-2 might have some direct neuro-
toxic potentials that can induce neurological complications after viral
infection [2,15]. The other consequence of COVID-19 is the occurrence
of new onset acute kidney injury (AKI) after SARS-CoV-2 infection that
can worsen patients’ prognosis. COVID-19-induced renal failure can be
attributed to the high level of ACE2 and TMPRSS2 receptors expressed in
renal cells that make the kidney organ as one of the prominent targets of
SARS-CoV-2. Pro-inflammatory and pro-fibrotic processes after COVID-
19 infection was ascribed to the ACE2 internalization, renin-
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angiotensin-aldosterone system (RAAS) imbalance and enhanced
angiotensin II signaling [15]. Another common complication of COVID-
19, especially in hospitalized patients, is hyper coagulopathy state and
cardiovascular disorders that can be attributed to the inflammasome
activation. COVID-19-induced cardiovascular disorders include acute
coronary syndrome (ACS), venous thrombosis, arrhythmia, and
myocarditis. The possible mechanism of these cardiac events might be
attributed to the hyper inflammatory state related to NLRP3 inflam-
masome activation and ACE2 signaling pathway modulation [16]. In
this regard, administration of prophylactic or therapeutic doses of
anticoagulant agents are recommended in COVID-19 patients in special
conditions.

The possible effects of COVID-19 on pregnant women would be the
enhanced expression of von Willebrand factor and the reduced expres-
sion of Claudin-5 and vascular endothelial cadherin in endothelium of
decidual cells and chorionic villus of placenta which were observed in
severe cases of COVID-19 in pregnant women. Additionally, histopath-
ological studies revealed that SARS-CoV-2 could affect placental vessels
associated with thrombosis, infarction, and vascular remodeling [17].
The probable mechanism of COVID-19 severity in elderly patients in
comparison to the younger adults would be the theory of thymic aging.
The age related severity of COVID-19 can be attributed to the thymic
function that can affect the immune system. In this regard, it has been
shown that the aged thymic function in thymus can result in the reduced
number of naive T cells, increased number of self-reactive T cells, and
the enhanced regulatory T cells production. Aged thymic function in
lung can be associated with the reduced antiviral function of T cells and
plasma cells. Also, cytokine storm related to the inflammatory processes
and lung tissue fibrosis after inflammation would be expectable [18].

The possible effect of genetic predisposition on severity of COVID-19
infection has been studied [19]. Results revealed that polymorphisms on
related genes including the encoding angiotensin converting enzyme 1
(ACE1) gene was associated with different comorbidities including
obesity, diabetes, hypertension, cardiovascular disorders, and renal
insufficiency disorders. In this regard, it has been reported that DD
carriers of the ACE1 gene exhibited higher ACE1 activity. Also, lack of
control over inflammatory mediators including IL-18, IL-6, IL-8, and
TNF-a was obvious in patients with congenital alpha 1 anti-trypsin
deficiency disorders. It has been hypothesized that ACE1/ACE2 imbal-
ance in these patients, is responsible for severe conditions after COVID-
19 infection due to the inflammatory nature of these comorbidities and
direct relation with RAAS [19].

3. Timelines and challenges of developing a vaccine for COVID-
19

Vaccine development is a very time-consuming and expensive pro-
cess that confronts different challenges. This process usually takes a
period of 10-15 years in which most of the time is spent in clinical trials
phases. However; this time can be shortened in lethal infectious pan-
demics such as the COVID-19 era [20]. Clinical trial phases can be
divided into three phases. These phases are between pre-clinical ex-
periments and vaccine approval licensure. Phase I clinical trial will be
performed in a small group of healthy and immunocompetent volunteers
who not been previously exposed to the intended pathogen. The main
goal of this phase would be the assessment of vaccine safety and
immunogenicity. In case phase I is successfully passed, clinical trial will
pass to phase II . The main focus of phase II clinical trial is on vaccine
immunogenicity and in a lower extent the vaccine efficacy. In this phase,
the larger population will be included and the effect of gender, age, and
ethnicity will be assessed. In phase III vaccine efficacy will be assessed in
multi-centers. Phase III clinical trial will be conducted in an active
outbreak in order to assess the efficacy and adverse reactions of the
vaccine [20,21].

The time of design and development of COVID-19 vaccine has been
shortened to approximately one year. This shortened period is due to the
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emergency of the situation and the lethal nature of the ongoing
pandemic.

4. Concerns about vaccine development from an ethical
perspective

Different concerns regarding the ethical perspective of COVID-19
vaccine design and development can be divided into three categories
including:

1) Concerns regarding vaccine design and experimental studies
(“research ethics™)

2) Concerns regarding receivers of COVID-19 vaccine (“distributive
justice public health ethics™),

3) Concerns regarding individual interests and public health auton-
omy (“clinical ethics™) [22].

4) Post-licensure assessment of vaccine safety and efficacy is another
ethical concern that should be taken in to consideration.

5) Administration of placebo during controlled trial study for new
vaccine. This concern might be overcome to some extent through the
informed consent forms that should be signed by each volunteer
participant [22].

Although different ethical concerns have been raised during vaccine
design and development to protect against COVID-19, vaccination is still
the best and the only way to manage lethal pandemics.

5. Design of vaccines in conjugation with nanotechnology
intervention

Emerging need of accessible safe vector for antigen and gene delivery
result in recruitment of different nanocarriers in order to design nucleic
acid-based (mRNA and DNA vaccines) and subunit vaccines [138,139].
Many of the novel vaccines have been designed by the encapsulation of
nucleic acid or peptide/protein within the polymeric and lipid based
nanoparticles [23]. In this regard, different COVID-19 vaccines have
been designed and approved including Pfizer-BioNTech and Moderna
vaccines considered as mRNA vaccines. Another nanotechnology-based
platform is the protein-based vaccines including Novavax in which the
recombinant S protein of the SARS-CoV-2 has been conjugated to the
surface of the virus-like particles (VLP). During vaccine design and
development, nanoparticles can be used not only as the carrier of the
antigens but also as a co-deliver adjuvants for boosting immune response
against desired antigens [23]. Co-encapsulation or conjugation of anti-
gens and adjuvants can result in synchronized and targeted delivery to
the antigen-presenting cells (APCs). This targeted co-delivery can reduce
the need for required antigen dose to protect against COVID-19. Pfizer/
BioNTech and Moderna vaccines that are among the lipid based nano-
particles have been designed in such a way to encapsulate mRNA viruses
and provide protection against nuclease degradation [24,25].

6. Types of COVID-19 vaccines
6.1. Nucleic acid-based vaccines

Nucleic acid-based therapeutics and vaccines can be considered as a
novel platform for drug and vaccine delivery. They provide a great op-
portunity to design drugs for undruggable targets and prepare vaccine
not only for infectious diseases but also for cancer [26-28]. Nucleic acid
based vaccines can be prepared by plasmid DNAs as well as RNAs [29].
Although the potential of mRNA for vaccine development has been
demonstrated since 1990 s, plasmid DNA gained more attention in the
past decades. The main reason is that the plasmid DNA is more stable
than mRNA in terms of intrinsic stability of DNA double helixes rather
than the single strands of mRNA and the effect of degrading RNase in
various tissues and organs [30].

Another main characteristic of nucleic acid vaccines is feasibility of
their scale up procedure and providing great opportunity for their
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industrial production in a short time. The process of manufacturing of
conventional vaccines such as killed or live-attenuated ones is a time-
consuming process in addition to safety concerns of working with
virulent viruses [31]. This process for the development of a new vaccine
takes more than a decade to reach the market. Novel vaccine platforms
have the great advantage of quick development process [32].

Nucleic acid-based vaccines have provided robust and efficient
platform for the development of novel vaccines. However, there are
some challenges which may limit their wide application. Stability can be
considered as the main obstacle for future development of such vaccines
particularly mRNA vaccines [33]. The term of stability refers to in-vivo
stability following the administration and the stability during the shelf-
life (storage). Vaccine stability must allow wide distribution of the
vaccines globally. While Moderna and Pfizer/BioNTech vaccines
(mRNA-based vaccines) are stored at —15 and —25 C and between —60
and —90 C, respectively, the wide application of such formulations
need well-equipped distribution chain [33,34]. Also, there is not enough
available data to show the stability of these formulations for a long
period of time in terms of colloidal stability and the extent of entrapped
mRNA inside the lipid nanoparticles (LNPs).

6.1.1. DNA vaccines

As for COVID-19, there are several DNA and mRNA based vaccines in
different clinical trial phases as well as pre-clinical studies [35]. For
instance, plasmid DNA vaccine, INO-4800, developed by Inovio Phar-
maceuticals/International Vaccine Institute contains a pGX001 expres-
sion vector to encode the SARS-CoV-2 Spike protein [36]. While the
preclinical studies resulted in the induction of humoral and cellular
responses in animal models, the clinical trial phase [ was conducted with
the intradermal (ID) administration of two doses. The results of these
clinical trials demonstrated that overall expected responses were
observed in individuals enrolled in the study [37]. The company ob-
tained authorization to conduct phase III efficacy trial on its DNA vac-
cine on August 26th, 2021 [38]. One of the major advantages of this
DNA based vaccine is its storage condition. According to the previous
formulations developed by Inovio Pharmaceuticals/International Vac-
cine Institute, this vaccine can be stored at 25 C and might be stable for
years at4 C. Such storage condition can be considered as a great benefit
for a wide worldwide distribution [36,39]. Another DNA vaccine
candidate for COVID-19 is AG0301-COVID19 developed by Osaka Uni-
versity/AnGes/ Takara Bio which is administered in two doses via IM
injections [40]. The same candidates based on plasmid DNA is also
developed by other companies. For example, ZyCoV-D and GX-19 are
two vaccine candidates developed by Cadila Healthcare and Genexine
Consortium, respectively [40]. These candidates can be used via ID or
IM injections. On August 20th, 2021, the Indian drug regulator approved
ZyCoV-D as the first plasmid DNA vaccine for restricted use. This vac-
cine is injected intradermally via jet injector [41]. According to the re-
sults of interim phase III clinical trial reported by Cadila Healthcare, the
vaccine showed 66% efficacy in the prevention of symptomatic disease
and 100% effectiveness in moderate to severe Covid-19 [42]. bacTLR-
Spike is another DNA based vaccine developed by Symvivo company.
Bifidobacterium longum has been widely used as a probiotic bacterium.
The company designed a plasmid encoding S protein of SARS-CoV2 and
transferred the plasmid into the B.lungum. This plasmid is able to be
actively replicated. Therefore, the bacterium can be administered orally
in a single dose as the first-in-human trial of an oral COVID-19 vaccine
[40].

Another plasmid DNA candidate in clinical trial is CORVax12 which
encodes the S protein of the virus. This vaccine candidate is adminis-
tered intradermally by electroporation. CORVax12 can be used alone or
in combination with another plasmid DNA encoding IL-12. Since the role
of IL-12 in augmentation of the efficacy of immunotherapy has been
shown in several studies, the company decided to add the plasmid
encoding IL-12 in the vaccination regimen to augment anti SARS-CoV2
immune responses [43-47]. Early preclinical data demonstrated the
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Fig. 1. A schematic view of the design and development of mRNA SARS-CoV-2 vaccines.

induction of IgG responses against the S protein and the receptor-
binding domain (RBD). Also, the titer of neutralizing antibodies
increased. The vaccination regimen with IL-12 increased, at least tran-
siently, the neutralizing antibodies [48].

In summary, there are various DNA-based COVID-19 vaccines in
clinical trials and they are different in the storage condition as well as
route of administration and the target protein for the induction of im-
mune response [32].

6.1.2. mRNA vaccines

Beside DNA vaccines, mRNA vaccines attracted great attention to
combat COVID-19. Moderna and Pfizer/BioNTech vaccines are the first
formulations obtained Emergency Use Authorization (EUA) from FDA
and conditional approval by EMA. mRNA-1273 developed by Moderna
(US) is an LNP encapsulated mRNA to express SARS-CoV-2 full-length S
protein and is administered via IM injections in two doses. The prom-
ising results of the clinical trials resulted in the approval of this vaccine
for wide human application. Likewise, Pfizer/BioNTech developed LNP
encapsulated mRNA vaccines (BNT162al, b1, b2, c2). BNT162b1l en-
codes SARS-CoV2 RBD while BNT162b2 mRNA vaccine has been
designed to encode full length S protein in the prefusion conformation.
The results of clinical trial to compare these two vaccines demonstrated
that both of them are able to enhance neutralizing antibodies. Since
BNT162b2 mRNA vaccine led to less severe adverse events, the company
decided to proceed this formulation for obtaining approval
[25,32,49,50]. While BNT162b2 obtained the approval from regulatory
authorities worldwide, the results of phase I study of the BNT162b1
mRNA vaccine (Pfizer/BioNTech) showed promising safety profile and
high levels of humoral and T cell responses. This mRNA vaccine has
been designed to encode a trimerized, secreted version of the SARS-CoV-
2 spike (S) glycoprotein RBD. Following the administration of two doses,
CD4*" and CD8™ T-cell-mediated responses was increased; leading to the
production of IFN-y [51]. There are other mRNA based vaccine

candidates in clinical trials developed by other companies. For example,
CVnCoV vaccine which I developing by CureVac company is a LNP
encapsulated mRNA vaccine encoding S protein and is administrated in
two doses via IM injection.[32,35]. It was expected that this vaccine
could be cheaper and more stable rather than the other mRNA vaccines
developed by Moderna and BioNTech/Pfizer. There are various expla-
nations for the disappointing results of CureVac’s mRNA vaccine from
the dose of the vaccine to the mRNA design. Although it is too early to
draw conclusion, it seems that the application of uridine instead of
pseudouridine in the mRNA design could be considered as the main
reason for lower levels of immune responses produced by this vaccine.
While BioNTech/Pfizer and Moderna mRNA vaccines employ modified
nucleotide of pseudouridine to reduce human inflammatory responses
against foreign mRNA, CureVac vaccine used normal uridine. Also, the
differences between the non-coding regions of the CureVac vaccine and
the other mRNA vaccines in addition to the differences of storage tem-
perature could play roles in the obtained results [52,53]. Also, ARCT-
021(Lunar-COV19) and LNP-nCoVsaRNA vaccines are under investiga-
tion by Acturus/ Duke-NUS and Imperial College, London, respectively.
These vaccines are replicating mRNA and supposed to be used via IM
injections [32,35].

In summary, the development of nucleic acid vaccines has opened up
new horizons not only for novel vaccine platforms but also will facilitate
the development of nucleic acid-based therapeutics. The current phase
IV clinical trials for LNP-encapsulated mRNA vaccines are the biggest
trial for a nanomedicine. This can be considered as a new basis for the
design and development of future nanotechnology-based therapeutics
including gene or drug delivery approaches. A schematic view of the
design and development of mRNA COVID-19 vaccines is shown in Fig. 1.

6.1.2.1. BNT162b2 (Pfizer/BioNTech). LNPs have been used for the
development of mRNA vaccines including BNT162b2. This carrier sys-
tem is used to protect the nucleic acid materials from premature
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degradation and facilitate its delivery to the targeted cells. The prom-
ising results of the clinical trials resulted in the approval for EUA of this
vaccine for wide human application. Likewise, Pfizer/BioNTech devel-
oped LNP encapsulated mRNA vaccines (BNT162al, b1, b2, c2). Two of
these candidates encode the S protein and two encode the optimized
RBD [32]. BNT162b2 vaccine should be administered with a dosage of
0.3 mL containing 30 ug nucleosid-modified mRNA through IM route.
This vaccine has been scheduled in 2 doses with 21-days interval. The
BNT162b2 (Pfizer/BioNTech) vaccine showed an efficacy of 95%
against COVID-19. This efficacy could be achieved at least 7 days after
the second dose administration [54]. Also, it has been reported that the
efficacy of 52% would be achieved after administration of the first dose
[55]. On December 2020, the Food and Drug Administration (FDA)
confirmed the EUA for Pfizer/BioNTech vaccine to prevent against
COVID-19 in individuals of15 years and older [56]. Among vaccine re-
cipients, several case reports have been declared about the severe
allergic reactions including anaphylaxis after vaccination. Most of these
reports were attributed to patients with previous history of allergies,
allergic reactions, and anaphylaxis [56,57]. One of the drawbacks in the
design and development of mRNA vaccines would be their storage and
stability considerations. Pfizer/BioNTech COVID-19 vaccine should be
stored at —70C which might disrupt the feasibility and affordability of
worldwide distribution especially by the developing countries [33,34].
The American Academy of Physician Assistants (AAPA) and the National
Association of Pediatric Nurse Practitioners (NAPNP) have considered
COVID-19 vaccination for children and adolescents aged 18 years or
younger [58]. On May 2021, the FDA issued the EUA for Pfizer/Bio-
Ntech vaccine administration in children of 12-15 years of age [59]. The
neutralization effect of the Pfizer/BioNTech COVID-19 vaccine against
Alpha, Beta, Gamma, and Epsilon SARS-CoV-2 variants was reduced by
2, 6.5, 6.7, and 4-folds, respectively in comparison to the wild type virus
[60]. The efficacy of single-dose of Pfizer/BioNTech vaccine against
Alpha and Delta variant were reported 30.7% and 48.7%, respectively.
While fully vaccinated individuals showed the efficacy of 93.7% and
88% against Alpha and Delta SARS-CoV-2 variants, respectively after

receiving the second dose [61]. The effectiveness of Pfizer/BioNTech
COVID-19 vaccine on Delta variant was also investigated in a study
conducted in the United Kingdom (UK). The results showed that 14 days
following the second injection, the vaccine provides 92% protection
against high viral load. However, its effectiveness reduces to 85% and
78% after two and three months, respectively [62]. Pfizer/BioNTech
vaccine, also known as Comirnaty®, was approved on 23rd August 2021
by the FDA as the first COVID-19 vaccine to be administered in in-
dividuals of 16 years of age and older to protect against COVID-19
infection.

6.1.2.2. mRNA-1273 (Moderna). The mRNA-1273 (Moderna) COVID-
19 vaccine is a nucleoside modified mRNA vaccine in which mRNA is
encapsulated in LNPs. This mRNA vaccine would express the pre-fusion
SARS-CoV-2 spike proteins that can induce immune reactions [63]. Due
to the weak response after administration of the first dose, Moderna
vaccine has been scheduled to be given in 2 doses with a 28-day interval
to boost the immune system with a stronger reaction [64]. Each dosage
volume is 0.5 mL containing 100 pg mRNA that should be administered
IM. Results of phase III clinical trials revealed the efficacy of 94.1%, 14
days after the second dose [63,65]. Vaccine efficacy was measured in
terms of prevention against symptomatic and laboratory data confirm-
ing infection by COVID-19 [63]. The most common adverse reactions
after the first dose were mild to moderate reactogenicity signs and
symptoms including systemic and local adverse reactions. Systemic
adverse reactions were mostly common after administration of the
second dose. These mild to moderate adverse reactions were occurred
within the first to second days of vaccination mostly recovered after 2-3
days [63]. Several case reports of severe allergic reactions including
anaphylaxis have been documented after the first dose as well.
Anaphylactic reaction has occurred within minutes to hours (median
time of 7.5 min) after vaccine injection. Most of these anaphylactic re-
actions were observed in patients with documented history of allergic
reactions or previous history of anaphylactic reactions [66]. Also, some
reports regarding the lymphadenopathy after mRNA COVID-19
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vaccination (Pfizer/BioNTech and Moderna) have been documented
[67]. Furthermore, there are some case series that reported the occur-
rence of a delayed localized hypersensitivity reaction after the first and
second dose of Moderna vaccine. These pruritic hypersensitivity re-
actions with a median onset of 7 days were completely self-limited and
not considered as contraindications for vaccination [68]. Finally, on
December 2020, the FDA has approved the EUA of Moderna COVID-19
vaccine for adults of 18 years of age and older [63]. Results of a pre-
liminary study revealed that maternal vaccination (with mRNA vac-
cines) during pregnancy will induce neonatal protection against COVID-
19 due to trans-placental transfer of SARS-CoV-2 antibodies, but further
larger longitudinal follow-up studies are required to assess the safety of
these vaccines in pregnant women [69]. Reports are suggestive of
decreased neutralization effects of Moderna COVID-19 vaccine against
Alpha, Beta, Gamma, and Epsilon SARS-CoV-2 variants by 1.8, 8.6, 4.5,
and 2.8-folds, respectively comparing to the wild type virus [60].

6.2. Viral vector vaccines

Adenovirus-vectored vaccines are promising prophylactic strategies
against COVID-19 infections. Adenoviruses are non-enveloped dsDNA
viruses. These viruses can be considered as the cause of non-severe and
self-limiting human infections including ocular and respiratory tract
infections. Adenovirus vectored vaccines are considered as high-tech
vaccine platforms [70]. In recent years adenoviruses are used as suit-
able carriers in the field of nanotechnology for gene delivery purposes.
In order to stop viral replication, the E1 and E3 viral genes should be
omitted and replaced with desired antigens including SARS-CoV-2 S
proteins for the purpose of vaccine design and development. The most
important advantage of using adenovirus as vectors for drug and gene
delivery and vaccine development is their inability to integrate into the
human genome which warranted safety after administration [70]. These
vaccines have the potential of targeted gene delivery to the cells that
results in efficient gene transduction and immune response induction.
Adenovirus-vectored vaccines can induce a high level of antigenic pro-
tein expression that leads to antibody production, cytotoxic T cell acti-
vation and viral elimination [71]. A schematic view of the design and
development of adenovirus-vectored COVID-19 vaccines was shown in
Fig. 2.

6.2.1. ChAdOx1 nCoV-19 (AstraZeneca/Oxford)

AstraZeneca/Oxford vaccine (Vaxzevria®), also known as ChAdOx1
nCoV-19 recombinant adenovirus vaccine, is synthesized based on S
glycoprotein. The AstraZeneca/Oxford vaccine can express SARS-CoV-2
spike protein (S-protein) using a chimpanzee adenovirus [72]. In this
strategy, the sequence coding SARS-CoV-2 amino acids and the tissue
plasminogen activator (tPA) leader at the 5’ end are encapsulated in a
shuttle plasmid [71]. On December 2020, the UK regulatory authority,
Medicines and Healthcare products Regulatory Agency (MHRA)
approved the emergency use of the AstraZeneca/Oxford vaccine in
Europe. At first, this vaccine was designed as a single-dose COVID-19
vaccine, but due to the suboptimal response after the first dose admin-
istration, the booster dose was suggested [73]. The first shot of Astra-
Zeneca/Oxford vaccine administration was accompanied with 43% and
80% lower risk of emergency hospitalization and severe infection that
cause hospitalization after COVID-19 infection, respectively [73]. Two
full doses (standard doses) of this vaccine should be injected with an
interval of at least 4 to 12 weeks. It has been reported that at least 14
days after the second dose administration to adults, it induces an effi-
cacy of 70.4% against COVID-19 infection [74]. According to the results
of clinical trials, dosing intervals of less than 6 weeks had an average
efficacy of 55%, while administration of the second dose with an interval
of 12 weeks could result in 81% efficacy. Therefore, delay in receiving
the booster dose would be beneficial for the AstraZeneca/Oxford vac-
cine [73]. In general, 28 to 34 days after the first dose of AstraZeneca/
Oxford COVID-19 vaccine, hospitalization was 94% reduced, while this
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rate was 81% in elderly individuals older than 80 years old [73]. The
primary efficacy of this vaccine was assessed in participants from UK,
Brazil, and South Africa as the seronegative symptomatic COVID-19
with PCR positive swab test at least 14 days after the second dose
administration [75]. The secondary efficacy analysis was performed at
least 22 days after the second shot and the exploratory outcome was
antibody response measurement [76]. Although its efficacy in older
adults (>56 years old) was controversial, on 15th February 2021, the
World Health Organization (WHO) added this vaccine to the Emergency
Use Listing (EUL) in adults and elderly while acknowledging the limited
data on its efficacy in the elderly group [77]. It has been reported that in
participants with age 18-55 years old, extending the interval between
the first and the second dose of AstraZeneca/Oxford vaccine to 12 weeks
would be accompanied by higher efficacy and binding antibody
response. These results can be attributed to the sufficient efficacy of the
single-dose vaccine during the first 90 days of the administration that
support the 12-week dose interval vaccination program [76]. The main
advantage of this three-month dose interval vaccination is the acceler-
ated COVID-19 pandemic control by early vaccination of the largest
number of individuals in nations [76]. Till now, the AstraZeneca/Oxford
vaccine has not been applied or approved for emergency use by the
United States Food and Drug Administration (US FDA). Although this
vaccine showed proper protection against the UK SARS-CoV-2 variant
(Alpha variant), but failed to show good protection against the South
African variant (Beta variant) with an efficacy of about 10% [77]. The
neutralization titer against the Beta variant was about 9-folds lower in
comparison to the wild-type virus [73]. The effectiveness of this vaccine
after the first dose immunization against Alpha and Delta SARS-CoV-2
variants were 48.7% and 30.7%, respectively. The efficacy of the
AstraZeneca/Oxford vaccine against the Delta variant after full vacci-
nation (two-dose administration) was 67% while it was effective against
the Alpha variant about 74.5% [61].

The main advantage of the AstraZeneca/Oxford vaccine is its
affordability in low/middle-income countries and nations [78]. Also,
this vaccine can be stored at 2-8 'C which makes it a suitable candidate
vaccine for global distribution [75]. Unfortunately, some reports on
thromboembolic events with the AstraZeneca/Oxford vaccine has
resulted in ceasing its use in many European countries in March 2021.
European Medicines Agency (EMA) reported 30 cases with thrombo-
embolic events, most of them developed venous thromboembolism
(VTE), among 5 million vaccine recipients [79]. Results of a recent study
revealed that the possible mechanism of thrombosis and thrombocyto-
penia associated with AstraZeneca/Oxford vaccine in recipients with the
age of 32 to 54 years old would be the high levels of antibody against
platelet factor 4 (PF4). Although these individuals had no previous
exposure to heparin, they developed a rare “vaccine-induced immune
thrombotic thrombocytopenia” that was similar to heparin-induced
thrombocytopenia (HIT) [80]. Also, according to the results of a
recent preprint study, transcription of wild-type and codon-optimized
Spike open reading frames enables alternative splice events that lead
to C-terminal truncated, soluble Spike protein variants. These soluble
Spike variants may initiate severe side effects, including thrombotic
events, when binding to ACE2-expressing endothelial cells in blood
vessels. The underlying disease mechanism of vaccine-related throm-
botic events is called “vaccine-induced COVID-19 mimicry” syndrome
(VIC19M syndrome). Also, a recent case report study documented a new
case of “isolated carotid arterial thrombosis” that occurred 8 days after
receiving the first shot of AstraZeneca/Oxford vaccine in a 31 years old
man who presented acute aphasia, headache, and hemiparesis [81].
Recently, the EMA declared that although there is a possible link be-
tween the rare risk of thromboembolic events and thrombocytopenia
and AstraZeneca/Oxford vaccine within 2 weeks of administration, still
the overall benefits of vaccination overweighs its risks. Therefore, due to
reduced rate of hospitalization and death from COVID-19, its adminis-
tration should proceed but patients should be informed of the possible
adverse reactions including shortness of breath, chest pain, swelling in
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leg, persistent abdominal (belly) pain, neurological symptoms contain-
ing severe and persistent headaches or blurred vision, and tiny blood
spots under the skin beyond the site of injection. It is noteworthy that
EMA continues its study on the safety and efficacy of AstraZeneca/Ox-
ford vaccine. On 8th September 2021, EMA released a COVID-19 vac-
cine safety update on Vaxzervia® vaccine. It has been reported that
Guillain-Barré syndrome was documented in 833 cases out of 592
million doses of Vaxzervia® injection. Also, the incidence of thrombosis
with thrombocytopenia syndrome (TTS) was 1,503 out of 592 million
shots of Vaxzervia®. Other rare but major adverse reactions that have
been reported after Vaxzervia® injection were capillary leak syndrome
(CLS) and cerebral venous sinus thrombosis (CVST) without thrombo-
cytopenia. Also, in this vaccine safety update, abdominal pain (stom-
achache), pain in extremities (leg and arm), and influenza-like
symptoms (including chills, fever, rhinorrhea, cough and sore throat)
have been added to the side effects of Vaxzervia® vaccine. However,
there was no evidence regarding the casual relationship between the
menstrual disorders and Vaxzervia® injection [82].

6.2.2. Ad26.COV2-S (Johnson & johnson; Janssen)

Johnson and Johnson vaccine, also known as Janssen, is a type of
adenovirus-vectored vaccine. The SARS-CoV-2 spike protein gene was
added to the adenovirus 26 DNA (Ad26.COV2-S). Administration of this
modified adenovirus vaccine can enter the cell and release its viral DNA.
Thereafter, the spike protein will be produced through the viral DNA,
the immune system will be evoked and antibodies will be produced
against these SARS-CoV-2 spike proteins. Therefore, vaccination may
lead to prevention of SARS-CoV-2 infection after viral exposure [83].
Since this adenovirus that delivers SARS-CoV-2 spike protein DNA
cannot multiply, infection will not occur after vaccination. Storage
temperature of this vaccine is 2-8 ‘C due to the stability of SARS-CoV-2
DNA molecules which eases its distribution worldwide in comparison to
the previously approved vaccines such as Pfizer/BioNTech and Moderna
that need an ultra-cold storage conditions [83].

It has been reported that in 90% of vaccine recipients, antibody
production was taken place after the first dose administration. However,
the amount of produced antibodies were much higher after the second
dose [84]. Data from Johnson and Johnson revealed that administration
of a single dose of this vaccine would result in 66% efficacy in providing
protection against moderate to severe COVID-19 and 100% efficacy
against COVID-19-induced hospitalization and death [83]. Johnson &
Johnson vaccine has received EUA by the US FDA. In January 2021,
results of interim data on 44,325 participants reported that 28 days after
the single-dose administration, the Janssen vaccine showed the efficacy
of 66% and 85% against moderate-to-severe and severe COVID-19
infection, respectively [70]. There are several reports of splanchnic
venous thrombosis, cerebral venous sinus thrombosis (CVST), and deep
vein thrombosis [73]. After the development of blood clots in six cases
out of 6.8 million vaccine recipients in the USA, administration of the
Johnson and Johnson vaccine was suspended in USA. All of these 6 re-
ports of blood clots occurred in women between the ages of 18 and 48
years old. Thrombosis and thrombocytopenia have occurred between 6
and 13 days post-vaccination. Still, the EMA and MHRA have declared
that although AstraZeneca/Oxford and Johnson and Johnson COVID-19
vaccines might be associated with rare thrombocytopenia and throm-
bosis side effects, their benefits in current pandemic control will over-
weigh their possible risks. US FDA and the Centre for Disease Control
(CDC) have warned that people who are vaccinated with Johnson and
Johnson vaccine should be aware of the potential signs and symptoms of
thrombosis occurrence within three weeks post-vaccination. These
alarming signs and symptoms are severe headache, abdominal pain, leg
pain, or shortness of breath [84]. The Janssen COVID-19 vaccine is
effective against Alpha, Beta, Gamma, and Epsilon SARS-CoV-2 variants
[85]. The Johnson & Johnson vaccine has received the EUA and now is
going to be used in individuals of 18 years and older in the USA and
many other countries [70].
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6.2.3. Gam-COVID-Vac (Gamaleya’s Sputnik V)

Sputnik V, also known as Gam-COVID-Vac, is a type of heterologous
recombinant adenovirus (rAd26 and rAd5)-vectored vaccine [70,86].
Adenoviral vector-delivered antigens are capable to induce both cellular
and humoral immunity after administration of the first dose. However,
administration of the second dose of these vaccines would be accom-
panied by a long-term immune response [87]. The major drawback of
these adenovirus-vectored vaccines would be the immunogenicity
against vector components. This drawback can be minimized and
overcome through the prime-boost heterologous vaccination approach
using two different vectors for the first and second dose of vaccination.
Sputnik V is a combined vector vaccine which consists of rAd26/ rAd5
that delivers SARS-CoV-2 DNA encoding spike proteins (rAd26-S and
rAd5-S respectively). These heterologous recombinant adenoviruses
(rAd26-S and rAd5-S) are injected in a 21-day interval dosage respec-
tively. This vaccine has received early Russian approval after the suc-
cessful results of the phase I/1I clinical trials [87,88]. Results of phase III
clinical trials revealed that Gamaleya’s Sputnik V vaccine had an overall
efficacy of 91.6% on day 21 after the first dose (the day of the second
dose) administration. In this study, the starting point for vaccine efficacy
measurement was considered as PCR-positive COVID-19 cases counting
21 days after the first dose (the day of the second dose) administration.
Also, it showed a mean efficacy of 91.8% among participants older than
60 years old. Sputnik V vaccine’s efficacy against severe COVID-19 was
100% [87]. Also, this vaccine results in robust induction of both hu-
moral and cellular immunity, 42 days and 28 days after first dose
administration respectively. Humoral immune response was assessed in
terms of neutralizing antibody titers and RBD-specific IgG titers while
the cellular immune response was assessed as enhanced IFN-y secretion
among vaccine recipients [87]. Sputnik V vaccine was well tolerated in
recipients and no major serious adverse reactions related to the vaccine
administration were reported. The most common local and systemic
adverse reactions related to the Sputnik V vaccine were pain at the in-
jection site, hyperthermia, headache, asthenia, and muscle and joint
pain [89]. This vaccine was formulated in two dosage forms with
different storage stability considerations: The liquid form which was
stored at —18°C and the lyophilized powder which was stored at 2-8 C.
Ministry of Health of the Russian Federation approved the lyophilized
powder form to obtain ease of global vaccine distribution [87]. Results
of the phase III clinical trial of Sputnik V vaccine revealed promising
efficacy and safety [90] and now this vaccine is approved in Russia and
many other countries for public use. In April 2021, Sputnik V vaccine
has received EUA from Russia and some other countries [70].

6.2.4. Ad5-nCoV (CanSino)

CanSino vaccine (Ad5-nCoV), also known as CanSinoBIO, is a type of
adenovirus 5 (Ad5)-vectored vaccine that delivers the DNA to the cells
which encode SARS-CoV-2 spike proteins [91]. Results of an early phase
I, dose-escalation, open-label, non-randomized study in China revealed
that CanSino vaccine was well-tolerated and could induce both humoral
and cellular immunity 28 days and 14 days after single-dose adminis-
tration respectively [92,93]. This vaccine was tested in three dosing
schedules including low dose (5 x 10'° viral particles), middle dose (1
X 1011), and high dose (1.5 x 10'h. Although the high dose adminis-
tration was more immunogenic in terms of B cell and T cell induction,
the reactogenicity was also higher after this high dose vaccine admin-
istration in comparison to the low and middle doses. [92]. The most
commonly reported local and systemic adverse reactions related to
vaccination were pain at the injection site, fever, headache, fatigue, and
muscle pain that were considered as mild to moderate in severity as-
sessments. Also, the most common reactions after high dose adminis-
tration (1.5 x 10'') was fever, dyspnea, joint pain, fatigue, and muscle
pain with more severity. No serious adverse reactions were reported
during 28 days post-vaccination [92]. Results of phase II clinical trial in
a larger population revealed that single-dose CanSino vaccine admin-
istration with a dosage of 5 x 10'° viral particles would be considered
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Fig. 3. A schematic view of the design and development of Novavax COVID-19 vaccine.

safe and could efficiently induce both humoral and cellular immune
systems. According to the results of this study, older adults might show
lower post-vaccination immune response with CanSino in comparison
with the younger population. So, it seems that a second booster dose
might be necessary in older adults to induce better post-vaccination
immunity [94].

Since COVID-19 is a serious respiratory infection, it has been hy-
pothesized that mucosal vaccination in addition to the routine IM in-
jection can induce better protection against COVID-19 challenges.
Results of a recent animal study revealed that single-dose mucosal
administration of the CanSino vaccine could protect against the upper
and lower respiratory tract against SARS-CoV-2 infection. Furthermore,
single-dose IM injection of the CanSino vaccine could protect mice lungs
against SARS-CoV-2 infection and could significantly reduce viral
replication after exposure.Hence, according to the results of this animal
study, it seems that mucosal immunity in combination with systemic
immunity can significantly protect against SARS-CoV-2 infection and
reduce person-to-person transmission. However, controlled clinical tri-
als and human studies are required to assess the safety and efficacy of
this novel route of administration [95].

6.2.5. VIR-7831 (Medicago)

VIR-7831 is a plant-based, non-infectious, viral vector vaccine
against COVID-19 that has been developed by Medicago Company in
Canada. This plant-based vaccine has been designed through the utili-
zation of virus-like particles of SARS-CoV-2 including S protein to mimic
the structure and function of SARS-CoV-2 after injection [96]. Since
these plant-based viruses lack the genetic materials of SARS-CoV-2, host
infectivity would not be expected after vaccination. The virus-liked
particles, used in the development of the COVID-19 vaccine, can be
easily recognized by the immune system and induce sufficient immune
response. Now, VIR-7831 is in phase III clinical trial. This vaccine is
cheaper to produce and so it is more affordable to use in developing

countries, which is the main advantage of this vaccine. Furthermore, this
vaccine might better prevent new variants and emerging mutations
[96].

6.3. Protein-based vaccines

Among the majority of anti-viral vaccines being licensed for human
use are the protein-based vaccines. Protein-based vaccines are consid-
ered as classic vaccine platforms. Classical vaccine platforms have
significantly contributed to global health breakthroughs such as eradi-
cation of smallpox. Protein-based vaccines can either be composed of a
purified protein of the virus, recombinant protein, virus-infected cells or
virus-like particles. Among the all types of developed vaccines, peptide-
based vaccines are the safest, which is due to the exclusion of the epi-
topes that cause antibody-dependent infections. However, low immu-
nogenicity of these vaccines might be considered as a disadvantage
which is solved by adding the adjuvants that helps inducing a robust
immune response [97]. The S protein of the SARS-CoV-2 is the most
suitable antigen to induce the neutralizing antibodies against the path-
ogen [98]. Two protein-based COVID-19 vaccines that are currently
approved for human use are NVX-CoV2373® (Novavax) and Epi-
VacCorona (Vector institute). A schematic view of the design and
development of Novavax COVID-19 vaccine is shown in Fig. 3.

6.3.1. NVX-CoV2373® (Novavax)

NVX-CoV2373 is a recombinant rSARS-CoV-2 nanoparticle vaccine,
developed by a biotechnology company, Novavax. NVX-CoV2373 is
composed of trimeric full-length spike glycoproteins of SARS-CoV-2 and
Matrix-M1 adjuvant [99]. The adjuvant is a saponin-based Matrix-M™
that has demonstrated potent as well as well-tolerated effects. It causes
the antigen presenting cells to enter the injection site and enhance
presentation of antigens in local lymph nodes resulting in evoked im-
mune response. Spike glycoprotein of full-length wild-type SARS-CoV-2,
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which facilitates attachment of the virus to human angiotensin-
converting enzyme 2 (hACE2) receptor in order to enter the cell,
serves as a fundamental target for development of antibodies and vac-
cines [100,101].

NVX-CoV2373 is being tested in two major Phase IlI trials, one taking
part in the U.K that has shown a 96.4% efficacy against the wild virus
strain and an overall efficacy of 89.7% and the PREVENT-19 trial in the
U.S. and Mexico that has recently been started. Phase II trials are
currently ongoing in South African and the USA as well as Australia.
Novavax has announced successful results of its Phase IIb study con-
ducted in South Africa. Phase IIb trial in South Africa has shown 48.6%
efficacy against a newly emerged variant.

Preliminary data from clinical trials show that NVX-CoV2373 is
95.6% effective against the original variant of SARS-CoV-2 but also
provides protection against the newer variants B.1.1.7 (85.6%) and
B.1.351 (60%) [102]. Reports of a randomized controlled trial in South
Africa indicate that NVX-CoV2373 vaccine was efficacious in preventing
COVID-19 caused by the B.1.351 variant, while prior infection with the
wild SARS-CoV-2 did not provide protection against this variant [103].
Among HIV-negative participants, NVX-CoV2373 has shown 60.1% ef-
ficacy against B.1.351 variant [102,104].

Doses of vaccine and adjuvant in a clinical setting (5 and 25 pg rs
SARS-CoV-2 adjuvant with 50 pg Matrix-M1) that were administered in
2 doses, ensued sterilizing immunity in both the lungs and nasal passage,
suggestive of the protection provided by the vaccine against upper and
lower respiratory tract infection caused by COVID-19 and has exhibited
to inhibit transmission. The mentioned doses were evaluated in phase I
and in 131 healthy adult participants with 18 to 59 years of age and in
phase II of study in 750 to 1,500 participants of 18 to 84 years of age,
including those with co-morbid diseases [105]. Although results of
phase I is in support of both doses of SARS-CoV-2 rS/Matrix-M1 adju-
vant regarding safety and immunology, the lower dose (5 pg) offers the
advantage of dose-sparing [106]. Based on both nonclinical and Phase I
data, the chosen dose for Phase III study is 5 ug SARS-CoV-2 rS/50 pg
Matrix-M1 adjuvant being administered intramuscularly (IM) on Days
0 and 21.

A recent report also shows that two-dose regimens of 5 pg and 25 pg
rSARS-CoV-2 with 50 pg Matrix-M1 adjuvant in participants were well
tolerated. Following the first dose, both doses of NVX-CoV2373 were
well tolerated but there was a trend toward a higher incidence of local
reactogenicity with the higher dose in both younger and older adults but
no apparent differences in anti-spike protein binding IgG levels and
neutralizing antibody responses by dose level. Following the second
dose, both dose levels of NVX-CoV2373 were well tolerated despite
increased frequencies and intensities of local and systemic reac-
togenicity in both younger and older adults, and a trend toward higher
incidences of local and systemic reactogenicity with the higher dose
remained. NVX-CoV2373 induced robust levels of anti-spike protein
binding. Both younger and older adults demonstrated no significant
difference between the two dose levels with respect to IgG and
neutralizing antibodies levels. Data on the antibody responses are in
support of the low-dose and two vaccination regimens of 5-ug NVX-
CoV2373 [107].

Regarding adverse reactions reported from NVX-CoV2373 after
receiving the first dose, pain at the injection site was the most frequent
of all. Headache, fatigue and malaise were also among the main reported
adverse reactions. Following the second dose, adverse reactions were
more or less similar with mean duration of slightly higher which lasted
less than 3 days. Local tenderness, fatigue and joint pain were observed
after the second dose. Severe local adverse reactions were rare but
occurred more often in the seronegative NVX-CoV2373 group. More
frequent adverse reactions included headache (20-25%), muscle pain
(17-20%), and fatigue (12-16%). Fever was reported in only one
participant. All adverse reactions resolved in 2 days after injection.
Considering laboratory data, hemoglobin level dropped in 6 patients
which resolved 7-21 days after injection with no clinical significance.
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Rise in liver enzymes was observed in four individuals that resolved
within 7-14 days after vaccination [106].

Taken together, the data released from clinical trials indicate that the
rSARS-CoV-2/Matrix-M1 vaccine is highly immunogenic and well
tolerated, however awaiting data from a phase Ila/b and two phase III
ongoing studies which evaluates the efficacy and safety of the two-dose
regimen of 5-pug NVX-CoV2373 in South Africa, the United Kingdom, the
USA and Mexico are yet to be released.

6.3.2. EpiVacCorona (Vector Institute)

EpiVacCorona vaccine developed by the Vector institute, the State
Research Center of Virology and Biotechnology, is a protein-based
vaccine containing a chemically synthesized peptide immunogens of
the S protein of SARS-CoV-2 conjugated to a carrier protein and adsor-
bed on aluminum hydroxide. Novel SARS-CoV-2 N protein chosen as the
carrier protein in EpiVacCorona, augments peptide immunogenicity.
This protein is conserved, induces no virus neutralizing antibodies, but
contains virus-specific T-cell epitopes and is involved in memory T-cell
production. Since peptide vaccines contain only short sequences of the
viral protein, it adds to the safety profile of the vaccine which makes it
suitable for use in immunocompromised patients. Alongside, Epi-
VacCorona is effective against antigenically variable strains due to
containing conservative SARSCoV-2 epitopes. Additionally, ease of
production and stability of the components of the vaccine allows the
process of producing vaccine for large populations [108].

Phase I-II clinical trial of the EpiVacCorona vaccine is being con-
ducted in Russia at present. Phase III is ongoing in Russia
enrolling>3,000 participants with an age of 18 years and older. Par-
ticipants will receive two separate doses of 225 + 45 ug/0.5 mL IM with
the interval of three to four weeks [104,109].

Data from phase I-1I clinical trials report that the only adverse re-
action observed in participants after receiving the first dose is pain at the
site of injection (14%). No systematic reactions such as headache, fever
and myalgia were observed. Biochemical parameters as well as ECG of
participants remained normal. Regarding heamatological indicators,
changes in the level of monocytes were observed in 14% of patients. The
most common adverse reaction in phase II, was also pain at injection site
(14%). All local reactions were mild and transient and lasted less than 2
days. Increase in body temperature for 12 hrs was also observed in one
participant. EpiVacCorona Vaccine demonstrated low reactogenicity
and only 9.3% and 4.7% of participants experienced mild local reactions
after the first and the second dose respectively [109].

6.3.3. ZF 2001 (Ahui Zhifei longcom Biopharmaceutical)

As mentioned earlier, protein-based vaccines, contain either purified
or synthesized viral proteins. Although subunit vaccines are safer than
other vaccine platforms, they entail adjuvants and booster shots [110].
ZF2001 vaccine is a dimeric RBD (Receptor-binding Domain) adjuvant
with aluminum hydroxide that has been developed by Ahui Zhifei
Langcom pharmaceutical. This vaccine targets SARS-CoV-2 S protein
RBD which is accountable for engaging its cellular receptor, human
hACE2 [111,112]. ZF2001 is the first RBD-based protein subunit vaccine
have reported clinical data. It has been approved for emergency use in
Uzbekistan and China [26,27]. ZF2001 provokes modest cellular as well
as notable humoral immune response. ZF2001 has shown reasonable
immunogenicity and is reported to be well-tolerated in phases I and II
clinical trial. ZF2001 is now being evaluated in a phase III clinical trial
(NCT04646590) [27].

There are no severe adverse reaction reports conveyed with ZF2001
and reported mild side effects resolved within four days of vaccination.
Seroconversion rates for doses of 25 and 50 pg after two-weeks of the
final dose were 76% and 72% respectively. On the other hand, sero-
conversion rate in groups that received three doses was increased to 97%
(25 pg) and 93% (50 pg) at the same time point. Phase III clinical trial is
enrolling with the three-doses of 25 pg schedule for large-scale safety
and efficacy evaluation, since no evidence for a dose-dependent manner
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Fig. 4. A schematic view of the design and development of inactivated SARS-CoV-2 vaccines.

of enhancing immunogenicity was observed [113].

ZF 2001 has shown to greatly preserve neutralizing titres, against
501Y.V2 also known as B.1.351, which first emerged in South Africa,
compared to the titres against the original SARS-CoV-2 and the currently
circulating D614G virus [28].

6.4. Inactivated vaccines

A conventional method in vaccine development is using whole
inactivated virus (WIV) Several WIV vaccines have been designed for
SARS-CoV-2 prevention including Bharat Biotech (Covaxin®) from India
and Sinovac and Sinopharm from China [114]. A schematic view of
inactivated SARS-CoV-2 vaccine development is depicted in Fig. 4. Be-
sides many advantages attributes to this conventional vaccine platform,
the main drawback of these inactivated vaccines is the moderate
immunogenicity. So, concurrent administration of adjuvant is required
to enhance immune response. Also, administration of the booster doses
of inactivated vaccines are required to confirm their efficacy against
COVID-19 infection [115].

6.4.1. BBIBP-CorV (Sinopharm Beijing) & WIBP-CorV (Sinopharm
Wuhan)

Sinopharm Beijing, also known as BBIBP-CorV, is a kind of inacti-
vated SARS-CoV-2 vaccine. During vaccine design, different SARS-CoV-
2 strains containing 19nCoV-CDC-Tan-HB02 (HB02), 19nCoV-CDC-Tan-
Strain03 (CQO01), 19nCoV-CDC-Tan-Strain04 (QD01) were isolated from
the bronchoalveolar lavage samples of the hospitalized COVID-19 pa-
tients [116]. Results revealed that the HB0O2 strain would be optimal due
to the highest replication and virus yield generation in comparison to
other strains. Therefore, the HB02 strain was selected for SARS-CoV-2
inactivated vaccine development. Thereafter, the HB02 strain was pu-
rified and passaged as viral stock. The viral stock was expanded on Vero
cells. The original seed for inactivated SARS-CoV-2 vaccine production

10

was obtained after 10 generation adaptation and passages with a
sequence homology of 99.95%. In order to inactivate SARS-CoV-2 pro-
duction, B-propiolactone was mixed with the harvested virus sample.
The viral inactivation process was accompanied by vial infectivity
elimination and formulation stability. The stock vaccine solution
showed protective antigens (SARS-CoV-2 spike proteins) in Western blot
analysis. The results of stained electron microscopy revealed oval shape
SARS-CoV-2 viruses (average diameter of 100 nm) with spike proteins
on their surface [116]. Results of the animal studies revealed that two-
dose immunization with inactivated Sinopahrm vaccine could induce
high titers of neutralizing antibodies. Moreover, Sinopharm vaccine was
genetically stable and considered safe in animal models [116]. Results of
phase I/1I clinical trial revealed that Sinopharm as an inactivated SARS-
CoV-2 vaccine was safe and well-tolerated. Also, it was immunogenic in
healthy vaccine recipients. This vaccine was injected with a different
dosage of 2, 4, and 8 pg with an interval of 28 days. Sinopharm (BBIBP-
CorV) was tested in two groups of recipients comprising 18-59 and > 60
years old participants. The results revealed that the immunogenicity and
neutralizing antibody production were obvious in 100% of vaccine re-
cipients in both groups (18-59 and > 60 years old) after two-dose
administration. The most common adverse reactions reported were
pain and fever. No major severe adverse reaction was documented
among vaccine recipients [117]. Results of an interim analysis of the
phase Il clinical trial revealed that Sinopharm vaccine had an efficacy of
79.34% [72,114]. These vaccine has received Chinese authority
approval for public use. Results of a recent study declared that the
B.1.1.7 variant showed little resistance to neutralization with Sino-
pharm and Sinovac vaccines and convalescent plasma while B.1.351
variant showed more resistance against Sinopharm and Sinovac vac-
cines and convalescent plasma in comparison to the wild type variant
(Wuhan-1 reference strain) [118]. Sinopharm Beijing should be
administered in 2 doses of 4 ug through IM injection 21 or 28 days apart
and Sinopharm Wuhan should be administered in 2 doses of 5 pg
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Table 1
A summary of different characteristics of available COVID-19 vaccines.
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Vaccine trade Innovator Technology Final status Dosage Number Interval ~ Storage  Efficacy Common adverse Major adverse
name company of of shots reactions reactions
production
BNT162b2 Pfizer/ RNA Emergency 0.3mL (30pg 2 2l1days -70C 95% Pain, swelling, Allergic reactions
mRNA BioNTech vaccine use in US nucleosid- redness, fever, including
FDA modified fatigue, headache, anaphylaxis,
mRNA) IM chills, vomiting, paroxysmal
diarrhea, muscle ventricular
pain, joint pain, arrhythmia, and
lymphadenopathy, syncope.
shoulder injury, Multisystem
right axillary inflammatory
lymphadenopathy, syndrome (MIS).
and right leg
paresthesia.
mRNA-1273 Moderna RNA Emergency 0.5 mL (100 2 28 days —20TC 94.5% Pain, swelling, Allergic reactions
vaccine use in US ug mRNA) IM redness at the site of  including
FDA injection, fever, anaphylaxis, facial
fatigue, headache, swelling, and Bell’s
chills, vomiting, palsy
arthralgia, myalgia,
urticaria. (These
clinical symptoms
were mild to
moderate after the
first dose of vaccine
and moderate to
severe after the
second dose of
vaccine).
ChAdOx1 AstraZeneca/  Adenovirus- Emergency 0.5mL (5 x 2 4-12 2-8C 70% Headache, nausea, Thrombosis with
nCoV-19 Oxford vectored use in UK, 10 viral weeks vomiting, diarrhea, thrombocytopenia
vaccines WHO'’s particles) IM myalgia, arthralgia,, syndrome (TTS),
Emergency injection site Guillain-Barré
Use Listing tenderness, pain, syndrome, capillary
warmness, pruritus, leak syndrome
bruising, swelling, (CLS), cerebral
and erythema, venous sinus
fatigue, malaise, thrombosis (CVST)
chills, and fever. without
thrombocytopenia.
Ad26.COV2.S Johnson & Adenovirus- Emergency 0.5mL (5 x 1 - 2-8C 66.3% Fever Venous
(Janssen) Johnson vectored use in US 10'° viral thromboembolism
vaccines FDA particles) IM
Gam- COVID- Gamaleya Adenovirus- Early usein ~ 0.5mL (1 x 2 21 days —18C 92% Flu-like illness, Renal colic, deep
Vac Research vectored Russia 10! viral injection site pain, vein thrombosis,
(Sputnik V) Institute vaccines particles headache, and and extremity
rAd26-S, asthenia. abscess was
followed by 1 observed in patients
x 1011 viral older than 60 years
particles old.
rAd5-S) IM But no association
was found between
serious adverse
events and COVID-
19 vaccine
administration.
Ad5- nCoV CanSino Adenovirus- Phase III 0.5mL (5 x 1 - —-20C 65.7% Injection site pain, No serious adverse
vectored clinical 10 viral soreness, fatigue, events reported.
vaccines trials, particles) IM and mild fever.
Chinese
approval
NVX- Novavax Protein- Phase III 0.5mL (5 ug 2 21 days —-20C 89.3% Headache, fatigue No serious adverse
CoV2373 subunit clinical SARS-CoV-2 and malaise. events reported.
vaccine trials rS/50 pg
Matrix-M1
adjuvant) IM
EpiVacCorona  Vector Protein- Early usein 0.5 mL (225 2 21 days 2-8C NA* Headache, fever and  No serious adverse
Institute subunit Russia + 45 pg) IM myalgia events reported.
vaccine
BBIBP- CorV Sinopharm Inactivated WHO’s 0.5 mL (4 ug 2 21 to 2-8C 79% Pain and fever. No serious adverse
(Beijing) vaccine Emergency in aluminum 28 days events reported.
use adjuvant) IM
approval,
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Vaccine trade Innovator Technology Final status Dosage Number Interval ~ Storage  Efficacy Common adverse Major adverse
name company of of shots reactions reactions
production
Chinese
approval
WIBP- CorV Sinopharm Inactivated Chinese 0.5mL (5 ug 2 14 to 2-8C 72.5% Pain and fever. No serious adverse
(Wuhan) vaccine approval in aluminum 21 days events reported.
adjuvant) IM
CoronaVac Sinovac Inactivated Phase III 0.5 mL (3 pg 2 28 days 2-8°C  50.65% Injection site pain No serious adverse
Biotech vaccine clinical in aluminum to events reported.
trials, adjuvant) IM 83.5%
Chinese
approval
BBV152 Bharat Inactivated Phase III 0.5 mL (6 ug 2 28 days 2-8TC 81% Injection site pain, No serious adverse
Biotech vaccine clinical in Aluminum fever, fatigue, events reported.
trials, hydroxiquim- nausea, and
Emergency 1I adjuvant) vomiting.
use in India IM

*NA: Data not available.

through IM injection with a 21-day interval. The reported efficacy of
Sinopharm Wuhan and Sinopharm Beijing vaccines are 72.51% and
79.34% respectively. The neutralization effect of Sinopharm COVID-19
vaccine against Beta SARS-CoV-2 variant was reduced by 1.6-fold in
comparison to the wild type virus. Finally, on 7th May 2021, WHO has
approved the emergency use of the Sinopharm Beijing vaccine.

6.4.2. CoronaVac (Sinovac)

Sinovac, also known as CoronaVac, is a kind of WIV vaccine that has
been designed and manufactured in China [114]. In this regard, the
CNO2 strain of the SARS-CoV-2 vaccine was propagated in African green
monkey kidney cells. Then, SARS-CoV-2 was harvested and inactivated
using B-propiolactone. Thereafter, the sample was concentrated and
purified. Finally, it was adsorbed on aluminum hydroxide. Before the
sterilization process, the aluminum hydroxide complex was diluted with
water, sodium chloride, and phosphate-buffered saline (PBS) [119].
Data from phase I/II clinical trial revealed that Sinovac was well-
tolerated among healthy participants and could moderately induce
immunogenicity [120]. The most common adverse reaction was pain at
the injection site. Also, results revealed that fever was less common with
Sinovac in comparison with RNA vaccines and adenovirus vectored-
vaccines [120]. According to the published data, Sinovac was safe and
well-tolerated among older adults with age > 60 years old and could
induce sufficient titers of neutralizing antibody [119]. During double-
blind, randomized, placebo-controlled phase III clinical trial, the effi-
cacy and safety of the adsorbed inactivated COVID-19 vaccine, Sinovac
was evaluated in participants with age 18-59 and > 60 years old pop-
ulation after two-dose IM administration of 0.3 pug/0.5 mL inactivated
SARS-CoV-2 vaccine with a 28-day interval [121]. The primary efficacy
endpoint for Sinovac was considered as detection of PCR-positive
COVID-19 cases two weeks after the second dose administration. Also,
the safety endpoint was assessed by local and systemic adverse reactions
monitoring within one week after vaccination [121]. Sinovac showed
the efficacy of 50%, 65%, 78%, and 91% in different countries that were
participated in phase III clinical trials [72]. The least efficacy was
attributed to the Brazilian population with an average efficacy of
50.38% [114,122]. Results of a recent study revealed that the B.1.1.7
variant showed little resistance to neutralization with the Sinovac vac-
cine while the B.1.351 variant was more resistant in comparison to the
wild-type variant [118]. Sinovac has received Chinese approval for
public administration.

6.4.3. BBV152 (Bharat Biotech)

Bharat Biotech COVAXIN, also known as BBV152, is an inactivated
SARS-CoV-2 vaccine designed in India [123,124]. COVAXIN is produced
by inactivation of the NIV-2020-770 strain using B-propiolactone. This
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strain contained the Asp614Gly mutation in their spike proteins [125].
Results of the phase I clinical trial revealed that COVAXIN was well-
tolerated and safe among participants and could induce immunoge-
nicity and enhance immune response (predominantly T-cell response)
after vaccination [125]. The most common reported adverse reactions
were pain at the site of injection, fever, fatigue, nausea, and vomiting
being more prevalent after the first shot [126]. Results of phase II
clinical trial on the efficacy and safety of two-dose administration of
COVAXIN, with a 28-day interval, showed long-term humoral and
cellular immunogenicity about 3 months after the second dose. Bharat
Biotech COVAXIN is considered safe and cost-benefit [127]. COVAXIN,
an immunogenic inactivated SARS-CoV-2 vaccine, can be stored at 2-8C
[128] which eases its global distribution. Results of an interim analysis
revealed the efficacy of 81% after two-dose COVAXIN injection with an
interval of 28 days apart but further studies are required [126]. Also,
COVAXIN showed sufficient efficacy in neutralizing antibody produc-
tion against UK SARS-CoV-2 variant (B.1.1.7 variant) [129]. COVAXIN
has received approval for emergency use by the Drugs Controller Gen-
eral of India (DCGI) [126].

7. Antibody therapy

The potential mechanism of convalescent plasma therapy would be
the presence of neutralizing antibodies including IgG and IgM antibodies
against SARS-CoV-2 that can prevent viremia [1]. The level of these
antibodies would be higher after 2 to 3 weeks from the initiation of
COVID-19 symptoms [130]. Immunotherapy would be a promising
approach in the prevention and treatment of infectious diseases
including COVID-19. Most of the monoclonal antibodies have been
designed to target the SARS-CoV-2 S protein and RBD. These mono-
clonal antibodies can inhibit the interaction of RBD of S1 protein subunit
with its desired receptor ie. ACE2 receptor in host cells. Some mono-
clonal antibodies can also act on the S2 subunit and block the virus from
receptor binding. Besides these monoclonal antibodies, the human
neutralizing antibodies are other promising therapeutic options in the
management of COVID-19 infection. In this regard, B38, H4, and
47D11were introduced first as potential neutralizing antibodies to block
SARS-CoV-2 [131]. Additionally, neutralizing antibodies that are iso-
lated from convalescent plasma of recovered COVID-19 patients can act
as a promising therapeutic agents in COVID-19 management. S309 is the
most promising monoclonal antibody of all that has been designed
against SARS-CoV-2 S protein RBD. Alongside, the three-dimensional
(3D) structure alignment studies showed that S309 had the most
neutralization potency against both SARS-CoV and SARS-CoV-2 S pro-
tein RBDs [132]. The main target site of these neutralizing antibodies is
a segment in the RBD domain which has a 19 amino acid-length and is
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Table 2
Characteristics of various COVID-19 vaccine platforms in different age groups.
Vaccine type Vaccine name Age group (years)  Approval status Efficacy Safety
Nucleic acid BNT162b2 mRNA Children (less Not approved - -
vaccines (Pfizer/BioNTech) than12)

Adolescents FDA! EUA? 100% Mild to moderate reactogenicity including

(12-15) local injection site pain and systemic
adverse reactions including

Young adults FDA approved 95% Mild to moderate reactogenicity and adverse

(>15) reactions.

Rare major adverse reactions.
Elderly FDA approved >90% Mild to moderate adverse reactions.
mRNA-1273 Children Not approved - -
(Moderna) Adolescents EMA?® approval Ongoing study

(12-17)

Young adults FDA EUA 94.5% Mild to moderate reactogenicity and adverse

(>18) reactions.

Rare major adverse reactions.

Elderly FDA EUA >90% Mild to moderate local reactions including
injection site pain and systemic reactions
including lethargy.

Adenovirus- ChAdOx1 nCoV-19 Young adults WHO* EUA 70% Safe and well-tolerated.
vectored (AstraZeneca/Oxford) (>18-69) Mild to moderate adverse reactions with
vaccines rare major reactions including thrombosis.

Elderly (70-84) WHO EUA Sufficient neutralizing antibody Lower adverse effects than in younger

production adults.
Low reactogenicity.
Ad26.COV2.S Younger adult FDA EUA 66.3% Safe and well-tolerated.
(Janssen) (18-65) Mild to moderate adverse reactions with
rare major reactions including thrombosis.

Older adults FDA EUA NA Lower adverse effects than in younger

(>65) adults.

Gam-COVID-Vac NA Early use in Russia 92% Well-tolerated with no serious adverse
(Gamaleya’s Sputnik reaction.

V)

Ad5-nCoV (CanSino) Younger adult Phase III clinical 65.7% Well-tolerated with no serious adverse

(18-55) trials, Chinese
approval
Older adults Phase III clinical
(>55) trials, Chinese
approval
Protein-based NVX-CoV2373 Younger adult Phase III clinical trials
vaccines (Novavax) (18-65)
Older adults Phase III clinical trials
(65-84)
EpiVacCorona NA Early use in Russia
Inactivated BBIB-CorV NA WHO EUA
vaccines (Sinopharm)
WIBP-CorV NA Chinese approval
(Sinopharm)
CoronaVac (Sinovac) Children & Under clinical trials
adolescents investigations
(3-17)
Younger adults Early use in Russia
(18-59)
Younger adults NA
(=60)
BBV152 (Bharat NA Phase III clinical

Biotech)

trials, EUA in India

Lower neutralizing antibody
production in comparison to the
younger adults.

89.3%

Sufficient neutralizing antibody
production

NA

79%

72.5%

Good immunogenicity

50.6-83.5%
NA

81%

reaction.

Well-tolerated with no serious adverse
reaction.

Well-tolerated with no serious adverse
reaction.

Well-tolerated with no serious adverse
reaction.

Well-tolerated with no serious adverse
reaction.

Good safety and tolerability.

Mild to moderate adverse reactions
including injection site pain.

low reactogenicity and mild local reactions

NA

Well-tolerated with no serious adverse
reaction.

1Food and Drug Administration

2Emergency Use Authorization

SEuropean Medicines Agency

“World Health Organization

3Data not available regarding the efficacy in different age groups

called N318-V510 that can induce passive immunization against COVID-
19 infection [133].

According to the latest update on NIH COVID-19 Treatment Guide-
line, in non-hospitalized patients with mild to moderate COVID-19
infection and at higher risk of clinical signs and symptoms progres-
sion, the monoclonal antibodies including casirivimab plus imdevimab
or sotrovimab can be administered. These monoclonal antibodies have
received Emergency Use Authorization (EUA) in outpatient settings,
however, they are not authorized to administer in hospitalized patients.
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It is to note that administration of the low-titer COVID-19 convalescent
has no longer been authorized for treatment of COVID-19 patients. In
immunocompetent hospitalized patients dependent on mechanical
ventilation, the NIH guideline recommended against the use of conva-
lescent plasma therapy. Furthermore, high-titer convalescent plasma
therapy is no longer authorized for the treatment of immunocompetent
hospitalized patients who are not on mechanical ventilation. However,
data regarding high-titer convalescent plasma therapy in immunocom-
promised hospitalized patients and also in outpatient settings is not
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Table 3

The immunologic mechanisms of different COVID-19 vaccine platforms.

Vaccine name

Humoral responses

Cellular responses

BNT162b2 mRNA
(Pfizer/
BioNTech)

mRNA-1273
(Moderna)

ChAdOx1 nCoV-19
(AstraZeneca/
Oxford)

Ad26.COV2.S
(Janssen)

Gam-COVID-Vac
(Gamaleya’s
Sputnik V)

Ad5-nCoV
(CanSino)

NVX-CoV2373
(Novavax)

CoronaVac
(Sinovac)

BBIB-CorV
(Sinopharm)

WIBP-CorV
(Sinopharm)

BBV152 (Bharat
Biotech)

Protein S1-binding antibody
production after the first
and second dose of
vaccination.

NADb! production after the
second dose.

Protein S-binding antibody
production after the first
and second dose.
Significant production of
NAD after the second dose.
Protein S-binding antibody
production (specifically
IgG3 and IgG1) after the
first and second dose.

NAbD production after the
first and second dose.
Protein S-binding antibody
production after the single
dose.

NAbD production after the
single dose.

Protein S-binding antibody
production after the first
and second dose.

NADb production after the
first and second dose.
RBD®-binding antibodies,
anti-RBD binding
antibodies, and NAb
production after the single
dose.

Protein S-binding antibody
production after the first
and second dose.

NADb production after the
first and second dose.
RBD-specific binding
antibody and NAb
production after the second
dose.

Binding antibodies against
whole inactivated SARS-
CoV-2 and NAb production
after the second dose.
Binding antibodies against
whole inactivated SARS-
CoV-2 and NAb production
after the second dose.
Anti-S binding antibodies
production after the first
and second dose.

NAb production after the
first and second dose.

Enhancement of antigen-
specific CD4* and CD8" T
cells secreting INFy? and IL-
23 after the second dose.

Enhancement of CD4" T cells
secreting TNF* and INFy after
the second dose.

Enhanced CD4" T cells
secreting TNF and INFy after
the first and second dose.

Enhancement of antigen-
specific CD4* and CD8" T
cells secreting INFy and IL-2
after the single dose.

Enhanced CD4" and CD8" T
cells secreting INFy after the
first and second dose.

Enhanced T cells secreting
INFy after the single dose

Enhanced CD4" T cells
secreting INFy, TNF, and IL-2
after the second dose.

No cellular immunity

No cellular immunity

No cellular immunity

Enhancement of CD4+,
CD45RO™ T cells secreting
INFy and TNF after the
second dose.

! Neutralizing antibodies

?Interferone Gamma

%Interleukin 2

“Tumor necrosis factor
SReceptor-binding domain

sufficient and we cannot either recommend nor reject the routine
administration due to unknown safety and efficacy [134]. Because of
these controversial results, it has been suggested that measuring anti-
body titers (IgM and IgG) before convalescent plasma transfusion would
be beneficial [135].

8. Discussion and conclusion

Over 70% of the world population should be vaccinated in order to
achieve a desirable community immunity. Although each COVID-19
vaccine has various advantages and disadvantages over the others,
accessibility and affordability of vaccines approved by the official
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Table 4
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A summary of different SARS-CoV-2 variants and suitable vaccines for each

variant.

SARS-CoV-2
variants

WHO
label

Source of
detection

Suitable vaccines

D614G (wild
type)

B.1.1.7 (201/
501Y.V1)

B.1.351
(20H/
501Y.V2)

P1(20J/
501Y.V3)

P2

P3

B.1.427 /
B.1.429
(CAL20.C)

B.1.525

B.1.526

- Wuhan city
of China

United
Kingdom

Alpha

Beta South Africa

Brazil &
Japan

Gamma

NA*
NA*

Brazil
Philippines
California

Zeta
Theta
Epsilon

Eta Multiple NA*

countries
New York

Lota NA*

BNT162b2 mRNA (Pfizer/
BioNTech)

mRNA-1273 (Moderna)
Ad26.COV2.S (Janssen)
ChAdOx1 nCoV-19 (Astra-
Zeneca/Oxford)
Gam-COVID-Vac
(Gamaleya’s Sputnik V)
Ad5-nCoV (CanSino)
NVX-CoV2373 (Novavax)
EpiVacCorona (Vector
Institute)

BBIB-CorV (Sinopharm)
WIBP-CorV (Sinopharm)
CoronaVac (Sinovac)
BBV152 (Bharat Biotech)
BNT162b2 mRNA (Pfizer/
BioNTech) (decreased
neutralization by 2 x )
mRNA-1273 (Moderna)
(decreased neutralization by
1.8 x)

NVX-CoV2373 (Novavax)
(decreased neutralization
by x 1.8) [60]
Ad26.COV2.S (Janssen)
[85]

ChAdOx1 nCoV-19 (Astra-
Zeneca/Oxford)
BNT162b2 mRNA (Pfizer/
BioNTech) (decreased
neutralization by 6.5 x )
mRNA-1273 (Moderna)
(decreased neutralization
by < 8.6 x)

ChAdOx1 nCoV-19 (Astra-
Zeneca/Oxford) (decreased
neutralization by < 8.6 x to
complete escape)
BBIB-CorV (Sinopharm)
(decreased neutralization by
1.6 x ) [60]
Ad26.COV2.S (Janssen)
[85]

Novavax

CoronaVac

Sputnik V

BNT162b2 mRNA (Pfizer/
BioNTech) (decreased
neutralization by 6.7 x )
mRNA-1273 (Moderna)
(decreased neutralization by
4.5 x ) [60]
Ad26.COV2.S (Janssen)
[85]

ChAdOx1 nCoV-19 (Astra-
Zeneca/Oxford)
CoronaVac

BBIB-CorV (Sinopharm)

BNT162b2 mRNA (Pfizer/
BioNTech) (decreased
neutralization by 4 x )
mRNA-1273 (Moderna)
(decreased neutralization by
2.8 x ) [136]

Ad26.COV2.S (Janssen)
[85]

(continued on next page)
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Table 4 (continued)

SARS-CoV-2 WHO Source of Suitable vaccines
variants label detection
B.1.617.1 Kappa India NA*
B.1.617.2 Delta India = BNT162b2 mRNA (Pfizer/
BioNTech) (with efficacy of
88%)
= mRNA-1273 (Moderna)
m Ad26.COV2.S (Janssen)
[137]
m ChAdOx1 nCoV-19 (Astra-
Zeneca/Oxford) (with effi-
cacy of 67%) [61]
= BBV152 (Bharat Biotech)
C.37 Lambda Peru NA*
B.1.621 Mu Colombia NA*

*NA: Data not available.

authorities of health organizations, especially in developing countries,
would be essential to terminate this pandemic. This review emphasized
on different vaccine platforms as well as related mechanisms, safety, and
efficacy of available COVID-19 vaccines. A summary of characteristics of
these vaccines including brand names, innovator company names,
dosage, manufacturing technology, dosing intervals, storage, efficacy,
and adverse reactions have been summarized in Table 1. Also, charac-
teristics of various COVID-19 vaccine platforms in different age groups
have been summarized in Table 2. Furthermore, the immunologic
mechanisms of different vaccine platforms have been summarized in
Table 3.

The coverage of different COVID-19 vaccines against various SARS-
CoV-2 variants that have been reported from different sources has
been summarized in Table 4.

Although several vaccines with different manufacturing technologies
have been approved for COVID-19, with their own specific character-
istics regarding their efficacy and side effects, due to urgent need for at
least 11 billion doses of vaccine for effective vaccination of the at least
70% of the world population, accessibility and affordability of vaccines
is an important issue that the health service authorities around the world
faces. Although various vaccines with different efficacies are available,
fast vaccination of the world population is recommended to prevent the
emergence of the new variants of the virus that may be resistant to
developed vaccines.

9. Final viewpoint on vaccine development and usage

Based on CDC recommendation and due to the SARS-CoV-2 Delta
variant pandemic, moderately to severely immunocompromised pa-
tients should receive an additional booster dose of mRNA vaccines after
completion of the initial 2 dose shots. This booster dose should be
administered at least 28 days after the second dose of Pfizer/BioNTech
or Moderna COVID-19 vaccines. Since the level of immunity after 2
doses administration in these immunocompromised patients would not
be equal to the immunocompetent individuals, the booster dose is
required in order to improve initial response. Also, in immunocompetent
individuals administration of an additional booster dose after the second
dose would be promising to achieve better protection against COVID-19
which is now being applied in some countries including USA, Israel,
Turkey, and the United Arab Emirates. However, at this time, CDC does
not recommend additional booster doses in any population other than
moderately to severely immunocompromised patients.

The new COVID-19 cases in many countries have increased signifi-
cantly in both vaccinated and non-vaccinated populations. Although
public vaccination has been initiated and completed in many countries
including USA, some people were not convinced to be vaccinated.
Therefore, the nations and their health policies should encourage all
people to receive vaccine to prevent further viral spread among vacci-
nated and non-vaccinated populations. Also, the other reason for
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COVID-19 infection after vaccination can be attributed to the fact that
the available vaccines do not have 100% efficacy and therefore infection
and death are still possible after vaccination. However; the rate of
mortality and severe infection has significantly reduced after massive
vaccination. Furthermore, the new SARS-CoV-2 variants including the
Delta variant, with a faster transmission rate would be the other cause of
increased number of cases after public vaccination in some nations.

In order to prevent new ongoing SARS-CoV-2 variants, massive
vaccination of people around the world should be accomplished as soon
as possible. Also, based on the published data, it seems that mRNA
vaccines including Pfizer/BioNTech and Moderna have shown higher
efficacy and protection against COVID-19 infection. Additionally, these
vaccines might have a longer duration of action in comparison to others.
Furthermore, using mRNA vaccines, the new SARS-CoV-2 variants can
be targeted specifically and their high efficacy against COVID-19
infection can be preserved.

According to the details provided in this review, comparison among
different available COVID-19 vaccines and decision-making about the
suitability of each vaccine for different nations can be easily accessible
for clinicians, pharmacists, and researchers in this field.

10. Study limitation

The main limitation of this study was the lack of access to the clinical
data on available COVID-19 vaccines developed in Eastern countries.
The data on their efficacy, safety, and adverse reactions were limited.
Also, the long-term adverse reactions of available COVID-19 vaccines
around the world are not clear yet and they will be announced during
phase IV clinical trials and post-marketing.

11. Future scope/direction of the present review

Further clinical data from available COVID-19 vaccines especially
vaccines developed in Eastern countries will be published in the future.
Also, many vaccines in clinical trial phases will be passed hopefully and
become available for nations to accelerate massive vaccination.
Furthermore, exact planning on the rate of vaccine production is
necessary to provide massive vaccination in a short period of time. In the
end, the rare and also long-term adverse reactions of available COVID-
19 vaccines with different platforms will be announced during the
phase IV clinical trials and post-marketing period.
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