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Abstract

Background: The COVID-19 pandemic is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). SARS-CoV-2 is disseminated by respiratory aerosols. The virus uses the spike protein to target epithelial cells by
binding to the ACE2 receptor on the host cells. As a result, effective vaccines must target the viral spike glycoprotein.
However, the appearance of an Omicron variant with 32 mutations in its spike protein raises questions about the vac-
cine’s efficacy. Vaccines are critical in boosting immunity, lowering COVID-19-related illnesses, reducing the infectious

CoV-2 variants.

vaccine technologies.

burden on the healthcare system, and reducing economic loss, according to current data. An efficient vaccination
campaign is projected to increase innate and adaptive immune responses, offering better protection against SARS-

Main body: The presence of altered SARS-CoV-2 variants circulating around the world puts the effectiveness of vac-
cines already on the market at risk. The problem is made even worse by the Omicron variant, which has 32 mutations
in its spike protein. Experts are currently examining the potential consequences of commercial vaccines on variants.
However, there are worries about the vaccines'safety, the protection they provide, and whether future structural
changes are required for these vaccines to be more effective. As a result of these concerns, new vaccines based on
modern technology should be developed to guard against the growing SARS-CoV-2 variations.

Conclusion: The choice of a particular vaccine is influenced by several factors including mode of action, storage
conditions, group of the vaccinee, immune response mounted, cost, dosage protocol, age, and side effects. Cur-
rently, seven SARS-CoV-2 vaccine platforms have been developed. This comprises of inactivated viruses, messenger
RNA (mRNA), DNA vaccines, protein subunits, nonreplicating and replicating vector viral-like particles (VLP), and live
attenuated vaccines. This review focuses on the SARS-CoV-2 mutations, variants of concern (VOCs), and advances in
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Background

SARS-CoV-2 was first reported in Wuhan, China in
December 2019 [1-3]. It is believed that the virus was
transmitted to humans from an unknown animal reser-
voir [4, 5]. The virus has claimed a lot of lives globally
and by December 2020 over 1.4 million people had suc-
cumbed to the disease and more than 6.35 million people
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had been infected with the virus [6]. SARS-CoV-2 has
been linked to RaTG13, according to reports (a bat coro-
navirus). The SARS-CoV-2 spike protein is 97.4% similar
to RaTG13. Its similarities to SARS-CoV and the Middle
East respiratory syndrome coronavirus (MERS-CoV) are
only 76% and 35%, respectively [3, 6-12].

The SARS-CoV-2 virus is a positive-strand RNA
virus having genome size ranging between 27 and 31
kb [13-17]. These viruses are of the Coronaviridae fam-
ily and currently 5 VOCs exist including the Omicron,
Beta, Alpha, Gamma, and Delta [2, 10, 13]. Beta and
Alpha VOCs are known to infect human beings [2, 10].
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Coronaviruses infecting humans include human coro-
navirus NL63, human coronavirus 229E, coronavirus,
human corona-virus HKU1, MERS-CoV, and SARS-
CoV-2. Human coronavirus 229E was first identified and
isolated in 1960s, SARS-CoV in 2002, human coronavi-
rus NL63 in 2004, human corona-virus HKU1 in 2005,
and MERS-CoV in 2012 [8, 10, 18]. Evolutionary analysis
indicated that SARS-CoV-2 had close proximity to the
SARS-CoV virus [2].

The virus spike glycoprotein binds to the ACE2 recep-
tor on epithelial cells during infection [6, 19]. The spike
glycoprotein interacts with cellular proteases after bind-
ing, causing it to be cleaved, allowing the virus to enter
the cell [3, 6]. The viral genome is subsequently released
into the cytoplasm, where it is translated by the host cell
machinery, producing viral proteases, helicase enzyme,
and RNA-dependent RNA polymerase (RdRp). RdRp is
involved in viral genome replication and structural pro-
tein translation [6].

The rapid emergence of the SARS-CoV-2 virus
necessitated the development of vaccines target-
ing the spike protein in an unprecedented timeframe
[20]. Preclinical data from MERS-CoV and SARS-CoV
research were used to develop novel vaccines [21].
Preparation processes from past vaccination research
were used during development, and data from pre-
clinical and toxicological studies were used in some
instances [20]. This information was made public
during the first phase of SARS-CoV-2 clinical trials,
which took place in March 2021. Phase I and phase
II investigations were undertaken at the same time in
this preclinical research, followed by phase III studies.
This came after a thorough examination of the posi-
tive phase I and phase II data [20]. Various vaccine
production methods have been used to date, ranging
from traditional to those that are being used in peo-
ple for the first time [22]. Vaccines take about 10-15
years to develop and test before they are authorized
for clinical use [23]. Different methodologies were
employed in the manufacture of safe and highly effec-
tive vaccines for SARS-CoV-2 at a surprising pace,
based on readily available data [24].

At the very least, the properties outlined in this arti-
cle must be included in an ideal SARS-CoV-2 vaccine. It
should be able to elicit long-lasting protective immune
responses in everyone, regardless of underlying condi-
tions, age, sex, breastfeeding status, immune state, and
the lack of the ability to create pulmonary immuno-
pathology or antibody-dependent enhancement [6]. It
should also be thermostable and immune-stimulating [6].
SARS-CoV-2 mutations, variations of concern (VOCs),
and developments in vaccination technology were the
subject of this review study. This article also includes
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extensive background information on the SARS-CoV-2
vaccine’s development.

Background information about SARS-CoV-2
vaccine developments

The spike protein is a target for vaccine development
because it mediates the virus’s contact with the host
cells [1, 25]. The spike glycoprotein is important for virus
attachment, entry, and subsequent neutralizing antibody
production [14, 16]. This spike protein is located on the
surface of the SARS-CoV-2 virus and has a role in virus
attachment and entrance into host cells, making it a
prime target for neutralizing antibodies [1, 9, 26]. As a
result, when creating vaccines against the virus, the spike
protein is chosen as the target antigen of choice, and it
can be given in a variety of ways [9]. There are two types
of approaches: gene-based and protein-based. The sort
of spike design employed in this method is critical to
its success since it can affect manufacturability, immu-
nogenicity, vaccination effectiveness, biophysical, and
antigenic characteristics [1, 27]. The spike protein has
the surface ectodomain (S1) and the receptor-binding
domain (RBD) in some designs, or the transmembrane
domain (S2) or the ectodomain (S1) in others [1]. RBD is
essential for viral attachment to host cells through ACE2
[1, 27, 28]. Vaccines composed of RBD are able to induce
powerful neutralizing activity [27, 28]. Furthermore, anti-
bodies on the transmembrane domain or the N-terminal
domain are capable of neutralizing the virus primarily by
interfering with protein rearrangement hence inhibiting
the fusion process [27]. Figure 1 represents the structure
of SARS-CoV-2 and the spike glycoprotein [17].

SARS-CoV-2 variants

There are now five SARS-CoV-2 VOCs. This group
includes the Omicron, Delta, Beta, Alpha, and Gamma
which were originally identified in South Africa, India,
South Africa, UK, and Brazil respectively [29, 30]. In the
spike glycoprotein, these variants share a considerable
number of mutations, with Omicron having an especially
high number of mutations [29, 30]. These variants are
further discussed in this article.

1. Omicron (B.1.1.529)

The World Health Organization (WHO) first identi-
fied this variant as a VOC in November 2021 [31, 32].
The spike glycoprotein of this variant is characterized
by an extremely high number of mutations. Because the
spike protein is the most common antigenic target for
antibodies, the 32 mutations are expected to alter the
effectiveness of vaccines that target the spike protein
[31]. Even though the Delta variant only had 5 S protein
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mutations, it had worldwide consequences [31]. Muta-
tions in the Omicron variant have been found in a variety
of SARS-CoV-2 proteins, including NSP4, NSP14, NSP3,
S protein, envelope protein, NSP5, NSP6, membrane
protein, NSP12, and nucleocapsid protein [31]. Omi-
cron has a large number of deletion mutations, totaling
more than 30. Some of the alterations are similar to those
found in Alpha, Gamma, Beta, and Delta VOCs. The 5
SARS-CoV-2 VOCs have the alterations N679K T478K,
69-70del, N501Y, K417N, N655Y, T95I, G142D/143—-
145del, and P681H [32]. Greater viral binding affinity,
enhanced transmissibility, and higher antibody escape
are all connected to distinct types of mutations [32].
Because of the abrupt increase in the number of muta-
tions in the spike glycoprotein, it is possible that Omicron
is caused by vaccination. As a result, the spike protein’s
32 amino acid modifications are likely to improve the
variant’s ability to evade current vaccinations [31]. The
virulence, infectivity, and ability of this mutant to evade
vaccination protection are all unclear at this time [31].

2. Alpha (B.1.1.7)

It is one of the most frequent VOCs found in Canada.
In September 2020, it was first reported in the United
Kingdom. When compared to other VOCs, it has a 50%
higher transmissibility [33]. AstraZeneca’s vaccine was
shown to be 70% effective against alpha VOCs, accord-
ing to the results of a research. In another trial, the Pfizer
vaccine was found to be 93.7% effective against alpha
VOCs [34].

3. Beta (B.1.351)

In the month of May 2020, this strain was discovered in
South Africa. The VOC was associated with an increase

in hospitalizations and deaths. As a result of beta VOC,
current vaccines appear to be less efficient in suppress-
ing COVID-19 infection, according to available evidence
[33, 35]. According to the findings of a trial, a full dose
of Pfizer vaccine was 75% effective against Beta variants.
The Pfizer vaccine was 89.5% effective against Alpha
variants. However, for severe disease from either the
Beta or Alpha variants the effectiveness stood at 97.4%
[35]. Novavax’s efficacy against Beta variants was 89% in
the UK and 60% in South Africa, respectively. The trial
results for the Johnson and Johnson vaccine revealed that
it provided lower levels of defense in eradicating mod-
erate to severe COVID-19 in South Africa than in the
United States [35].

4. Gamma (P.1)

In the month of November 2020, this variant was dis-
covered in Brazil. In comparison to the other prevalent
variants in the country, it is 1.7-2.4 times more trans-
missible [35]. The spike protein’s mutations improve its
ability to adhere to human cells. Some of the mutations
it encompasses are similar to those found in Beta and
Alpha VOCs. SARS-CoV-2 pre-exposure provides little
to no protection against reinfection with Gamma vari-
ants. In comparison to the Beta VOC, the Gamma vari-
ant was less resistant to antibody reactions, according to
the results of a preprint study. This was due to a previous
illness or vaccine [35].

5. Delta (B.1.617.2)

In October of 2020, this variant was discovered in
India [36]. It is characterized by a high level of transmis-
sibility [35]. According to reports from UK studies, when
compared to the Alpha variant, this variant is 60% more
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transmissible [35]. High rates of reinfection, higher viral
load, and longer infection duration were all directly con-
nected to the variant’s improved transmissibility. This is
owing to the variant’s ability to evade natural immunity
[32]. In comparison to other VOC:s, this variant has had
disastrous global impacts [32]. The emergence of new
variants despite widespread vaccination raises questions
about the efficacy of current SAR-CoV-2 vaccines [32].

The current vaccines on the market have shown to be
less efficient against Delta VOCs than the Alpha variant,
yet they are very beneficial for illness prevention after a
full dose [35]. According to a study, the Pfizer vaccine
was 88% and 93% effective against the Delta and Alpha
VOC:s, respectively, after a full dose. The vaccine’s effi-
cacy against Delta and Alpha strains was 60% and 66%
for AstraZeneca after two doses, respectively [35]. The
effectiveness of the Pfizer vaccine was 94% after the first
dosage and 96% after the second dose. However, after one
dosage and two doses, the AstraZeneca vaccine was 71%
and 92% effective against hospitalizations, respectively
[35].

SARS-CoV-2 mutations

The S protein identified in the initial Wuhanhul strain
was incorporated into current COVID-19 vaccines made
by Pfizer-BioNTech, Oxford-AstraZeneca, Sinovac, Sin-
opharm, Bharat Biotech, Gamaleya, Novavax, Johnson
and Johnson, and Moderna [20, 37-39]. Concerns about
the efficiency of neutralizing antibodies and cell-medi-
ated immunity provided by existing vaccines have arisen
as a result of the emergence of diverse strains. Omicron,
Delta, Gamma, Alpha, and Beta are the names given to
these VOCs [30, 31, 40—42].

SARS-CoV-2 is causing significant missense mutations
in the spike glycoprotein at the moment. Virus transmis-
sibility and virulence are predicted to rise as a result of
the mutations, lowering the effectiveness of presently
used vaccines [11, 12]. These mutations are clearly syn-
thesized in this article and comprise of:

i. Substitutions in the spike protein: T478K, N501Y,
A67V, T547K, T95I, Y145D, L2121, G339D, S373P,
K417N, N969K, N440K, Q954H, S477N, E484A,
Q498R, Y505H, N679K, N764K, N856K, S371L,
del211, ins214EPE, del142-144, del69-70, S375F,
L981F, H655Y, G446S, Q493R, G496S, D796Y,
P681H, D614G

ii. The spike protein in the Omicron variant has been
extensively mutated [31]. This strain has since been
denoted as the Omicron variant (WHO nomen-
clature) and B.1.1.529 (PANGO lineage) [31, 43].
In comparison to other VOCs, the spike glycopro-
tein of the Omicron variant includes 26 amino acid
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alterations. There are two deletions, 23 replace-
ments, and one insertion in this list. It is the first
time in the SARS-CoV-2 lineages that an insertion
mutation (ins214EPE) has been discovered [43].
Template switching could have resulted in the
nucleotide sequence encoding the insertion muta-
tion (ins214EPE). The human transcriptome of
host cells already infected with the Omicron vari-
ant or other viral genomes capable of infecting the
same host cells as SARS-CoV-2 could have been
used to switch templates [43].
iii. L452R

This type of mutation can be identified in Delta VOC.
The amino acid leucine (L) is changed to arginine (R)
in this mutation [29]. This RBD mutation increases the
affinity of the ACE2 receptor for binding and can reduce
the interaction with vaccine-elicited antibodies [44]. It
also enhances T cell resistance, which is responsible for
identifying and eliminating virus-infected cells [29].

iv. D614G

The change from aspartic acid (D) to glycine (G) at
position 614 is what gives this mutation its name. This
mutation can be found in every VOC [45-47]. Accord-
ing to studies, this type of mutation is directly associated
with enhanced transmission rate and infectivity, as well
as the ability to cause sleeplessness [29, 45, 46, 48, 49].
The increased amount of spike glycoproteins per virion
and the increased rate of S1/S2 cleavage could be due to
this mutation [29].

xxii. K417

This mutation can be found in the spike glycoprotein’s
RBD. The spike glycoprotein is involved in the virus’s
interaction with the human ACE2 receptor protein [29,
50, 51]. K417N mutations are more common in the Beta
strain, whereas K417T mutations are more common in
the Gamma variants [29, 50, 51]. Reduced sensitivity to
neutralizing antibodies and greater transmissibility are
two characteristics of the K417T and K417N mutations
(50, 51].

vi. E484K

The name comes from a substantial change in glutamic
acid (E) to lysine (K) at position 484. A large frequency
of polyclonal antibodies in SARS-CoV-2 infected people
is frequently used to identify this type of mutation [29].
This mutation affects the Gamma and Beta VOCs [29,
52]. According to reports, the identical mutation can be
found in several sub-lineages of the Alpha variant [29]. By
boosting the virus’s ability to evade the immune system,
the E484K mutation impairs the antibody recognition
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mechanism. As a result, there is a higher chance that this
mutation will affect the efficacy of existing vaccines [52].

vii. N501Y

This mutation is seen in all VOCs and results in the
amino acid asparagine (N) being changed to tyrosine
(Y) at position 501. This mutation has a number of con-
sequences, including increased virus replication in ham-
ster upper respiratory tracts and human upper-airway
cells and increased binding affinity to human ACE2 [29].
N501Y has the ability to cause larger concentrations of
the virus in the nasal cavity and pharynx, resulting in a
higher transmission rate [41].

viii. P681

The Alpha VOC has a P681H mutation, while the Delta
VOC has a P681R mutation [29]. According to current
data, the prevalence of P681H has continued to rise at
an exponential rate. Increased viral fusogenicity and
pathogenicity are associated with the mutation, which is
located at the furin cleavage site [45]. Furthermore, as a

result of immunization, the P681R mutation displays sig-
nificant resistance to neutralizing antibodies [53].

Classification of COVID-19 vaccine technology
platforms

Inactivated viruses, mRNA, DNA vaccines, protein sub-
units, nonreplicating and replicating vector, VLP, and
live attenuated vaccines are among the seven kinds of
SARS-CoV-2 vaccines available [3, 8, 14, 54, 55]. Nucleic
acid vaccines, which use fragments of the virus’ genetic
material, are part of group A. In this kind of vaccine,
individual bodily cells receive the viral genetic material
directly. DNA and RNA segments are combined into a
plasmid, which is then taken up by host cells and controls
the entire process. The virus protein is then mass-pro-
duced within the host cells, triggering an immunologi-
cal response [54, 56]. Vaccines with knocked-out viruses
make up group B. Inactivated or weakened viruses are
used in this class of vaccines. It is highly recommended
that the viruses be entirely inactivated in this technique
so that they do not cause illness [54, 56].

Vaccines with viral vectors make up group C. Adenovi-
ruses are used in these vaccines to introduce transcribed
DNA segments from SARS-CoV-2 into other viruses.
The injected vectors are critical in training body cells to
make coronavirus glycoproteins, which in turn triggers
an immunological response [54]. The problem with this
method is that if the genetic material coding for the anti-
gen is lost, there is a risk of vaccine failure. This occurs
during the vaccines’ manufacturing operations [56].

The protein subunit vaccines make up group D. Virus
proteins are used in the vaccines, either in whole or in
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parts. These proteins are encapsulated in nanoparticles
for better distribution and absorption by human cells
[54]. The protein subunit vaccines make up group E. The
protein coronavirus protein subunits are produced and
then combined to form VLPs with properties compara-
ble to those of SARS-CoV-2. The DNA vaccines belong
to group F. In this group of vaccines, the reverse tran-
scription technique is used to create the vaccines from
viral RNA. Attenuated and repurposed vaccines make up
group G. These vaccines’ preparation and development
are based on existing vaccine preparation techniques [57,
58]. The features of several types of vaccines that have
been approved for usage are summarized here. Figure 2
depicts a schematic representation of the various vaccine
technologies available [25].

COVID-19 vaccine technology platforms
a. mRNA Vaccines

These vaccines have good safety profiles, low manu-
facturing costs, strong immunogenicity, fast manufac-
ture, inherent adjuvant qualities, and unique storage
and administration systems [8, 59, 60]. The technology
is quite advanced, and this is the first time it has been
used on people. For many years, mRNA vaccine produc-
tion technology has been studied for a variety of viruses,
including Zika, rabies, and influenza [60, 61]. These vac-
cines, on the other hand, are the first COVID-19 vac-
cines to be licensed and used in humans. These vaccines
offer a number of benefits, including the capacity to allow
body cells to manufacture S proteins rather than inject-
ing them [9, 62]. In comparison to the time required for
traditional vaccines, this technique requires less time [9].

Manufactured modified-nucleoside, single-stranded
mRNA is used to convey genetic instructions primar-
ily to host cells. Encapsulated mRNA reaches human
cells during this procedure [62]. Encapsulation protects
mRNA from destruction by body cells and also stabilizes
it, which is important because it is a very fragile molecule
[8-10, 60]. These mRNA molecules persist in body cells
for fewer than two days [1]. The mRNA can send instruc-
tions to the ribosomes in the cytoplasm of human body
cells within this timeframe. Once the process is complete,
the mRNA is digested by ribonucleases, which are a type
of enzyme [8, 9, 60]. Because the risk of unanticipated
long-term expression and genetic integration is elimi-
nated, mRNA vaccines are safer. This is due to the fact
that mRNA does not cross through the nucleus [14, 62].
Furthermore, the technique has the benefit of mRNA
cell-free generation, which reduces bacterial contamina-
tion. The process is characterized by cheap manufactur-
ing costs and enables rapid scale-up [60].



Wambani and Okoth The Egyptian Journal of Internal Medicine

(2022) 34:34

Page 6 of 13

o-\
o
/(

Membrane Protein (M)

Receptor-binding domain (RBD) E—

'

RNA vaccines DNA vaccines

N

Recombinant
protein
vaccines

U L}' I'rl')A

Phase III  Phase II

= 4 US- FDA, efc
Good
Manufacturing Clinical trials Licensing
Practice (GMP)
— B

Envelope Pr otem (E)

\\‘ !, /) Spike Protein (S)

TSN

%/_J

“//”m

Nucleocapsid Protein (N)

Initial stage: Vaccine candidates production and pre-clinical trials

i

7N\

(| ) =

4

Vectored Inactivated Live-attenuated
vaccines vaccines vaccines

~

Uncertain period: 1 - 2 years. Possibly longer

Administration

Immunity

Large production and sale

Fig. 2 Schematic representation of the different types of vaccine technologies available [25]

The initiation of adaptive immune responses is trig-
gered by the production of S protein by body cells. Cell-
mediated immune responses and humoral responses
are two types of adaptive immune responses [8, 9]. The
neutralizing antibodies produced during the humoral
responses have the ability to prevent the spike protein
from binding to the ACE2 on the host cells. The killer
T cells then identify contaminated cells and kill them
[1, 60]. This includes Pfizer—-BioNTech Vaccine (PBV),
Moderna Vaccine (MV), and CureVac’s CVnCoV Vaccine
(CVV). This article summarizes the distinctions between
these vaccines.

i. Pfizer—BioNTech vaccine

Pfizer and BioNTech, based in New York and Ger-
many, respectively, manufacture this vaccine [63]. This
vaccine is packed as a lipid nanoparticle and works
against the SARS-CoV-2 virus’s spike glycoprotein [1,
63]. This method employs genetically engineered RNA
to produce a protein capable of inducing rapid immu-
nological responses [1]. The vaccine primarily works by
helping the body to produce antibodies that neutralize
the pathogen. For the virus to enter alveolar cells via the
ACE2 receptor, it is completely reliant on the spike pro-
tein [7, 63]. The vaccine is given in two doses separated
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by 3 weeks [8, 64]. According to manufacturer reports,
the vaccine is 95% effective [1, 7, 8, 10, 65]. The vac-
cine’s effectiveness for severe illness, on the other hand,
was 87.5% [1].

The vaccine does not have any major negative effects;
therefore, it can be given to everyone. Soreness at the
injection site, weariness, muscle pain, and a moderate
fever are all common symptoms. All of these symptoms
are frequently temporary [1]. This vaccine can only be
stored at — 70 °C, this limits the usage of the vaccine in
remote settings and certain countries [1, 62].

ii. Moderna vaccine

This vaccine was developed by Moderna. The vaccine
can be kept at a temperature of — 20 °C, allowing for its
shipment and utilization in remote and rural settings
[1]. Data from the manufacturers shows that the effi-
cacy of the vaccine is 94.5% [1, 7, 10, 62] It is suitable
for individuals who are 18 years and above. The vaccine
is administered in 2 doses 4 weeks apart. This vaccine is
safer as no safety concerns have been raised [1, 8].

Moderna vaccine induces vigorous binding and neu-
tralizing antibody response. At the same time, the cell-
mediated immune responses are activated resulting in
the elimination of the virus by the cytotoxic T cells [7].
Results from a study conducted in Qatar indicated that
the Moderna vaccine was efficacious against Beta and
Alpha VOCs [66]. Figure 3 represents Moderna and
Pfizer-BioNTech vaccines’ mechanism of action [1].

iii. CVnCoV vaccine

This vaccine was manufactured by CureVac biotech
firm in association with Bayer Pharmaceutical Com-
pany. The vaccine is competing with the Moderna and
Pfizer—-BioNTech vaccines [1]. In this technology, a
natural, non-chemically modified synthetic mRNA
is utilized. This mRNA encodes the full-length S gly-
coprotein [1, 67]. The vaccine is administered intra-
muscularly. A complete dose is composed of two dose
regimens, given 4 weeks apart [67]. This vaccine can be
stored at 5 °C and can be stable for a period of 3 months
if stored at a temperature of between 2 and 8 °C hence
making it easy for it to be distributed and utilized in
poorer countries [1].

b. Human adenovirus replicating and nonreplicating
vector-based vaccines

These vaccines use either attenuated replication-
competent viral backbones or replication-deficient viral
vectors [7, 68]. The vectors utilized can either be repli-
cating or non-replicating [7]. Currently, adenoviruses
are heavily employed in the transportation and delivery
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of a selected plasmid. The plasmid contains a double-
stranded DNA portion of the SARS-CoV-2 RNA which
encodes the Spike glycoprotein [7, 8]. After vaccination,
the immune system is usually active and is able to attack
SARS-CoV-2 virus in case its encountered [7].

The adenovirus vectors comprise of the human Ad26
and Ad5 adenoviruses and a chimpanzee adenovirus
ChAdOx1 [7]. After injection, the vectors are able to go
into the body’s cells though they do not replicate intracel-
lularly. The genetic material escapes from the vectors and
travels straight to the nucleus. It is in the nucleus that the
DNA is stored. The genetic material is thereafter tran-
scribed into mRNA which escapes from the nucleus to be
read and “translated” into spike proteins. The proteins are
then assembled on the infected cell surfaces. Once the
Spike glycoproteins are recognized by the immune sys-
tem, the immune system generates specific neutralizing
antibodies followed by T cells activation. The activated T
cells destroy the S protein [7, 62]. Examples of vaccines
that fall under this group include Oxford—AstraZeneca
Vaccine, Sputnik-V Vaccine, Johnson and Johnson Vac-
cine, and AD5-nCoV Vaccine [68].

i. Oxford—AstraZeneca vaccine

This vaccine was manufactured by Oxford University in
association with AstraZeneca [7, 10, 62]. This vaccine is
often referred to as ChAdOx1 nCoV-19. It is a nonrep-
licating adenovirus vaccine vector (ChAdOx1) derived
from a chimpanzee [7]. It employs a modified chimpan-
zee DNA adenovirus, that does not produce an immune
response to the adenovirus itself, but to the viral protein
which is encoded in the host DNA [1, 10].

The overall efficacy of the vaccine stands at 75% [10,
62]. Vaccine administration is composed of two doses, 28
days apart. The gap between the initial dose and the sec-
ond dose was increased to 8—12 weeks for better efficacy
[8]. Early studies indicated that this vaccine is generally
safe with the exception of mild effects including fatigue,
headache, pain at the point of injection, myalgias, red-
ness, and arthralgias [1]. However, fears continue to cir-
culate in relation to the potential side effects associated
with this vaccine utilization including thromboembolic
events [1]. The vaccine can be kept at 2—8 °C for a period
of 6 months. This provision makes it easy for the vaccine
to be stored, transported, and distributed globally [1].

The name of the vaccine was changed from Astra-
Zeneca vaccine to Vaxzervria with the approval of the
European Medicine Agency in March 2021 [1]. Data
from the UK study showed that the AstraZeneca vac-
cine is 74.5% and 67.0% effective against the Alpha and
Delta variants respectively [69]. The same vaccine con-
fers 77.9% and 10.4% protection against Gamma and
Beta VOCs respectively [70, 71]. Figure 4 represents a
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Spike protein °

This nanoparticle (vaccine) is injected
intramuscularly into the human body. Once
attached to the host cells, it inserts its mRNA into
the cytoplasm to reach the ribosomes and
synthesize the viral spike proteins. (translation).

attract the antibodies against the viral spike
proteins and the cells of the immune system in
particular the T- helper (Th) cells which produce
cytokines (such as IL-2, IL-4 and IL5).
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codify for the superficial spike proteins of the virus, is isolated
and included in a lipid nanoparticle.
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The interleukins also stimulate the T-cells
to proliferate the memory T-cells and to kill
the infected cells.

summary of the mechanism of action of AstraZeneca
vaccines [1].

ii. Sputnik-V vaccine

It is a Russian vector-based vaccine, produced by
Gamaleya Institute [10, 62]. The vaccine development
technology is based on Ad 26 and Ad 5 which are capa-
ble of stimulating a stronger and long-lasting immune
response as compared to vaccines employing the same
vector in two different doses [1, 62]. The vaccine is rela-
tively cheap as compared to the other vaccines in the
market. The immune system does not recognize both
Ad5 and Ad26 as foreign and therefore they are not
destroyed [72, 73].

In this vaccine platform, Ad26 and Ad5 are used as
vectors for the expression of the coronavirus spike

glycoprotein [1, 8, 10]. Two varying serotypes are used
in order to overcome challenges arising as a result of
pre-existing adenovirus immunity within the popula-
tion [1].

The vaccine has an efficacy of 91.6% in protection. This
is after a complete dose which is comprised of 2 doses
given 3 weeks apart intramuscularly [8, 62, 72]. Ad26 vec-
tor is used in the first dose and Ad5 vector is utilized in
the second dose [1]. These doses are given 21 days apart.
The vaccine can be kept at — 20 °C [1, 8].

iii. Johnson and Johnson vaccine

This vaccine was developed by Janssen Pharmaceuti-
cal. The Company belongs to Johnson and Johnson Mul-
tinational Corporation [62]. In this technology, Ad26
adenoviral vector is used [62]. The vaccine was approved
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for use in individuals 18 years and above in February
2021 [1].

The vaccine technology uses adenovirus 26 CoV2
in delivering a gene carrying the blueprint for the
S glycoprotein which is found on the coronavirus
surface [74]. The vaccine is only administered once
and is capable of producing a stronger neutralizing
antibody response in at least 90% of vaccinated indi-
viduals after 4 weeks and after 2 months in all the
recipients [1, 8, 10, 62]. This vaccine can as well be
kept at 2—8 °C for up to 3 months. Furthermore, the
vaccine can as well be kept at — 20 °C for a period of
2 years [1, 8]. This vaccine is 66% effective in pre-
venting disease after a single dose and is capable of
suppressing 85% of severe COVID-19 illnesses within
28 days post vaccination [1, 7, 8, 62]. The vaccine

is also highly effective against the B.1.351 lineage
observed in South Africa [1].

iv. AD5-nCoV vaccine

This vaccine was manufactured by the Chinese
CanSino Biologics Company in association with the
Academy of Military Medical Sciences [10, 62]. It uses
the Ad5 adenovirus vector [8, 62]. Only one dose is
administered and its efficacy is 65.28% [62]. Data col-
lected from the phase 1 clinical trial suggested that this
vaccine is safer, is tolerable, and is able to induce both
humoral and cellular responses [75].

iii. Inactivated coronavirus vaccines

These vaccines are fully recognized by the immune
cells, resulting in a powerful immune response. The
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vaccines against hepatitis A, influenza, and rabies are
examples of inactivated virus-based vaccines created to
stimulate a proper response against such pathogens [10].
Currently, several COVID-19 vaccines based on inac-
tivated viruses are being developed. These vaccines are
the CoronaVac, Sinopharm, Covaxin, and Sinopharm-
Wuhan vaccine [10].

i. Sinopharm vaccine

This vaccine was manufactured by the Sinopharm
Group. In this technology, Vero cell-cultivated and inac-
tivated forms of the virus are used. The vaccine has a
vaccine vial monitor for the detection of vaccine safety
[8]. The Sinopharm vaccine is given in a 2-dose regi-
men, given 21 days apart by intramuscular injection [8].
The efficacy of the vaccine is 79.34% in China, though
it is 100% effective in suppressing moderate to severe
COVID-19 cases [8].

ii. Sinopharm—Wuhan vaccine

This vaccine was manufactured by the Chinese Wuhan
Institute of Biological Products [8]. This vaccine technol-
ogy makes use of the WIV-04 strain that was first isolated
and then cultivated in a Vero cell line for propagation
[76]. Later, the infected cell supernatant was inactivated
using B-propiolactone, then mixed with an aluminum-
based adjuvant [76].

iii. CoronaVac vaccine

The vaccine was developed by SinoVac Biotech in asso-
ciation with the Brazilian research center. It is a patient-
derived SARS-CoV-2 virus strain, grown in the Vero cell
line and eventually inactivated with beta-propiolactone
treatment [10]. In this technology, an inactive virus is
used as an antigen. An inactivated form of the virus is
used in the generation of an immune response [1, 10].

iv. Covaxin vaccine

This is a type of vaccine that was prepared by the
Indian Bharat Biotechnology Company. It is a Vero cell—
based whole-virion SARS-CoV-2 vaccine [77]. This vac-
cine is used in India only in emergency situations. Phase
3 trial results showed that the vaccine was 77.8% effica-
cious against symptomatic cases and it offered 65.2% pro-
tection against Delta VOCs [78].

iv. Recombinant protein subunit vaccines

These vaccines use nanoparticles that contain complete
or fragments of viral proteins [79, 80]. Because the vac-
cine does not employ genetic material, it cannot cause
disease. Pre-clinical trials are underway for five candidate
vaccines in this category. Different protein components
are used in each vaccine [81]. The protein subunits can
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primarily induce specific neutralizing-antibody responses
and T cell activation [79]. Novavax vaccine, EpiVac-
Corona vaccine, and ZF 2001 (RBD Dimer) vaccine fall
under this.

i. Novavax vaccine

The vaccine was prepared by Novavax in association
with GSK and Sanofi. This process was achieved through
attachment of viral proteins onto the nanoparticle carrier
hence facilitating efficient delivery and uptake by human
body cells [82]. The vaccine technology uses harmless
protein fragments which mimic the SARS-CoV-2 virus
spike glycoprotein to generate an immune response
[1]. This vaccine contains an adjuvant whose role is to
strengthen the immune response [1]. It is administered
intramuscularly and it consists of 2 doses which are given
3 weeks apart. This vaccine is capable of producing a
strong antibody response and activating the T cells [83].
Novavax vaccine is very stable at refrigerator tempera-
tures. Clinical trials conducted in the UK indicated that
the efficacy of Novavax was 89.7% [1].

ii. EpiVacCorona vaccine

It was manufactured by the Vector Institute [10]. Its
technology is based on pieces of synthetic viral pep-
tides reflecting SARS-CoV-2 antigens. 3 chemically syn-
thesized peptides of the S glycoprotein, expressed as a
chimeric protein are utilized [10]. The vaccine is admin-
istered intramuscularly in 2 doses 3 weeks apart. People
aged 18 years and above are eligible for this vaccine [83].

iii. ZF 2001 vaccine

This vaccine was developed by the Chinese Anhui Zhi-
fei Longcom in collaboration with the Academy of Mili-
tary Medical Sciences [10]. It was developed with the
ultimate goal of targeting the RBD ( dimeric form) of
the SARS-CoV-2 spike protein as antigen [84]. Results of
phases I and II showed that the vaccine protein subunit
was well tolerated and highly immunogenic [10]. In this
vaccine technology, a section of the spike protein referred
to as the RBD combined with an adjuvant is used [10].
The administration regimen consists of 3 doses given
after every 4 weeks. It is injected intramuscularly [10].

e. VLP vaccines

The technology utilizes VLPs, which are self-assembled
viral structural proteins capable of mimicking the struc-
ture of natural viruses though they lack the viral genome
[8, 18]. These vaccines present epitope in a manner that is
similar to the natural virus resulting in enhanced immu-
nization responses [18]. This technology is advantageous
as the production of these vaccines does not depend
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upon inactivation steps or live viruses [18]. The highly
repetitive antigenic surface of VLP vaccines produces a
stronger antibody response by effectively cross-linking B
cell surface receptors [18]. Currently, these vaccines are
being used in the protection against hepatitis B virus and
human papillomavirus [18].

These vaccines depend upon adjuvants and repeated
administration for them to elicit a stronger immune
response. VLP vaccines technology utilizes non-infec-
tious VLPs similar to SARS-CoV-2 particles both in
structure and morphology, though they lack infective
genetic materials [85—87].

f. Repurposed and live attenuated vaccines

The Bacillus Calmette—Guerin vaccine is an example
of a live attenuated vaccine developed primarily for the
prevention of tuberculosis [3, 88]. Several vaccines of this
kind are under preclinical trials in Turkey and India [17].
Another example of a vaccine manufactured using this
technology is COVI-VAC. The vaccine was prepared by
the Serum Institute of India in partnership with Codage-
nix [89]. This technology is robust and can be engineered
to produce vaccines that can recognize the whole virus
and be administered via the intranasal route [17].

Conclusion

The COVID-19 pandemic is one of the world’s most
lethal and contagious diseases. Vaccines are being pro-
duced all throughout the world with the ultimate goal of
combating the disease. However, as time goes on, more
SARS-CoV-2 mutations appear. Vaccines based on non-
replicating viral vectors and RNA now have very high
efficacies, giving the world hope that recovery is on the
horizon. As patients around the world receive these
vaccines, no information on possible long-term nega-
tive effects from any of the anti-SARS-CoV-2 vaccines
currently in use is available. Despite the fact that the
genomes of SARS-CoV-2 are not as variable as those of
other viruses, the RBD located in the spike glycoprotein
is the most mutable area, as seen in the Omicron vari-
ant. Increased infectivity and lower antibody binding are
linked to these alterations. The effectiveness of the cur-
rently available SARS-CoV-2 vaccines is anticipated to
be hampered as a result of the increasing mutations on
the spike glycoprotein. As a result, vaccine candidates
capable of eliciting a large antibody repertoire as well as
a robust cellular immune response are clearly attractive,
as they may provide more long-lasting and broad protec-
tion. Finally, sequencing each SARS-CoV-2 genome is
critical because it will give a variant warning system that
will allow for early detection of variants of concern based
on their mutational profile.

(2022) 34:34

Page 11 of 13

Abbreviations

SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; ACE2: Angio-
tensin-converting enzyme 2; mRNA: Messenger RNA; RBD: Receptor-binding
domain; RdRp: RNA-dependent RNA polymerase; VOCs: Variants of concern;
VLP: Virus-like particles.

Acknowledgements
Not applicable

Authors’ contributions
Josephine Wambani and Patrick Okoth contributed equally to this work. The
authors read and approved the final manuscript.

Funding
The authors declare that the research was conducted in the absence of any
financial grants.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details

'Kenya Medical Research Institute (KEMRI) HIV Laboratory-Alupe, PO

Box 3-50400, Busia, Kenya. 2Department of Medical Laboratory Sciences,
School of Public Health, Biomedical Sciences and Technology, Masinde Muliro
University of Science and Technology, PO Box 190, Kakamega 50100, Kenya.
®Department of Biological Sciences, School of Natural Sciences, Masinde
Muliro University of Science and Technology, P. O Box 190, Kakamega 50100,
Kenya.

Received: 10 February 2022 Accepted: 7 March 2022
Published online: 26 March 2022

References

1. Mascellino MT, Di Timoteo F, De Angelis M, Oliva A (2021) Overview of the
main anti-sars-cov-2 vaccines: mechanism of action, efficacy and safety.
Infect Drug Resist 14:3459-3476

2. Lil, Guo P Zhang X, Yu Z, Zhang W, Sun H (2021) SARS-CoV-2 vaccine
candidates in rapid development. Hum Vaccines Immunother 17(3):644-
653. https://doi.org/10.1080/21645515.2020.1804777

3. Strizova Z, Smetanova J, Bartunkova J, Milota T (2021) Principles and chal-
lenges in anti-COVID-19 vaccine development. Int Arch Allergy Immunol
182(4):339-349

4. Uddin M, Mustafa F, Rizvi TA, Loney T, Al Suwaidi H, Al-Marzouqi AH,
Kamal Eldin A, Alsabeeha N, Adrian TE, Stefanini C, Nowotny N (2020)
SARS-CoV-2/COVID-19: viral genomics, epidemiology, vaccines, and
therapeutic interventions. Viruses. 12(5):526

5. WangH, Zhang Y, Huang B, Deng W, Quan Y, Wang W et al (2020) Devel-
opment of an inactivated vaccine candidate, BBIBP-CorV, with potent
protection against SARS-CoV-2. Cell. 182(3):713-721.e9

6. Tumban E (2021) Lead SARS-CoV-2 Candidate Vaccines: Expectations from
Phase lll Trials and Recommendations Post-Vaccine Approval. Viruses. 13:54

7. Francis Al, Ghany S, Gilkes T, Umakanthan S (2021) Review of COVID-19
vaccine subtypes, efficacy and geographical distributions. Postgrad Med J

8. Dawar S, Jain M (2021) Current Status of the Coronavirus Vaccination
Development: A Review. Ann Rom Soc Cell Biol. 25(6):16650-62

9. Wang F, Kream RM, Stefano GB (2020) An evidence based perspective on
MRNA-SARS-CoV-2 vaccine development. Med Sci Monit 26:1-8


https://doi.org/10.1080/21645515.2020.1804777

Wambani and Okoth The Egyptian Journal of Internal Medicine

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

Costanzo M, De Giglio MA, Roviello GN (2022) Anti-Coronavirus Vaccines:
Past Investigations on SARS-CoV-1 and MERS-CoV, the Approved Vaccines
from BioNTech/Pfizer, Moderna, Oxford/AstraZeneca and others under
Development Against SARSCoV-2 Infection. Curr Med Chem. 29(1):4-18

. Andersen KG, Rambaut A, Lipkin WI, Holmes EC, Garry RF (2020) The

proximal origin of SARS-CoV-2. Nat Med 26(4):450-452

Zhou P, Lou YX, Wang XG, Hu B, Zhang L, Zhang W et al (2020) A pneumo-
nia outbreak associated with a new coronavirus of probable bat origin.
Nature. 579(7798):270-273. https://doi.org/10.1038/541586-020-2012-7
Wevers BA, van der Hoek L (2009) Recently discovered human coronavi-
ruses. Clin Lab Med 29(4):715-724

Yadav T, Srivastava N, Mishra G, Dhama K, Kumar S, Puri B et al (2020)
Recombinant vaccines for COVID-19. Hum Vaccines Immunother
16(12):2905-2912. https://doi.org/10.1080/21645515.2020.1820808

De Wit E, Van Doremalen N, Falzarano D, Munster VJ (2016) SARS and
MERS: recent insights into emerging coronaviruses. Nat Rev Microbiol
14(8):523-534

Mishra SK, Tripathi T (2021) One year update on the COVID-19 pandemic:
where are we now? Acta Trop 214(November 2020):105778. https://doi.
org/10.1016/j.actatropica.2020.105778

Forni G, Mantovani A, Forni G, Mantovani A, Moretta L, Rappuoli R et al
(2021) COVID-19 vaccines: where we stand and challenges ahead. Cell
Death Differ 28(2):626-639

Li YD, Chi WY, Su JH, Ferrall L, Hung CF, Wu TC (2020) Coronavirus vaccine
development: from SARS and MERS to COVID-19. J Biomed Sci. 27(1):1-23
Zhang J, Zeng H, Gu J, Li H, Zheng L, Zou Q (2020) Progress and prospects
on vaccine development against SARS-CoV-2. Vaccines. 8(2):1-12
Krammer F (2020) SARS-CoV-2 vaccines in development. Nature.
586(7830):516-527. https://doi.org/10.1038/541586-020-2798-3

Kuo TY, Lin MY, Coffman RL, Campbell JD, Traquina P, Lin YJ et al (2020)
Development of CpG-adjuvanted stable prefusion SARS-CoV-2 spike anti-
gen as a subunit vaccine against COVID-19. Sci Rep 10(1):1-10. https://
doi.org/10.1038/541598-020-77077-z

Jeon K-Y (2020) COVID-19 vaccines-safety first, alleged “greater good” last.
Am J Epidemiol Public Heal 4(4):012-016

Dai L, Zheng T, Xu K, Han'Y, Xu L, Huang E et al (2020) A universal design
of betacoronavirus vaccines against COVID-19, MERS, and SARS. Cell.
182(3):722-733.e11. https://doi.org/10.1016/j.cell.2020.06.035

Lee P, Kim CU, Seo SH, Kim DJ (2021) Current status of COVID-19 vaccine
development: focusing on antigen design and clinical trials on later
stages. Immune Netw 21(1):1-18

Awadasseid A, Wu Y, Tanaka Y, Zhang W (2021) Current advances in the
development of SARS-CoV-2 vaccines. Int J Biol Sci 17(1):8-19

Liu L, Wang P, Nair MS, Yu J, Rapp M, Wang Q et al (2020) Potent neutral-
izing antibodies against multiple epitopes on SARS-CoV-2 spike. Nature.
584(7821):450-456. https://doi.org/10.1038/541586-020-2571-7
Saunders KO, Lee E, Parks R, Martinez DR, Li D, Chen H et al (2021) Neutral-
izing antibody vaccine for pandemic and pre-emergent coronaviruses.
Nature. 594(7864):553-559. https://doi.org/10.1038/541586-021-03594-0
Cohen AA, Gnanapragasam PNP, Lee YE, Hoffman PR, Ou S, Kakutani LM
et al (2021) Mosaic nanoparticles elicit cross-reactive immune responses
to zoonotic coronaviruses in mice. Science (80-) 371(6530):735-741

Tao K, Tzou PL, Nouhin J, Gupta RK, de Oliveira T, Kosakovsky Pond SL, Fera
D, Shafer RW (2021) The biological and clinical significance of emerging
SARS-CoV-2 variants. Nat Rev Genet. 22(12):757-73

Jungnick S, Hobmaier B, Mautner L, Hoyos M, Haase M, Baiker A et al
(2021) In vitro rapid antigen test performance with the SARS-CoV-2 vari-
ants of concern b.1.1.7 (alpha), b.1.351 (beta), p.1 (gamma), and b.1.617.2
(delta). Microorganisms. 9(9):1-8

Chen J,Wang R, Gilby NB, Wei G-W. Omicron (B.1.1.529): Infectivity, vac-
cine breakthrough, and antibody resistance. 2021; http://arxiv.org/abs/
211201318

Karim SSA, Karim QA (2021) Omicron SARS-CoV-2 variant: a new chapter
in the COVID-19 pandemic. Lancet (London, England) 6736(21):19-21
http://www.ncbi.nlm.nih.gov/pubmed/34871545

Fontanet A, Autran B, Lina B, Kieny MP, Karim SSA, Sridhar D (2021)
SARS-CoV-2 variants and ending the COVID-19 pandemic. Lancet.
397(10278):952-954

Bernal JL, Ph D, Andrews N, Ph D, Gower C, Phil D et al (2021) New Eng-
land Journal, pp 585-594

(2022) 34:34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Page 12 of 13

Duong D (2021) Alpha, Beta, Delta, gamma: what's important to know
about SARS-CoV-2 variants of concern? CMAJ. 193(27):E1059-E1060
Garcia-beltran WF, Lam EC, Denis KS, lafrate AJ, Naranbhai V, Balazs AB
etal (2021) Article multiple SARS-CoV-2 variants escape neutralization by
vaccine-induced humoral immunity Il article multiple SARS-CoV-2 vari-
ants escape neutralization by vaccine-induced humoral immunity. Cell.
184(9):2372-2383.9. https://doi.org/10.1016/j.cell.2021.03.013

Chen WH, Strych U, Hotez PJ, Bottazzi ME (2020) The SARS-CoV-2 vaccine
pipeline: an overview. Curr Trop Med Reports 7(2):61-64

Dagotto G, Yu J, Barouch DH (2020) Approaches and challenges in SARS-
CoV-2 vaccine development. Cell Host Microbe 28(3):364-370. https://
doi.org/10.1016/j.chom.2020.08.002

Amanat F, Krammer F (2020) SARS-CoV-2 vaccines: status report. Immu-
nity. 52(4):583-589. https://doi.org/10.1016/j.immuni.2020.03.007
Torjesen | (2021) Covid-19: omicron may be more transmissible than
other variants and partly resistant to existing vaccines, scientists fear. BMJ.
375:n2943 http://www.ncbi.nim.nih.gov/pubmed/34845008

Abdool Karim SS, de Oliveira T (2021) New SARS-CoV-2 variants—clinical,
public health, and vaccine implications. N Engl J Med. 384(19):1866-8
Sanches PRS, Charlie-Silva |, Braz HLB, Bittar C, Freitas Calmon M, Rahal P
et al (2021) Recent advances in SARS-CoV-2 spike protein and RBD muta-
tions comparison between new variants alpha (B.1.1.7, United Kingdom),
Beta (B.1.351, South Africa), gamma (P1, Brazil) and Delta (B.1.617.2, India).
JVirus Erad 7(3):100054. https://doi.org/10.1016/j.jve.2021.100054
Venkatakrishnan AJ, Anand P, Lenehan PJ, Suratekar R, Raghunathan B,
Niesen MJ, Soundararajan V. Omicron variant of SARS-CoV-2 harbors a
unique insertion mutation of putative viral or human genomic origin
Tchesnokova V, Kulasekara H, Larson L, Bowers V, Rechkina E, Kisiela

D, Sledneva Y, Choudhury D, Maslova |, Deng K, Kutumbaka K (2021)
Acquisition of the L452R mutation in the ACE2-binding interface of Spike
protein triggers recent massive expansion of SARS-Cov-2 variants. J Clin
Microbiol. 59(11):e00921-21

Hu J, He CL, Gao QZ, Zhang GJ, Cao XX, Long QX, Deng HJ, Huang LY,
Chen J,Wang K, Tang N (2020) D614G mutation of SARS-CoV-2 spike
protein enhances viral infectivity. BioRxiv

Korber B, Fischer WM, Gnanakaran S, Yoon H, Theiler J, Abfalterer W et al
(2020) Tracking changes in SARS-CoV-2 spike: evidence that D614G
increases infectivity of the COVID-19 virus. Cell. 182(4):812-827.e19
Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison

EM et al (2021) SARS-CoV-2 variants, spike mutations and immune
escape. Nat Rev Microbiol 19(7):409-424. https://doi.org/10.1038/
$41579-021-00573-0

Volz E, Hill V, McCrone JT, Price A, Jorgensen D, O'Toole A et al (2021)
Evaluating the effects of SARS-CoV-2 spike mutation D614G on transmis-
sibility and pathogenicity. Cell. 184(1):64-75.e11

Zhou B, Thao TTN, Hoffmann D, Taddeo A, Ebert N, Labroussaa F et al
(2021) SARS-CoV-2 spike D614G change enhances replication and
transmission. Nature. 592(7852):122-127. https://doi.org/10.1038/
s41586-021-03361-1

Fratev F (2020) The SARS-CoV-2 S1 spike protein mutation N501Y alters
the protein interactions with both hACE2 and human derived antibody: a
free energy of perturbation study. bioRxiv 2020.12.23.424283. https://doi.
org/10.1101/2020.12.23.424283

Khan A, Zia T, Suleman M, Khan T, Ali SS, Abbasi AA et al (2021) Higher
infectivity of the SARS-CoV-2 new variants is associated with K417N/T,
E484K, and N501Y mutants: an insight from structural data. J Cell Physiol
236(10):7045-7057

Mahase E (2021) How the Oxford-AstraZeneca covid-19 vaccine was
made. BMJ. 372(January):18-19

Wall EC, Wu M, Harvey R, Kelly G, Warchal S, Sawyer C et al (2021) Neutral-
ising antibody activity against SARS-CoV-2 VOCs B.1.617.2 and B.1.351 by
BNT162b2 vaccination. Lancet. 397(10292):2331-2333. https://doi.org/10.
1016/S0140-6736(21)01290-3

Teo SP (2021) Review of covid-19 vaccines and their evidence in older
adults. Ann Geriatr Med Res 25(1):4-9

Li M, Lou F, Fan H (2021) SARS-CoV-2 variants of concern Delta: a great
challenge to prevention and control of COVID-19. Signal Transduct Target
Ther 6(1):2-4. https://doi.org/10.1038/541392-021-00767-1

Haque A, Pant AB (2020) Efforts at COVID-19 vaccine development: chal-
lenges and successes. Vaccines. 8(4):1-16


https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1080/21645515.2020.1820808
https://doi.org/10.1016/j.actatropica.2020.105778
https://doi.org/10.1016/j.actatropica.2020.105778
https://doi.org/10.1038/s41586-020-2798-3
https://doi.org/10.1038/s41598-020-77077-z
https://doi.org/10.1038/s41598-020-77077-z
https://doi.org/10.1016/j.cell.2020.06.035
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1038/s41586-021-03594-0
http://arxiv.org/abs/2112.01318
http://arxiv.org/abs/2112.01318
http://www.ncbi.nlm.nih.gov/pubmed/34871545
https://doi.org/10.1016/j.cell.2021.03.013
https://doi.org/10.1016/j.chom.2020.08.002
https://doi.org/10.1016/j.chom.2020.08.002
https://doi.org/10.1016/j.immuni.2020.03.007
http://www.ncbi.nlm.nih.gov/pubmed/34845008
https://doi.org/10.1016/j.jve.2021.100054
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41586-021-03361-1
https://doi.org/10.1038/s41586-021-03361-1
https://doi.org/10.1101/2020.12.23.424283
https://doi.org/10.1101/2020.12.23.424283
https://doi.org/10.1016/S0140-6736(21)01290-3
https://doi.org/10.1016/S0140-6736(21)01290-3
https://doi.org/10.1038/s41392-021-00767-1

Wambani and Okoth The Egyptian Journal of Internal Medicine

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

Caddy S (2020) Developing a vaccine for covid-19. BMJ. 369(May):1-2.
https://doi.org/10.1136/bmj.m1790

Anbarasu A, Ramaiah S, Livingstone P (2020) Vaccine repurposing
approach for preventing COVID 19: can MMR vaccines reduce morbidity
and mortality? Hum Vaccines Immunother 16(9):2217-2218. https://doi.
0rg/10.1080/21645515.2020.1773141

Wu Z, LiT (2021) Nanoparticle-mediated cytoplasmic delivery of mes-
senger RNA vaccines: challenges and future perspectives. Pharm Res
38(3):473-478

Alfagih IM, Aldosari B, Alquadeib B, Almurshedi A, Alfagih MM (2021)
Nanoparticles as adjuvants and nanodelivery systems for mRNA-based
vaccines. Pharmaceutics. 13(1):1-27

Mullard A (2020) COVID-19 vaccine development pipeline gears up. Lan-
cet (London, England) 395(10239):1751-1752. https://doi.org/10.1016/
S0140-6736(20)31252-6

Mendonga SA, Lorincz R, Boucher P, Curiel DT (2021) Adenoviral vector
vaccine platforms in the SARS-CoV-2 pandemic. npj Vaccines 6(1). https://
doi.org/10.1038/541541-021-00356-x

Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S et al
(2020) Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine. N
Engl J Med 383(27):2603-2615

Mahase E (2020) Covid-19: Pfizer vaccine efficacy was 52% after first dose
and 95% after second dose, paper shows. BMJ. 371:m4826

Altmann DM, Boyton RJ, Beale R (2021) Immunity to SARS-CoV-2 variants
of concern. Science (80-) 371(6534):1103-1104

Chemaitelly H, Yassine HM, Benslimane FM, Al Khatib HA, Tang P, Hasan
MR et al (2021) mRNA-1273 COVID-19 vaccine effectiveness against the
B.1.1.7 and B.1.351 variants and severe COVID-19 disease in Qatar. Nat
Med 27(9):1614-1621. https://doi.org/10.1038/541591-021-01446-y
Kremsner PG, Guerrero RA, Arana E, Aroca Martinez GJ, Bonten MJ, Chan-
dler R, Corral G, De Block EJ, Ecker L, Gabor JJ, Garcia Lopez CA Efficacy
and Safety of the CVnCoV SARS-CoV-2 mRNA vaccine candidate: results
from Herald, a phase 2b/3, randomised, observer-blinded, placebo-
controlled clinical trial in ten countries in Europe and Latin America
Creech CB, Walker SC, Samuels RJ (2021) SARS-CoV-2 Vaccines
325(13):1318-1320

Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall

S et al (2021) Effectiveness of COVID-19 vaccines against the B.1.617.2
(Delta) variant. N Engl J Med 385(7):585-594

Hitchings M, Ranzani OT, Dorion M, D'’Agostini TL, de Paula RC, de Paula
OF, de Moura Villela EF, Torres MS, de Oliveira SB, Schulz W, Almiron M
(2021) Effectiveness of the ChAdOx1 vaccine in the elderly during SARS-
CoV-2 Gamma variant transmission in Brazil. medRxiv

Madhi SA, Baillie V, Cutland CL, Voysey M, Koen AL, Fairlie L et al (2021)
Efficacy of the ChAdOx1 nCoV-19 Covid-19 vaccine against the B.1.351
variant. N Engl J Med 384(20):1885-1898

Logunov DY, Dolzhikova IV, Shcheblyakov DV, Tukhvatulin Al, Zubkova
QV, Dzharullaeva AS et al (2021) Safety and efficacy of an rAd26 and
rAd5 vector-based heterologous prime-boost COVID-19 vaccine: an
interim analysis of a randomised controlled phase 3 trial in Russia. Lancet.
397(10275):671-681. https://doi.org/10.1016/S0140-6736(21)00234-8
Jones I, Roy P (2021) Sputnik V COVID-19 vaccine candidate appears
safe and effective. Lancet. 397(10275):642-643. https://doi.org/10.1016/
S0140-6736(21)00191-4

Mercado NB, Zahn R, Wegmann F, Loos C, Chandrashekar A, Yu J et al
(2020) Single-shot Ad26 vaccine protects against SARS-CoV-2 in

rhesus macaques. Nature. 586(7830):583-588. https://doi.org/10.1038/
$41586-020-2607-z

Zhu FC, Li YH, Guan XH, Hou LH, Wang WJ, Li JX et al (2020) Safety, toler-
ability, and immunogenicity of a recombinant adenovirus type-5 vec-
tored COVID-19 vaccine: a dose-escalation, open-label, non-randomised,
first-in-human trial. Lancet. 395(10240):1845-1854. https://doi.org/10.
1016/50140-6736(20)31208-3

Wang ZJ, Zhang HJ, Lu J, Xu KW, Peng C, Guo J et al (2020) Low toxic-

ity and high immunogenicity of an inactivated vaccine candidate
against COVID-19 in different animal models. Emerg Microbes Infect
9(1):2606-2618

Ella R, Vadrevu KM, Jogdand H, Prasad S, Reddy S, Sarangi V et al (2021)
Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine,
BBV152: a double-blind, randomised, phase 1 trial. Lancet Infect Dis
21(5):637-646. https://doi.org/10.1016/51473-3099(20)30942-7

(2022) 34:34 Page 13 of 13

78. Basu A (2021) Review of:"Efficacy, safety, and lot to lot immunogenicity of
an inactivated SARS-CoV-2 vaccine (BBV152): a double-blind, randomised,
controlled phase 3 trial”. Qeios [Internet]

79. Pollet J, Chen WH, Strych U (2021) Recombinant protein vaccines, a
proven approach against coronavirus pandemics. Adv Drug Deliv Rev
170:71-82. https://doi.org/10.1016/j.addr.2021.01.001

80. Arunachalam PS, Walls AC, Golden N, Atyeo C, Fischinger S, Li C et al
(2021) Adjuvanting a subunit COVID-19 vaccine to induce protec-
tive immunity. Nature 594(7862):253-258. https://doi.org/10.1038/
$41586-021-03530-2

81. Tan HX, Juno JA, Lee WS, Barber-Axthelm |, Kelly HG, Wragg KM et al
(2021) Immunogenicity of prime-boost protein subunit vaccine strate-
gies against SARS-CoV-2 in mice and macaques. Nat Commun 12(1):4-13.
https://doi.org/10.1038/541467-021-21665-8

82. Keech C, Albert G, Cho |, Robertson A, Reed P, Neal S et al (2020) Phase
1-2 trial of a SARS-CoV-2 recombinant spike protein nanoparticle vac-
cine. N Engl. J Med 383(24):2320-2332

83. Wadman M (2020) The long shot. Science (80-) 370(6517):649-653

84. Yang S, LiY, DailL, Wang J, He P, Li C et al (2021) Safety and immuno-
genicity of a recombinant tandem-repeat dimeric RBD-based protein
subunit vaccine (ZF2001) against COVID-19 in adults: two randomised,
double-blind, placebo-controlled, phase 1 and 2 trials. Lancet Infect Dis
21(8):1107-1119. https://doi.org/10.1016/51473-3099(21)00127-4

85. Ghorbani A, Zare F, Sazegari S, Afsharifar A, Eskandari MH, Pormohammad
A (2020) Development of a novel platform of virus-like particle (VLP)-
based vaccine against COVID-19 by exposing epitopes: an immunoinfor-
matics approach. New Microbes New Infect 38:100786. https://doi.org/
10.1016/j.nmni.2020.100786

86. TanTK, Rijal P, Rahikainen R, Keeble AH, Schimanski L, Hussain S et al
(2021) A COVID-19 vaccine candidate using SpyCatcher multimeriza-
tion of the SARS-CoV-2 spike protein receptor-binding domain induces
potent neutralising antibody responses. Nat Commun 12(1):1-16. https//
doi.org/10.1038/541467-020-20654-7

87. Plescia CB, David EA, Patra D, Sengupta R, Amiar S, Su'Y et al (2021)
SARS-CoV-2 viral budding and entry can be modeled using BSL-2 level
virus-like particles. J Biol Chem 296(8):100103. https://doi.org/10.1074/
JbcRA120.016148

88. Sharma D (2021) Repurposing of the childhood vaccines: could we
train the immune system against the SARS-CoV-2. Expert Rev Vaccines
20(9):1051-1057. https://doi.org/10.1080/14760584.2021.1960161

89. Wang, Yang C, Song Y, Coleman JR, Stawowczyk M, Tafrova J et al (2021)
Scalable live-attenuated SARS-CoV-2 vaccine candidate demonstrates
preclinical safety and efficacy. Proc Natl Acad Sci U S A 118(29):1-7

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1136/bmj.m1790
https://doi.org/10.1080/21645515.2020.1773141
https://doi.org/10.1080/21645515.2020.1773141
https://doi.org/10.1016/S0140-6736(20)31252-6
https://doi.org/10.1016/S0140-6736(20)31252-6
https://doi.org/10.1038/s41541-021-00356-x
https://doi.org/10.1038/s41541-021-00356-x
https://doi.org/10.1038/s41591-021-01446-y
https://doi.org/10.1016/S0140-6736(21)00234-8
https://doi.org/10.1016/S0140-6736(21)00191-4
https://doi.org/10.1016/S0140-6736(21)00191-4
https://doi.org/10.1038/s41586-020-2607-z
https://doi.org/10.1038/s41586-020-2607-z
https://doi.org/10.1016/S0140-6736(20)31208-3
https://doi.org/10.1016/S0140-6736(20)31208-3
https://doi.org/10.1016/S1473-3099(20)30942-7
https://doi.org/10.1016/j.addr.2021.01.001
https://doi.org/10.1038/s41586-021-03530-2
https://doi.org/10.1038/s41586-021-03530-2
https://doi.org/10.1038/s41467-021-21665-8
https://doi.org/10.1016/S1473-3099(21)00127-4
https://doi.org/10.1016/j.nmni.2020.100786
https://doi.org/10.1016/j.nmni.2020.100786
https://doi.org/10.1038/s41467-020-20654-7
https://doi.org/10.1038/s41467-020-20654-7
https://doi.org/10.1074/jbc.RA120.016148
https://doi.org/10.1074/jbc.RA120.016148
https://doi.org/10.1080/14760584.2021.1960161

	Scope of SARS-CoV-2 variants, mutations, and vaccine technologies
	Abstract 
	Background: 
	Main body: 
	Conclusion: 

	Background
	Background information about SARS-CoV-2 vaccine developments
	SARS-CoV-2 variants
	SARS-CoV-2 mutations
	Classification of COVID-19 vaccine technology platforms
	COVID-19 vaccine technology platforms
	Conclusion
	Acknowledgements
	References


