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ABSTRACT

The pandemic caused by the worldwide spread of the coronavirus, which first appeared in 2019, has
been named coronavirus disease 19 (COVID-19). More than 4.5 million deaths have been recorded due to
the pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), according to the
World Health Organization. COVID-19 Dashboard in September 2021. Apart from the wildtype, other
variations have been successfully transmitted early in the outbreak although they were not discovered
until March 2020. Modifications in the SARS-CoV-2 genetic material, such as mutation and recombi-
nation, have the ability to modify the viral life span, along with transitivity, cellular tropism, and
symptom severity. Several processes are involved in introducing novel vaccines to the population,
including vaccine manufacturing, preclinical studies, Food and Drug Administration permission or cer-
tification, processing, and marketing. COVID-19 vaccine candidates have been developed by a number of
public and private groups employing a variety of strategies, such as RNA, DNA, protein, and viral vectored
vaccines. This comprehensive review, which included the most subsequent evidence on unique features
of SARS-CoV-2 and the associated morbidity and mortality, was carried out using a systematic search of
recent online databases in order to generate useful knowledge about the COVID-19 updated versions and
their consequences on the disease symptoms and vaccine development.
© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A novel coronavirus of

of any vaccine at the beginning of the epidemic increased the severity
of the epidemic, worsening outcomes worldwide [3,4]. To end the

unidentified source, severe acute epidemic and prevent further suffering, it is necessary to increase the

respiratory syndrome coronavirus 2 (SARS-CoV-2), emerged in
December 2019. The virus is the source of the current pandemic,
which is identified as 2019-nCoV, better known as coronavirus
disease 19 (COVID-19) [1]. On March 11, 2020, the COVID-19
epidemic was first classified as a “pandemic” by the World Health
Organization (WHO) [2]. Infected patients show common symptoms,
such as gastrointestinal infection, fever, cough, and fatigue. Absence

Peer review under responsibility of Xi'an Jiaotong University.
* Corresponding author.
E-mail address: dundar@erciyes.edu.tr (M. Dundar).

https://doi.org/10.1016/j.jpha.2021.09.004

number of people vaccinated by applying a predictive-preventive
health strategy. This health strategy should comply with human
rights principles and ethical rules [5].

In studies on the development of individual-specific antibodies,
it has been observed that some patients have a different immune
response, which is seen very early, while in others too late, and that
varies from person to person. It has been suggested that the incu-
bation period for infected patients is 2—14 days (approximately 5
days on average). It has been reported that antibodies appeared
within an average of 8 days after coronavirus exposure, reaching
their highest levels in 14 days [6].
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Fig. 1. Phylogenetic tree of coronavirus subfamilies. MERS-CoV: Middle East respira-
tory syndrome coronavirus; SARS-CoV: severe acute respiratory syndrome
coronavirus.

According to general genomic components, coronaviruses can be
divided into four subgroups: alpha-coronavirus, beta-coronavirus,
gamma-coronavirus, and delta-coronavirus [7] (Fig. 1). These sub-
groups are further divided into groups. Beta-coronaviruses (SARS-
CoV, Middle East respiratory syndrome coronavirus (MERS-CoV),
and SARS-CoV-2) have been passed from species to species and
were the source of SARS-CoV outbreaks in 2002, MERS-CoV in 2011,
and SARS-CoV-2 in 2019 [8]. A recent mutational and genetic study
of the newly developed SARS-CoV-2 and the previously emergent
SARS-CoV revealed that the two viruses were 79% similar to each
other [9]. With a genome of approximately 30 kb, coronaviruses have
6—11 open reading frames (ORFs) [10]. The first of these ORF codes
for 16 types of non-structural proteins (NSPs). This ORF, which
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makes up two-thirds of the viral genome, is also known as ORF1a/b.
Other ORFs code for the envelope (E) protein, nucleocapsid (N)
protein, spike (S) glycoprotein (including S1 and S2 subunits),
transmembrane (M) glycoprotein, and additional, structural proteins
of the virus (Fig. 2). S glycoprotein and M glycoprotein are the two
main E proteins [11]. The S glycoprotein is an antigen that binds to
receptors and is responsible for cell fusion. M glycoprotein plays a
role in the formation of virions and envelopes.

Virus-membrane fusion occurs primarily through the S2 subunit
of S glycoprotein, once SARS-CoV-2 attaches to the angiotensin
converting enzyme-2 (ACE2) receptor through the S1 subunit [12].
In this way, viral genomic RNA passes to the cytoplasm to form a
replication-transcription complex and synthesizes all structural
and auxiliary proteins and new genomic RNAs. The new genomic
RNA is coated with glycoproteins and N proteins. The resulting vi-
rus particles interact with the endoplasmic reticulum and Golgi and
then connect with the plasma membrane of the host cell to unleash
the virus [13]. Recent studies have shown that S glycoprotein, as a
viral adhesion molecule in the outer membrane, interacts with
ACE2, ezrin, dipeptidyl peptidase-4 (DPP4), cyclophilin, and other
cell-adhesion molecules [14].

Meta-transcriptomic sequences revealed similarity in terms of S
protein and receptor binding domains (RBD) between SARS-CoV
and SARS-CoV-2 [15]. SARS-CoV and SARS-CoV-2 viruses enter
the cell through the human ACE2 receptor; however, small differ-
ences between genomes result in stronger binding of ACE2 receptor
to SARS-CoV-2 than to SARS-CoV (Fig. 3). In contrast, MERS-CoV is
linked to the DPP4 receptor [16]. The properties of the coronavi-
ruses types are summarized in Table 1 [17,18].

In humans with high binding specificity through RBD, Lu et al.
[19] proposed that the S protein links to the ACE2 receptor to
stimulate entry of the virus into host cells. Furthermore, enzymes
including papain-like cysteine protease and 3C-like protease
(3CLP™) are positioned close to the 5’ end of the ORF and contribute
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Fig. 3. The figure demonstrates the binding of the SARS-CoV-2 S protein to the angiotensin converting enzyme-2 (ACE2) receptors upon the host cell surface. Transmembrane serine
protease 2 (TMPRSS2) and cathepsin are actively engaged in S glycoprotein preparatory work and promote viral invasion, leading to increased immune reaction, intensification of
the disease, and imbalance. Attacking proteases with unique protease inhibitors, separately or in combination, may have better therapeutic effects to inhibit SARS-CoV-2 infections.
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Table 1

SARS-CoV, MERS-CoV, and SARS-CoV-2 properties.
Property SARS-CoV SARS-CoV-2 MERS-CoV Refs.
First incidence November 16, 2002 December 2019 June 13, 2012 [17]
Current status No reports since 2004 Active Active [17]
Natural reservoir Bat Bat Bat [17]
Intermediate host Palm civet and raccoon dog Pangolin Dromedary camel [17]
Mode of transmission Respiratory droplet Respiratory droplet Respiratory droplet [17]
Incubation period 2—-10 days, and up to 14 days 2—10 days, and up to 14 days 2—14 days [17]
Receptor ACE2 ACE2 DPP4 [17]
Genome length (bases) 29,751 29,903 30,119 [17]
Ro 2-3 2—4 0.3-0.9 [17]
Fatality rate (%) 9.6 4.4 344 [18]
Superinfection Bacteria, fungi, virus Bacteria ND [18]
Key symptoms Abdominal pain, diarrhea, headache, fever, dry Fever, dry cough, headache, shortness of breath, and Cough, shortness of breath, [17]

cough, and shortness of breath

new loss of taste or smell

fever, and dyspnea

ND: no data; Rg: basic reproductive number; DPP4: dipeptidyl peptidase-4.

to the proteolytic degradation of polyprotein 1a (ppla) and pplab
to create NSPs such as RNA polymerase, helicase, and
endoribonuclease. Such proteins make viral replication and
transcription more possible [20].

2. Variety of COVID-19 vaccine candidates

Biotechnology has permeated all aspects of research, from basic
sciences to small- and medium-sized businesses and large in-
dustries [21]. Technologies that can be used together, such as epi-
genetics, PCR, bioinformatics, transcriptomics, and new sequencing
tools, are at the forefront of biotechnological progress [22].

It has been suggested that SARS-CoV-2 is biotechnologically
artificial. In bioinformatics studies that assess this idea, this virus
was compared with strains prepared in the laboratory and other
natural strains to estimate the genetic relationships of SARS-CoV-2.
In these studies, it became clear that the artificial origin stories of
SARS-CoV-2 were unfounded. Biotechnology, a powerful tool for
advancing medical research, should not be abandoned because of
these speculations [23]. Biotechnology makes possible a wide va-
riety of solutions that will bring health, food security, and well-
being to humanity for centuries, offering new treatment options
for diseases and significantly impacting our society and lifestyle
[24,25]. Previously unused vaccine-development techniques have
also been adopted, and a wide variety of vaccines have been
generated [26]. Vaccines, including those based on inactivated vi-
ruses, live attenuated viruses, protein subunits, viral vectors, DNA,
RNA, and nanoparticles, are being developed using a variety of
different methods throughout the world to combat the global
pandemic (Fig. 4). These techniques should be studied in specially
qualified laboratories [27]. Various vaccine techniques related to
COVID-19 are shown in Fig. 5.

2.1. Live attenuated vaccines (LAV)

Live vaccines use a weakened (or attenuated) SARS-CoV-2 form.
This technique utilizes reconfiguration of the S protein engagement
in the SARS-CoV-2 membrane with the RBD by creating mutations
such as deletions in the virus genome. Live vaccines are developed
by growing attenuated forms in host cells (chick embryo and kid-
ney) [9].

Weakened vaccines trigger the stimulation of cells and anti-
bodies, such as T lymphocytes, CD4*1, and CD8*. These cells and
antibodies can reduce or prevent infection by producing in-
terleukins and killing infected cells. The specific induced effectors
may differ depending on the vaccine used. LAVs attempt to assist in
the generation of CD8" and T-linked antibody responses of
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Fig. 4. Adjuvant types platform of vaccine candidates for coronavirus.

cytotoxic T lymphocytes. The vaccine is effective as long as the body
maintains its internal balance; it can stimulate and regulate cellular
immune responses, including immune cells such as cytotoxic T cells
or macrophages, which can provide long-term and possibly lifelong
immunity without requiring multiple vaccine doses [28]. Vaccines
developed consist of 14% inactivated virus vaccine and 2% live
attenuated virus vaccine (Fig. 5) [29].

2.2. Protein subunit vaccine

Protein-based vaccines are based on synthetic peptides or re-
combinant antigenic proteins, which induce a protective and
therapeutic immune response. To improve the immune system,
certain vaccines require adjuvant assistance; adjuvants are used to
overcome the shortcomings of these vaccines. Since the virus uses
the ACE2 receptor and the S protein-mediated endocytic pathway,
its S protein and antigenic fragments are usually the main targets
for protein-based vaccine design [30].

The S protein is an important target for the development of
protein-based vaccines against beta-coronaviruses. Both the viral S
protein and its antigenic fragments contain the S1 subunit (on
RBD), its surrounding region, a receptor-binding motif, and an N-
terminal domain (NTD). The S2 subunit has heptad repeat 1, heptad
repeat 2, fusion peptide, and central helix and junction sites. These
regions serve as important targets for the development of subunit
vaccines for cellular proteins. For example, when binding to the
ACE2 receptor via the RBD of the S1 subunit, the S1 protein is
divided into subunits and creates conformational changes. The S2
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Fig. 5. Vaccine development techniques used for COVID-19 [29]. LAV: live attenuated
vaccines; VVr: viral vector (replicating); VVnr: viral vector (non-replicating). (Reprint
with permission from Ref. [29]).

protein acts as a delivery agent by connecting the virus to the
membrane of the target cell, while the S1 subunit is critical for the
formation of various types of SARS-CoV-2 variants. However, the S2
protein is the main target for developing a universal vaccine for
different types of SARS-CoV-2 variants. Vaccines targeting the NTD,
a subunit of the S1 protein, do not directly block receptor binding;
however, vaccines for NTD are preferred, as they minimize the
conformational change of the S protein [31].

In addition, vaccines targeting M, N, and E proteins have been
developed. Short peptides are transferred to the infected host cell,
triggering the release of B and T antibodies that stimulate a rapid
immune response against viral infection.

Protein subunit vaccines are being developed directly for S1 and
S2 proteins, or specific subregions of these viral membrane pro-
teins. Since viral membrane proteins have many domains, the most
widely used protein platform among vaccine studies is subunit
vaccines [32,33] (Fig. 5). This vaccine development technique
covers 34% of vaccines produced using available techniques (Fig. 5).

2.3. Viral vector vaccines

The safest strategy against this pathogen is to produce a vaccine
based on viral vectors. The high efficacy of these vaccines is pri-
marily derived from their ability to transport the viral vector gene
into the target cell, which stimulates the immune response through
gene transduction because it triggers cytotoxic T cells and provides
a long-term high level of protection [34].

Virus-like particle (VLP) vaccines are useful tools. They provide
high-dose delivery of viral surface proteins that trigger immune
responses and elicit conformational viral epitopes, creating durable
memory B cells and T cells. VLPs have a radius of approximately
20—200 nm and are safer than attenuated viruses because they
cannot be reproduced. VLPs have been used to develop commer-
cially available human papillomavirus and U.S. Food and Drug
Administration-approved vaccines for hepatitis B [35]. Vaccine
development techniques consist of 4% VLP, 2% replicating viral
vector, and 15% non-replicating viral vector techniques (Fig. 5).

2.4. DNA vaccines
DNA vaccines aim to generate an immune response against

themselves through injection of a genetically engineered plasmid
that encodes the antigen. The antigen encoded by the DNA vaccine
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is injected into the cells by introducing an adjuvant that induces a
compatible immune response. These cells act like living viruses by
expressing proteins specific to the viral genome [36].

By causing a protective immunological response, this vaccine
produces antigens and can induce a wide range of immune re-
sponses. It has advantages and disadvantages. Since August 2016,
DNA vaccines have not been released for public use in the USA.
When these vaccines are injected with DNA encoding certain an-
tigens, and (depending on the existing genetic code in the plasmid)
when they encounter amino acid sequences not included in the
current code, they are considered foreign and trigger the body's
defense system [37,38]. This vaccine development technique covers
10% of the available techniques (Fig. 5).

2.5. mRNA vaccines

The newly emerging mRNA vaccine technique is advantageous
because it is not infectious. It is a strategic method that works with
viral RNA or non-replicating RNAs. This technique is used as an
immunogenic genetic vector, behaving like the antigen seen in
natural infections [39]. This technique is also helpful for targeting
proteins involved in viral RNA transcription and replication.
Moreover, it can be adapted to overcome viral variants [40].

mRNA vaccines enable production of viral antigens by sending
an artificially designed part of the RNA sequence of the virus
directly into the human cell (transfection), where it is translated. It
also triggers the immune system by activating T cells that recognize
targeted peptides on major histocompatibility complex molecules.

Vaccines on many platforms in development present individual
advantages and disadvantages. Although inactivated virus vaccines
have advantages, such as being generally more stable and safe, the
integrity of immunogenic particles must be preserved, and a large
amount of virus is used [41]. LAVs can stimulate the immune system
uniquely; however, there is a probability of nucleotide replacement
during viral replication. Subunit-based vaccines do not contain any
live components of the viral particle and have fewer side effects;
however, there are concerns about the “memory” of the immune
response. Viral vector-based vaccines have also been used for MERS-
CoV; they inhibit a strong immune response and infectious particle
transport. These vaccines have serious disadvantages, such as a
decrease in efficacy if the host was previously exposed, as well as the
possibility of causing cancer as a result of the viral genome's incor-
poration into the host genome. While DNA vaccines possess critical
advantages such as temperature resistance, absence of cold-chain
requirements, and rapid development, the disadvantages are that
foreign DNA penetration into the host genome usually triggers cell
abnormalities and potentially produces antibodies against it. RNA
vaccines eliminate the risk of integration into the host genome
because mRNA transcription occurs in the cytoplasm. However,
these vaccines have the potential to become unstable, and reac-
togenicity issues can arise. The RNA-based vaccine development
technique covers 16% of the available techniques (Fig. 5).

3. Standard vaccines compared with COVID-19 vaccine
development

The production of standard vaccines is a lengthy process, and
experiments are carried out in sequential steps. To evaluate and
improve the manufacturing process, companies first create small
quantities to perform limited-scale studies. They determine an
effective formulation that optimizes the stability of the vaccine
component through the end of its shelf life. The company then
determines whether to continue developing and scaling-up pro-
duction, or to stop the production procedure. In addition, to ensure
that the vaccine meets its expected quality profile and regulatory
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requirements, the company implements an acceptable and efficient
quality management plan, which comprehensively analyzes the
different components of the vaccine, the final formulation to be
used, and the entire production process. The vaccine developer
performs several experimental methodologies using in vitro or
animal models (in vivo and pre-clinical studies) to demonstrate
how the vaccine causes an immune reaction and acts to prevent
infections. The vaccine manufacturer then tests the vaccine in three
stages of clinical trials, with an increased number of participants in
each stage (Fig. 6).

Research and development of COVID-19 vaccines within such a
limited time necessitated extensive collaboration between phar-
maceutical companies, researchers, and governments. Some com-
panies use existing manufacturing processes and infrastructure
that are currently widely used for the safe and efficient production
of vaccines. A few other COVID-19 vaccines are now being produced
using innovative methods proposed to increase product stability,
provide effective immune responses, and boost manufacturing
capacity and speed compared to other vaccine categories. In this
regard, the COVID-19 vaccine development process has progressed
much faster than the standard vaccine development process.

4. Recent challenges for COVID-19 vaccine development

There has been a rapid increase in COVID-19 cases in the United
Kingdom, particularly noticeable in Southeast England. This rise led
to an intensified analysis of the epidemiology and virology of the
virus. In October 2020, a new variant was first identified in the
United Kingdom from a sample obtained at the beginning of the
month, and it rapidly began to spread from mid-December [42]. A
considerable percentage (>50%) of cases related to the latest single
phylogenetic cluster were identified using complete viral genome
statistical analysis. It has been designated SARS-CoV-2 VUI 202012/
01 [variant under investigation, 2020 (year), 12 (month), variant 01]
and is often referred to as lineage B.1.1.7.7. The identified COVID-19
cases linked to the variant of VUI 202012/01 were observed in Kent
and South East England, along with London and East England [43].
On December 20, 2020, the BBC announced that the WHO declared
nine additional variant incidents had already been confirmed in
Denmark, with others in the Netherlands and Australia [44].

Another new variant of SARS-CoV-2, documented as 20H/
501Y-V2 and B.1.351, originally detected in South Africa, corre-
sponds to the next strain clade, 20C, which emerged independently
of B.1.1.7. This variant shares several mutations with the B.1.1.7. On
February 11, 2021, variant B.1.351 was reported in 40 countries
worldwide according to official reports, and almost 1,400 incidents
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were registered worldwide [45].

Variant P.1 was first recorded by Japan in the passengers who
had returned from Brazil, which relates to the next strain clade
20 B. On January 6, 2021, the National Institute of Infectious Dis-
eases of Japan first observed this variant of SARS-CoV-2 in four
individuals who had landed in Tokyo after visiting Brazil [46].

In October 2020, CAL.20C, also known as lineage B.1.429, was
observed in southern California, USA, and at the beginning of
November, 30 patients were detected in the northern part of the
state, and five other states had reported the case. CAL.20C, as well
as those initially reported in the United Kingdom (B.1.1.7), South
Africa (B.1.351), and Brazil (B.1.1.248), is one of numerous other
commonly circulated variants [47]. In Tables S1—S4 [29], informa-
tion on the latest vaccine candidates for the Asian, American, Af-
rican/Oceanic, and European continents is summarized.

In March 2021, a new variant was discovered and named delta
(B.1.167.2) that reversed the decline in worldwide. As of June 21,
2021, 92,056 cases were detected in England, the country where the
variant was first detected, and 53,822 of the cases were found to be
unvaccinated [48]. In addition, in a cohort study examining 43,338
COVID-19 positive patients, it has been found that the Delta variant
might cause more burden on healthcare services compared to the
Alpha variant [49]. The effects of existing vaccines on the Delta
variant are still under investigation.

4.1. The genomic properties of the latest version of SARS-CoV-2

Although the accuracy of SARS-CoV-2 RNA polymerase activity
is high in many epidemiological studies, many mutations have
been identified [50]. SARS-CoV-2 is characterized by numerous S
protein mutations, of which more than 4,000 have been reported
[51]. A typical way to manage the transmission of the virus is to
concentrate on mutations. Seventeen mutations, along with some
in the S glycoprotein, characterize the VUI-202012/01 variant
(deletion 69—70, deletion 144, N501Y, A570D, D614G, P681H,
T7161, S982A, D1118H) [52]. The N501Y mutation, positioned
within the RBD, appears to be among the most significant mu-
tations, initiating a change in amino acid position 501 from
asparagine (N) to tyrosine (Y). Its importance mainly comes from
the fact that it is the location within the RBD of the S glyco-
protein, which attaches to human and murine ACE2. On
December 18, 2020, the New and Emerging Respiratory Virus
Threats Advisory Group informed the government of the United
Kingdom about the possibility of RBD mutations that can pro-
mote the virus becoming much more contagious [53].

Multiple S protein modifications occurring over all viruses in the
cluster (amino acid shifts D80A, D215G, E484K, N501Y, and A701V)
were identified as B.1.351. Quite recently, viruses have demon-
strated additional extra changes (amino acid change L18F, R246],
K417 N, and deletion 242—244) [45].

Compared to its ancestral lineage B.1.1.28, the P.1 variant has 11
amino acid changes in the S protein. Three of these proteins are
located in the RBD. L18F, T20 N, P26S, D138Y, R190S, K417T, E484K,
N501Y, H655Y, T1027], and V1176F are the complete set of S protein
modifications for the variant [46].

The latest CAL.20C variant, which emerged from the 20C clade,
has five mutations: ORFla: 14205V; ORF1b: D1183Y; S: S13I,
W152C, and L452R [47].

The characteristics of the new SARS-CoV-2 variants are sum-
marized in Table 2 [53,54]. In New York City, another category of
coronaviruses, identified as B.1.526, has been spreading rapidly. The
variant was initially reported in November 2020, and by mid-
February 2021, it had accounted for nearly a quarter of all New
York City sequences. There are two forms of this variant: one
containing the E484K spike mutation, which may enable the virus
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Table 2
Characteristics of new SARS-CoV-2 variants.
Name of Date of Emergent Mutation sites Transmissibility Severity Diagnostic assays Reinfection possibility Refs.
variant identification location
B.1.1.7 October United N501Y, 56% more 1.65 (95%CI 1.21 Negative S-gene RT-PCR Reinfection rate 0.7% (95%CI 0.6  [53]
201/501Y-V1, 2020 Kingdom 69/70 deletion, transmissible ~ —2.25) was the risk findings by Thermo —0.8), no evidence of being higher
Voc P681H (95%CI: 50% percentage of death Fisher Taqpath assay  than the oldest strains
202012/01 —74%)
B.1.351 (20H/ December South R2461, D8OA, L18F, 50% (95%Cl: No potential No effect on diagnostic Seropositivity to previous SARS- [54]
501Y-V2) 2020 Africa D215G, A242—-244  20%—113%) changes in infection assays CoV-2 strains indicates no
A701V, E484K, more severity additional protection was
K417T, N501Y transmissible granted.
P.120]/ December  Japan/ K417T, E484K, N501Y, Potentially No potential No effect on diagnostic Increased propensity for [53]
501Y-V3 or 2020 Brazil D614G more changes in infection assays reinfection
emerged transmissible  severity
from
B.1.1.28
CAL.20C July 2020 California, ORF1a: 14205V, About 20% No potential No effect on diagnostic No reports [53]
USA ORF1b: D1183Y, S: increased changes in infection assays
S131, S: W152C, S: transmissibility severity
L452R
B.1.526 November  New York, S, ORF1a, ORF1b, Potentially Potentially more No effect on diagnostic No reports [53]
2020 USA ORF3a, ORF8, 5'UTR  more virulent assays
transmissible
B.1.525 December New York, S, ORF1b, ORF1a, M, N, Potentially Potentially more No effect on diagnostic No reports [53]
2020 USA 5'UTR more virulent assays
transmissible
B.1.427, February California, L452R, D614G, S13I, About 20% Effect on virulence No effect on diagnostic No reports [53]
B.1.429 2021 USA W152C, L452R, increased requires more assays

D614G transmissibility

investigation

CI: credible interval; RT: real-time.

to resist antibodies, and the other with the S477 N mutation, which
may also help the virus attach more closely to human cells [55].

4.2. Vaccine effectiveness

A number of COVID-19 vaccines were developed or produced in
late 2020. According to the WHO Coronavirus (COVID-19) Dashboard
on September 6, 2021, a total of 5,289,724,918 vaccine doses were
administered [55]. Although the latest version consists of S glyco-
protein mutations affected by the three major vaccines, the immune
response to the vaccine develops antibodies to many domains of the
protein. Therefore, it is suggested that a single mutation will not
render vaccines less effective [56]. German, British, and American
health organizations and experts agree that current vaccines will be
as potent against the latest VUI-202012/01 strain as they are to
existing strains obtained by the end of 2020. Public Health England
reported that as of December 20, 2020, there was still “no proof” to
indicate that the latest strain would be highly resistant to the Pfizer-
BioNTech vaccine presently being used in the UK vaccine schedule,
and that citizens should still be immunized [57]. Table 3 [58] sum-
marizes the most crucial points, including the efficacy and effective-
ness of COVID-19 vaccines against SARS-CoV-2 new variants.

5. Conclusion

From the influenza pandemic that emerged at the beginning of
the 20th century to the new coronavirus pandemic that has emerged
today, an effective method for the early detection of these microor-
ganisms has not yet been demonstrated. Even with the methods
used today, false positive or negative results can still occur. Today,
however, it is very important for every individual to become immune
to the virus. Although mutant variants have emerged, vaccination
studies are continuing rapidly all over the world.

As seen in Tables S1—S4, vaccine studies carried out in countries
on all continents of the world continue at different clinical stages
(preclinical, stage I, stage Il and stage IlI). It is estimated that regions
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with weak economy, such as the majority of African countries, will
be severely affected by the epidemic due to the cost of obtaining the
developed vaccines. In this context, the equitable distribution of
successful vaccines worldwide is particularly important in such
countries.

All vaccine studies in Tables S1—S4 are based on the wild-type
SARS-CoV-2 genome that has been genomically sequenced and
characterized. But SARS-CoV-2 is mutating every day, and new
variants have emerged and will continue to emerge. The type of
variation to which the virus is exposed can change the rate of
spread according to the function of the cellular component that this
variation affects. While some of the vaccine development methods
currently used are advantageous for wild-type SARS-CoV-2, a new
variant may result in altered efficacy of the vaccine product.
Existing vaccine candidates need to be reformulated according to
viral variant types, as new variant types may emerge as the virus
mutates.

VUI 202012/01 variant SARS-CoV-2, known as Alpha variant, has
changed the rate of spread of the epidemic. For this reason, a sec-
ond or even a third wave has been observed in some countries. The
virus is the main target for protein subunit-based vaccines, as it
interacts with host cell ACE2 receptors via the S protein to enter the
cell. At this point, the receptor binding affinity of the new VUI
202012/01 type increased as the conformational structure of the S
protein changed. Therefore, protein subunit-based vaccines have
become more advantageous together with vaccines targeting the S
protein. In addition, due to the more severe effects of the Alpha
variant, some existing vaccines have been reformulated to be
effective against new variants.

The B.1.167.2 variant, also known as the Delta variant, which
emerged in March 2021 in England, reversed the declining number
of cases in some countries. According to some studies, about 60% of
those infected with the new variant are unvaccinated. These studies
have shown that the Delta variant doubles the risk of hospitaliza-
tion compared to the Alpha variant. More research needs to be done
to understand how severe the effects of the new variants are
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Table 3
Efficacy and effectiveness of COVID-19 vaccines against SARS-CoV-2 new variants [5
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Variant Vaccine developer

name

BioNTech Moderna Oxford/AstraZeneca Novavax
Efficacy Effectiveness Efficacy Effectiveness Efficacy Effectiveness Efficacy Effectiveness
B.1.1.7 74.6% (95% No significant ND No major significant 61.7% (95%Cl 41.6% 70.4% against symptomatic 89.3% (95% 86.3% against mild,
Cl 41.6% impact on decrease in —88.9%) COVID-19, 28.9% against Cl 75.2% moderate, and severe
—88.9%) neutralization neutralization activity asymptomatic infections —95.4%) disease
B.1.351 ND Reduced ND Reduced neutralization Limited efficacy, 10.4% ND 60% ND
neutralization (six-fold) against mild/moderate
(six-fold) disease
P.1 ND ND ND ND ND ND ND ND
CAL.20C ND ND ND ND ND ND ND ND

compared to previous variants. As the virus continues to spread
among living things, there is a possibility that new variants with
more severe effects will emerge. As variants change, more work is
needed to make existing vaccines more effective against emerging
new variants.

Declaration of competing interests
The authors declare that there are no conflicts of interest.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jpha.2021.09.004.

References

[1] H.Esakandari, M. Nabi-Afjadi, J. Fakkari-Afjadi, et al., A comprehensive review
of COVID-19 characteristics, Biol. Proced. Online 22 (2020), 19.

M. Cascella, M. Rajnik, A. Aleem, et al., Features, evaluation, and treatment of
coronavirus (COVID-19). http://www.ncbi.nlm.nih.gov/pubmed/32150360.
(Accessed 10 June 2021).

AK. Kiani, K. Dhuli, K. Anpilogov, et al., Natural compounds as inhibitors of
SARS-CoV-2 endocytosis: a promising approach against COVID-19, Acta Bio-
med. 91 (2020), e2020008.

F. Bilgili, M. Dundar, S. Kuskaya, et al., The age structure, stringency policy,
income, and spread of coronavirus disease 2019: evidence from 209 countries,
Front. Psychol. 11 (2021), 632192.

M. Dundar, A.S. Uzak, Y. Karabulut, Healthcare in overview of Turkey, EPMA J.
1(2010) 587—594.

I. Murrell, D. Forde, W. Zelek, et al., Temporal development and neutralising
potential of antibodies against SARS-cov-2 in hospitalised COVID-19 patients:
an observational cohort study, PLoS One 16 (2021), e0245382.

[7] W.Li, FJ.M. van Kuppeveld, Q. He, et al., Cellular entry of the porcine epidemic
diarrhea virus, Virus Res. 226 (2016) 117—-127.

Y.C. Liu, R.L. Kuo, S.R. Shih, COVID-19: the first documented coronavirus
pandemic in history, Biomed. J. 43 (2020) 328—333.

S.P. Kaur, V. Gupta, COVID-19 Vaccine: a comprehensive status report, Virus
Res. 288 (2020), 198114.

Y. Finkel, O. Mizrahi, A. Nachshon, et al., The coding capacity of SARS-CoV-2,
Nature 589 (2021) 125—-130.

A. Wu, Y. Peng, B. Huang, et al., Genome composition and divergence of the
novel coronavirus (2019-nCoV) originating in China, Cell Host Microbe 27
(2020) 325—328.

E. Margolin, W.A. Burgers, E.D. Sturrock, et al., Prospects for SARS-CoV-2 di-
agnostics, therapeutics and vaccines in Africa, Nat. Rev. Microbiol. 18 (2020)
690—704.

A.A. Rabaan, S.H. Al-Ahmed, R. Sah, et al., Recent advances in vaccine and
immunotherapy for COVID-19, Hum. Vaccines Immunother. 16 (2020)
3011-3022.

S.A. Mat Jusoh, P. Foroozandeh, Y.F. Lee, et al., COVID-19 mini-review: D614G
mutation as an independent risk-factor to the expression of ACE2 and DPP4
associated increased severity in COVID-19, Sains Malays. 50 (2021)
1175—-1186.

M.P. Jogalekar, A. Veerabathini, P. Gangadaran, Novel 2019 coronavirus:
genome structure, clinical trials, and outstanding questions, Exp. Biol. Med.
(Maywood) 245 (2020) 964—969.

S. Paolacci, M.R. Ceccarini, M. Codini, et al., Pilot study for the evaluation of
safety profile of a potential inhibitor of SARS-CoV-2 endocytosis, Acta Biomed.
91 (2020), €2020009.

[17] M. Kandeel, A. Ibrahim, M. Fayez, et al., From SARS and MERS CoVs to SARS-

[2

[3

[4

[5]
(6

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

681

CoV-2: moving toward more biased codon usage in viral structural and

nonstructural genes, ]. Med. Virol. 92 (2020) 660—666.

W. Wang, J. Tang, F. Wei, Updated understanding of the outbreak of 2019

novel coronavirus (2019-nCoV) in Wuhan, China, ]J. Med. Virol. 92 (2020)

441-447.

R. Ly, X. Zhao, J. Li, et al., Genomic characterisation and epidemiology of 2019

novel coronavirus: implications for virus origins and receptor binding, Lancet

395 (2020) 565—574.

M. Gioia, C. Ciaccio, P. Calligari, et al., Role of proteolytic enzymes in the

COVID-19 infection and promising therapeutic approaches, Biochem. Phar-

macol. 182 (2020), 114225.

F. Bruschi, M. Dundar, P.B. Gahan, et al., Biotechnology worldwide and the

“European biotechnology thematic network” association (EBTNA), Curr. Opin.

Biotechnol. 22 (2011) S7-S14.

K.M.A. Gartland, F. Bruschi, M. Dundar, et al., Progress towards the “golden

age” of biotechnology, Curr. Opin. Biotechnol. 24 (2013) S6—S13.

[23] T. Dallavilla, M. Bertelli, A. Morresi, et al., Bioinformatic analysis indicates that

SARS-CoV-2 is unrelated to known artificial coronaviruses, Eur. Rev. Med.

Pharmacol. Sci. 24 (2020) 4558—4564.

M. Dettenhofer, M. Ondrejovic, A. Slavica, et al., Current state and prospects of

biotechnology in Central and Eastern European countries. Part II: new and

preaccession EU countries (CRO, RO, B&H, SRB), Crit. Rev. Biotechnol. 39

(2019) 137—-155.

M. Dettenhofer, M. Ondrejovic, V. Vasary, et al., Current state and prospects of

biotechnology in Central and Eastern European countries. Part I: Visegrad

countries (CZ, H, PL, SK), Crit. Rev. Biotechnol. 39 (2019) 114—136.

M. Dundar, S. Prakash, R. Lal, et al., Future Biotechnology, EuroBiotech ]. 3

(2019) 53—-56.

V. Precone, M. Dundar, T. Beccari, et al., Quality assurance of genetic labora-

tories and the EBTNA practice certification, a simple standardization assur-

ance system for a laboratory network, EuroBiotech ] 2 (2018) 215—-222.

K.A. Hanley, The double-edged sword: how evolution can make or break a

live-attenuated virus vaccine, Evol. Educ. Outreach. 4 (2011) 635—643.

[29] World Health Organization, COVID-19 vaccine tracker and landscape. https://

www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-

vaccines. (Accessed 27 August 2021).

N.C. Kyriakidis, A. Lopez-Cortés, E.V. Gonzdlez, et al., SARS-CoV-2 vaccines

strategies: a comprehensive review of phase 3 candidates, Npj Vaccines 6

(2021), 28.

Y. Der Li, W.Y. Chi, J.H. Su, et al., Coronavirus vaccine development: from SARS

and MERS to COVID-19, ]. Biomed. Sci. 27 (2020), 104.

N. Wang, J. Shang, S. Jiang, et al., Subunit vaccines against emerging patho-

genic human coronaviruses, Front. Microbiol. 11 (2020), 298.

L. Dai, G.F. Gao, Viral targets for vaccines against COVID-19, Nat. Rev.

Immunol. 21 (2021) 73—-82.

S.M. Vrba, N.M. Kirk, M.E. Brisse, et al., Development and applications of viral

vectored vaccines to combat zoonotic and emerging public health threats,

Vaccines 8 (2020), 680.

W. Akahata, Z.Y. Yang, H. Andersen, et al., A virus-like particle vaccine for

epidemic Chikungunya virus protects nonhuman primates against infection,

Nat. Med. 16 (2010) 334—338.

M.M. Silveira, G.M.S.G. Moreira, M. Mendonca, DNA vaccines against COVID-

19: perspectives and challenges, Life Sci.. 267 (2021), 118919.

[37] J.B. Alarcon, G.W. Waine, D.P. McManus, DNA vaccines: technology and

application as anti-parasite and anti-microbial agents, Adv. Parasitol. 42

(1999) 343—410.

H.L. Robinson, T.M. Pertmer, DNA vaccines for viral infections: basic studies

and applications, Adv. Virus Res. 55 (2000) 1-74.

P. Tulay, M.C. Ergoren, M. Dundar, COVID-19 vaccines: where do we stand?

EuroBiotech ] 5 (2021) 4—7.

M. Bertelli, S. Paolacci, T. Beccari, et al., Diagnostic and therapeutic imple-

ments based on advanced biotechnology should be available in low-income

countries, Acta Biomed. 90 (2019) 5—6.

[41] J.M. Chen, Live unattenuated vaccines for controlling viral diseases, including
COVID-19, J. Med. Virol. 93 (2021) 1943—1949.

[42] T. Kirby, New variant of SARS-CoV-2 in UK causes surge of COVID-19, Lancet,

(18]

[19]

[20]

[21]

[22]

[24]

[25]

[26]

[27]

(28]

[30]

[31]
[32]
(33]

[34]

(351

(36]

(38]
[39]

[40]


https://doi.org/10.1016/j.jpha.2021.09.004
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref1
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref1
http://www.ncbi.nlm.nih.gov/pubmed/32150360
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref3
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref3
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref3
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref5
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref5
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref5
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref6
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref6
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref6
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref7
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref7
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref7
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref8
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref8
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref8
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref9
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref9
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref10
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref10
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref10
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref11
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref11
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref11
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref11
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref12
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref12
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref12
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref12
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref13
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref13
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref13
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref13
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref14
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref14
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref14
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref14
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref14
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref15
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref15
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref15
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref15
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref16
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref16
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref16
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref17
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref17
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref17
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref17
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref18
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref18
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref18
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref18
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref19
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref19
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref19
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref19
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref20
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref20
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref20
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref21
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref21
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref21
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref21
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref22
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref22
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref22
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref23
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref23
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref23
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref23
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref24
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref24
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref24
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref24
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref24
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref24
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref24
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref25
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref25
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref25
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref25
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref25
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref25
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref25
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref26
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref26
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref26
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref27
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref27
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref27
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref27
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref28
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref28
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref28
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref30
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref30
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref30
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref30
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref30
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref30
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref31
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref31
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref32
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref32
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref33
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref33
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref33
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref34
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref34
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref34
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref35
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref35
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref35
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref35
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref37
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref37
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref37
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref37
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref38
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref38
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref38
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref39
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref39
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref39
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref40
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref40
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref40
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref40
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref41
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref41
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref41
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref42

N. Duman, Z. AlLzaidi, B. Aynekin et al.

Respir. Med. 9 (2021) e20—e21.

[43] J. Singh, N.Z. Ehtesham, S.A. Rahman, et al., Structure-function investigation of

[44

[45]

[46]

[47]

[48]

[49]

a new VUI-202012/01 SARS-CoV-2 variant, BioRxiv, 2021. https://www.
biorxiv.org/content/10.1101/2021.01.01.425028v1. (Accessed 31 May 2021).
World Health Organization, SARS-CoV-2 variants. https://www.who.int/csr/
don/31-december-2020-sars-cov2-variants/en/. (Accessed 3 June 2021).

H. Tegally, E. Wilkinson, M. Giovanetti, et al., Emergence and Rapid Spread of a
New Severe Acute Respiratory Syndrome-Related Coronavirus 2 (SARS-CoV-
2) Lineage with Multiple Spike Mutations in South Africa, MedRxiv, 2020.
https://www.medrxiv.org/content/10.1101/2020.12.21.20248640v1.
(Accessed 31 May 2021).

N.R. Faria, LM. Claro, D. Candido, et al., Genomic characterisation of an emer-
gent SARS-CoV-2 lineage in Manaus: preliminary findings, Virological. Org,
2021. https://virological.org/t/genomic-characterisation-of-anemergent-sars-
cov-2-lineage-in-manaus-preliminary-findings/586 (Accessed 31 May 2021).
W. Zhang, B.D. Davis, S.S. Chen, et al., Emergence of a novel SARS-CoV-2
variant in southern California, JAMA, ]. Am. Med. Assoc. 325 (2021)
1324—-1326.

Public Health England, SARS-CoV-2 Variants of Concern and Variants under
Investigation in England, Sage, 2021. https://assets.publishing.service.gov.uk/
government/uploads/system/uploads/attachment_data/file/1018547/
Technical_Briefing 23_21_09_16.pdf. (Accessed 6 September 2021).

K.A. Twohig, T. Nyberg, A. Zaidj, et al., Hospital admission and emergency care
attendance risk for SARS-CoV-2 delta (B.1.617.2) compared with alpha
(B.1.1.7) variants of concern: a cohort study, Lancet Infect. Dis. 2021 https://
www.sciencedirect.com/science/article/pii/S1473309921004758?via%3Dihub.
(Accessed 6 September 2021).

682

[50]

[51]

[52]

[53]

[54]

[55]

Journal of Pharmaceutical Analysis 11 (2021) 675—682

M.C. Ergoren, P. Tulay, M. Dundar, Are new genome variants detected in SARS-
CoV-2 expected considering population dynamics in viruses? EuroBiotech. J. 5
(2021) 1-3.

L. Guruprasad, Human SARS CoV-2 spik e protein mutations, Proteins Struct.
Funct. Bioinforma. 89 (2021) 569—576.

B. Korber, W.M. Fischer, S. Gnanakaran, et al., Tracking changes in SARS-CoV-2
spike: evidence that D614G increases infectivity of the COVID-19 virus, Cell
182 (2020) 812—827. e19.

European Centre for Disease Prevention and Control, Risk assessment: SARS-
CoV-2 - increased circulation of variants of concern and vaccine rollout in the
EU/EEA, 14th update. https://www.ecdc.europa.eu/en/publications-data/
covid-19-risk-assessment-variants-vaccine-fourteenth-update-february-
2021. (Accessed 3 June 2021).

CK. Wibmer, F. Ayres, T. Hermanus, et al., SARS-CoV-2 501Y.V2 escapes
neutralization by South African COVID-19 donor plasma, Nat. Med. 27 (2021)
622—-625.

World Health Organization, WHO coronavirus (COVID-19) dashboard. https://
covid19.who.int. (Accessed 3 June 2021).

[56] J. Wise, Covid-19: new coronavirus variant is identified in UK, BM] 371 (2020)

(571

[58]

m4857.

COVID-19 (SARS-CoV-2): information about the new virus variant. https://
www.gov.uk/government/news/covid-19-sars-cov-2-information-about-the-
new-virus-variant. (Accessed 3 June 2021).

University of Washignton, New COVID-19 in-depth report: summary of SARS-
CoV-2 novel variants. https://globalhealth.washington.edu/news/2021/02/08/
new-covid-19-literature-situation-report-summary-sars-cov-2-novel-vari-
ants. (Accessed 3 June 2021).


http://refhub.elsevier.com/S2095-1779(21)00105-2/sref42
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref42
https://www.biorxiv.org/content/10.1101/2021.01.01.425028v1
https://www.biorxiv.org/content/10.1101/2021.01.01.425028v1
https://www.who.int/csr/don/31-december-2020-sars-cov2-variants/en/
https://www.who.int/csr/don/31-december-2020-sars-cov2-variants/en/
https://www.medrxiv.org/content/10.1101/2020.12.21.20248640v1
https://virological.org/t/genomic-characterisation-of-anemergent-sars-cov-2-lineage-in-manaus-preliminary-findings/586
https://virological.org/t/genomic-characterisation-of-anemergent-sars-cov-2-lineage-in-manaus-preliminary-findings/586
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref47
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref47
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref47
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref47
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1018547/Technical_Briefing_23_21_09_16.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1018547/Technical_Briefing_23_21_09_16.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1018547/Technical_Briefing_23_21_09_16.pdf
https://www.sciencedirect.com/science/article/pii/S1473309921004758?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1473309921004758?via%3Dihub
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref50
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref50
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref50
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref50
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref51
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref51
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref51
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref52
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref52
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref52
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref52
https://www.ecdc.europa.eu/en/publications-data/covid-19-risk-assessment-variants-vaccine-fourteenth-update-february-2021
https://www.ecdc.europa.eu/en/publications-data/covid-19-risk-assessment-variants-vaccine-fourteenth-update-february-2021
https://www.ecdc.europa.eu/en/publications-data/covid-19-risk-assessment-variants-vaccine-fourteenth-update-february-2021
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref54
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref54
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref54
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref54
https://covid19.who.int
https://covid19.who.int
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref56
http://refhub.elsevier.com/S2095-1779(21)00105-2/sref56
https://www.gov.uk/government/news/covid-19-sars-cov-2-information-about-the-new-virus-variant
https://www.gov.uk/government/news/covid-19-sars-cov-2-information-about-the-new-virus-variant
https://www.gov.uk/government/news/covid-19-sars-cov-2-information-about-the-new-virus-variant
https://globalhealth.washington.edu/news/2021/02/08/new-covid-19-literature-situation-report-summary-sars-cov-2-novel-variants
https://globalhealth.washington.edu/news/2021/02/08/new-covid-19-literature-situation-report-summary-sars-cov-2-novel-variants
https://globalhealth.washington.edu/news/2021/02/08/new-covid-19-literature-situation-report-summary-sars-cov-2-novel-variants

	COVID-19 vaccine candidates and vaccine development platforms available worldwide
	1. Introduction
	2. Variety of COVID-19 vaccine candidates
	2.1. Live attenuated vaccines (LAV)
	2.2. Protein subunit vaccine
	2.3. Viral vector vaccines
	2.4. DNA vaccines
	2.5. mRNA vaccines

	3. Standard vaccines compared with COVID-19 vaccine development
	4. Recent challenges for COVID-19 vaccine development
	4.1. The genomic properties of the latest version of SARS-CoV-2
	4.2. Vaccine effectiveness

	5. Conclusion
	Declaration of competing interests
	Appendix A. Supplementary data
	References


