S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Biomedicine & Pharmacotherapy 157 (2023) 113977

Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

biomedicine ..
PHARMACOTHERAPY

ELSEVIER journal homepage: www.elsevier.com/locate/biopha

Mutations in SARS-CoV-2: Insights on structure, variants, vaccines, and
biomedical interventions

Ahmed 1. Abulsoud *°, Hussein M. El-Husseiny %', Ahmed A. El-Husseiny ¢, Hesham A. El-
Mahdy ?, Ahmed Ismail °, Samy Y. Elkhawaga , Emad Gamil Khidr?, Doaa Fathi ",

Eman A. Mady "¢, Agnieszka Najda™ ~, Mohammad Algahtani’, Abdulrahman Theyab "/,
Khalaf F. Alsharif“, Ashraf Albrakati', Roula Bayram ™, Mohamed M. Abdel-Daim ™", Ahmed
S. Doghish © " +*

& Biochemistry and Molecular Biology Department, Faculty of Pharmacy (Boys), Al-Azhar University, Nasr City 11231, Cairo, Egypt

b Department of Biochemistry and Biotechnology, Faculty of Pharmacy, Heliopolis University, Cairo 11785, Egypt

¢ Laboratory of Veterinary Surgery, Department of Veterinary Medicine, Faculty of Agriculture, Tokyo University of Agriculture and Technology, 3-5-8 Saiwai Cho,
Fuchu-shi, Tokyo 183-8509, Japan

4 Department of Surgery, Anesthesiology, and Radiology, Faculty of Veterinary Medicine, Benha University, Moshtohor, Toukh, Elqaliobiya 13736, Egypt

¢ Department of Biochemistry, Faculty of Pharmacy, Egyptian Russian University, Badr City 11829, Cairo, Egypt

f Laboratory of Veterinary Physiology, Department of Veterinary Medicine, Faculty of Agriculture, Tokyo University of Agriculture and Technology, 3-5-8 Saiwai Cho,
Fuchu-shi, Tokyo 183-8509, Japan

& Department of Animal Hygiene, Behavior and Management, Faculty of Veterinary Medicine, Benha University, Moshtohor, Toukh, Elgaliobiya 13736, Egypt

1 Department of Vegetable Crops and Medicinal Plants University of Life Sciences, Lublin 50A Do$wiadczalna Street, 20-280, Lublin, Poland

! Department of Laboratory & Blood Bank, Security Forces Hospital, P.O. Box 14799, Mecca 21955, Saudi Arabia

J College of Medicine, Al-Faisal University, P.O. Box 50927, Riyadh 11533, Saudi Arabia

X Department of Clinical Laboratory sciences, College of Applied medical sciences, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia

! Department of Human Anatomy, College of Medicine, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia

™ Department of Pharmaceutical Sciences, Pharmacy Program, Batterjee Medical College, P.O. Box 6231, Jeddah 21442, Saudi Arabia

™ Pharmacology Department, Faculty of Veterinary Medicine, Suez Canal University, Ismailia 41522, Egypt

© Department of Biochemistry, Faculty of Pharmacy, Badr University in Cairo (BUC), Badr City, Cairo 11829, Egypt

ARTICLE INFO ABSTRACT

COVID-19 is a worldwide pandemic caused by SARS-coronavirus-2 (SARS-CoV-2). Less than a year after the
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S[e\}};uszt.)(r:ov_z emergence of the Covid-19 pandemic, many vaccines have arrived on the market with innovative technologies in
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on the use of recombinant adenovirus vectors enabling the gene encoding the Spike protein to be introduced into
our cells, these strategies make it possible to envisage the vaccination in a new light with tools that are more
scalable than the vaccine strategies used so far. Faced with the appearance of new variants, which will gradually

take precedence over the strain at the origin of the pandemic, these new strategies will allow a much faster
update of vaccines to fight against these new variants, some of which may escape neutralization by vaccine
antibodies. However, only a vaccination policy based on rapid and massive vaccination of the population but
requiring a supply of sufficient doses could make it possible to combat the emergence of these variants. Indeed,
the greater the number of infected individuals, the faster the virus multiplies, with an increased risk of the
emergence of variants in these RNA viruses. This review will discuss SARS-CoV-2 pathophysiology and evolution
approaches in altered transmission platforms and emphasize the different mutations and how they influence the
virus characteristics. Also, this article summarizes the common vaccines and the implication of the mutations and
genetic variety of SARS-CoV-2 on the COVID-19 biomedical arbitrations.

1. Introduction

Coronaviruses are a highly considered group of viruses containing
ribonucleic acid (RNA) genetic material that circulates in the animal
kingdom. Homo sapiens can be naturally infected with seven types of
coronaviruses, although they originated from animals [1]. The triad of
extremely infective coronaviruses, including Middle East respiratory
syndrome coronavirus (MERS-CoV), severe acute respiratory syndrome
coronavirus (SARS-CoV), and SARS-CoV-2, can cause massive respira-
tory illnesses in humans. In contrast, the four taxa of low-pathogenic
human coronavirus, including HKU1, 0C43, NL63, and 229E,
commonly just cause self-limiting respiratory tract illnesses [2,3].
Concerning cladogram and genetic relationships of different coronavi-
ruses, MERS-CoV, SARS-CoV, HKU1, OC43, and SARS-CoV-2 are beta
coronaviruses, whereas NL63 and 229E are alphacoronaviruses [4].

The origin of the new coronavirus that causes the current corona
pandemic outbreaks in the city of Wuhan, China. A few days before the
end of 2019, physicians in Wuhan discovered limited cases of atypical
pneumonia attributed to the new coronavirus. It may have jumped from
an animal source to a human in early November of the same year [5]. It
was later discovered that the disease’s causative agent is an RNA virus
that originates from the same family as the coronavirus that caused
SARS at the beginning of the century and the MERS pandemic at the
beginning of the previous decade [6].

The recent outbreak of SARS-CoV-2 revealed a hidden reservoir for
wild animals of life-threatening viruses and the potential threat of the
spread of zoonoses [7]. One of the most populated wet markets that
marketed alive animals in Wuhan, China was related to the eruption of
SARS-CoV-2 [8]. Bats are the primary repositories of these types of vi-
ruses, and relying on genetic analysis, once more bats were accused as
native hosts of SARS-CoV2 as it shared 96% of their genes with two
SARS-like CoVs, viz. bat-SLCoVZX45 and bat-SL-CoVZX2, from bats [9]
although we cannot be sure which animal is the intermediate host [10].
In the beginning, snakes charged as an adapter host of SARS-CoV-2
transmission [11]. Later, pangolins were proposed as potential transi-
tional hosts for SARS-CoV-2 as the genetic symmetry with CoVs in
pangolins is high, and the difference is less than 1% [12]. The epide-
miology of COVID-19 can be divided into three stages [13]. In the first
stage, the analysis conducted by the epidemiologists showed that direct
contact was the influencing factor in the transmission of infection from
one infected person to another [14,15]. Later, infection rose to 205 cases
outside of Wuhan, in the city of Beijing and Guangdong, and then the
disease began to spread, even though Wuhan had been placed under
lockdown. On February 10, 2020, 50-80% of cases were clustered
around Beijing, Shanghai, Jiangsu, and Shandong in the third stage [16].

SARS-CoV-2 is a single-stranded RNA virus with variable open
reading frames (ORFs). Coronavirus genome size ranges from 26 to
32 kb. It consists of a structural gene unit encoding 9680 amino acids (6
— 11 ORFs that encode S, E, M, and N proteins and two large ORF genes
(ORFla and ORF1b) that encode 16 non-structural proteins (NSP),
including RNA-dependent RNA polymerase (RdRp)). The remaining
ORFs encode structural and accessory proteins of SARS-CoV-2 [17,18].

Through the WHO, in addition to continuing to monitor the emer-
gence of new variants of SARS-CoV-2 (SARS-CoV-2), there are key pri-
orities for the global response to the variants of concern. These
priorities, on top of which is the development of new and modified
vaccines; therefore, many vaccines have been approved for widespread
use recently [19]. Despite the vaccine effectiveness, these vaccines must
be developed to accommodate the new variants, although no effective
immune escape has been observed [20].

It was emphasized that the different races or genetic backgrounds of
people, and some methods of closure and quarantine, affect rates of
death and injury [21]. Furthermore, viral evolution is considered the
main contributory factor of the SARS-CoV-2 transmissibility and the
severity of infection [22].

Vaccines saved huge numbers of lives in such a short time. Billions
have received one or more doses of the vaccine. Continuously, new
SARS-CoV-2 strains have been emerging. Although vaccination reduces
symptomatic cases, hospitalization, and mortality, the rapid mutation of
the virus and the emergence of new strains limit the effectiveness of
these vaccines [23,24].

Even though the community has a high vaccination rate, outbreaks
can still happen. The number of doses, kind of vaccination, and SARS-
CoV-2 variant all impact effectiveness [25]. To attain herd immunity,
vaccination rates among the population must be at least 90% [26]. The
world always needs to increase the coverage of vaccines in a better way
to avoid the spread of more infectious variants and the vaccine’s lower
effectiveness against them [27].

In this context, this review integrates many aspects of the novel
coronavirus with insights into the mutations of SARS-CoV-2 and the
impact of these mutations on virus properties. This article provides
further information on viral mutations and a summary of the evolution
of viruses during the COVID-19 pandemic. Also, this review gives an
overview of the various classification and nomenclature systems for
COVID-19 variants, standard vaccinations, and the impact of SARS-CoV-
2 genetic mutations on the COVID-19 biomedical arbitrations.

2. Structure genomics of SARS-CoV-2

SARS-CoV-2 are icosahedral symmetry-wrapped particles with a
diameter of 80-220 nm. Virions have distinct spike projections about
9-12 nm from the virus’s envelope, giving it the crown shape under the
electron microscope [28]. SARS-CoV-2 has a non-segmented, single
(+RNA) strand, the genome of about 29,903 nucleotides (nts) [3,29],
SARS-CoV-2 surface M (membrane) proteins, S (spike), and E (envelope)
are implanted in lipid bilayer membrane enveloped by the helical
nucleocapsid (N) coating viral RNA [30] (Fig. 1 A).

The SARS-CoV-2 genome has two untranslated regions at the 5" and
3’ ends and 11 ORFs that encode 27 proteins. (Table 1 and Fig. 1B).
SARS-CoV-2 shows a genome organization similar to beta coronaviruses.
The major ORF (ORF1/ab) comprises around 70% of the genome from
the 5’ end and encodes each replicase complex polyproteins ppla (4405
aa, amino acid) or pplab (7096 aa), according to ribosomal frameshift
[31] (Fig. 1B).
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ORFla encodes polyprotein (pp) la containing nspl-11, while
ORF1la and ORF1b together produce pplab containing nspl1-16 through
a (—1) ribosomal frameshift overreading the stop codon of ORFla. [32]
the nsp-1 mediates RNA processing and replication [32]. The nsp-2
modulates the survival signaling pathway of the host cell, while nsp-3
is believed to separate the translated protein [33,34]. The nsp-4 and
nsp6 contain transmembrane domains and modify endoplasmic reticu-
lum (ER) membranes; nsp-5 participates in the process of polyprotein
during replication [35-37]. The nsp-7 with nsp-8 significantly increased
the combination of nsp12 and template-primer RNA, nsp-9 functions as
an ssRNA-binding protein, and nsp-10 is critical for the cap methylation
of viral mRNAs [35-37]. The nsp-11 is a protein with an uncertain
function [38]. The nsp-12 is an RdRp, a critical component of corona-
virus replication/transcription; at the same time, nsp-13 binds with ATP,
and the zinc-binding domain participates in the replication and tran-
scription process [39]. The nsp-14 is a 3-5' exoribonuclease used for
proofreading, while nsp-15 has Mn?*-dependent endoribonuclease ac-
tivity [39].

Virion-forming structural proteins E, N, M, and S; are encoded by the
virus’s remaining one-third genome from the 3’ end. Coalesced within
these genes, ORFs that code for a minimum of 6 accessory proteins are
termed ORFs 3a, ORFs 6, ORFs 7a, ORFs 7b, ORFs 8, and ORFs 10 [2,40].
The N protein coats the viral genome and packs the RNA in the virions as
a ribonucleoprotein complex [41]; the E proteins play critical roles in
virus invasion and reproduction, including host cell membrane perme-
ability, the virus-host cell interaction, and virus assembly [42,43]; the M
protein remains essential intended for coronavirus assembly, and
morphogenesis [44]; The S protein built-in over the surface of the virus,
intermediates the virion’s attachment to surface receptors of the host
cell and manages the fusion of host cell membranes with viral, enabling
invasion of a virus into a host cell [45]. The roles of all accessory pro-
teins are unknown, but they may be involved in viral adaptation and
host immunity [46].

3. SARS-CoV-2 origin
Since the outbreaks of SARS in 2002 and MERS in 2012, the likeli-

hood of the transmission of coronaviruses to humans from animals has
been established [47,48]. In the early stages of Wuhan’s pneumonia
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epidemic, researchers obtained complete genome sequences from five
SARS-CoV-2 infected patients. SARS-CoV shares 79.5% sequence simi-
larity with these genetic sequences. Noticeably, SARS-CoV-2 appears
divergent from SARS-CoV. It is a new beta coronavirus infects people [5,
18]. With a sequence similarity of 96.2%, the results revealed that
SARS-CoV-2 is thoroughly linked to the BatCov RaTG13 strain. These
outcomes suggest that SARS-CoV-2 is of bat origin and may have
developed naturally from bat coronavirus; RaTG13 [18,49].

Although RaTG13 has the maximum genetic match to SARS-CoV-2.
However, due to recombination, three further bat viruses (RpYNO6,
RmYNO2, and PrC31) are more highly correlated across much of the
genome (especially ORFlab) and hence share other common ancestors
with SARS-CoV-2 [50-52]. Additionally, SARS-CoV-2 is very closely
associated with bat viruses, with 100% identical amino acids in the
nsp-7 and E proteins to BAT-SL-CoVZC45, implying that bats oblige as a
reservoir host for SARS-CoV-2 or related viruses [29]. Additionally,
some researchers have suggested that pangolins (Manis javanica), an
endangered tiny mammal, may also have ancestral beta-CoVs related to
SARS-CoV-2 [53,54]. SARS-CoV-2 shares about 85-92% nucleotide
sequence identity with these new pangolin CoV genomes. Pangolin
coronavirus and SARS-CoV-2 share the amino acid identity of 90.4%,
96.7%, 98.2%, and 100%, respectively, within S, N, M, and E genes [55].
Transmission of SARS-CoV-2 from humans to dogs, tigers, cats, lions,
and minks has also been reported [56,57].

4. Human CoVs (HCoVs) Taxonomy

SARS-CoVs are one of the most common viruses in the family
Coronaviridae of the Nidovirales order, Cornidovirineae suborder.
Coronaviridae is a family of viruses that is divided into Letovirinae and
Orthocoronavirinae. The Letovirinae includes one genus Alphaletovirus, in
contrast, the subfamily Orthocoronaviridae is further categorized ac-
cording to genomic sequence and phylogenetic investigation into four
species; a (Alpha)-CoV, p (Beta)-CoV, y (Gamma)-CoV, and the § (Delta)-
CoV, which contain 19, 14, 5, and 7 species, respectively [58]. The
ability of viruses in this order can transcribe numerous 3'-nested sub-
genomic RNAs (sgRNA), giving the order the name Nido-"nest." [59].

The a- and § CoVs are most usually found in mammals, whereas y-
and 8 CoVs are principally found in birds. SARS-CoV-2 is a different
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Fig. 1. Diagrams represent SARS-CoV-2 structure and genomic organization. A: Diagrammatic representation of the structural characteristics and symptoms of SARS-
CoV-2 as well as its key structural proteins. The spike (S) proteins cover the virion, while the membrane (M) and envelope (E) proteins are located among the S
proteins in the viral envelope. Genomic RNA is surrounded by nucleocapsid (N) proteins inside phospholipid bilayers. B: The genomic organization of SARS-CoV-2.
The SARS-CoV-2 genome (29,903 nucleotides) contains the 5 UTR, ORF1a/b encoding 16 nsps for replication, four genes encoding structural proteins (S, E, M, and N
proteins), six accessory genes (ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10) encoding accessory proteins and the 3’ UTR.
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lineage in the subgenus Sarbecovirus, according to Chan et al. [60].
Among the four other coronaviruses strains linked to mild symptoms of
the common cold in humans previously recognized, HCoV-229E, and
HCoV-NL63 which belong to « CoVs, and HCoV-HKU1 and HCoV-OC43
are classified as different subgroup of § CoVs called Embecovirus [61].

Furthermore, other coronaviruses include transmissible gastroen-
teritis virus [62], infectious bronchitis virus in chickens [63], beluga
whale CoV-SW1 [64], bat coronaviruses HKU10 and CDPHE15 [58], and
swine acute diarrhea syndrome-CoV [65], have generated pandemic
infections in wild and domestic mammals, resulting in high fatality rates
and a significant financial burden.

5. SARS-CoV-2 pathogenesis and transmission mechanisms

Endocytosis occurs when SARS-CoV-2 infects a host cell either
directly by fusing the viral E to the cell membrane or indirectly by fusing
the membrane within the endosome [66] (Fig. 2). A RBD (receptor--
binding domain) of S protein, found at the C-terminal region of the S1
subunit, binds to receptors on the human cell surface, allowing the virus
to enter the cell [2,67]. ACE2 (Angiotensin-converting enzyme 2) is a
key receptor of SARS-CoV-2 that is broadly expressed in the lung,
vascular endothelium, intestine, testis, heart, liver, and kidney cells
[68-70].

Depending on how SARS-CoV-2 enters the body, different proteases
cleave the S2' site. The two primary proteases involved in S protein
activation are cathepsin L and TMPRSS2 (transmembrane protease
serine-2) [71]. Clathrin-mediated endocytosis transfers the virus—ACE2
complex to endolysosomes, where cathepsins undertake S2' cleavage,
which requires an acidic environment if the target cell does not produce
enough TMPRSS2 [66]. The FP (fusion-peptide) is exposed after cleav-
age of the S2’ site in both entrance pathways, and detachment of S1 from
S2 induces significant conformational changes in the S2 subunit, pri-
marily in heptad repeat-1, driving FP forward to the targeted membrane
and commencing membrane union [72,73]. A viral-cellular fusion hole
releases all viral genetic material into the cytoplasm. The infectious RNA
is uncoated by proteasomes and translated into replicative enzymes

Table 1
SARS CoV-2 gene and encoded proteins [29].
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from ORF la/b by host ribosomes in the cytoplasm. A virus-encoded
protease splits ppla and pplb polyproteins into replicase complex
nsps, comprising RARp. These enzymes create full-length (—RNA) from
the virus’s genome, which is used to transcribe numerous sgRNAs.
sgRNAs translate accessory and structural proteins into the ERGIC for
virion assembly [45]. Nucleocapsids are reproduced in the cytoplasm
and self-assemble into fresh virions within the ERGIC membrane.
Finally, infected cells produce new virions through a process known as
exocytosis, which can infect other cells [45].

6. Possible variables affecting symptom variability and severity
of SARS-CoV-2

6.1. Environmental, clinical, and social factors

Coronaviruses have been known since the SARS-CoV and MERS-CoV
epidemics were zoonotic [74]. The clinical indications for moderate
patients are dry cough, fever, fatigue, headache, and chest pain. How-
ever, severe patients might progress to severe infections (such as
pneumonia), ARDS, organ failure, and death [2,75]. Patients with
moderate indications, particularly the elderly or individuals with co-
morbidity, can exacerbate and give rise to great mortality [75,76].
Zhang et al. [77] suggest that age and levels of ESR (erythrocyte sedi-
mentation rate), albumin, D-dimer, and IL6 are exhaustively associated
with the severity of COVID-19 patients. ESR can be used as a helpful sign
for differentiating severe disease courses in the first stage to raise the
survival of patients with severe COVID-19. Different studies have shown
lymphocytopenia predicts the severity of SARS-CoV-2 and can be uti-
lized as a prognostic marker in COVID-19 patients with severe disease
[78-81]. Other researches have found that lymphocytopenia and
increased inflammatory cytokines levels in patients with COVID-19 [2,
75] as well as neutrophil/ cluster of differentiation 8 + (CD8 +) T cell
proportion and high IL6 levels [82,83] as indicators for quick detection
of severe COVID-19 patients.

Nonetheless, it was unknown whether the lymphocytopenia seen in
COVID-19 individuals is brought on by lymphocyte destruction or tissue

Gene Gene_id Nucleotides Protein Protein_id Amino Acids

5'UTR - 1.265 = 265 - - -

orflab 43740578 266.21555 = 21290 ORF1ab polyprotein YP_009724389.1 7096

Non-structural proteins nsp-1 266.805 = 540 Leader protein YP_009725297.1 1.180 =180
nsp-2 806.2719 = 1914 nsp-2 YP_009725298.1 181.818 = 638
nsp-3 2720.8554 = 5835 Papain like protease YP_009725299.1 819.2763 = 1945
nsp-4 8555.10054 = 1500 nsp-4 YP_009725300.1 2764.3263 = 500
nsp-5 10055.10972 = 918 3 C-like proteinase YP_009725301.1 3264.3569 = 306
nsp-6 10973.11842 = 870 nsp-6 YP_009725302.1 3570.3859 = 290
nsp-7 11843.12091 = 249 nsp-7 YP_009725303.1 3860.3942 = 83
nsp-8 12092.12685 = 594 nsp-8 YP_009725304.1 3943.4140 = 198
nsp-9 12686.13024 = 339 nsp-9 YP_009725305.1 4141.4253 =113
nsp-10 13025.13441 = 417 nsp-10 YP_009725306.1 4254.4392 =139
nsp-11 13442.13480 = 39 nsp-11
nsp-12 13442.16236 = 2795 RNA-dependent RNA polymerase YP_009725307.1 4393.5324 = 932
nsp-13 16237.18039 = 1803 Helicase YP_009725308.1 5325.5925 = 601
nsp-14 18040.19620 = 1619 3'-to-5' exonuclease YP_009725309.1 5926.6452 = 527
nsp-15 19621.20658 = 1038 EndoRNAse YP_009725310.1 6453.6798 = 346
nsp-16 20659.21552 = 894 2'-0O-ribose methyltransferase YP_009725311.1 6799.7096 = 298

S 43740568 21563.25384 = 3822 Surface glycoprotein YP_009724390.1 1273

ORF3a 43740569 25393.26220 = 828 ORF3a YP_009724391.1 275

E 43740570 26245.26472 = 228 Envelope protein YP_009724392.1 75

M 43740571 26523.27191 = 669 Membrane glycoprotein YP_009724393.1 222

ORF6 43740572 27202.27387 = 186 ORF6 YP_009724394.1 61

ORF7a 43740573 27394.27759 = 366 ORF7a YP_009724395.1 121

ORF7b 43740574 27756.27887 = 132 ORF7b YP_009725318.1 43

ORF8 43740577 27894.28259 = 366 ORF8 YP_009724396.1 121

N 43740575 28274.29533 = 1260 Nucleocapsid phosphoprotein YP_009724397.2 419

ORF10 43740576 29558.29674 = 117 ORF10 YP_009725255.1 38

3'UTR - 29675.29903 = 229 - - -

https://www.ncbi.nlm.nih.gov/nuccore/1798174254 [Accessed 19 Jan 2022]
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Fig. 2. SARS-CoV-2 entrance and replication pathways.

infiltration. Huang et al. [76] reported that COVID-19 patients in an ICU
(intensive care unit) have apparent higher levels of cytokines containing
IL-7, IL-2, IL-10, TNF, and G-CSF (granulocyte- colony-stimulating fac-
tor), compared with non-ICU patients. Hyperimmune response in the
form of cytokine storm causes death in severe COVID-19 patients [84].

D-dimer, aspartate aminotransferase, albumin, fibrinogen, creati-
nine, neutrophils, procalcitonin, and platelets were among the labora-
tory values that might be used to expect the severity of SARS-COV-2 [85,
86]. The lymphocyte count, ferritin, and hemoglobin levels were the
most substantial predictive signs of severe COVID-19 [87]. In a partic-
ular study, abnormal elevation of liver enzyme levels was shown in
many COVID-19 patients [88].

LDH (Lactate dehydrogenase) is an indicator of liver function, and
the death risk in severe COVID-19 patients was 3-fold higher with liver
dysfunction than in those without liver dysfunction [89]. SARS-COV-2
infection can cause local destruction in the liver and bile duct; the
ACE2 receptor is abundantly expressed. LDH is likewise a marker of the
severity of idiopathic pulmonary fibrosis, and an inaccessible increase in
the levels of LDH with an average level of other liver enzymes is pre-
dictive of pneumonia triggered by COVID-19. This level is raised due to
tissue damage [90,91].

Higher CRP (C-reactive protein) levels indicate an acute inflamma-
tory response, and the high levels of lymphocytes are a sign of infection
and hyper-immune function [92]. Ferritin level was abnormally high in
severe COVID-19 patients who needed mechanical ventilation [93].
Most patients with severe COVID-19 disease require more oxygen to
keep their oxygen capacity overhead at 90%. Consequently, hypoxia is
closely allied to a decrease in hemoglobin levels. Patients will develop
hypoxemia when a significant reduction in hemoglobin levels is found,
impacting their prognosis [80,87]. Research by Samra et al. [94]
demonstrated that susceptibility and severity for COVID-19 are higher in
patients who have blood group A, while they are lower in persons with
blood group O. As a result, group A may require improved personal
protection to minimize the infection risk, as well as prompt treatment
and proper management if the infection is detected.

6.2. Human genetic effects on COVID-19 susceptibility

In parallel to environmental, clinical, and social factors, different
host genetic patterns can affect the susceptibility and response to
COVID-19 infection in diverse populations [93,95]. These connections
were studied using genetic studies, whole-exome sequencing, and
genome-wide association studies by several consortia such as COVID
Host Genetics Initiative (HGI), COVID human genetic effort, Genetics of
Mortality In Critical Care (GenOMICC), and commercial genomics ser-
vice providers such as 23andMe [6,96-98].

6.2.1. Angiotensin-converting enzyme 2 (ACE2)

Angiotensin-converting enzyme 2 (ACE2) is a coronavirus receptor, a
BO AT1 amino acid transporter [99]. Single-nucleotide polymorphisms
(SNPs) in the gene ACE2 (Xp22.2) have been shown to impact its binding
affinity and the expression of SARS-CoV-2, altering susceptibility to
SARS-CoV-2 infection [100,101]. ACE2 variants such as p.Asp427Tyr, p.
Pro389His, and p.Met383Thr were found to have slightly low interac-
tion with the S protein [102].

Mohlendick et al. found in 2021 that GG genotypes of the ACE2
splice region variant rs2285666 (Intron 3/4, G>A) are more vulnerable
to SARS-CoV-2 infection, with an increased risk of developing severe
disease or death from COVID-19 [103]. These findings can also explain
the high risk of COVID-19 illness and hospitalization in patients with
diabetes, hypertension, cerebral stroke, and coronary heart disease, as
rs2285666 SNP is associated with these chronic diseases [104,105].

Although ACE; acts as a SARS-CoV-2 receptor and helps in virus
entry into the cell, ACE2/Ang (1—7) system acts as an antioxidant and
anti-inflammatory agent that protects the lung against ARDS [106]. In
diabetic patients, ACE2 expression is reduced due to glycosylation,
which can explain the increased COVID-19 severity in these patients
[107].

6.2.2. Transmembrane serine protease TMPRSS2
In addition to initiating viral entry, TMPRSS2 cleavage of SARS-CoV-
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2 S-protein is in charge of immune evasion and increasing infection
[108]. In whole-exome sequencing, Ravikanth et al. found that a detri-
mental mutation in TMPRSS2 (rs12329760, G > A, p. V160M) lowered
spike cleavage function and viral entry, resulting in less severe illness
[109]. Hou et al. also mentioned another unique but prevalent poly-
morphism (rs12329760, p.Vall60Met) associated with a differential
genetic vulnerability to COVID-19 [102]. COVID-19 infection may be
shown in higher percentages in males due to the genetic variation in
androgen-responsiveness of TMPRSS2 as (rs8134378) and, therefore,
the higher expression of SARS-COV-2 [110].

6.2.3. Human Leukocyte Antigen

Susceptibility to and severity of COVID-19 can be affected by Human
Leukocyte Antigen-B (HLA-B). HLA-B* 46:01 allele-carrying individuals
are more susceptible to COVID-19 as they have the lowest number of
predicted binding peptides for SARS-CoV-2. Conversely, the HLA-
B* 15:03 allele shows less susceptibility due to high presentation to
conserved SARS-CoV-2 peptides [111].

6.2.4. Interferons (IFN)

Life-threatening COVID-19 is associated with loss of function vari-
ants of type I interferon (IFN) immunity. This may suggest using type I
IFN as an early-stage treatment of COVID-19 [6112].

7. SARS-CoV-2 mutations and evolution

Mutations in the SARS-CoV-2 virus, as an RNA virus, arise sponta-
neously during replication due to the lack of RNA polymerase proof-
reading activity and thus make far more mistakes [113]. Hundreds of
cumulative mutations have existed since the virus’s emergence [114].
As mutations occur, new mutants are found. Most SARS-CoV-2 genome
mutations have no noticeable effect on the virus’s propagation and
pathogenicity, thus the disease’s course [115]. The main concern about
these emerging mutations is a potentially dangerous modification that
could increase infection severity or a failure of the currently developing
vaccines’ effects [116].

The most common mutations are in the S protein gene encoding,
linked to viral entry into cells [117]. Among these mutations, D614G
(aspartate to glycine in protein position 614) is the most prominent
[118]. SARS-CoV-2 isolates from the world have also been shown to
have several mutations in the RdRp coding region of the Orflab poly-
protein gene. The 14408 C>T transition is the most common [22].

There is about 96% sequence similarity between SARS-CoV-2 and
SARS-CoV in some encoded proteins, such as coronavirus major pro-
teinase 3-chymotrypsin like protease, RNA-dependent RNA polymerase
(RdRp), and papain-like protease. As a result, it was assumed that SARS-
CoV-2 would behave similarly to SARS-CoV in terms of human infection
and pathogenicity [119]. S1 and S2 are two S protein regions, with S1
required for host cell receptor binding and S2 necessary for membrane
fusion. The S1 region contains three C-terminal domains (CTD) and one
N-terminal domain (NTD) [120]. The RBD protein in the CTD1 binds to
the ACE2, allowing SARS-CoV to adhere to human host cells [121].

SARS-CoV-2 is more pathogenic than SARS-CoV due to its higher
affinity for ACE2 than SARS-CoV [122]. Mutagenesis is a molecular
biological process that modifies an organism’s genetic coding and hence
acts as a major source of viral evolution [123]. Mutations in the S pro-
tein RBD boosted viral infectivity, indicating that SARS-CoV-2 evolution
is regulated by infectivity-based natural selection [115].

With a genomic size of 29.99 kb, SARS-CoV-2 contains more than
28,000 different mutations. Random genetic drifts during replication,
ribosome fidelity-related errors in translation, and various errors caused
by hostile cellular circumstances triggered by host immune reactions all
result in mutations at the molecular level [115]. Furthermore, at the
organism level, host gene editing is a dominant mechanism for changes
in SARS-CoV-2 [124].

SARS-CoV-2 employs Nsp-12 RdRps to proofread, unlike flu viruses,
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genetically. SARS-CoV-2 may mutate slower than flu viruses under the
same settings. However, SARS-CoV-2 development is governed by
transmission. Viral transmission requires infectivity and pathogenicity.
However, rapid, widespread, and global SARS-CoV-2 transmission
drives significant alterations [125].

The mutation rate of SARS-CoV-2 was assessed by Yang et al. in over
3100 genomic sequences. With 58.4% missense mutations (1224), they
found 2096 simple nucleotide variations and seven short deletions. They
also discovered a high substitution frequency at locus 23.403, resulting
in a change in the 614 amino acids of the spike glycoprotein, which
could alter its function [126]. Van Dorp et al. discovered that the S
protein is responsible for nearly 80% of SARS-CoV-2 mutations. Because
of its adaptability, the Orflab gene expresses a significant number of
mutations in its regions, resulting in alterations in this protein and the
structural and nonstructural proteins Nsp-6, Nsp-11, and Nsp-13, indi-
cating that it is a heavy evolutionary agent [127].

8. Variants of SARS-CoV-2

Variant or "genetic variant" refers to a sort of subclass of an organism
that has undergone genetic modification from the main strain but is not
sufficiently distinct to be referred to as a distinct strain. A variety
exhibiting distinctive physical qualities is referred to as a strain. Simply
put, a strain is a virus variety that differs from its parent virus in
structure and behavior [128]. The variants of fastest-spreading charac-
teristics were noticed in South Africa, the United Kingdom (UK), and
Brazil. Researchers were doubtful that variants could potentially distress
numerous genetic changes that change disease severity and escape from
immunity defense machinery. In addition, variants may make vacci-
nated persons may be re-infected with new-fangled variants [129].

8.1. Nomenclatures for the SARS-CoV-2 variants

A clade in virology represents groupings of related viruses’ pieces of
genetic blueprints, and taxonomy can be used to follow changes in those
viruses. The clades explore information about virus infection symptoms
severity, progression, treatment responses, and the rate of spread [130].
Different nomenclature systems are inured to nominate different
SARS-CoV-2 variations; the most common are PANGO, GISAID, and
Nextstrain, in addition to WHO and emerging variants systems
[131-133] (Fig. 3).

8.1.1. PANGOLIN nomenclature

Rambaut et al. devised and built-in April 2020, the terminology in
flux proposal for SARS-CoV-2 lineages, likewise identified as PANGOLIN
(the phylogenetic assignment of named global outbreak lineages), to
document and track SARS-CoV-2 transmission lineages globally [132,
133]. The PANGOLIN nomenclature contains the main lineages of A and
B. in addition to B.1 and B.1.1, besides B.1.177 and B.1.1.7 which are
furtherly divided (Fig. 3). The PANGOLIN nomenclature highlights viral
lineages that are currently circulating as well as those that transfer to
new hosts [133]. The A lineage has two nucleotides at 8782 and 28144
in ORFlab and ORFS8, respectively, with the RaTG13 and RmYNO02
defined bat viruses. In contrast, lineage B has different nucleotides at
these two places. They then went on to define things even more. Sub-
sequently, the SARS-CoV-2 ancestries are given a number value and
incline from the A or B lineage [29,133,134].

8.1.2. The GISAID nomenclature

The GISAID (Global Initiative on Sharing Avian Influenza Data)
[151] has hundreds of full and high-coverage genomes available [135].
The types of SARS-CoV-2 clades, according to GISAID, include S, L, V, G,
GH, GR, GV, GRY, and O [136] (Fig. 3). At the start of the pandemic, the
S and L clades were present. S remained dominant at first, while L was
divided into G and V. G was further divided into GR, GH, and GV. GR
split into GRY [135]. The letters are the consequence of the mutations
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The different nomenclatures systems for the SARS-CoV-2 clades
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Fig. 3. The different nomenclature systems for the SARS-CoV-2 clades.

that resulted in their branching. Based on polymorphisms at nucleotide
locations 8782 and 28144, S stands for SNP at 28144, which results in a
serine codon, while L stands for leucine codon [137,138]. The GR Clade
was the most common SARS-CoV-2 clade globally, followed by the GV
clade and the GH clade. In republics with extra COVID-19 cases, the
clades of D614G are victorious [139]. The more frequently detected
clades in COVID-19 cases that were severe or died are the GR clade and
GH clade. Disobediently, the G and GV clades were shown to have a
much higher incidence among asymptomatic or mildly ill patients.
Males have an advanced incidence of severe/dead cases than females,
and female patients have a higher frequency of the GR clade. Moreover,
the disease severity/the disease rate was more prevalent in the aged than
in the adults/children. The GV clade is more frequent in children than
adults [137,138].

8.1.3. Nextstrain nomenclature

The Nextstrain nomenclature currently recognises 12 major clades
include: 19 A clade, 19B clade, 20 A clade, 20B clade, 20 C clade, 20D
clade, 20E clade, 20 F clade, 20 G clade, 20 H/501Y.V2 clade, 201/
501Y.V1 clade, and 20 J/501Y.V3 clade [140,141]. The clades are
labeled with a letter and the year they’re supposed to have arisen. The
first strain to be used as a reference within these clades is 19B. However,
due to the global travel ban, no more clades were created based on the
criteria. As a result, Nextstrain added regional frequency (>30%) and
known variations of concern to their main clade designation criteria
[142].

8.1.4. WHO nomenclature

Since the start of the pandemic of COVID-19, the World Health Or-
ganization (WHO), more specifically the reference laboratory network,
has been tracking this virus’s spread and progression. The WHO working
group on virus progress was formed in June of the year 2020, with a
focus on new-fangled lineage, progress, and implication of different
healthcare measures. In addition, the WHO risk-monitoring framework
was created globally to track COVID-19 genetic changes, testing and
evaluation, and their impact. This collaboration collects, evaluates, and
makes decisions for the world according to the situation to help improve
health care workers and professional capacities [143,144]. It’s a bit
complex; the GISAID, Nextstrain, and Pangolin nomenclatures for

SARS-CoV-2 sequences from worldwide. WHO has announced concise,
simple labels for the variant SARS-CoV-2 of concern (VOC) and the
variant SARS-CoV-2 of interest (VOI), utilizing Greek alphabet letters
such as Alpha, then Beta, and also Gamma, and so on (Fig. 4A and
Fig. 4B).

Besides, the variants of high consequences (VOHC) were considered
(Fig. 5). These labels have their merits and cannot replace the current
scientific nomenclatures.

The current scientific terms can be difficult to say and remember and
are prone to misreporting. Accordingly, people frequently refer to var-
iations by their detection locations, which is both stigmatizing and
discriminating. To overcome this and to facilitate service connections,
WHO invites public governments, media outlets, and others to adopt
these new names [143].

Inconsistent with the CDC (Centers for Disease Control and Preven-
tion), the VOC has single or extra alterations that make the virus more
easily infect people or spread from person to person, make the virus less
responsive to treatments, or affect how well vaccines work against the
virus [145]. The associated changes with VOC are included in Fig. (5).
The VOC may necessitate sole or extra public health responses, such as
reporting to WHO, warning to the CDC, particular geographic initiatives
to prevent spread, heightened testing, or studies to discover vaccinations
and therapies’ performance in combating variation are only some of the
options. Depending on the characteristics of the variant, other consid-
erations may include the development of innovative diagnostics or the
adjustment of immunizations or medicines [146]. In contrast, the
variant of Interest VOI is a genetic mutation linked to fluctuations in
binding to a receptor, diminished neutralization by antibodies devel-
oped against prior infection or vaccination, lower medical therapy ef-
ficacy, probable diagnostic effects, or projected upsurge in infection
rates or clinical severity [143].

Fig. (5) includes the features of the SARS-CoV-2 isolate to be a VOI.
The VOI may necessitate individual or even more efficient government
healthcare measures, for instance, increased sequence surveillance,
epidemiological inquiries, and better-quality test center description, to
determine the spreading virus, the sternness of the infection, therapeutic
efficacy, and vaccine potential protection [143,146].

Moreover, the VOHC is defined by the CDC as a variant with evi-
dence of diminished effects of deterrence and therapeutic
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Fig. 4. SARS-CoV-2 Variants of Concern and Variants of Interest.

countermeasures (MCMs) compared to prior variants [145]. Probable
characteristics of VOHC are included in Fig. (5). Currently, no variants
of the SARS-CoV-2 reached the degree of high consequences. However,
the VOHC needs to report to the WHO and CDC to stop the spread,
improve detection and treatment quality, and enhance vaccine protec-
tion [145].

8.1.5. Major Emerging Variants

New-fangled virus strains are surfacing in different areas of the
world, with some variants exhibiting even more transmission and
infection patterns. Countries including South Africa, the UK, India, and
Brazil have increasing zones of concern [147,148] (Fig. 3).

8.1.5.1. United Kingdom Strain (Alpha Variant). The B.1.1.7, or alpha
lineage, principally arose in the UK throughout September 2020 [149].
This VOC has an S protein alteration at position 501 receptor-binding
domain (RBD) to tyrosine (Y) instead of asparagine (N). This mutation
is N501Y [130,148,150]. Also, alpha Variant mutations, including
69/70 deletion: caused the S protein changes in conformation at P681H
due to being befallen impulsively numerous times. The B.1.1.7 lineage
has been reported in various nations Since it appeared on December 20,
2020. There is an association between an increase in B.1.1.7 lineage,

augmented transmissibility, and death rate than other variants [130,
148,150]. Though, no signs of illness severity worsening in kids and
teens [151].

8.1.5.2. South African Strain (Beta Variant). The B.1.351 or beta lineage
(a.k.a. 20 H/501Y.V2) has numerous alterations such as A701V, D215G,
D614G, LAL 242-244 del, K417N, E484K, R2461, D80A, L18F, and
N501Y in the S protein, while the residual changes like K1655N, P71L,
and T205I N in ORFla, envelope (E), and viral proteins respectively
[152]. Dissimilar to the B.1.1.7 ancestry noticed in the UK, this variant
lacks the 69/70 deletion. This modified virus was detected in South
Africa in October 2020 and in the USA [153]. Also, B.1.1.7 was recog-
nized in Zambia in 2020 in late December and considered the country a
predominant variant. This variant does not alter the severity of the
disease, but some mutations affect response to the different strategies of
immunizations and neutralization by some polyclonal and monoclonal
antibodies derived from Pfizer vaccine recipients (6.5-fold) or Moderna
vaccine recipients (8.6-fold) [148,152,154].

8.1.5.3. Bragzilian Strain (Gamma Variant). The P.1 or gamma lineage
(a.k.a. 20 J/501Y.V3) is a subdivision of the B.1.1.28 variants that were
reported first in four tourists from Brazil in Japan. The gamma variant
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Fig. 5. WHO nomenclature and different variants characteristics.

contains the N501Y, E484K, and K417T mutations within RBD, which
affect transmission pattern and antigen profile, leading to inappropriate
antibody generation via prior infection or vaccinations [152]. In a study
on a cluster of cases in Manaus, the P.1 lineage had been found in 42% of
the sequenced specimens from late December, in which 75% of the
population in this region was infected in October of the year 2020 with
SARS-CoV2 [155,156]. However, the number of cases was increased
since mid-December, which raises worries of a probable upsurge in
transmissibility and individuals’ re-infection with SARS-CoV-2 [148,
152].

8.1.5.4. Indian Strain (Delta (5) Variant). The (8) B.1.617 Lineage was
noticed in October in India in the year 2020, which was named B.1.617,
which is also labeled as Delta (8) variant [157]. Till January 2021, a few
cases were reported. On the other hand, by April, the cases are reported
in about twenty countries, reaching 50 countries by early May. It has
spike mutations D111D (synonymous substitution), G142D P681R,
E484Q, and L452R, the last two of which may help it to evade anti-
bodies, among 15 characterizing mutations efficiently. This Delta (5)
variant contains L452R mutation and E484Q mutation; thus, it is named
“double mutant [158]. The Delta (8) variant in the next wave of pan-
demics starts in 2021 in India [148].

There are increasing rhino-orbital-cerebral mucormycosis (ROCM)
cases in COVID-19-infected people, especially in India. Initially, 101
cases of Mucormycosis were reported in COVID-19 patients, of which 82
cases belong to India. By to end of May 2021, the rare fungal disease had
killed more than 300 people and infected more than 12,000 in India
[159]. Mucormycosis can affect the skin, the sinuses, the CNS, the GIT,
the nose, the orbit, the pulmonary, the kidney, the joints, and the heart,
but ROCM is the commonest. About 80% of cases have diabetes, while in
76.3% of cases, corticosteroid treatment was given. The gold standard
for mucormycosis diagnosis is the clinical characteristics include
necrotic, black turbinates easily misguided for dried, crusted blood;
hence it’s given the black fungus name.

Additionally, it is difficult to establish a fundamental association
between the black fungus and COVID-19 regarding corticosteroids.
Nonetheless, several triggers, including high glucose, free iron, low pH,
and ketones in the presence of low phagocytic activity of WBC, may
precipitate the black fungus in people with COVID-19 concerning cor-
ticosteroids which enhances the growth of Mucormycetes. In India

especially, reduced hygienic procedures and usage of animal dung in
Indian traditional medicine measures provide a source of direct contact
with the fungus and increased risk for Mucormycetes [148,159].

8.1.5.5. Cadlifornia Strain (Epsilon Variant). The B.1.429 Lineage / CAL
0.20 C Lineage first arose to the consideration of researchers in late 2020
as it surged in California [160]. Lineage B.1.429 has five different al-
terations, including: in the ORFlab-gene (D1183Y and I4205V) and
S-gene of the S protein (W152C, S13I, L452R). Alteration of concern in
practice is L452R alteration. The lineage B.1.429 may be transmitted at
higher rates but not explored and need additional research. By WHO, it
is labeled as the Epsilon (¢) variant and principally noticed by California
researchers in July 2020 in Los Angeles County in 1/1230 collected virus
samples [160]. After the increasing numbers of e-Variants in California.
In most US states, the variation has been observed at variable fre-
quencies. Also, small numbers have been noticed in additional countries,
and its frequency rapidly declined in February of 2021 [148,160].

8.1.5.6. Omicron variant. The Technical Advisory Organization on
SARS-CoV-2 Virus Evolution (TAG-VE) monitors and analyses SARS-
evolution CoV-2’s changes to determine their effects. On November
26, 2021, the TAG-VE analyzed the B.1.1.529 COVID-19 (Omicron)
variation from South Africa to WHO on November 24 [161].

The infectious picture has three distinct peaks in reported cases in
South Africa, the most recent of which was driven by the Delta strain,
corresponding with the appearance of the new-fangled B.1.1.529 (Om-
icron) strain which confirmed infection was in the sample on November
9, of the year2021. The new-fangled B.1.1.529, also known as Omicron,
has been classified as a VOC by the WHO, according to the information
given, indicating a harmful shift in COVID-19 infections [161]. There
are various alterations in this variant. Unlike other VOC, the Omicron
has a higher risk of reinfection, decreased response to treatment, and
escaping immunization by vaccines [162].

Professor Tulio de Oliveira said Omicron has fifty genetic abnor-
malities (over 30 genetic alterations in the S protein SARS-CoV-2 and ten
in RBD). Global immunization programs are worried about Omicron’s
RBD (10 changes) having more alterations than delta (2 alterations)
[163]. In practice, the infection rate by COVID-19 increased with the
discovery of the Omicron new variant infection throughout South Afri-
ca’s provinces.
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The Omicron variant was conveyed in the USA on December 1, 2021.
On December 8, as a minimum one, the Omicron novel variant case had
been detected in 22 states, with several indicating community trans-
mission. With initial follow-up, no death and single case hospitalization
were reported among the 43 instances [161]. Other countries where
Omicron has been revealed include Botswana, Belgium, and Hong Kong.
Furthermore, numerous republics, for example, England, may introduce
a Trace program and Examination to track those who have recently
visited a single of the countries where the Omicron variation has been
found [163].

This Omicron is detected by the existing polymerase chain reaction
(PCR) diagnostics of SARS-CoV-2. The S gene target failure was explored
to be used as a marker for Omicron variant undecided sequencing
validation. The Omicron variant was found earlier using this method
than in prior outbreaks, signifying that it might have a development
benefit [161].

8.1.5.7. Peru (Lambda variant). The Lambda VOI, or the C.37 PANGO
lineage, was principally recognized in Lima, Peru, in August 2020. In
April 2021, virtually all sequenced genomic separates observed in Peru
were recognized. In contrast to the wild-type virus, micro-neutralization
experiments after BNT162b2 mRNA and BioNTech-Pfizer immunization
showed a substantial 1.6-fold decline in neutralizing tires, indicating
higher vulnerability of immunized persons to disease [164].

8.1.5.8. Colombia (Mu variant). Lineage Mu (B.1.621) is the further-
most newly discovered VOI. The Mu variation was found in 39 republics
as of August 30, 2021. Colombia is the center of Mu spread, with the
variation being isolated for the first time on January 11, 2021. From
March to July 2021, there was a considerable upsurge in Covid-19 cases
in Colombia [165]. Throughout the primary phase of the surge, the
Gamma version was dominating, but the Mu variant In May, exceeded
all other variations, and it has been driving the outbreak in Colombia
since then. The mainstream Mu variations have the YY144-145TSN and
T95I alterations in the NTD; the N501Y, R346K, E484K transformations
in the RBD; and the P681H, D614G, and D950N changes in further
segments of the spike [165-167].

The Mu variant demonstrates a marked confrontation in the case of
antibodies provoked via ordinary SARS-CoV-2 and the other type, the
BNT162b2 mRNA vaccine. Since Mu innovation is the most important

Table 2
The WHO fully approved COVID-19 vaccines for use [177,180].

Biomedicine & Pharmacotherapy 157 (2023) 113977

threat to recently evolving variants of the SARS-CoV-2, the Mu variant
necessitates more characterization and monitoring [165-168].

9. Development of COVID-19 vaccines

Once COVID-19 has reached an epidemic level in Wuhan, China.
Chinese scientists universally identified the causative virus and shared
its genome sequence [169]. This creates a universal competition to
generate quickly suitable and effective vaccines utilizing traditional
methods and modern next-generation vaccine platforms [170,171].

The vaccines designed for SARS-CoV-2 are aimed to trigger the
body’s immune response to generate antibodies towards S protein or
RBD subunits and activate enabled T-lymphocytes [172,173]. Many
viral spikes help bind to the human cells, hence cellular entry and
hijacking [174]. Thus, vaccine-generated neutralizing antibodies pre-
vent viral spikes from binding and entering human cells, ending infec-
tion [175]. Remarkably, all the current approved COVID-19 vaccines by
(US Food and Drug Administration) are highly active in generating these
neutralizing antibodies [23,176].

9.1. COVID-19 vaccine types

During the writing time (January 5, 2022), there were 24 vaccines
recorded by National regulatory authorities (NRAs), but only ten of
them were fully approved by WHO for use [177] (Table 2). Six main
vaccine types are categorized into two major vaccine platforms, classic
and next-generation platform vaccines [178].

9.1.1. Classic platform vaccines that include

9.1.1.1. An inactivated vaccine. The generation of inactivated COVID-
19 vaccine in Vero cells involves the proliferation of a live virus using
a cell culturing technique and downstream processing for recovery and
concentration, followed by inactivation with chemical substances to
terminate cellular infectivity and maintain immunogenicity [179].
This type activates various immunological reactions in response to
the existence of an entire virus with its different surface antigens. Be-
sides, it has low stability and a short action period. Therefore, it evolves
an immune response less than a live attenuated virus [181,182]. Some
examples of the currently available inactivated COVID-19 vaccines are

Commercial name Manufacturer Country Vaccine type Efficacy against WHO effective
COVID-19 Severe date
infection illness

Covaxin Bharat Biotech International Limited India Inactivated SARS-CoV-2 (Vero cell) 77.8% 93.4% 3/11/2021

Sinopharm Beijing Institute of Biological China Inactivated SARS-CoV-2 (Vero cell) 78.1% 100% 7/5/2021

Products Co., Ltd.

Coronavac (Sinovac) Sinovac Life Sciences Co., Ltd. China Inactivated SARS-CoV-2 (Vero cell) 50.7% (Brazil) 100% 1/6/2021
83.5% (Turkey)

Nuvaxovid Novavax CZ Czech SARS-CoV-2 rS 89.7% (UK) 100% 20/12/2021

Republic 90.4% (USA,
Mexico)

Covovax Serum Institute of India Pvt. Ltd. India SARS-CoV-2 1S NR NR 17/12/2021

protein nanoparticle

Spikevax Moderna Biotech Spain mRNA Vaccine 93.2% 98.2%  30/4/2021

(Previously (Nucleoside modified)
Moderna)
Comirnaty Pfizer/BioNTech Germany mRNA Vaccine 91.3% 96.7% 31/12/2020
GmbH (Nucleoside modified)
Janssen (Ad26. Janssen — Cilag International NV Belgium Recombinant Ad26 vector encoding SARS-  52.4% 74.6%  12/3/2021
COV2-S) (Janssen) CoV-2'S
Vaxzevria AstraZeneca/SK Bioscience Co. Ltd Korea Recombinant ChAdOx1 vector encoding 74% 100% 15/2/2021
SARS-CoV-2 S
Covishield Serum Institute of India Pvt. Ltd. India Recombinant ChAdOx1 vector encoding NR NR 15/2/2021
SARS-CoV-2 S

S: spike, r: recombinant; Ad: adenovirus; NR: not reported.
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Sinopharm, Sinovac (Fig. 6), and Covaxin. In the production of these
vaccines, the p-propiolactone organic compound was used to deactivate
the SARS-CoV-2 virus via binding to their genes. Some adjuvants were
added to elicit a longer immune response duration [183,184].

9.1.1.2. Live attenuated vaccine. Live attenuated vaccines are ancient
vaccines created by reducing the virulence of a live pathogenic virus
[185]. They elicit a long-lasting and high immune response comprising
TLRs activation without the addition of adjuvant due to their contents of
multivalent antigens that can confer a strong defensive action towards
newly developed viral variants [186,187]. On the other hand, they are
unsuitable for immunocompromised patients and difficult to handle
during production [188].

Currently, no live-attenuated COVID-19 vaccines are approved. In
December 2021, the Codagenix and Serum Institute of India announced
launching the first trial of the Covi-Vac live attenuated intranasal vac-
cine in humans [189].

9.1.1.3. Viral protein subunits-based vaccines. The viral protein vaccine
production entails selecting, isolating, and purifying a viral protein that
can trigger the immune response and fail to induce any disease[190]. In
this COVID-19 vaccine type, the proteinaceous S or RBD subunits are
often utilized as immunogenic proteins[191,192]. Also, adjuvants are
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often added to trigger a more extended immune response and activate
the high production of neutralizing antibodies. Viral subunit vaccines
are safer than entire viral vaccines [193]. Both Covovax and Nuvaxovid
vaccines contain recombinant (r) S protein nanoparticles of SARS-CoV- 2
that elicit potent humoral and cellular immune actions [194].

In Covovax and Nuvaxovid vaccine production, a genetically engi-
neered baculovirus comprising a gene of SARS-CoV-2 1S is created [195,
196]. After that, the produced S protein is isolated and assembled into
lipid nanoparticles (LNPs). Matrix-M was added as an adjuvant to pro-
mote immune action [197,198].

9.1.2. The next-generation platform vaccines include

9.1.2.1. Viral vector established vaccine. A viable replicated, or unre-
plicated genetically engineered viral vector is constructed to transfer
genes of SARS-CoV-2 antigens into the intended host cells. Once the
targeted cells are infected and eventually directed to forming a large
quantity of SARS-CoV-2 antigens, cellular and humoral immunity are
highly triggered [194,199].

Many viruses have been designed as vectors comprising adenovirus
and vaccinia virus. Viral vector-established vaccines are developed by
deleting pathogenic genes and sometimes replicating genes [200].
Moreover, viral vectors’ transferred genes are not incorporated into the

COVID-19 vaccine types
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Fig. 6. COVID-19 vaccine types.
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host cellular genome. Therefore, they are harmless. Besides, they elicit
an immune response higher than viral protein-based vaccines
[201-203].

Janssen COVID-19 Vaccines (Ad26. COV2-S) comprise a human re-
combinant replicating-incompetent form of adenoviral vector serotype
26, including the S gene sequence of SARS-CoV-2 [204] (Fig. 6). On the
other hand, Vaxzevria and Covishield vaccines contain a Chimpanzee
recombinant non-replicating form of adenoviral vector (ChAdOx1)
encoding SARS-CoV-2 S [205,206]. The concern about the high level of
neutralizing antibodies in response to familiar human adenoviruses in
the Janssen COVID-19 vaccine due to the possibility of a previous im-
munity against them is limited using a Chimpanzee adenoviral vector in
Vaxzevria and Covishield vaccines [205].

9.1.2.2. mRNA constructed vaccine. In this vaccine, viral messenger
RNA (mRNA) is constructed to generate proteinaceous S or RBD subunits
of SARS-CoV-2 and assimilated inside LNPs to promote its delivery into
host cells and prevent degradation [207]. After vaccination, the LNPs
enclosed mRNA enters host cells, and then the lipid layer is gradually
degraded, and mRNA is released and becomes available for cellular
translational machinery to produce its corresponding viral protein,
which can elicit both cellular and humoral immunity after trafficking to
the plasma membrane [208,209].

Recently, mRNA-constructed vaccines have been considered a
favorable substitute for traditional vaccines due to their high efficiency,
safety, low investment, and fast production [210]. Although the previ-
ous advantages, their production and utilization are limited due to low
stability, ultra-freezing formulation, and sometimes a failure of mRNA
delivery into a target human cell [211,212]. Comirnaty and Moderna
vaccines contain LNPs enclosing mRNA-1273 which is constructed
through the transcription from its corresponding sequence of DNA
template and translated to the proteinaceous S subunit of SARS-CoV-2
[213,214] (Fig. 6).

9.1.2.3. DNA constructed vaccine. This vaccine technology involves the
utilization of bacterial DNA plasmids, which harbor gene sequences for
encoding SARS-CoV-2 S or RBD subunits and mammalian-type expres-
sion promoters [215-217]. These plasmids can penetrate the nuclear
membrane of B-lymphocytes and eventually encode a protein of interest
[218]. Plasmid DNA has been successfully delivered using electropora-
tion [218].

DNA-constructed vaccines are characterized by high stability, ease of
shipping, and storage for a long time [219,220]. On the other hand, the
possibility of incorporating transfected genes into the genome of human
host cells is one of the significant drawbacks that can lead to a mutation
[221].

In August 2021, ZyCoV-D (Indian pharma Zydus Cadila) was India’s
first DNA vaccine to acquire emergency authorization for COVID-19
[222]. In contrast, INO-4800 (Inovio Pharmaceuticals, China),
GX-19 N (Genexine, Korea), and AG0302- COVID-19 (AnGes, Japan) are
undertaken the trials of Phase (2/3) [216] (Fig. 6).

10. The impact of the SARS-CoV-2 mutations and genetic
diversity on the COVID-19 biomedical arbitrations

SARS-CoV-2 gets mutations when it spreads to new areas. These
mutations help SARS-CoV-2 acclimate better within the hosts and new
geographical locations. Scientists must closely monitor and track SARS-
CoV-2 dynamics, mutations, and genetic diversity to produce more
active vaccines. Despite various research, the effects of the host’s genetic
variables and the genetic variations of SARS-CoV-2 remain unknown
[223].

Most SARS-CoV-2 infections are asymptomatic and self-limiting.
However, 2% of COVID-19 patients experience serious adverse effects.
COVID-19 severity and mortality are largely affected by older age,
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respiratory, metabolic, immunological, and cardiovascular comorbid-
ities. According to reports, the environment, humans, and animals
spread SARS-CoV-2 [224].

The death rates of the COVID-19 virus vary between the countries,
generally known to be meaningfully higher in the North area of America
and similarly in European countries. Even though numerous opportu-
nities to clarify the alterations in the death rates are confirmed, the
difference between virus genomic types and age distribution is still
unclear. According to recent evidence, the death rates of SARS-CoV-2
can change significantly depending on the environment. For example,
a study showed that the death rate is three times higher outside China,
15.2%, than inside China, 5.6% [225]. Changes in viral infection rates
could be due to a combination of reasons, such as isolation, quarantine,
the difference in the genetic population, herd immunity, and diverse
national approaches permitted for the restrictions of the movement of
people [22].

The viral adaptation is underwritten by the RNA virus’s mutation
frequency, which maintains a balance between genome diversity and
genetic information integrity [226].

Plasma from COVID-19-infected convalescent patients is the simplest
technique to treat SARS-CoV-2 pandemic infections [227]. In a nutshell,
convalescent people’s polyclonal NABs (neutralization antibodies) were
collected and successfully used to treat newly infected patients [18].
NABs from a donor with a different S protein phenotype may not work
for people with a mutant S protein. The NAB of SARS-CoV-2, on the
other hand, is likely to be useful for an infected person. The antibodies
may enhance pathogenic immunological progressions in COVID-19 pa-
tients with various viral genome content [228].

The validation and assessment of SARS-CoV-2 infection employing
lateral flow immunochromatography RDT and ELISA are crucial due to
COVID-19’s influence on the global economy and the necessity to in-
crease COVID-19 laboratory tests. Although the WHO has not validated
all antigen and antibody tests, serological studies could help analyze an
ongoing SARS-CoV-2 outbreak, track its recurrence rate, and maintain
the COVID-19 diagnosis when real-time PCR results are negative [229].

The RDTs for IgG and IgM antibodies will also play an increasingly
crucial role in recognizing individuals without symptoms and evaluating
the immunity of healthcare workers if the outburst continues. Cross-
reactive antibodies are routinely screened using an S protein ELISA,
without a doubt. Antibodies to SARS-CoV-2 with distinct epitopes pro-
duced by either N or S mutant proteins may lower the positive predictive
value of anti-SARS-CoV-2 antibodies [230,231].

Mutation-generating processes comprise unprompted damages of the
nucleic acid, which may be owing to the host enzymes, particular ge-
netic elements, chemical, and physical mutagens. Likewise, recombi-
nation events are involved in creating novel variations [22].

With certain exceptions, such as the Nidovirales order, which dis-
tinguishes out for having the largest genomic RNA, the RNA polymerase
in several viruses cannot proofread.

To allow virus transcription and replication, Nidoviruses have a
complex RNA synthesis machinery controlled by non-structural proteins
produced as cleavage products of the ORFla and ORF1b viral poly-
proteins [29]. The most critical component of the transcription and
replication machinery is the SARS-CoV-2 RdRp (nsp-12). The
SARS-CoV-2 has a high homology for the nsp-12 compared to the
SARS-CoV, indicating that its mode of action and function may be well
preserved [29].

By correcting the RdRp’s nucleotide incorporation errors, the ExoN
improves the RNA synthesis’s dependability. When compared to SARS-
CoV wild type, genetic inactivation of the coronavirus ExoN resulted
in a twenty-one-fold reduction in replication fidelity. Kirchdoerfer also
discovered that in the SARS-CoV virus, nsp-7 and nsp-8 were involved in
forming a complex with RdRp [232-234]. Until now, the serious RdRp
residues of SARS-CoV intricate in the nsp-7, nsp-8, and ExoN interaction
have still to be recognized[235]. The RdRps are regarded as one of the
most crucial drug targets of antiviral medications against various
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viruses. Some RdRp inhibitors, such as Galidesivir, have been regarded
as potential targets for SARS-CoV-2 [236], Favipiravir [237], Ribavirin
[238], and Remdesivir [239].

Furthermore, drugs, including Simeprevir, Filibuvir, Tegobuvir, and
Cepharanthine, have been suggested as potential RdRp inhibitors [240].
Several antiviral medications target SARS-CoV-2’s RdRp. As a result,
identifying and studying SARS-CoV-2 RdRp mutations is essential to
identifying drug-resistant SARS-CoV-2 strains [22].

11. Impression of the foremost variants on the efficiency of
vaccine

COVID-19 vaccines that have been approved or are currently being
developed are expected to give some protection against emerging virus
variations because they elicit a broad immune response involving a
variety of cells and antibodies. Therefore, the mutations or the changes
in the virus should not make the vaccines unsuccessful. Unpredictably,
suppose any of these vaccines are less effective against one or more
variants. In that case, it will be conceivable to change the composition of
vaccines to defend against these different variants. The world must stop
COVID-19 from spreading to prevent mutations that could weaken
vaccines [241].

Furthermore, the programs and manufacturers that use the vaccines
may also need to adapt to the COVID-19 virus’s evolution: for example,
vaccines may need to incorporate more than one strain during devel-
opment, booster shots may be required, and other vaccine alterations
may be needed. Likewise, the trials must be maintained and designed to
evaluate any changes in efficacy and be of appropriate diversity and
scale to empower durable interpretation of the results [241].

11.1. Neutralization of the variations by the convalescent sera

The genuine virus® ability to promote herd immunity and antibody
treatment in convalescent or vaccinated individuals under discerning
stress of the polyclonal immune response is an important concern for
vaccine application [240]. Neutralization tests used SARS-CoV-2
convalescent serum to test novel variations for immune evasion. Sur-
prisingly, the wild isolates B.1.531 and B.1.1.7 used to test convalescent
sera by Gavin et al. had reduction ratios of 13.3 and 2.9, respectively
[242,243].

In addition, a study investigated 44 plasma samples from people who
have actually been infected with SARS-CoV-2 using various pseudovi-
ruses, including K417N, D614G, N501Y, and E484K, and discovered that
nearly 48% of the samples had no noticeable neutralization activity,
with only three samples preserving the titers of the inhibitory dilutions
giving about 50% of neutralization [244].

11.2. The vaccination stimulated the neutralization of antibodies to the
variations

11.2.1. Comirnaty vaccine

The neutralizing ability of sera from vaccinated individuals against
different variations was evaluated using infectious cDNA clones and
pseudoviruses. Muik et al. recognized the B.1.1.7 pseudoviruses and
Wuhan reference strain in serum samples from forty patients who were
administered with the Pfizer (BNT162b2) vaccination in the previously
published German (Phase 1/ 2 investigation). The neutralization titers
against the B.1.1.7 decreased slightly, but the immune sera completely
preserved them, suggesting that B.1.1.7 will not affect the Comirnaty
vaccine-mediated protection [245].

Pseudoviruses with spike mutations in B.1.1.7 (del69/70, A570D,
P681H, and D1118H) reduce sensitivity to vaccination serum, according
to Collier et al. According to the data, the sera of ten of the 23 partici-
pants who had received a single dose of the Comirnaty vaccination
exhibited a decrease in neutralization against the B.1.1.7 type. There
was no difference in inability when the sera were tested with
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pseudoviruses having the A570D and 69/70 deletion mutations [246].

Sera collected after one dosage of the two-dose regimen only ex-
emplifies partial immunity. Compared to the B.1.1.7 variant, the nulli-
fication power of the Comirnaty vaccination immune sera against the
B.1.351 variation deteriorated significantly. According to Gavin et al.,
neutralization titers against B.1.351 variants decreased 7.6-fold, while
the fold weakening against B.1.1.7 was 3.3 [242,243].

The responsibility of the N501Y mutant has been the subject of more
research. According to Rathnasinghe et al., the sera from six people who
had received two doses of the Pfizer vaccination had to neutralize
antibody titers equivalent to the greatest neutralization titers observed
in convalescent sera against the mouse-adapted viruses with the N501Y
mutation [247]. Another study used an isogenic pair of viruses con-
taining the N501 or Y501 S protein to assess serum neutralization in
twenty people who had obtained both doses of the Comirnaty vaccine
[154]. Both studies demonstrated that N501Y mutation did not affect
the possibility of post-vaccination neutralization [248].

11.2.2. Spikevax vaccine

The ability of the SARS-Co-2 Spikevax mRNA vaccine (mRNA-1273)
to neutralize variations was comparable to the Comirnaty vaccine. The
sera from 12 people who received the Spikevax vaccine were tested for
neutralization versus B.1.351, WT, and B.1.1.7 pseudoviruses. The re-
sults showed no significant differences between the Comirnaty vaccine
and the Spikevax vaccine against the B.1.351 and B.1.1.7 variants [249].
Shen et al. used a pseudovirus experiment to show that the Spikevax
vaccine conferred protection against the B.1.1.7 variant in 40 people.
According to the study, vaccination sera neutralized the B.1.1.7 varia-
tion, whereas the susceptibility was decreased substantially when
compared to the D614G version [250].

11.2.3. Vaxzevria vaccine

The ability of the Vaxzevria vaccination to cross-neutralize these
variations has piqued curiosity.

According to Gavin et al., serum neutralization titers in patients who
received the Vaxzevria vaccine at 14 and 28 days following the second
dose revealed a 2.5-fold and 2.1-fold decrease against B.1.1.7 strain,
correspondingly [242]. They used Vaxzevria vaccine-elicited serum
obtained 14 or 28 days after the second dose of vaccine to evaluate the
neutralization of a B.1.351 variation at the time [243]. From these data,
the Vaxzevria vaccine offers more protection against the B.1.1.7 variant
than the B.1.351 variant.

11.2.4. Sinopharm vaccine

The immunological serum of the Sinopharm vaccinations developed
by Chinese companies was examined by Gao et al. The analysis uncov-
ered many differences between mRNA vaccines and pseudovirus vacci-
nations. According to the findings of 24 samples, the neutralizing ability
of two immunizations against the B.1.351 variant was lowered by 1.6-
fold. GMTs of the immunological serum produced by the BIBP vacci-
nation reduced from 110.9 to 70.9, while the number of people who
received the Zhifei vaccine declined from 106.1 to 66.6 [251]. As a
result, they stated that the variant of B.1.351 did not influence the
protective effects of the two vaccinations.

Phase 3 clinical trials in South Africa of three vaccines from Vax-
zevria, Janssen, and Novartis showed that distinct variants affected the
vaccines’ defensive efficacy. Phase 3 clinical studies of Novavax Inc.’s
NVX-CoV2373 in the U.k. revealed an 89.3%-point estimate of vacci-
nation efficacy. Based on PCR data from 56 of the cases treated, efficacy
against the U.K. variation was determined to be 85.6% and against the
original SARS-CoV-2 strain to be 95.6%. The primary efficacy target of
the South African Phase 2b clinical trials was attained with an efficacy of
49.4%. Initial sequencing information was available for 27 of the 44
SARS-CoV-2 cases, with the B.1.351 variant accounting for 92.6% of the
total [252]. As a result, there are new worries about the risk of secondary
infections and the vaccine’s effectiveness in affected individuals.
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The vaccination was 66% effective overall in preventing moderate to
severe SARS-CoV 2 infections in all participants from various
geographical areas and those infected with a novel viral strain during
the Phase 3 ENSEMBLE clinical trial for Janssen’s SARS-CoV-2 vaccine
candidate. In Latin America, 66% of people were protected against
SARS-CoV-2 infection, compared to 72% in the U.K. and 57% in South
Africa. All SARS-CoV-2 cases in South Africa were almost caused by the
B.1.351 strain of the SARS-CoV-2 [253].

According to clinical trials conducted by the Vaxzevria vaccine in the
United Kingdom, the vaccine provided protection not only against the
original pandemic virus but also against the novel B.1.1.7 strain. Despite
the vaccine’s great efficacy against non B.1.351 coronavirus variants,
the results of the South African study demonstrated that the Vaxzevria
vaccine’s neutralization of immunological sera against the B.1.351
variant was drastically reduced compared to the original strain. The
two-dose Vaxzevria vaccination provides the least protection against
SARS-CoV-2 infection produced by the B.1.351 strain of coronavirus
[249].

12. Prevention from the future novel versions of COVID-19

Future COVID-19 virus spread can be stopped if the virus replication
process is slowed or stopped [241]. Furthermore, the current measures
to diminish the transmission, including wearing a mask, hand washing,
good ventilation, physical distancing, and avoiding closed settings or
crowded places, continue to labor against the innovative variants by
reducing the quantity of the transmission of the virus and thus also
decreasing the opportunities for the virus mutation [241].

Furthermore, scaling up the rolling out and manufacturing of vac-
cines as quickly as possible will also be an important way to protect all
people before they are infected with the virus or exposed to the risk of
novel variants. The high-risk groups should be vaccinated universally to
increase protection against recent virus variants worldwide and mini-
mize the risk of virus transmission. Additionally, maintaining equitable
access to the COVID-19 vaccines is more dangerous than ever to
discourse the evolving pandemic. When more people get vaccinated, we
assume the virus circulation will decrease, leading to fewer mutations
[241].

Once the public transmission of the SARS-CoV-2 exists, people are
revitalized to make the social distance by avoiding the crowds and
keeping two meters from others when in public. Particularly, people
should sidestep close contact with the ill person. They are also rein-
vigorated to wear face masks [254].

12.1. The general procedures are endorsed to reduce the spreading of the
virus infection

Recommendations include washing hands thoroughly, especially
after contacting public surfaces, and using hand sanitizers with at least
60% alcohol [255] as SARS-CoV-2 was deactivated in fifteen seconds
when exposed to 80% ethyl alcohol. Also covering the sneeze or cough,
avoiding touching the face (in particular eyes, mouth, and nose), con-
firming that the indoor spaces have enough ventilation [256]. Wearing a
facial mask is advised by the WHO as part of an overall approach to
reducing SARS-CoV-2 infection in outdoor and indoor situations where
interpersonal distance is problematic and extensive propagation, as well
as in interior situations with inadequate ventilation [257].

12.2. Effectiveness and booster of vaccines against different COVID-19
strains

A booster dose is a dose of vaccine given just after the primary
vaccination series, such as one dose of Ad26. COV2. S or two doses of
BNT162b2, ChAdOx1, or mRNA-1273. According to recent research,
new variants like Delta and Omicron showed potent immune evasion to
neutralizing antibodies produced by primary vaccination or prior
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infections [258], and that protective effects diminish over time [259].

More breakthrough infections occur in fully immunized individuals
due to this deteriorating protection. For instance, in the follow-up tests
after six months, the effectiveness in avoiding disease dropped from an
initial 90-60%. As a result, the topic of discussion has shifted to the
longevity of vaccine-induced protection and the requirement for recur-
rent booster immunizations [260]. Booster vaccinations provide better
defense against the COVID-19 virus. In comparison to two doses of the
BNT162b2 vaccine, a third dosage demonstrated 95.3% relative efficacy
against COVID-19, according to a phase III trial [261].

In the latter quarter of 2021, when Delta started to take precedence
over other variants, many nations began to offer COVID-19 boosters.
Although Omicron offered a different problem due to the sharp rise in
breakthrough infections by the end of 2021, boosters nevertheless
effectively protected against serious illness and hospitalization brought
on by Delta. Fortunately, boosters were observed to raise serum anti-
spike antibody concentrations and the neutralization titers against
Omicron in recipients boosted with BNT162b2, mRNA-1273, or generic
mRNA vaccinations [262-264].

Furthermore, it has been demonstrated that both CoronaVac and
mRNA vaccine [265] boosters increase memory B cells specific for
anti-receptor binding domains and hasten the production of antibodies
that are directed against various variations, including Omicron, in those
who have received the vaccines. In boosted people, breakthrough in-
fections of Delta and Omicron are still possible, although the virus loads
appear to be lower and the symptoms are slighter [266,267].

For vulnerable and high-risk groups, booster immunizations are
particularly crucial. For instance, studies have shown that to achieve
adequate protection against Delta and Omicron, cancer patients un-
dergoing treatment, solid organ transplant recipients, and the elderly
[268] require more BNT162b2 or mRNA-1273 boosters [269-271].

Israel began providing a second booster in January 2022 to elderly
and immunocompromised people [272]. In March 2022, second mRNA
boosts were also made available in the US to the elderly and those with
underlying medical issues. According to a retrospective study conducted
in Israel, adults over 60 years old who received a second dosage of
BNT162b2 had a lower risk of COVID-19-related hospitalizations and
fatalities [273].

The effectiveness against infection with Delta and Omicron was
estimated to be 88-93% and 76%, respectively, for patients who got a
homologous BNT162b2 booster, whereas the effectiveness against se-
vere disease brought on by Delta and Omicron was evaluated to be 97%
and 89%, respectively [274,275].

Additionally, the efficacy against infection with Delta and Omicron
was 94% and 71%, respectively, in ChAdOx1-primed BNT162b2-boos-
ted people [274]. Israeli observational studies also showed that
BNT162b2 booster was linked to a decreased risk of SARS-CoV-2
infection in young people, old people, and healthcare workers [276,
277]. Finally, booster dosages were discovered to be very helpful in
reducing the risk of infection and serious illnesses brought on by Delta
and Omicron variations [278].

13. Conclusion

Globally, COVID-19 swiftly propagates, and it is caused by the zoo-
notic transmission of SARS-CoV-2 from an animal to becoming a human.
This virus affected countries’ economic, medical, and public health in-
frastructures all across the world and resulted in the deaths of a large
number of people all over the world due to mutations and new variants
development. People from older age groups with underlying health
problems and low immunity are more likely to become infected and
develop severe symptoms.

Mutations in the S protein and proteins comprising the RDRP were
the most common. This mutation leads to different variant expansions.
Accordingly, a different nomenclature system, including PANGOLIN,
classifies variants into two major classes, A and B. While the next strain
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divided variants by the year and litter, e.g., 19 A, 19B, 20 A, 20B, and so
on. Also, the GISAID classification letter such as V, S, L, G, GR, GH, GRY,
GV, and O are consequences of the mutation, and the SNP results in the
codon for amino acids e.g., S serine, L leucine.

In contrast, the WHO represents a simple classification and dominant
variants as VOC, VOI, and VOHC. Finally, the emerging variants classify
variants according to the site where they were first discovered e.g.,
Alpha variant (UK), Beta variant (South African), Gamma (Brazil), and
omicron (South African). Subsequently, different vaccines were devel-
oped to prepare the immune system to fight the SARS-CoV-2 virus. They
were categorized into two platforms: classic, which includes inactivated,
live attenuated, and viral protein subunits-based vaccines, and next-
generation platform, which includes viral vector established, mRNA
constructed, and DNA constructed vaccines.

The mutations and new variants of SARS-CoV-2 cause increased
transmissibility, morbidity, and mortality. They can also escape detec-
tion by escape diagnostic tests, show lower susceptibility to therapy with
antivirals and antibodies, and finally, reinfect previously recovered and
vaccinated people. Lastly, the future COVID-19 variants and widespread
prevention strategies necessitate individual efforts as well as worldwide
collaborations between scientists, authorities, and the general public to
perform global genomic surveillance of SARS-CoV-2 in new cases since it
is crucial to rapidly identify any mutation that could result in changes in
the phenotypes of the virus. Also, vaccination and global health appli-
cations of the general protection measures are endorsed to decrease the
spread of infection with COVID-19.
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