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Abstract 
The virus that causes severe acute respiratory syndrome 

coronavirus-2 (SARS-CoV-2) belongs to the genus Beta 
coronavirus and the family Coronaviridae. The SARS-CoV-2 virus 
is a positive sense, non-segmented single-strand RNA virus that 
causes coronavirus disease 2019 (COVID-19), which was first 
reported in December 2019 in Wuhan, China. COVID-19 is now a 
worldwide pandemic. Globally, several newer variants have been 
identified; however, only a few of them are of concern (VOCs). 
VOCs differ in terms of infectivity, transmissibility, disease 

severity, drug efficacy, and neutralization efficacy by monoclonal 
antibodies, convalescent sera, or vaccines. VOCs reported from 
various parts of the world include B.1.1.7 (Alpha), B.1.351 (Beta), 
B.1.617/B.1.617.2 (Delta), P.1 (Gamma), and B.1.1.529 (Omicron).
These VOCs are the result of mutations, with some based on spike
proteins. Mutations may also cause molecular diagnostic tests to
fail to detect the few VOCs, leading to a delayed diagnosis,
increased community spread, and delayed treatment. We searched
PubMed, EMBASE, Covariant, Stanford variants database, and
CINAHL from December 2019 to February 2022 using the
following search terms: Variant of Concern, SARS-CoV-2,
Omicron, etc. All types of research were chosen. All research
methods were considered. This review discusses the various VOCs,
as well as their mutations, infectivity, transmissibility, and
neutralization efficacy.

Introduction 

The severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) is a positive sense, non-segmented single-strand RNA virus 
that belongs to the genus of Beta coronavirus, and family of 
coronaviridae [1]. The genome of SARS-CoV-2 is approximately 
30 kb. The virus enters the human host by binding on the human 
cell-surface protein angiotensin-converting enzyme 2 (ACE2). The 
receptor binding domain (RBD) of spike protein (S protein) of 
SARS-CoV-2 binds ACE2 with high affinity [2]. Viral tropism and 
pathogenicity can be explained by the expression and tissue 
distribution of ACE2 receptors. The S protein mediates major 
receptor binding and membrane fusion. The S protein consists of 
the S1 and S2 subunits; the S1 subunit binds the receptor and the 
S2 subunit anchors the S protein to the virion membrane and 
mediates membrane fusion [2]. Host protease activation plays an 
important role in viral entry. The Transmembrane serine protease2 
(TMPRSS2)facilitates cell entry via the S protein by fusion at the 
cellular or endosomal membrane [3]. Another pathway for host cell 
entry is the endocytic pathway within the endosomal–lysosomal 
compartments mediated by lysosomal cathepsins [4]. The virus uses 
the endosomal–lysosomal pathway in the absence of TMPRSS2 
[5]. Subsequently, in the cytoplasm, the virus releases its RNA 
genome which first translates to polyprotein 1a/1ab (pp1a/pp1ab) 
that encode for the replicase-transcriptase complex. Synthesis of 
structural proteins helps in the completion of assembly and release 
of viral particles [6]. The single-stranded RNA genome of SARS-
CoV-2 is replicated and transcribed by the viral RNA-dependent 
RNA polymerase (RdRp). The SARS-CoV-2 RdRp enzymes do not 
contain a proofreading exonuclease domain to ensure high fidelity 
unlike the high-fidelity cellular DNA polymerases [7].  

The low replication fidelity allows the RNA viruses to quickly 
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adapt to different host environments and selection pressures and 
contributes to viral replication.[8]RNA virus replication is typically 
characterised by a high error rate resulting in the virus existing as 
diverse populations of genome mutants or “quasispecies” [9]. 
However, the low replicative fidelity is associated with an increased 
chance of error leading to viral extinction. Therefore, a finely tuned 
balance is required between low replicative fidelity and replicative 
fitness for viral virulence and evolution [9]. However, the SARS-
CoV-2 encodes a 3’-to-5’ exoribonuclease (ExoN) in nsp14 which 
functions as the proofreading machinery by excising mismatched 
nucleotides during the replication process [9]. The RNA 
proofreading activity does not only ensure high replication fidelity 
but also impairs the therapeutic effects of anti-virus agents such as 
Remdesivir which are incorporated into the viral genome to induce 
premature replication termination. The virus was first reported in 
China in December 2019 [10], and subsequently, it spread globally 
and rapidly became a pandemic of devastating nature. On 16 May 
2022, there have been 521 million confirmed cases of COVID-19, 
including 6.2 million deaths, reported to the World Health 
Organization (WHO) [11]. Similar to the evolutionary mechanism 
found in all other microorganisms, SARS-CoV-2 accumulates 
mutations as it passes through its human hosts [12]. Variants are a 
group of coronaviruses that may contain one or more mutations. The 
variants are designated as a variant being monitored (VBM), variant 
of concern (VOC) or a variant of interest (VOI) due to shared 
attributes and characteristics that may require public health action 
[13]. The emergence of the SARS-CoV-2 variants may pose a 
significant global public health concern as it has implications on 
transmissibility, infectivity, disease severity, diagnosis, neutralization 
efficacy by vaccines and therapeutics, and reinfections capability. 
The SARS-CoV-2 virus accumulates 2-3 single-nucleotide (nt) 
mutations in its genome per month, which is slower than influenza 
(4 nt/month) and the human immunodeficiency virus (HIV) (8 
nt/month) [14,15]. There are various nomenclature systems used by 
the scientific community worldwide for the SARS-CoV-2 variants 
such as the Global Initiative on Sharing Avian Influenza Data 
(GISAID), NextStrain, and Phylogenetic Assignment of Named 
Global Outbreak (Pango) [16]. The WHO defined the VOC as a 
SARS-CoV-2 variant that meets the definition of a VOI and, through 
a comparative assessment, has been demonstrated to be associated 
with one or more of the following changes at a degree of global 
public health significance. There is an increase in transmissibility 
or detrimental change in COVID-19 epidemiology, or an increase 
in virulence or change in clinical disease presentation, or a decrease 
in the effectiveness of public health and social measures or available 
diagnostics, vaccines, and therapeutics [17]. The VOI is a SARS-
CoV-2 variant with genetic changes that are predicted or known to 
affect virus characteristics such as transmissibility, disease severity, 
immune escape, diagnostic or therapeutic escape; and Identified to 
cause significant community transmission or multiple COVID-19 
clusters, in multiple countries with increasing relative prevalence 
alongside an increasing number of cases over time, or other apparent 
epidemiological impacts to suggest an emerging risk to global public 
health [17]. 

Methods 
We searched PubMed, EMBASE, Covariant, Stanford variants 

database, and the CINAHL from December 2019 to July 2022 using 
the following search terms: variant of concern, SARS-CoV-2, 
omicron, etc. We have selected all types of the study. A total of 3000 
studies were reviewed. The objective of this review was to 

enumerate the various VOCs and their mutations, infectivity, 
transmissibility, and neutralization efficacy.  

Variants of concern  

Alpha (B.1.1.7 lineage) 

The B. 1.1.7 variant also known as the UK variant/Kent variant, 
was first detected in southeast England in September 2020 and 
quickly became the dominant lineage in the UK [18]. The B.1.1.7 
variant is characterized by multiple spike protein mutations 
(Δ69/Δ70, Δ144, N501Y, A570D, D614G, P681H, T716I, S982A, 
D1118H) as well as mutations in other genomic regions [19]. 
Besides these, E484K, S494P, and N501Y mutations are present in 
the RBD. The B.1.1.7 variant became the predominant variant in 
many countries subsequently, including the United States till it was 
replaced by the B.1.617.2 variant [19]. The B.1.1.7 variant showed 
increased transmissibility and increased disease severity (some 
studies) [18,20]. The B.1.1.7 variant is 43 to 90% (range of 95% 
credible intervals, 38 to 130%) more transmissible than pre-existing 
variants in the UK [18]. Volz et al. [21] showed a 50% to 100% 
higher transmissibility over other lineages. Similarly, Li et al. [22] 
reported a 50 to 75% higher transmissibility with R0 value of 1.75-
fold higher than the origin lineage. The B.1.1.7 variant is not only 
more transmissible but may also cause more severe illness than the 
pre-existing SARS-CoV-2 variants with the hazard of death 55% 
(95% confidence interval, 39-72%) higher than that in cases without 
SGTF after adjustment for age, sex, ethnicity, deprivation, residence 
in a care home, and test date [23]. The increased transmissibility of 
the B.1.1.7 variant could be due to the N501Y mutation and an 
additional Δ69/Δ70 that increases the binding affinity to ACE2 
[21,24]. It has also been observed that the B.1.1.7 variant harboring 
D614G, N501Y mutations is more infectious than the B.1.1.7 
variant containing D614G mutations alone [25-27]. The P681H 
mutation located adjacent to the highly variable S1/S2 furin 
cleavage site also enhances transmissibility [28,29]. Moreover, the 
Δ69/Δ70 in NTD also impart a conformational change in the spike 
protein and increases transmissibility. The proofreading activity of 
the SARS-CoV-2 virus cannot correct deletions. McCarthy et al. 
[30] observed that recurrent deletions in the spike protein of SARS-
CoV-2 caused antibody escape and increased human-to-human
transmission. The mutations located on the S gene may cause SGTF
and a false negative diagnostic assay that targets the s gene only
[21]. The B.1.1.7 variant shows no impact on neutralization by
mABs, but shows a minimal impact on neutralization by
convalescent and/or post-vaccination sera [31]. This indicates that
a prior infection or vaccination with wild-type SARS-CoV-2 may
still protect against the B.1.1.7 variants.

The B.1.1.7 variant shows no impact on neutralization by 
mABs, but shows a minimal impact to neutralization by 
convalescent and/or post-vaccination sera [31]. This indicates that 
a prior infection or vaccination with wild-type SARS-CoV-2 may 
still protect against the B.1.1.7 variants. Rees-Spear et al. [32] 
reported that spike mutations can diminish or abolish neutralizing 
activity by individual mAbs. However, serum neutralization, which 
signifies protection against viral infection following vaccination or 
natural infection, is affected less strongly. This may be explained 
by the polyclonal nature of antibodies in the serum that targets the 
major neutralizing sites in subtly different ways and is less sensitive 
to spike mutations. Monoclonal antibody therapies such as 
bamlanivimab-etesevimab, casirivimab-imdevimab and sotrovimab 
showed no change in susceptibility [33-35]. However, depending 
on the mutations, the neutralization efficacy may change. The 
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B.1.1.7 variants may also acquire E484K mutation that causes a 
significant additional loss of neutralization efficacy by the 
monoclonal and polyclonal antibodies. Collier et al. [36] reported 
a 6-fold and 11-fold decreased sensitivity to immune sera from 
individuals vaccinated with the Pfizer/BioNTech mRNA vaccine 
and convalescent sera respectively in B.1.1.7 variant harboring the 
E484K mutation. Further immune evasion may occur with a 
combination of E484K and various NTD mutations (particularly 
deletions) [37]. 

 
Beta (B.1.351; GH/501Y.V2) 

Tegally et al. [38] detected this variant in South Africa in late 
2020 and was subsequently known as B.1.351. These variants are 
characterized by 17 critical mutations such as seven substitutions 
(D80A, D215G, K417N, E484K, N501Y, D614G, A701V) in the 
spike protein, ORF1a mutations (T265I, K1655N, K3353R, ΔS3675, 
ΔG3676, and ΔF3677), ORF1b mutations (P314L) and ORF3a 
mutation (Q57H) along with N protein (T205I) and E protein (P71L) 
mutations. There are three deletions (Δ241, Δ242, Δ243) in the N5 
loop [39,40]. These variants also possess transmissibility similar to 
the B.1.1.7 variants. Besides increased transmissibility, B.1.351 
variants also show immune escape properties. The B.1.351 variants 
showed a significant decrease in neutralization efficacy by some 
monoclonal antibody therapies. Bamlanivimab-etesevimab showed 
a 45-fold decreased susceptibility, however, casirivimab-imdevimab 
and sotrovimab showed no change in susceptibility [33-35]. There 
is also a moderate reduction in neutralization by convalescent and 
post-vaccination sera [41]. Variants with triple combinations of 
K417N, E484K, and N501Y are responsible for reduced 
susceptibility to vaccine-induced and convalescent sera [40,42]. 
N501Y mutation allows a higher binding affinity for the ACE2 
receptor, whereas K417N and E484K may help in immune escape 
from neutralizing antibodies [43]. Studies from South Africa reported 
that Lys417Asn, Glu484Lys, and Asn501Tyr substitutions in the 
RBD, and Leu18Phe, Asp80Ala, Asp215Gly, 242–244del, and 
Arg246Ile in the NTD of the B.1.351 variant are responsible for 
reduced susceptibility to neutralization by convalescent sera taken 
from individuals exposed to earlier variants, in either live virus or 
pseudo virus neutralization assays [42,44]. Wibmer et al. reported a 
complete loss of neutralizing activity in 48% of the samples [44]. 
Butt et al. [45] reported that patients infected with the B.1.617.2 
variant experience more severe disease compared to the B.1.351 
variant with more hospitalization (27.3% vs 20.0%) and a higher 
odds of experiencing any adverse outcome. However, vaccinations 
are highly protective against severe disease for both variants. 

 
Gamma (P.1; GR/501Y.V3) 

The P.1 variant or the Brazilian variant was reported by Faria et 
al. [46] from Manaus, Brazil in late 2020. Later on, it became the 
predominant variant in Brazil and several other South American 
cities rapidly. The P.1 variants have 17 mutations including three in 
the spike proteins RBDs such as K417T, E484K, and N501Y. Both 
the beta and gamma variants contain the triple mutation 
combinations of K417N, E484K, and N501Y in the critical RBD of 
the S gene except K417 is substituted by N instead of T in the beta 
variant. The gamma variant also differs from SARS-CoV-2 and beta 
variants by the absence of deletion sites in the NTD domain [47]. 
This variant has increased transmissibility and immune escape 
properties. The P.1 variant is 1.7 to 2.4-fold higher transmissible 
than previous (non-P.1) infections. The immunity evasion is 21-46% 
more than the non-P.1 variant. The P.1 variants are 1.2 to 1.9 times 

more likely to result in mortality compared with previous lineages 
[48]. The P.1 variants show a >511-fold decreased susceptibility to 
bamlanivimab-etesevimab but do not show any change in 
susceptibility with casirivimab-imdevimab and sotrovimab [33-35]. 
Convalescent and post-vaccination sera showed a reduced 
neutralization function [48]. In the Manaus areas, 25-61% of the 
people who were already infected with SARS-CoV-2 previously, 
had reinfection. This indicates a high reinfection rate, and the 
mutations confer the ability to escape the anti-SARS-CoV-2 
immune memory established in the previous infection [22]. Wang 
et al. [49] studied the impact of SARS-CoV-2 variant mutations on 
immune escape mechanisms. They found the B.1.351 variant as the 
most resistant to neutralization followed by P.1 and B.1.1.7. The 
B.1.351 variant was resistant to many mAbs and COVID-19 
convalescent plasma (6.9-fold decreased). The triple-mutant 
K417N-E484K-N501Y that is present in the B.1.351 and P.1 
variants showed resistance to class I and II mAbs. The NTD 
supersite mutations such as Y144del and 242-244del seen in B.1.1.7 
and B.1.351 variants substantially reduced the neutralizing efficacy 
to supersite antibodies and convalescent plasma. 

 

Delta (G/478 K.V1; B.1.617.2) 

TheB.1.617.2 variant was first detected in Maharashtra, India, 
in October 2020 and quickly became the dominant variant in India 
and globally until the emergence of the B.1.1.529 variant. The 
B.1.617.2 variant was responsible for the second wave in India. The 
B.1.617 lineage has three sub lineages including B.1.617.1, 
B.1.617.2, and B.1.617.3. The B.1.617.2 variants show increased 
transmissibility compared with the B.1.617.1 [50], a minimal 
reduction in neutralization by mAbs [34,35] and a moderate 
reduction in VE against symptomatic COVID-19 infection without 
significant impact on VE against severe disease.[33,51-53]. 
B.1.617.2 variant is 40-60% more transmissible than B.1.1.7 and 
almost twice as transmissible as the original Wuhan strain [54]. The 
B.1.617.2 variants have replication fitness as the viral loads increase 
rapidly in a person infected with B.1.617.2 variant. Li et al. [55] 
demonstrated that people infected with B.1.617.2 variant developed 
viral loads of 1260 times higher than those for the 2020 infections 
with clade 19A/19B viruses. Moreover, B.1.617.2 variants replicate 
more quickly, making the patient infectious more rapidly. The 
B.1.617.2 variants are associated with an increased severity of the 
disease [50,56] and an increased risk of hospitalization compared 
to the B.1.1.7 cases [56,57]. Sheikh et al. [56] reported a 2-fold rise 
in the risk of COVID-19 hospitalization in those with the B.1.617.2 
variant. The risk of hospitalization was particularly higher in 
patients with five or more comorbidities. Twohig et al. [58] in a 
cohort study from the UK reported a higher hospital admission or 
emergency care attendance risk for patients with COVID-19 
infected with the B.1.617.2variant. Following mutations have been 
identified such as T19R, V70F, T95I, G142D, Δ156, Δ157, R158G, 
A222V, W258L, K417N, L452R, T478K, D614G, P681R, and 
D950N [11,13]. The common signature mutations are D111D, 
G142D, L452R, E484Q, D614G, and P681R located in the spike 
protein. Of these, the mutations at residue positions 452, 484 and 
681 have been reported in other lineages also. The L452R, E484Q, 
and P681R mutations explain the increased transmissibility of this 
variant. The E484Q and P681R mutations also influence the 
antibody binding. Cherian et al. [59] reported the following three 
mutations L452R, E484Q, and P681R, from patients in the second 
wave of COVID-19 in Maharashtra, India. Another sub-lineage of 
B.1.617.2 is the Delta plus variant (AY.1 and B.1.617.2.1) which 
was first detected in April 2021 from India. Later on, it was detected 
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in different parts of the world [60]. The AY.1 sub-lineage has an 
additional K417N mutation in the spike protein. Yadav et al. [61] 
had shown a reduced neutralization titer for the Delta AY.1 sera of 
vaccinees (BBV152/Covaxin) COVID-19 naïve, recovered cases 
with full vaccination and breakthrough cases. The AY.1 sub-lineage 
also shows resistance to the monoclonal antibody cocktails 
(casirivimab and imdevimab and bamlanivimab and etesevimab) 
[62,63]. Several high-prevalence mutations (≥20%) are present in 
a significant number in the Delta Plus variant compared to that in 
the Delta variant. These include G142D, A222V, and T95I mutations 
in the spike protein. Following spike protein mutations such as 
K417N, V70F, and W258L are exclusively present in the Delta Plus 
variant. Moreover, a new mutation in ORF1a (A1146T) was only 
present in the Delta Plus variant with ~58% prevalence [64]. The 
Delta Plus variant may spread more easily than the regular 
B.1.617.2 variant and has a greater affinity to the mucosal lining of
the lungs compared to other variants [62,64]. Another sub-lineage
of the B.1.617.2 variant reported from Vietnam is Delta-V. It
contains deletions at positions H67, V70, and/or Y144 which are
also seen in the B.1.1.7variant [63]. The B.1.617.2 variant was
initially considered a variant of interest on 4th April 2021.
Subsequently on 11th May 2021 WHO classified it as a VOC due to
its rapid spread globally. One of the mechanisms of B.1.617.2
immune evasive function is the 156/157 deletions which remove
amino acidsin the supersite and change the 158th amino acid from
arginine to glycine, thereby eliminating a direct contact point for
antibody binding on the variant [65]. The P681R mutation promotes
cell-to-cell fusion, leading to the formation of larger syncytia, and
has been linked to disease pathogenesis as it makes the virus more
infective [66]. The immune evasion is due to the RBD mutations

L452R, T478K, and E484Q and their combination with NTD 
mutations and deletions, particularly in the case of B.1.617.2.  

Omicron (B.1.1.529 lineage) variant 

Table 1 is showing the characteristics of various VOCs. 
Omicron is now the dominant variant globally characterized by high 
transmissibility and immune escape from most mABs, convalescent 
plasma, and immunity after full vaccination. This new SARS-CoV-
2 variant was first reported from Botswana on 11th November and 
then was detected in South Africa three days later. The WHO labeled 
it variant a VOC on 26th November and named it as Omicron [67]. 
Table 2 is showing the four VOCs and their mutations. 
Subsequently, the omicron variant was identified from different 
parts of the world, rapidly became the dominant strain. This is the 
highly mutated variant so far, containing up to 59 mutations in its 
genome, including 36 occurring within the spike protein [68]. These 
mutations are responsible for increased transmissibility and reduced 
neutralization by vaccine-induced immunity [69]. The RBD within 
the spike protein is one of the main targets of neutralizing 
antibodies, explaining the reduced neutralization efficacy [42,70]. 
Phylogenetic analysis reports that the B.1.1.529 variant is closely 
related to the P.1 variant. Kannan et al. [71] studied the prevalence 
and nature of mutations by using the NextClade CLI and/or an in-
house Python script on the sequences of the B.1.1.529 variant 
downloaded from the GISAID repository. Mutations with a 
prevalence of more than 50% were described as signature mutations. 
They reported 30 signature mutations such as A76V, T95I, Y145del, 
G339D, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, 
Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K,P681H, 

Review

Table 1. Showing the characteristics of various variants of concern. 

Variants Transmissibility Disease severity Evasion of antibodies 

Alpha (UK) 50% to 100% higher transmissibility             More severe illness in few studies. No impact on neutralization by mABs, 
compared to pre-existing lineages [14]          Davies et al. [16] estimated the hazard          but minimal impact to neutralization by 

of death of 55% (95% confidence interval,   convalescent and/or post-vaccination sera 
39-72%) higher than in cases without            [24]. However, E484K and/or various 
SGTF after adjustment NTD mutations (particularly deletions)  

may cause a significant fall in neutralization 
efficacy. [109,110] 

Beta (South Africa)    Increased transmissibility Less severe than Delta variant [37]                Bamlanivimab-etesevimab showed a 45-fold 
decrease in susceptibility. Casirivimab- 

                                                                                                                                                                                       imdevimab and sotrovimab showed no 
change in susceptibility [25-27]. There is 
also a moderate reduction in neutralization by 
convalescent and post-vaccination sera [33] 

Gamma (Brazil)          The P.1 variant is 1.7 to 2.4-fold higher         1.2 to 1.9 times more likely to result in          The immunity evasion is 21-46% more than 
transmissible than previous (non-P.1)            mortality compared with previous lineages    the non-P.1 variant. More than 511-fold 
infection. Increased risk of reinfection           [38] decreased susceptibility to bamlanivimab- 

                                                                                                                                                                                       etesevimab but no change in susceptibility 
with casirivimab-imdevimab and sotrovimab 
[25-27]. Reduced neutralization to  
convalescent and post-vaccination sera [40] 

Delta (India)               40-60% more transmissible than and             Increased severity of the disease [42,48]        Minimal reduction in neutralization by 
almost twice as transmissible as the               and an increased risk of hospitalization          monoclonal antibody therapies. Moderate 
original Wuhan strain [46] [48,49] reduction in vaccine effectiveness against 

symptomatic COVID-19 without significant 
impact against severe disease [33] 

Omicron Highly transmissible, it may cause Less severe disease compared to Delta           Reduced or absent neutralization efficacy by 
increased risk of reinfection/ breakthrough    variant vaccines and monoclonal antibody therapies 
infection
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N764K, D796Y, N856K, Q954H, N969K, L981F, L212I, S371L, 
S373P, S375F,K417N. Out of these 30 mutations, 23 are unique to 
the B.1.1.529 variant. They also reported following nine mutations 
in other genes that are >85% prevalent in the B.1.1.529 variant; 
ORF1a: K856R, ORF1a: L2084I, ORF1a: A2710T, ORF1a: 
T3255I, ORF1a: P3395H, ORF1a: I3758V, ORF1b: P314L, ORF1b: 
I1566V, and ORF9b: P10S. Locations of the mutations in the spike 
protein may affect the binding affinities of antibodies to the spike 
protein. Following mutations located at the S1-S2 furin cleavage 
site in the B.1.1.529variant may also increase transmissibility such 
as H655Y, N679K, and P681H [72]. The infectivity of SARS-CoV-
2 depends on the binding affinity of the ACE2 and RBD complex 
and the furin cleavage site [73]. Using a variety of statistical and 
dynamic modeling approaches, Davies et al. characterized the 
spread of the B.1.1.7 variant in the UK. The authors found that the 
variant is 43 to 90% more transmissible than the predecessor lineage 
but saw no clear evidence for a change in disease severity, although 
enhanced transmission will lead to higher incidence and more 
hospital admissions. Large resurgences of the virus are likely to 
occur after the easing of control measures, and it may be necessary 
to greatly accelerate vaccine roll-out to control the epidemic. 

Therefore, the H655Y, N679K, and P681H mutations located 
at the furin cleavage site and a large number of other RBD 
mutations explain the high infectivity of the omicron variant [74]. 
The R203K and G204R mutations in the nucleocapsid proteins also 
increase the infectivity. The B.1.1.529RBD contains many 
mutations that are shared by the other VOCs [75,76]. B.1.351 and 
P.1 contains three RBD mutations such as K417N, E484K, and 
N501Y that potentially diminished vaccine-induced neutralization 
efficacy [77]. The D614G mutation has been detected in all five 

VOCs [78]. Moreover, the N501Y mutation has also been shared 
with the B.1.351 and P.1 variants and it enhances transmissibility. 
B.1.1.529 also shares two RBD mutations with the B.1.617.2 
variant. These include K417N (a lysine to asparagine substitution 
at amino acid position 417 in the spike protein), and threonine to 
lysine substitution at position 478 (T478K). The K417N mutation 
causes conformational changes in the Spike protein, which may aid 
in immune escape. The K417N mutation is also shared by the beta 
variants. The T478K mutation increases the electrostatic potential 
and steric interference of the residue, leading to an increased RBD 
binding affinity and immune escape [79]. Garcia-Beltran et al. [68] 
reported that the infection rates in the B.1.1.529-spike containing 
pseudo virus were four times higher than in the wild type and twice 
as efficient at infecting cells as B.1.617.2 variant. The B.1.1.529 
variant may evade vaccine-induced humoral immunity and may 
increase the risk of reinfection/breakthrough infection. Compared 
to the previously circulating variants, the B.1.1.529 variant is more 
at ease in causing re-infection in convalescent individuals [73,80]. 
Kumar et al. [81] in a computational analysis had shown a higher 
binding affinity for human ACE2 in the B.1.1.529 variant 
compared to the B.1.617.2 variant due to the presence of a large 
number of mutations in the RBD, indicating a higher potential for 
transmission. They particularly noted Q493R, N501Y, S371L, 
S373P, S375F, Q498R, and T478K as responsible for the high 
binding affinity with ACE2. Moreover, the B.1.1.529 variant unlike 
the B.1.617.2 variant contains a large amount of hydrophobic 
amino acids such as leucine and phenylalanine, responsible for 
structural stability. Another important mechanism of resistance to 
neutralizing antibodies is the G142D mutation and deletion of 
residues 143-145 located in the antibody supersite [82,83]. 
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Table 2. The various mutations and their locations in SARS-CoV-2 variants of concern. 

Nomenclature        Spike protein and other mutations 

Alfa/B.1.1.7                 Spike protein:deletion 69-70, deletion 144, N501Y (RBD), A570D, D614G, P681H (located on the furin cleavage site), T716I (S2 
mutation), S982A (S2 mutation), D1118H (S2 mutation) 

                                    ORF8: Q27PST, R52I, Y73C 
                                    N: D3L, R203K, G204R, S235F 
                                    PLpro: T183I, A890D, I1412T 
                                    nsp6: Δ106-108 
                                    RdRP: P323L 
Beta/B.1.351               Spike protein: D80A, D215G, ΔL242, ΔA243, ΔL244, K417N, E484K, N501Y, D614G, A701V 
                                    nsp2: T85I, nsp6: Δ106-108 
                                    PLpro: K837N 
                                    3CLpro: K90R 
                                    RdRP: P323L 
                                    ORF3a: Q57H, S171L 
                                    E: P71L, N: T205I 
Delta/B.1.617.2           Spike protein: T19R, T95I, G142D, Δ156, Δ157, R158G, L452R, T478K, D614G, P681R (located on the furin cleavage site), and 

D950N (S2 mutation) 
                                    PLpro: A488S, P1228L, P1469S 
                                    nsp4: V167L, T492I, nsp6:T77A, nsp13: P77L, nsp14: A394V 
                                    RdRP: P323L, G671S 
                                    ORF3a: S26L, M: I82T, ORF7a: V82A, T120I, ORF7b: T40I, ORF8: Δ119-120 
                                    N: D63G, R203M, G215C, D377Y 
Gamma/P.1                  Spike protein: L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T1027I 
                                    PLpro: S370L, K977Q 
                                    nsp6: Δ106-108,nsp13:E341D 
                                    RdRP: P323L 
                                    ORF3a: S253P, ORF8: E92K 
                                    N: P80R, R203K, G204R 
3CLpro, 3-chymotrypsin-like cysteine protease; N, nucleocapsid; nsp, non-structural proteins; ORF, open reading frames; PLpro, papain-like protease; RdRp, RNA-dependent 
RNA polymerase.
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Although, B.1.1.529 shows a decreased neutralization from the 
vaccine and prior infection, booster usually restores the protection 
[68]. Liu et al. [84] reported that the B.1.1.529 variants exhibit 
marked resistance to neutralization by serum not only from 
convalescent patients, but also from individuals vaccinated with 
one of the four widely used COVID-19 vaccines 
(BNT162b2/Pfizer, mRNA-1273/Moderna, Ad26.COV2. 
S/Johnson & Johnson, and ChAdOx1 nCoV-19/AstraZeneca). 
There was also a substantially diminished neutralizing activity 
against serum from persons vaccinated and boosted with mRNA-
based vaccines and the neutralizing activity against the majority of 
the monoclonal antibodies was either abolished or impaired. They 
also identified four new spike mutations such as S371L, N440K, 
G446S, and Q493R that confer greater antibody resistance to the 
omicron variants. The S371L mutations cause a global resistance 
to many mAbs. B.1.1.529 variants are fully or largely resistant to 
each of the monoclonal antibodies and against the antibody 
cocktails (casirivimab and imdevimab and etesevimab and 
bamlanivimab). It may be explained by the presence of the 
following mutations such as K417N, N440K, G446S, S477N, 
T478K, E484A, Q493R, G496S, Q498R, N501Y, and Y505H, 
which are located within or close to the epitopes targeted by these 
antibodies. Therefore, the above two monoclonal antibody 
cocktails should not be used against the B.1.1.529 variants [85]. 
However, sotrovimab remains active against B.1.1.529 variants as 
it binds to epitopes not substantially altered by spike protein 
mutations [86]. Unlike the E484A and Y505H mutations having 
significant disruptive effects, the G339D mutation has a mild 
impact on antibody-mediated neutralization as it is located far away 
from the binding interfaces of most known antibodies [74]. Planus 
et al. [87] studied the sensitivity of the B.1.1.529 variant isolated 
in Belgium from a traveler returning from Egypt to 9 monoclonal 
antibodies (mAbs), and to antibodies present in 115 sera from 
COVID-19 vaccine recipients or convalescent individuals. They 
reported a complete or partial resistance to neutralization by all the 
mAbs tested. Similarly, the sera taken from individuals 5 months 
after complete vaccination with Pfizer or AstraZeneca vaccine, or 
convalescent sera showed drastically reduced neutralization. 
However, administration of a booster Pfizer dose generated an anti-
Omicron neutralizing response, with titers 6 to 23-fold lower 
against Omicron than against Delta. The B.1.1.529 variant may also 
affect the diagnostic accuracy of the RT-PCR test. Testing with 
Thermo Fischer TaqPath RT-PCR COVID-19 assay had shown a 
specific SGTF or “S gene dropout” [69]. This is due to Δ69/Δ70 of 
the spike sequence as previously observed with the B.1.1.7variant 
[88]. Therefore, it is important to target at least two different 
genomic regions of the SARS-CoV-2 sequence to prevent false 
negativity of tests. However, SGTF can be used as a surrogate 
marker to suspect a B.1.1.529 infection in the present context. The 
SGTF has been reported with the BA.1 lineage.  

Epidemiologically, B.1.1.529 is a highly transmissible variant 
showing a significant replication advantage, higher secondary attack 
rates, and a higher observed reproduction number compared to 
B.1.617.2 variant [89]. The doubling time reported from Gauteng 
province, South Africa and the UK was 3.38 days [CI 95%: 3.18–
3.61 day] and 2-2.5 d, respectively with the basic reproduction 
number (R0) above 3 [90,91]. The high R0 is responsible for rapid 
spread and explains why the B.1.1.529 variant has become the 
dominant strain globally. The high R0 is not only due to its increased 
transmissibility but also due to its immune evasion phenomenon 
[92]. Studies of households and contacts in the UK reported a higher 
risk of transmission to contacts from aB.1.1.529 index cases 
compared to B.1.617.2 index cases [93]. The adjusted odds ratio 

(aOR) of transmission from a B.1.1.529 index case compared to a 
B.1.617.2 index was 2.9 )95% CI: 2.4-3.5), aOR of the risk of a 
close contact becoming a secondary case was 1.96 (95% CI: 1.77-
2.16). The household secondary attack rate estimated using routine 
contact tracing data for B.1.1.529 and B.1.617.2 was 15.8% (95% 
CI: 14.3%-17.5%) and 10.3% (95% CI: 10.1%-10.5%) respectively. 
Preliminary data suggested a significantly lower risk of 
hospitalization, serious disease, and death in patients with B.1.1.529 
infections as compared to B.1.617.2 infections [94-98]. 

Abdullah et al. [99] published the clinical profiles of patients 
admitted with B.1.1.529 variant in Tshwane, Gauteng Province, 
South Africa. They compared the clinical profile of 466 hospitalized 
patients admitted since 14th November 2021 with B.1.1.529 and 
compared it with 3962 admissions in the previous waves. The rates 
of ICU admissions (1% vs 4.3%, p<0.00001), in-hospital death 
(4.5% vs 21.3%, p<0.00001) and length of hospital stay (4.0 days vs 
8.8 days) were lower among the 466 patients hospitalized with 
COVID-19 during the B.1.1.529surge compared with hospitalized 
patients from earlier surges. The average age was also lower during 
the B.1.1.529 surge (39 versus 50 years). Wolter et al. [94] reported 
an increased number of SGTF infections from 3% in early October 
to 98% in early December 2021. There were also lower odds of 
hospitalization among individuals with SGTF infection compared to 
non-SGTF infections (aOR 0.2, 95% CI: 0.1-0.3) on multivariable 
analysis. However, the severity of the disease among hospitalized 
patients did not differ between SGTF-infected individuals compared 
to non-SGTF individuals diagnosed during the same period (aOR 
0.7, 95% CI: 0.3-1.4). When compared with B.1.617.2 infections, 
SGTF-infected individuals had lower odds of severe disease (aOR 
0.3, 95% CI: 0.2-0.5). Maslo et al. [100] from South Africa evaluated 
the clinical characteristics of hospitalized patients with SARS-CoV-
2 infection during the fourth wave and compared it with previous 
waves. The hospitalization rate was 41.3% in the fourth wave 
compared to 68% to 69% in the first 3 waves. Hospitalized patients 
in the 4th wave were significantly younger (median age, 36 years vs 
maximum 59 years in wave 3; p<0.001) and female predominance. 
A significantly lesser number of patients were hospitalized with an 
acute respiratory condition in the 4th wave (31.6% in wave 4 vs 
maximum of 91.2% in wave 3, p<0.001). Patients hospitalized in the 
4th wave had a significantly decreased requirement of oxygen therapy 
(17.6% in wave 4 vs 74% in wave 3, p<0.001), significantly 
decreased requirement of mechanical ventilation and admission to 
intensive care. They also observed reduced mortality during the 
fourth wave i.e.,19.7% in wave 1 and 29.1% in wave 3 and 2.7% in 
wave 4. Similarly, a study from the UK reported that omicron was 
associated with approximately one-third the risk of hospital 
admission compared with B.1.617.2, irrespective of age, sex, 
vaccination status, and prior infection [101]. However, it is not clear 
whether the lower severity is due to the B.1.1.529 variant itself or 
the herd immunity at the population level due to prior vaccination 
and/or infection. McMahan et al. [102] in an animal study done on 
Syrian golden hamsters had shown that the spike protein variant 
resulted in more robust upper respiratory tract infection but less 
severe lower respiratory tract infection and milder clinical features 
(e.g., weight loss) compared with prior SARS-CoV-2 variants. 
Infection of Syrian golden hamsters with the SARS-CoV-2 
WA1/2020, Beta, or Delta strains led to 4-10% weight loss by day 4 
and 10-17% weight loss by day 6, but the B.1.1.529infection did not 
show any detectable weight loss, even at high challenge doses. 
However, despite being a milder infection compared with previous 
COVID-19 variants, the sheer number of cases due to increased 
transmissibility may result in high rates of hospitalization and may 
compromise the overburdened healthcare system. 

                 Review

Non
-co

mmerc
ial

 us
e o

nly



Omicron sublineages 
The SARS-CoV-2 B.1.1.529 lineage is divided further into sub-

lineages: BA.1, BA.1.1, BA.2, BA.3, BA.4 and BA.5 [103]. The 
BA.1 (B.1.1.529.1) is the original SARS-CoV-2 omicron variant and 
is characterized by increased transmissibility and reduced severity of 
infection compared to the Delta strain. The BA.2 lineage has fewer 
mutations on spike proteins compared to BA.1 lineage. People 
infected with BA.2 lineage have greater infective power than people 
with BA.1 [104]. These large number of mutations over spike proteins 
might have compromised BA.1 ability to infect in contrast to fewer 
mutations in BA.2 lineages which explains its good transmissibility 
[104]. The BA.2 lineage does not develop SGTF due to a lack of 
deletions in position 69-70 [105]. The SGTF in the B.1.1.529 variant 
may lead to a delayed diagnosis and spread of infection. B.1.1.529 
infection has also been shown to enhance the B.1.617.2 strain 
neutralization by 4.4 fold [106]. The sub-lineages BA.1 and BA.2 
have shown reduced neutralization by sera from individuals with prior 
infection or from individuals vaccinated. The sublineages BA.1 have 
shown a reduced or absent neutralization efficacy by vaccines and 
monoclonal antibody therapies e.g., bamlanivimab-etesevimab, 
casirivimab-imdevimab, and tixagevimab-cilgavimab. However, 
sotrovimab and bebtelovimab show no change in susceptibility 
[34,35,107-109]. The BA.2 sublineage similarly shows a significant 
reduction in neutralization by certain monoclonal antibodies such as 
sotrovimab and casirivimab-imdevimab. However, bebtelovimab and 
tixagevimab-cilgavimab retained activity [34,35,107-109]. 
Sublineages BA.4 and BA.5 showed an uncertain impact on 
transmissibility compared with other Omicron sublineages. However, 
they have a similar disease severity as other Omicron sublineages. 
The sub-lineages BA.4 and BA.5 showed a reduced neutralization by 
sera from individuals with prior infection or from individuals 
vaccinated. However, vaccination with a booster dose appears to 
restore some neutralizing activity but to lower levels than with BA.1 
and BA.2. Against these sub-lineages, only bebtelovimab and 
tixagevimab-cilgavimab retained activity [110]. Another Omicron 
variant BA.2.75 also known as “Centaurus” has been detected first 
in India in early May 2022 and was detected later on in UK, USA, 
Australia, Germany and Canada [111]. This variant has a potentially 
more transmissible power. However, it needs more surveillance and 
study. Clinically, patients infected with the Omicron BA.2.75 or 
Centaurus variant have shown mild headache, mild fever, shivering, 
minor cough, and cold symptoms [112]. Takashita et al. [110] recently 
studied the efficacy of monoclonal antibodies and antiviral drugs 
against the Omicron subvariants in vitro. They used strains BA.1, 
BA.1.1, BA.2, BA.2.12.1, BA.4, and BA.5. The casirivimab and 
imdevimab combination is inactive against sublineages BA.1, BA.1.1 
(>1013-fold decrease in susceptibility). However, against sublineages 
BA.2.12.1, BA.4, and BA.5, the combination showed a reduced 
efficacy. Tixagevimab-cilgavimab combination shows a reduced 
activity against BA.1 and BA.1.1 (12- to 30-fold decrease in 
susceptibility for BA.1 and 176-fold decrease for BA.1.1). The value 
against BA.2 is a 5.4-fold decrease so likely active. Compared with 
the ancestral strain, the 50% focus reduction neutralization testing 
(FRNT50) value was higher by a factor of 6.1 against BA.2.12.1, by 
a factor of6.0 against BA.4, and by a factor of 30.7 against BA.5. 
Sotrovimab was unlikely to be effective against BA.2, BA.2.12.1, 
BA.4 and BA.5 but is effective against the BA.1 variants. 
Bebtelovimab, however, was effective against all the lineages of 
Omicron. Similarly, Iketani et al. [113] studied the antibody-evasion 
properties of Omicron sublineages. Continuing surveillance of the 
evolution of Omicron has since revealed the rise in prevalence of two 
sublineages, BA.1 with an R346K alteration (BA.1+R346K, also 

known as BA.1.1) and B.1.1.529.2 (BA.2), with the latter containing 
8 unique spike alterations and lacking 13 spike alterations found in 
BA.1. Here we extended our studies to include antigenic 
characterization of these new sublineages and demonstrated a 
substantial loss in neutralizing activity against both BA.1.1 and BA.2. 
The BA.2 variants also showed marked resistance sotrovimab but 
retained neutralization activity against BA.1 and BA.1.1 sublineages. 
Therefore, except bebtelovimab, other monoclonal antibodies do not 
cover all sublineages of the Omicron variant. Table 3 is showing 
various mutations and their locations in SARS-CoV-2 variants of 
concern [114]. 

 
Vaccine effectiveness  

Table 4 is showing vaccine efficacy against the VOCs. The 
ChAdOx1 nCoV-19 (AstraZeneca) vaccine showed 70.4% 
effectiveness against the B.1.1.7 variant, however, there is a reduced 
neutralization activity against the B.1.1.7 variant compared to a non-
B.1.1.7 variant [115]. Bernal et al. [52] evaluated the effectiveness 
of two COVID-19 vaccines, BNT162b2 vaccine (Pfizer-BioNTech) 
and ChAdOx1 nCoV-19 (AstraZeneca), against symptomatic 
disease caused by the B.1.617.2 or other variants. They reported 
lower effectiveness after one dose of vaccine (BNT162b2 or 
ChAdOx1 nCoV-19) among persons infected with the B.1.617.2 
variant (30.7%; 95% CI, 25.2 to 35.7) than among those infected 
with B.1.1.7variant (48.7%; 95% CI, 45.5 to 51.7). The vaccine 
effectiveness (VE) of the two-dose BNT162b2 vaccine was 93.7% 
(95% CI, 91.6 to 95.3) among persons with the B.1.1.7variant and 
88.0% (95% CI, 85.3 to 90.1) among those with the B.1.617.2 
variant. The two-dose ChAdOx1 nCoV-19 vaccine showed a 74.5% 
(95% CI, 68.4 to 79.4) and 67.0% (95% CI, 61.3 to 71.8) 
effectiveness against the B.1.1.7and B.1.617.2 variants respectively. 
Abu-Raddad et al. [116] reported VE at 14 or more days after the 
second dose of BNT162b2 Covid-19 Vaccine against any 
documented infection with the B.1.1.7 variant as 89.5% (95% CI, 
85.9 to 92.3). The VE against any documented infection with the 
B.1.351 variant was 75.0% (95% CI, 70.5 to 78.9) and against 
severe, critical, or fatal disease due to infection with B.1.1.7 and 
B.1.351 variants was 97.4% (95% CI, 92.2 to 99.5).  

The VE of two-dose mRNA-1273 (Moderna COVID-19 vaccine) 
is 98.4% (96.9% to 99.1%) against B. 1.1.7 variant [117]. Moreover, 
the waning of VE was less pronounced for non-delta variants. The 
two-dose vaccine showed a VE against infection with the B.1.617.2 
variant of 86.7% (95% CI 84.3% to 88.7%) and against hospital 
admission with the B.1.617.2 variant, the VE was 97.5% (92.7% to 
99.2%). The VE against B.1.617.2 infection also waned from 94.1% 
at 14-60 days after vaccination to 80.0% after 151-180 days of 
vaccination [117]. Against the B.1.617.2 variant, the mRNA vaccine 
is highly effective. In contrast, the ChAdOx1 (AstraZeneca) and 
Ad26.CoV2-S (Johnson & Johnson) vaccine was 60% effective 
against B.1.617.2 infection [118]. The Novavax vaccine showed 
approximately 86% protection against infection in the UK 
(predominantly the B.1.1.7 variant) and against the B.1.351 variant, 
VE was 50% [119]. Against the B.1.351 variant, the two-dose 
ChAdOx1 (AstraZeneca) vaccine showed only 10.4% protection 
against mild-to-moderate disease [120]. The mRNA-1273 (Moderna) 
vaccine two-dose showed VE of 100% against B.1.1.7 variant ≥14 
days after the second dose. The VE against the B.1.351 infection was 
61.3% after the first dose and 96.4% after the second dose. 
Effectiveness against any severe, critical, or fatal COVID-19 disease 
(predominantly B.1.1.7 and B.1.351) was 95.7% after the second dose 
[121]. The single-dose Ad26.CoV2-S (Johnson & Johnson) vaccine 
showed 64% protection against moderate-to-severe disease in South 
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Africa (dominated by the B.1.351 variant), 66% protection against 
moderate-to-severe disease in the USA (mainly the Wuhan-1 variant 
with D614G), and 68% protection against the P.1 variant (at least 28 
days after administration) [105]. The ChAdOx1 nCoV-19 
(AstraZeneca) vaccine showed a VE of 64% against the P.1 variant, 
however, only 18 cases were enrolled for analysis [122]. The 
protection occurs despite the presence of the spike protein mutation 
E484K. The authors proposed that there would be a minimal 
reduction in protection when E484K mutation occurs isolated. The 
BNT162b2 Covid-19 Vaccine showed no evidence of reduced 
protection against the P.1 variant. Wu et al. [123] reported that the 
mRNA-1273 (Moderna) vaccine had no significant effect on 
neutralization against the B.1.1.7 variant. However, against the P.1 
variant, B.1.1.7+E484K variant, and B.1.351 variant, reduced titers 
of neutralizing antibodies were observed and the B.1.351 variant 
showed the largest effect on neutralization. Andrews et al. [124] 
evaluated the VE against symptomatic disease caused by the Omicron 

and Delta variants in England and reported no effect after the two-
dose ChAdOx1 vaccine against Omicron infection. After two-dose 
BNT162b2 vaccine, VE was 88.0% at 2-9 weeks after the second 
dose and it dropped to between 34 and 37% from 15 weeks post-
second dose. However, from two weeks after a BNT162b2 booster 
dose, the VE increased to 71.4% for ChAdOx1 primary course 
recipients and 75.5% for BNT162b2 primary course recipients. The 
VE was 41.8% and 63.5% against Delta after two ChAdOx1 and 
BNT162b2 doses and increased to 93.8% and 92.6% two weeks after 
the BNT162b2 booster. 

Collie et al. [125] reported a BNT162b2 (Pfizer-BioNTech) VE 
of 70% during the proxy omicron period which is significantly 
different from the comparator period when the rate was 93% against 
hospitalization. Khoury et al. [126] in a meta-analysis observed that 
the VE six months after primary immunization with an mRNA 
vaccine for Omicron was 40% against symptomatic disease and 80% 
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Table 3. The various mutations and their locations in SARS-CoV-2 Omicron variants. 
 
Omicron/B.1.1.529 BA.1 sub-lineage:           Spike protein: A67V, Δ69-70, T95I, G142D, Δ143-145, N211I, Δ212, R214ins, G339D, S371L, S373P, S375F, 

K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, 
H655Y, N764K, N679K (Mutations just upstream of the S1/S2 furin cleavage site), P681H (proximal to the 
S1/S2 furin cleavage site) D796Y, N856K, Q954H, N969K, L981F 

                                                                         ORF1a: K856R, L2084I, A2710T, T3255I, P3395H, I3758V 
                                                                         ORF1b: P314L, I1566V, P10S 
                                                                         PLpro: K38R, S1265I, Δ1266, A1892T 
                                                                         nsp4: T492I, 3CLpro:P132H, nsp6: Δ105-107, I189V,nsp14:I42V 
                                                                         RdRP: P323L 
                                                                         E: T9I, M: D3G, Q19E, A63T, N: P13L, Δ31-33, R203K, G204R 
Omicron/B.1.1.529 BA.2 sub-lineage             Spike protein: T19I, L24S, Δ25-27, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S,  
                                                                         K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K (just  
                                                                         upstream of the S1/S2 furin cleavage), P681H (proximal to the S1/S2 furin cleavage site), N764K, D796Y,  
                                                                         Q954H, N969K 
                                                                         nsp1: S135R, nsp4: L264F, T327I, L438F, T492I, nsp6: Δ106-108, nsp13: R392C, nsp14: I42V, nsp15: T112I 
                                                                         PLpro: T24I, G489S 
                                                                         3CLpro: P132H 
                                                                         RdRP: P323L 
                                                                         ORF3a: T223I, E: T9I, M: Q19E, A63T, ORF6: D61L 
                                                                         N: P13L, Δ31-33, R203K, G204R, S413R 
Omicron/B.1.1.529 BA.2.75 sub-lineage       Spike protein: T19I, L24S, Δ25-27, G142D, K147E, W152R, F157L, I210V, V213G, G257S, G339H, S371F,  
                                                                         S373P, S375F, T376A, D405N, R408S, K417N, N440K, G446S, N460K, S477N, T478K, E484A, Q498R,  
                                                                         N501Y, Y505H, D614G, H655Y, N679K, P681H (Furin cleavage site), N764K, D796Y, Q954H, N969K 
                                                                         nsp1: S135R, nsp4: L264F, T327I, L438F, T492I, nsp6: Δ106-108, nsp14: I42V, nsp15: T112I 
                                                                         PLpro: T24I, S403L, G489S, D821S, 3CLpro: P132H, RdRP: P323L, G671S, nsp13: R392C 
                                                                         ORF3a: T223I, E: T9I, M: Q19E, A63T, ORF6: D61L, N: P13L, Δ31-33, R203K, G204R, S413R 
Omicron/B.1.1.529 BA.4sub-lineage              Spike protein: V3G, T19I, L24S, Δ25-27, Δ69-70, G142D, V213G, G339D, S371F, S373P, S375F, T376A,  
                                                                         D405N, R408S, K417N, N440K, L452R, S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G,  
                                                                         H655Y, N679K, P681H (Furin cleavage site), N764K, D796Y, Q954H, N969K 
                                                                         nsp1: S135R, Δ141-143, nsp6: Δ106-108, nsp13: R392C, nsp14: I42V, nsp15: T112I 
                                                                         PLpro: T24I, G489S, nsp4: L264F, T327I, T492I 
                                                                         3CLpro: P132H 
                                                                         RdRP: P323L 
                                                                         ORF3a: T223I, E: T9I, M: Q19E, A63T, ORF6: D61L, ORF7b: L11F, N: P13L, Δ31-33, P151S, R203K,  
                                                                         G204R, S413R 
Omicron/B.1.1.529 BA.5 sub-lineage             Spike protein: T19I, L24S, Δ25-27, Δ69-70, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, 

R408S, K417N, N440K, L452R, S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, 
N679K, P681H (Furin cleavage site), N764K, D796Y, Q954H, N969K 

                                                                         nsp1: S135R, nsp4: L264F, T327I, T492I, nsp6: Δ106-108, nsp13: R392C, nsp14: I42V, nsp15: T112I 
                                                                         PLpro: T24I, G489S 
                                                                         3CLpro: P132H 
                                                                         RdRP: P323L 
                                                                         ORF3a: T223I, E: T9I, M: D3N, Q19E, A63T, N: P13L, Δ31-33, R203K, G204R, S413R
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against severe disease. A booster dose with an existing mRNA vaccine 
showed an efficacy of 86.2% (95% CI: 72.6-94) against symptomatic 
infection and 98.2% (95% CI: 90.2-99.7) against severe infection. 
Similarly, in a matched case-control study, Tseng et al. [127] assessed 
VE of mRNA-1273 against infection and hospitalization with 
omicron or delta in a large, diverse Southern California population. 
The two-dose vaccine effectiveness against Omicron was showed 
42.8% (95% CI, 33.8%-50.7%) and it waned rapidly. However, after 
the 3rd dose, VE was 67.7% (65.5%-69.7%) against omicron 
infection. The VE falls further in immunocompromised individuals, 
21.7% (0.0%-45.0%). Garcia-Beltran et al. [51] measured the 
neutralization potency of sera from 88 mRNA-1273 
(Moderna),111BNT162b2 (Pfizer-BioNTech), and 40 Ad26.COV2. 
S (Johnson & Johnson/Janssen) vaccine recipients against the wild 
type, Delta, and Omicron SARS-CoV-2 pseudoviruses. They reported 
an undetectable neutralization efficacy in the majority of vaccinated 
persons. Despite an immune escape from humoral immunity, vaccines 
may ameliorate the disease severity of breakthrough infections via 
pre-existing cellular and innate immunity. Moreover, a booster dose 
of the mRNA vaccines showed a potent neutralization efficacy (4-6-
fold lower than wild type) by individuals with the Omicron variant. 
It indicates the importance of booster doses in tackling the Omicron 
variant. The South African Phase 3b Sisonke study showed a 
homologous (same vaccine) booster shot of theAd26.COV2.S 
(Johnson & Johnson/Janssen) vaccine demonstrated 85% 
effectiveness against COVID-19-related hospitalization among 
healthcare workers after Omicron became the dominant variant [128]. 

One important aspect of the COVID-19 vaccine benefit is the issue 
of waning vaccine protection. Therefore, duration of protection is an 
important component to decide pandemic policy interventions such as 
the need for and timing of booster doses. In the SARS-CoV-2 
Immunity and Reinfection Evaluation (SIREN) study involving 
asymptomatic healthcare workers, Hall et al. [129] estimated VE after 
two doses of COVID-19 vaccine, according to the type of vaccine and 

dosing interval, in participants without previous infection. The 
majority of participants (95%) had received two doses (78% had 
received BNT162b2 vaccine with a long interval between doses, 9% 
BNT162b2 vaccine with a short interval between doses, and 8% 
ChAdOx1 nCoV-19 vaccine). The vaccine effectiveness of the long-
interval BNT162b2 vaccine among previously uninfected participants 
increased from 85% 14 to 73 days post second dose to 51% at a median 
of 201 days (interquartile range, 197 to 205) after the second dose. 
Among the recipient of ChAdOx1 nCoV-19 vaccine, the adjusted 
vaccine effectiveness at 14 to 73 days after the second dose was 58%.  

In a retrospective, population-based cohort study in Brazil and 
Scotland enrolling 1,972,454 adults in Scotland and 42,558,839 in 
Brazil who received two doses of ChAdOx1 nCoV-19, Katikireddi 
et al. [130] reported that in Scotland, VE decreased from 83·7% at 
2 to 3 weeks, to 75.9% at 14 to 15 weeks, and 63.7% at 18 to 19 
weeks. The corresponding figures in Brazil were 86.4%, 59.7%, and 
42.2% at 2 to 3 weeks, 14 to 15 weeks, and 18 to 19 weeks 
respectively. The waning VE of ChAdOx1 nCoV-19 against 
COVID-19 hospital admissions and deaths developed within three 
months of the second vaccine dose. In a systematic review and 
meta-regression analysis, Feikin et al. [131] analyzed the duration 
of protection of COVID-19 vaccines against various clinical 
outcomes. They reported a decreased in protection against SARS-
CoV-2 infection by 21.0% (95% CI 13.9-29.8) over a 6-month 
period from full vaccination across all ages and for all investigated 
vaccine types (Pfizer–BioNTechComirnaty, Moderna-mRNA-1273, 
Janssen-Ad26.COV2.S, and AstraZeneca-Vaxzevria). For severe 
COVID-19 disease, vaccine efficacy or effectiveness was decreased 
by 10 percentage points (95% CI 6.1-15.4) in people of all ages and 
9.5 percentage points (5.7-14.6) in older people. However, vaccine 
efficacy or effectiveness against severe disease remained greater 
than 70% for 6 months. Against symptomatic COVID-19 disease, 
vaccine efficacy or effectiveness decreased by 24·9 percentage 
points (95% CI 13·4–41·6) in people of all ages.  
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Table 4. Vaccine efficacy against the variants of concern. 

                                ChAdOx1 nCoV-19       BNT162b2 vaccine        mRNA-1273                     Ad26.CoV2-S                Novavax vaccine 
                                (AstraZeneca)                 (Pfizer–BioNTech)        (Moderna) vaccine          (Johnson & Johnson)    

B.1.1.7                        70.4% effectiveness [9]        Single dose: 48.7% -           Two doses: 98.4% [101]        69.7% [105]                        86% [103] 
                                                                                   two doses: 93.7% [43] 
B.1.351                       Two-dose: 10.4% [104]         VE: 75.0% and against       After first dose: 61.3%           64% protection against        50% [103] 
                                                                                   severe, critical, or fatal        After second dose: 96.4%.     moderate-to-severe 
                                                                                   disease, VE 97.4% [100]     Effectiveness against any       disease [105] 
                                                                                                                                 severe, critical or fatal  
                                                                                                                                 COVID-19 disease: 95.7% 
                                                                                                                                 after the second dose [105] 
P.1                               64% [187]                             No evidence of reduced                                                       68% [105] 
                                                                                   protection 
B.1.617.2                    Two doses:67.0% [43]          Single dose: 30.7% -           Two doses: 86.7% and            60% [102] 
                                                                                   two doses: 88.0% [43]        against hospital admission  
                                                                                                                                 97.5% [101] 
B.1.1.529                   No effect after two doses.     70% efficacy against            After two doses:                     VE: 85% against  
                                    Two weeks after a                 hospitalization [109].           VE 42.8% and after the         COVID-19-related 
                                    BNT162b2 booster dose,      Second dose: VE 88.0%      3rd dose, VE was 67.7%         hospitalization [112] 
                                    the VE increased to               at 2-9 weeks and dropped   (65.5%-69.7%) 
                                    71.4% [108]                          between 34 and 37%           Immunocompromised 
                                                                                   from 15 weeks post             individuals: 21.7% [111] 
                                                                                   second dose. After a  
                                                                                   booster dose, the VE  
                                                                                   increased to 75.5% [108]
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Limitations 
COVID-19 variants are explosive and rapidly evolving areas. 

Newer variants have been detected many times in the past and will 
be detected in the future also. Therefore, this topic always needs 
modification in the future as it will become antiquated due to 
explosive scientific growth in this field. 

 
 

Conclusions 
The severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) is evolving continuously since the beginning of the 
pandemic and several different variants of concern (VOC) have 
been identified from various parts of the world. The VOCs are 
characterized by an increased transmissibility compared to the 
original Wuhan strain. The VOCs differ from each other in terms of 
infectivity, transmissibility, disease severity, re-infectivity and 
evasion of immune responses induced by vaccine and natural 
infection. The VOCs are also differed from each other in terms of 
location and number of mutations. We need to constantly monitor 
the emergence of newer mutations and understand their impact for 
a robust public health response in the future. 

 
 

References 
  1. Cui J, Li F, Shi ZL. Origin and evolution of pathogenic 

coronaviruses. Nat Rev Microbiol 2019;17:181-92. 
  2. Jackson CB, Farzan M, Chen B, Choe H. Mechanisms of SARS-

CoV-2 entry into cells. Nat Rev Mol Cell Biol 2022;23:3-20. 
  3. Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-

2 cell entry depends on ACE2 and TMPRSS2 and is blocked by 
a clinically proven protease inhibitor. Cell 2020;181:271-80. 

  4. Yang N, Shen HM. Targeting the endocytic pathway and 
autophagy process as a novel therapeutic strategy in COVID-19. 
Int J Biol Sci 2020;16:1724-31. 

  5. Kawase M, Shirato K, van der Hoek L, et al. Simultaneous 
treatment of human bronchial epithelial cells with serine and 
cysteine protease inhibitors prevents severe acute respiratory 
syndrome coronavirus entry. J Virol 2012;86:6537-45. 

  6. Chen Y, Liu Q, Guo D. Emerging coronaviruses: genome 
structure, replication, and pathogenesis. J Med Virol 2020;92: 
418-23. 

  7. Moeller NH, Shi K, Demir Ö, et al. Structure and dynamics of 
SARS-CoV-2 proofreading exoribonuclease ExoN. Proc Natl 
Acad Sci USA 2022;119:e2106379119. 

  8. Robson F, Khan KS, Le TK, et al. Coronavirus RNA 
proofreading: Molecular basis and therapeutic targeting. Mol 
Cell 2020;79:710-27.  

  9. Denison MR, Graham RL, Donaldson EF, et al. Coronaviruses: 
an RNA proofreading machine regulates replication fidelity and 
diversity. RNA Biol. 2011;8:270-9. 

10. Zhou P, Yang X-L, Wang X-G, et al. A pneumonia outbreak 
associated with a new coronavirus of probable bat origin. Nature 
2020;579:270-3. 

11. World Health Organization. Tracking SARS-CoV-2 variants. 
Accessed on: 25 June 2021. Available from: https://www.who. 
int/en/activities/tracking-SARS-CoV-2-variants/  

12. Srivastava S, Banu S, Singh P, et al. SARS-CoV-2 genomics: An 
Indian perspective on sequencing viral variants. J Biosci 
2021;46:22. 

13. Centers for Disease Control and Prevention. SARS-CoV-2 

variant classifications and definitions. Accessed on: 25 June 
2021. Available from: https://www.cdc.gov/coronavirus/2019-
ncov/variants/variant-info.html  

14. Callaway E. The coronavirus is mutating - does it matter? Nature 
2020;585:174-7. 

15. American Society for Microbiology. Biography Ashley Hagen, 
M.S. Science Communications Specialist. Accessed on: 25 June 
2021. Available from: https://asm.org/Biographies/Ashley-
Hagen  

16. Cella E, Benedetti F, Fabris S, et al. SARS-CoV-2 Lineages and 
sub-lineages circulating worldwide: A dynamic overview. 
Chemotherapy 2021;66:3-7.  

17. World Health Organization. Global consultation on a decision 
framework for assessing the impact of SARS-CoV-2 variants of 
concern on public health interventions. Accessed on: 1 
December 2021. Available from: https://www.who.int/news-
room/events/detail/2021/03/29/default-calendar/global-consultat
ion-on-a-decision-framework-for-assessing-the-impact-of-sars-
cov-2-variants-of-concern-on-public-health-interventionsDavies 
NG, Abbott S, Barnard RC, et al. Estimated transmissibility and 
impact of SARS-CoV-2 lineage B.1.1.7 in England.  Science 
2021;372:6538. 

19. European Centre for Disease Prevention and Control. Rapid 
increase of a SARS-CoV-2 variant with multiple spike protein 
mutations observed in the United Kingdom, December 2020. 
Accessed on: 1 December 2021. Available from: https:// 
www.ecdc.europa.eu/sites/default/files/documents/SARS-CoV-
2-variant-multiple-spike-protein-mutations-United-Kingdom.pdf  

20. Horby P, Huntley C, Davies N, et al. NERVTAG note on B.1.1.7 
severity. Available from: https://depts.washington.edu/ 
pandemicalliance/2021/01/25/nervtag-note-on-b-1-1-7-severity/  

21. Volz E, Mishra S, Chand M, et al. Assessing transmissibility 
of SARS-CoV-2 lineage B.1.1.7 in England. Nature 2021;593: 
266-9. 

22. Li R, Liu J, Zhang H. The challenge of emerging SARS-CoV-2 
mutants to vaccine development. J Genet Genomics 2021;48: 
102-6.  

23. Davies NG, Jarvis CI, CMMID COVID-19 Working Group, et 
al. Increased mortality in community-tested cases of SARS-CoV-
2 lineage B.1.1.7. Nature 2021;593:270–4. 

24. Shen X, Tang H, McDanal C, et al. SARS-CoV-2 variant B.1.1.7 
is susceptible to neutralizing antibodies elicited by ancestral 
spike vaccines. Cell Host Microbe  2021;29:529-39.e3.  

25. Liu H, Zhang Q, Wei P, et al. The basis of a more contagious 
501Y.V1 variant of SARS-COV-2. Cell Res 2021;31:720-2. 

26. Wang P, Nair MS, Liu L, et al. Antibody resistance of SARS-
CoV-2 variants B.1.351 and B.1.1.7. Nature 2021;593:130-5. 

27. Santos JC, Passos GA. The high infectivity of SARS-CoV-2 
B.1.1.7 is associated with increased interaction force between 
spike-ACE2 caused by the viral N501Y mutation. bioRxiv 
2020.12.29.424708. 

28. Gupta RK. Will SARS-CoV-2 variants of concern affect the 
promise of vaccines? Nat Rev Immunol 2021;21:340-1.  

29. Thakur V, Bhola S, Thakur P, et al. Waves and variants of SARS-
CoV-2: understanding the causes and effect of the COVID-19 
catastrophe. Infection 2022;50:309-25. 

30. Mccarthy KR, Rennick LJ, Nambulli S, et al. Natural deletions 
in the SARS-CoV-2 spike glycoprotein drive antibody escape. 
Science 2021;371:1139-42. 

31. Otto SP, Day T, Arino J, et al. The origins and potential future of 
SARS-CoV-2 variants of concern in the evolving COVID-19 
pandemic. Curr Biol 2021;31:R918-29. 

32. Rees-Spear C, Muir L, Griffith SA, et al. The effect of spike 

                 Review

Non
-co

mmerc
ial

 us
e o

nly



mutations on SARS-CoV-2 neutralization. Cell Rep 2021;34: 
108890. 

33. US Food and Drug Administration. Fact sheet for health care 
providers emergency use authorization (EUA) of bamlanivimab 
and etesevimab. Accessed on: 21 December 2021 Available 
from: https://www.fda.gov/media/145802/download 

34. US Food and Drug Administration. Fact sheet for health care 
providers emergency use authorization (EUA) of REGEN-COV 
(casirivimab with imdevimab). Accessed on: 21 December 2021 
Available from: https://www.fda.gov/media/145611/download 

35. US Food and Drug Administration. Fact sheet for health care 
providers emergency use authorization (EUA) of sotrovimab. 
Accessed on: 21 December 2021 Available from: https://www. 
fda.gov/media/149534/download  

36. Collier DA, De Marco A, Ferreira IATM, et al. Sensitivity of 
SARS-CoV-2 B.1.1.7 to mRNA vaccine-elicited antibodies. 
Nature 2021;593:136-41. 

37. Andreano E, Piccini G, Licastro D, et al. SARS-CoV-2 escape 
in vitro from a highly neutralizing COVID-19 convalescent 
plasma. Proc Natl Acad Sci USA 2021;118:e2103154118.  

38. Tegally H, Wilkinson E, Giovanetti M, et al. Detection of a 
SARS-CoV-2 variant of concern in South Africa. Nature 
2021;592:438-43.  

39. Dubey A, Choudhary S, Kumar P, Tomar S. Emerging SARS-
CoV-2 variants: Genetic variability and clinical implications. 
Curr Microbiol 2021;79:20. 

40. Chakraborty C, Bhattacharya M, Sharma AR. Present variants 
of concern and variants of interest of severe acute respiratory 
syndrome coronavirus 2: Their significant mutations in S-
glycoprotein, infectivity, re-infectivity, immune escape and 
vaccines activity. Rev Med Virol 2021;32:e2270. 

41. UpToDate [Internet]. COVID-19: Epidemiology, virology, and 
prevention. Accessed on 11 May 2022. Available from: 
https://www.uptodate.com/contents/covid-19-epidemiology-
virology-and-prevention  

42. Cele S, Gazy I, Jackson L, et al. Escape of SARS-CoV-2 
501Y.V2 from neutralization by convalescent plasma. Nature 
2021;593:142-6. 

43. Wise J. Covid-19: The E484K mutation and the risks it poses. 
BMJ 2021;372 n359. 

44. Wibmer CK, Ayres F, Hermanus T, et al. SARS-CoV-2 501Y.V2 
escapes neutralization by South African COVID-19 donor 
plasma. Nat Med 2021;27:622-5. 

45. Butt AA, Dargham SR, Chemaitelly H, et al. Severity of illness 
in persons infected with the SARS-CoV-2 delta variant vs beta 
variant in Qatar. JAMA Intern Med 2022;182:197-205. 

46. Faria NR, Mellan TA, Whittaker C, et al. Genomics and 
epidemiology of the P.1 SARS-CoV-2 lineage in Manaus, Brazil. 
Science 2021;372:815-21.  

47. Jhun H, Park HY, Hisham Y, et al. SARS-CoV-2 Delta 
(B.1.617.2) variant: A unique T478K mutation in receptor 
binding motif (RBM) Spike gene. Immune Netw 2021;21:e32. 

48. Wang P, Casner RG, Nair MS, et al. Increased resistance of 
SARS-CoV-2 variant P.1 to antibody neutralization. Cell Host 
Microbe. 2021;29:747-51. 

49. Wang R, Zhang Q, Ge J, et al. Analysis of SARS-CoV-2 variant 
mutations reveals neutralization escape mechanisms and the 
ability to use ACE2 receptors from additional species. Immunity 
2021;54:1611-21. 

50. Public Health England. SARS-CoV-2 variants of concern and 
variants under investigation in England. Technical briefing 14. 
June 3, 2021. Accessed on 25 December 2021. Available from: 
https://assets.publishing.service.gov.uk/government/uploads/syst

em/uploads/attachment_data/file/991343/Variants_of_Concern_
VOC_Technical_Briefing_14.pdf 

51. Lopez Bernal J, Andrews N, Gower C, et al. Effectiveness of 
Covid-19v against the B.1.617.2 (Delta) variant. N Engl J Med 
2021;385:585-94. 

52. Public Health England. COVID-19 vaccine surveillance report: 
Week 29. Accessed on 25 December 2021. Available from: 
https://assets.publishing.service.gov.uk/government/uploads/syst
em/uploads/attachment_data/file/1005085/Vaccine_surveillance
_report_-_week_29.pdf 

53. Nasreen S, Chung H, He S, et al. Effectiveness of COVID-19 
vaccines against symptomatic SARS-CoV-2 infection and severe 
outcomes with variants of concern in Ontario. Nat Microbiol 
2022;7:379-85.  

54. American Society for Microbiology. How dangerous Is the Delta 
variant (B.1.617.2)? Accessed on 5 December 2021. Available 
from: https://asm.org/Articles/2021/July/How-Dangerous-is-the-
Delta-Variant-B-1-617-2 

55. Li B, Deng A, Li K, et al iral infection and transmission in a 
large, well-traced outbreak caused by the SARS-CoV-2 Delta 
variant. Nat Commun 2022;13:460. 

56. Sheikh A, McMenamin J, Taylor B, et al. SARS-CoV-2 Delta 
VOC in Scotland: demographics, risk of hospital admission, and 
vaccine effectiveness. Lancet 2021;397:2461-2. 

57. Public Health England. 3 June 2021 Risk assessment for 
SARS-CoV-2 variant: Delta (VOC-21APR-02, B.1.617.2). 
Accessed on 25 December 2021. Available from: 
https://assets.publishing. service.gov.uk/government/uploads/ 
system/uploads/attachment_data/file/991135/3_June_2021_Ris
k_assessment_for_SARS-CoV-2_variant_DELTA.pdf  

58. Twohig KA, Nyberg T, Zaidi A, et al. Hospital admission and 
emergency care attendance risk for SARS-CoV-2 delta 
(B.1.617.2) compared with (B.1.1.7) variants of concern: a 
cohort study. Lancet Infect Dis 2022;22:35-42. 

59. Cherian S, Potdar V, Jadhav S, et al. SARS-CoV-2 Spike 
mutations, L452R, T478K, E484Q and P681R, in the second 
wave of COVID-19 in Maharashtra, India. Microorganisms 
2021;9:1542. 

60. Rahman FI, Ether SA, Islam MR. The "Delta Plus" COVID-19 
variant has evolved to become the next potential variant of 
concern: mutation history and measures of prevention. J Basic 
Clin Physiol Pharmacol 2021;33:109-12. 

61. Yadav PD, Sapkal GN, Abraham P, et al. Neutralization of 
variant under investigation B.1.617.1 with sera of BBV152 
vaccinees. Clin Infect Dis 2022;74:366-8.  

62. Roy, B, Roy, H. The Delta Plus variant of COVID-19: will it be 
the worst nightmare in the SARS-CoV-2 pandemic? J Biomed 
Sci 2021;8:1-2. 

63. Arora P, Kempf A, Nehlmeier I, et al. Delta variant (B.1.617.2) 
sub lineages do not show increased neutralization resistance. Cell 
Mol Immunol 2021;18:2557-9. 

64. Kannan SR, Spratt AN, Cohen AR, et al. Evolutionary analysis 
of the Delta and Delta Plus variants of the SARS-CoV-2 viruses. 
J Autoimmun 2021;124:102715. 

65. Science [Internet]. Delta variant triggers dangerous new phase 
in the pandemic. Availblae from: https://www.science.org/ 
content/article/delta-variant-triggers-dangerous-new-phase-
pandemic#:~:text=When%20the%20coronavirus%20variant%2
0now,reported%20daily%20in%20late%20April 

66. Saito A, Irie T, Suzuki R, et al. Enhanced fusogenicity and 
pathogenicity of SARS-CoV-2 Delta P681R mutation. Nature 
2022;602:300-6. 

67. World Health Organization. Update on omicron. 2021. Accessed 

                               [Monaldi Archives for Chest Disease 2023; 93:2337]                                                    [page 89]

                              Review

Non
-co

mmerc
ial

 us
e o

nly



[page 90]                                                     [Monaldi Archives for Chest Disease 2023; 93:2337]                               

on 29 December 2021. Available from: https://www.who. 
int/news/item/28-11-2021-update-on-omicron  

68. Garcia-Beltran WF, St Denis KJ, Hoelzemer A, et al. mRNA-
based COVID-19 vaccine boosters induce neutralizing immunity 
against SARS-CoV-2 Omicron variant. Cell 2022;185:457-66. 

69. Torjesen I. Covid-19: Omicron may be more transmissible than 
other variants and partly resistant to existing vaccines, scientists 
fear. BMJ 2021;375:n2943. 

70. Flemming A. Omicron, the great escape artist. Nat Rev Immunol 
2022;22:75. 

71. Kannan SR, Spratt AN, Sharma K, et al. Omicron SARS-CoV-
2 variant: Unique features and their impact on pre-existing 
antibodies. J Autoimmun 2022;126:102779. 

72. Gong SY, Chatterjee D, Richard J, et al. Contribution of single 
mutations to selected SARS-CoV-2 emerging variants spike 
antigenicity. Virology 2021;563:134-45. 

73. Zhang L, Mann M, Syed ZA, et al. Furin cleavage of the SARS-
CoV-2 spike is modulated by O-glycosylation. Proc Natl Acad 
Sci USA 2021;118:e2109905118. 

74. Chen J, Wang R, Gilby NB, Wei GW. Omicron variant 
(B.1.1.529): Infectivity, vaccine breakthrough, and antibody 
resistance. J Chem Inf Model 2022;62:412-42.  

75. Pulliam JRC, van Schalkwyk C, Govender N, et al. Increased 
risk of SARS-CoV-2 reinfection associated with emergence of 
Omicron in South Africa. Science 2022;376:eabn4947.  

76. Liu C, Ginn HM, Dejnirattisai W, et al. Reduced neutralization 
of SARS-CoV-2 B.1.617 by vaccine and convalescent serum. 
Cell 2021;184:4220-36. 

77. Garcia-Beltran WF, Lam EC, St Denis K, et al. Multiple SARS-
CoV-2 variants escape neutralization by vaccine-induced 
humoral immunity. Cell 2021;184:2372-83.  

78. He X, Hong W, Pan X, et al. SARS-CoV-2 Omicron variant: 
Characteristics and prevention. Med Comm (2020) 2021;2: 
838-45. 

79. Quarleri J, Galvan V, Delpino MV. Omicron variant of the 
SARS-CoV-2: a quest to define the consequences of its high 
mutational load. Geoscience 2022;44:53-6. 

80. SAMRC [Internet]. Tshwane District Omicron variant patient 
profile-early features. Available from: https://www.samrc.ac.za/ 
news/tshwane-district-omicron-variant-patient-profile-early-
features  

81. Kumar S, Thambiraja TS, Karuppanan K, Subramaniam G. 
Omicron and Delta variant of SARS-CoV-2: A comparative 
computational study of spike protein. J Med Virol 2022;94: 
1641-9. 

82. Chi X, Yan R, Zhang J, et al. A neutralizing human antibody 
binds to the N-terminal domain of the Spike protein of SARS-
CoV-2. Science 2020;369:650-5. 

83. Dejnirattisai W, Zhou D, Supasa P, et al. Antibody evasion by 
the P.1 strain of SARS-CoV-2. Cell 2021;184:2939-54. 

84. Liu L, Iketani S, Guo Y, et al. Striking antibody evasion 
manifested by the Omicron variant of SARS-CoV-2. Nature 
2022;602:676-81. 

85. Hoffmann M, Krüger N, Schulz S, et al. The Omicron variant is 
highly resistant against antibody-mediated neutralization: 
Implications for control of the COVID-19 pandemic. Cell 
2021;185:447-56. 

86. Gupta A, Gonzalez-Rojas Y, Juarez E, et al. Early treatment for 
Covid-19 with SARS-CoV-2 neutralizing antibody sotrovimab. 
N Engl J Med 2021;385:1941-50. 

87. Planas D, Saunders N, Maes P, et al. Considerable escape of 
SARS-CoV-2 Omicron to antibody neutralization. Nature 
2021;602:671-5. 

  88. Ferré VM, Peiffer-Smadja N, Visseaux B, et al. Omicron SARS-
CoV-2 variant: What we know and what we don't. Anaesth Crit 
Care Pain Med. 2021;41:100998. 

  89. World Health Organization. Enhancing Readiness for Omicron 
(B.1.1.529): Technical Brief and Priority Actions for Member 
States. December 10, 2021. Accessed on December 13, 2021. 
Available from: https://www.who.int/docs/default-source/ 
coronaviruse/2021-12-23-global-technical-brief-and-priority-
action-on-omicron.pdf?sfvrsn=d0e9fb6c_8  

  90. Grabowski F, Kochańczyk M, Lipniacki T. Omicron strain 
spreads with the doubling time of 3.2-3.6 days in South Africa 
province of Gauteng that achieved herd immunity to Delta 
variant. medRxiv 2021.12.08.2126749. 

  91. Imperial College London. Report 49 - Growth, population 
distribution and immune escape of the Omicron in England. 
2021. Accessed on 13 December 2021. Available from: 
https://www.imperial.ac.uk/mrc-global-infectious-disease-
analysis/covid-19/report-49-omicron/  

  92. Pearson C, Silal S, Li M, et al. Bounding the levels of 
transmissibility & immune evasion of the Omicron variant in 
South Africa. medRxiv 2021.12.19.21268038. 

  93. UK Health Security Agency. Investigation of SARS-CoV-2 
variants of concern: technical briefings. 2021. Accessed on 23 
December 2021. Available from: https://www.gov.uk/ 
government/publications/investigation-of-novel-sars-cov-2-
variant-variant-of-concern-20201201  

  94. Wolter N, Jassat W, Walaza S, et al. Early assessment of the 
clinical severity of the SARS-CoV-2 omicron variant in South 
Africa: a data linkage study. Lancet 2022;399:437-4. 

  95. Imperial College London. Hospitalisation risk for Omicron cases 
in England. 2021. Accessed on 30 December 2021. Available 
from: https://www.imperial.ac.uk/media/imperial-college/ 
medicine/mrc-gida/2021-12-22-COVID19-Report-50.pdf 

  96. Sheikh A, Kerr S, Woolhouse M, et al. Severity of Omicron 
variant of concern and vaccine effectiveness against 
symptomatic disease: national cohort with nested test negative 
design study in Scotland. 2021. Accessed on 30 December 2021. 
Available from: https://politi.co/3EqDs2y  

  97. Espenhain L, Funk T, Overvad M, et al. Epidemiological 
characterisation of the first 785 SARS-CoV-2 Omicron variant 
cases in Denmark, December 2021. Euro Surveill 2021;26: 
2101146.  

  98. Public Health Ontario. Early estimates of Omicron severity in 
Ontario based on a matched cohort study, November 22 to 
December 17, 2021. Toronto, ON: Queen’s Printer for Ontario; 
2021. Accessed on 30 December 2021. Available from: 
https://www.publichealthontario.ca/-
/media/documents/ncov/epi/covid-19-epi-enhanced-estimates-o
micron-severity-study.pdf?sc_lang=en 

  99. Abdullah F, Myers J, Basu D, et al. Decreased severity of disease 
during the first global omicron variant covid-19 outbreak in a 
large hospital in Tshwane, South Africa. Int J Infect Dis 
2021;116:38-42.  

100. Maslo C, Friedland R, Toubkin M, et al. Characteristics and 
outcomes of hospitalized patients in South Africa during the 
COVID-19 Omicron wave compared with previous waves. 
JAMA 2022;327:58384. 

101. U.K. health Security Agency. SARS-CoV-2 variants of concern 
and variants under investigation in England. Accessed on 3 
January 2022. Available from: https://assets.publishing. 
service.gov.uk/government/uploads/system/uploads/attachment_
data/file/1045619/Technical-Briefing-31-Dec-2021-
Omicron_severity_update.pdf  

                 Review

Non
-co

mmerc
ial

 us
e o

nly



102. McMahan K, Giffin V, Tostanoski LH, et al. Reduced 
pathogenicity of the SARS-CoV-2 omicron variant in hamsters. 
Med (N Y) 2022;3:262–8. 

103. World Health Organization. Weekly epidemiological update on 
COVID-19. June 1, 2022. Available from: https://www.who. 
int/publications/m/item/weekly-epidemiological-update-on-
covid-19---1-june-2022  

104. Mahase E. Omicron sub-lineage BA.2 may have “substantial 
growth advantage”, UKHSA reports. BMJ 2022;376:o263. 

105. Majumdar S, Sarkar R. Mutational and phylogenetic analyses of 
the two lineages of the Omicron variant. J Med Virol 2022;94: 
1777-9. 

106. Khan K, Karim F, Cele S, et al. Omicron infection enhances 
neutralizing immunity against the Delta variant. Nature 
2022;607:356–9. 

107. US Food and Drug Administration. Fact sheet for health care 
providers emergency use authorization (EUA) of bebtelovimab. 
Available from: https://www.fda.gov/media/156152/download 

108. US Food and Drug Administration. Fact sheet for health care 
providers emergency use authorization (EUA) of tixagevimab 
co-packaged with cilgavimab. Available from: https://www.fda. 
gov/media/154701/download  

109. Takashita E, Kinoshita N, Yamayoshi S, et al. Efficacy of 
antiviral agents against the SARS-CoV-2 omicron subvariant 
BA.2. N Engl J Med 2022;386:1475. 

110. Takashita E, Yamayoshi S, Simon V, et al. Efficacy of antibodies 
and antiviral drugs against omicron BA.2.12.1, BA.4, and BA.5 
subvariants. N Engl J Med 2022;387:468-70. 

111. The Guardian [Internet]. Centaurus’: virologists express 
concern at new Covid subvariant. Available from: https://www. 
theguardian.com/world/2022/jul/12/centaurus-virologists-
express-concern-at-new-covid-subvariant-omicron 

112. DNA India [Internet]. Covid 4th wave: Know all about spread, 
symptoms of Centaurus variant of Omicron, how it was named. 
Available from: https://www.dnaindia.com/health/report-covid-
4th-wave-know-all-about-spread-symptoms-of-centaurus-varian
t-of-omicron-how-it-was-named-2969982  

113. Iketani S, Liu L, Guo Y, et al. Antibody evasion properties of 
SARS-CoV-2 Omicron sublineages. Nature 2022;604:553-56. 

114. Stanford University. Omicron BA.1. Accessed on 24 July 2022. 
Available from: https://covdb.stanford.edu/variants/omicron/ 

115. Emary KRW, Golubchik T, Aley PK, et al. Efficacy of ChAdOx1 
nCoV-19 (AZD1222) vaccine against SARS-CoV-2 variant of 
concern 202012/01 (B.1.1.7): an exploratory analysis of a 
randomized controlled trial. Lancet 2021;397:1351-62. 

116. Abu-Raddad LJ, Chemaitelly H, Butt AA, National Study Group 
for COVID-19 Vaccination. Effectiveness of the BNT162b2 
Covid-19 Vaccine against the B.1.1.7 and B.1.351 Variants. N 
Engl J Med 2021;385:187-9.  

117. Bruxvoort KJ, Sy LS, Qian L, et al. Effectiveness of mRNA-
1273 against delta, mu, and other emerging variants of 

SARS-CoV-2: test negative case-control study. BMJ 2021;375: 
e068848.  

118. CBS News [Internet]. Gottlieb says Delta virus variant likely to 
become dominant U.S. strain. Accessed on 1 January 2022. 
Available from: https://www.cbsnews.com/news/covid-19-delta-
varient-dominant-strain-likely/ 

119. Shinde V, Bhikha S, Hoosain Z, et al. Efficacy of NVX-
CoV2373 Covid-19 vaccine against the B.1.351 variant. N Engl 
J Med 2021;384:1899-909.  

120. Chemaitelly H, Yassine HM, Benslimane FM, et al. mRNA-1273 
COVID-19 vaccine effectiveness against the B.1.1.7 and B.1.351 
variants and severe COVID-19 disease in Qatar. Nat Med 
2021;27:1614-21. 

121. Sadoff J, Gray G, Vandebosch A, et al. Safety and efficacy of 
single-dose Ad26.COV2.S vaccine against Covid-19. N Engl J 
Med 2021;384:2187-201. 

122. Clemens SAC, Folegatti PM, Emary KRW, et al. Efficacy of 
ChAdOx1 nCoV-19 (AZD1222) vaccine against SARS-CoV-2 
lineages circulating in Brazil. Nat Commun 2021;12:5861. 

123. Wu K, Werner AP, Koch M, et al. Serum neutralizing activity 
elicited by mRNA-1273 vaccine. N Engl J Med 2021;384: 
1468-70.  

124. Andrews N, Stowe J, Kirsebom F, et al. Covid-19 vaccine 
effectiveness against the omicron (B.1.1.529) variant. N Engl J 
Med 2022;386:1532-46. 

125. Collie S, Champion J, Moultrie H, et al. Effectiveness of 
BNT162b2 vaccine against omicron variant in South Africa. N 
Engl J Med 2022;386:494-6. 

126. Khoury DS, Steain M, Triccas JA, et al. Analysis: A meta-
analysis of early results to predict vaccine efficacy against 
omicron. medRxiv 2021.12.13.21267748. 

127. Tseng HF, Ackerson BK, Luo Y, et al. Effectiveness of mRNA-
1273 against SARS-CoV-2 omicron and delta variants. medRxiv 
2022.01.07.22268919. 

128. Johnson & Johnson. Johnson & Johnson COVID-19 Vaccine 
demonstrates 85 percent effectiveness against hospitalization in 
South Africa when omicron was dominant. Accessed on 3 March 
2022. Available from: https://www.jnj.com/johnson-johnson-
covid-19-vaccine-demonstrates-85-percent-effectiveness-against
-hospitalization-in-south-africa-when-omicron-was-dominant  

129. Hall V, Foulkes S, Insalata F, et al. Protection against SARS-
CoV-2 after Covid-19 vaccination and previous infection. N Engl 
J Med 2022;386:1207-20. 

130. Katikireddi SV, Cerqueira-Silva T, Vasileiou E, et al. Two-dose 
ChAdOx1 nCoV-19 vaccine protection against COVID-19 
hospital admissions and deaths over time: a retrospective, 
population-based cohort study in Scotland and Brazil. Lancet 
2022;399:25-5. 

131. Feikin DR, Higdon MM, Abu-Raddad LJ, et al. Duration of 
effectiveness of vaccines against SARS-CoV-2 infection and 
COVID-19 disease: results of a systematic review and meta-
regression. Lancet 2022;399:924-44.

                               [Monaldi Archives for Chest Disease 2023; 93:2337]                                                    [page 91]

                              Review

Non
-co

mmerc
ial

 us
e o

nly




