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Abstract: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiological agent
responsible for the coronavirus disease 2019 (COVID-19). The high rate of mutation of this virus is
associated with a quick emergence of new viral variants that have been rapidly spreading worldwide.
Several mutations have been documented in the receptor-binding domain (RBD) of the viral spike
protein that increases the interaction between SARS-CoV-2 and its cellular receptor, the angiotensin-
converting enzyme 2 (ACE2). Mutations in the spike can increase the viral spread rate, disease
severity, and the ability of the virus to evade either the immune protective responses, monoclonal
antibody treatments, or the efficacy of current licensed vaccines. This review aimed to highlight
the functional virus classification used by the World Health Organization (WHO), Phylogenetic
Assignment of Named Global Outbreak (PANGO), Global Initiative on Sharing All Influenza Data
(GISAID), and Nextstrain, an open-source project to harness the scientific and public health potential
of pathogen genome data, the chronological emergence of viral variants of concern (VOCs) and
variants of interest (VOIs), the major findings related to the rate of spread, and the mutations in
the spike protein that are involved in the evasion of the host immune responses elicited by prior
SARS-CoV-2 infections and by the protection induced by vaccination.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly trans-
missible RNA virus that causes “coronavirus disease 2019” (COVID-19). This emerging
disease is transmitted by small droplets, or aerosols, expelled from infected individuals
during person-to-person contact [1]. After infection, the first symptoms of viral infec-
tion are presented between 2 and 14 days, with major frequency occurring between 3 to
7 days [2]. Some COVID-19 symptoms are shared with those observed during influenza
virus infections, e.g., headache, dry cough, sore throat, runny nose, nasal congestion, fever,
myalgia, hypoxia, dyspnea, and, in some cases, diarrhea [3,4]. Particularly in COVID-19,
the respiratory capacity of infected individuals decreases rapidly, leading to the develop-
ment of pneumonia, cardiac injury, sepsis, and multi-organ dysfunction [1,3]. The rapid
dissemination of SARS-CoV-2 across the countries around the world has been attributed
to person-to-person contact and failure to promote the use of face masks or implementa-
tion of sanitary measures, but also due to limited access to vaccines against SARS-CoV-2.
Additionally, the emergence of new viral variants of SARS-CoV-2 has reduced the efficiency
by 28.2-fold of new and licensed vaccines to combat COVID-19. As a result of these variants,
medical treatments that involve monoclonal antibodies have also been compromised.
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SARS-CoV-2 is an enveloped, single-strand RNA virus, belonging to the coronavirus
(CoV) family [3]. The viral genome is composed of approximately 30,000 nucleotides [5,6],
with six functional open reading frames (ORFs) and four surface proteins: spike protein (S),
the small envelope protein (E), the membrane protein (M), and the nucleocapsid protein
(N) [3,7]. The S protein is a homo-trimeric glycoprotein that is localized on the viral
envelope [8] and is cleaved by furine-like proteases, forming S1 and S2 subunits [9]. The S1
subunit contains an N-terminal domain (NTD) and a receptor-binding domain (RBD) that
is responsible for the virus binding to the angiotensin-converting enzyme 2 (ACE2) receptor
on the target host cell [4]. The S2 subunit carries out the fusion of the viral envelope with
the host cell membrane [4,7,10]. The E protein is required for virion production and the M
protein is involved in the virion assembly and budding, while the N protein is associated
with the protection of the viral RNA inside the virion [7,10].

The high rate of viral replication, dissemination, and prevalence is associated with the
emergence of new viral variants because these properties are associated with the acquisition
of mutations in their genome. The mutagenesis events, particularly in the S1 subunit of
the spike protein, can enhance its pathogenicity, infectivity, and dissemination [11,12]. In
this work, we describe the classification used by the World Health Organization (WHO),
Phylogenetic Assignment of Named Global Outbreak (PANGO), Global Initiative on Shar-
ing All Influenza Data (GISAID), and Nextstrain, an open-source project to harness the
scientific and public health potential of pathogen genome data to define the chronological
emergence of new variants of SARS-CoV-2, which are classified as variants of concern
(VOCs) and variants of interest (VOIs), as well as discussing the ability of each variant to
evade the humoral immune response. We also describe the role of emergent viral variants
in the evasion of protective immunity induced by prior exposition to SARS-CoV-2 or by the
immunity induced by current vaccines.

2. Emergence and Classification of New Viral Variants

The high rate of viral replication is associated with the emergence of new viral variants
that usually incorporate mutations in their spike protein [11,12]. Viral variants increase
the efficiency of viral transmission, cell tropism, and pathogenicity, and escape immune
recognition [13]. The high rate of mutation makes necessary a viral genome classification
into lineages, groups, or clades. The WHO proposes a viral classification through the
use of the Greek alphabet [14]. Other common nomenclature systems included those
recommended by the GISAID [15], PANGO [16], and Nextstrain [17]. To identify variants
that present a higher health risk, the WHO describe two major types of viral variants:
variants of concern (VOC) and variants of interest (VOI) (Table 1). Thus, Alpha, Beta,
Gamma, Delta, and Omicron are defined as VOCs, in contrast, the variants Lambda and
Mu are classified as VOIs. Finally, the variants AZ.5 (formerly tracker under parent lineage
B.1.1.318), C.1.2, B.1.617 (former VOIs: Kappa: B.1.617.1), B.1.630, and B.1.640 are variants
under monitoring (VUMs) [14]. The Centers for Disease Control and Prevention (CDC)
define VOCs as those with increased transmissibility, virulence, severity in the symptoms of
disease (e.g., increased rate of hospitalization and deaths), decreased efficiency of antibodies
(neutralization and diagnosis), and reduced effectiveness of treatments and protection
induced by available vaccines. In contrast, viral variants with mutations that change the
receptor binding affinity—increase the transmissibility (high community transmission) and
the severity of the disease produced, affecting the affinity of the antibodies by the spike
protein, and favoring the immune escape—and the effectiveness of the current diagnosis
are those considered as VOIs. The PANGO nomenclature is designated to identify the
current circulating lineages [16]. The classification, suggested by Rambaut et al., 2020 [18],
uses a lineage name that begins with a letter A or B, and then the lineages that begin with
the letter A are directly related with the Wuhan/WH04/2020 variant, and the lineages that
begin with the letter B are associated with the Wuhan-Hu-1 variant. The new SARS-CoV-2
lineages descending from a lineage A or B are assigned with a numerical value (e.g., lineage
A.1 or B.2). The specific lineage designation needs to follow this set of conditions: (1)
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Every descendant lineage needs to show phylogenetic evidence of emergence from an
ancestral lineage of a different geographical population. To assign phylogenetic evidence,
the lineage needs to follow these criteria: (a) share one or more nucleotide differences
from the ancestral lineage, (b) it should comprise at least five genomes with >95% of
the genome sequenced, (c) genomes belonging to the new lineage must exhibit at least
one shared nucleotide change among them, and (d) a bootstrap value >70% for the new
lineage node is required. (2) The identified lineages in step 1 could be used as ancestors
for new virus lineages that emerge in another geographical area (e.g., A.1.1). (3) Thus,
this procedure might proceed for a maximum of three sublevels (e.g., A.1.1.1). If a new
descendant lineage emerges, a letter will be assigned (e.g., A.1.1.1.1 would become C.1) [18].
With this nomenclature, the variants of concern were designated as B.1.1.7, B.1.351, P.1,
B.1.617.2, and B.1.1.529 (Table 1) [16]. GISAID classifies the new SARS-CoV-2 variants into
clades. A clade is defined by the statistical distribution of the viral genomes distance into
phylogenetic clusters [19], followed by the merging of smaller lineages into major clades.
Thus, viral variants are classified into eight high-level phylogenetic groups from an early
split of S and L, and then by an evolution of L into V and G, and later of G into GH, GR,
and GV, and, more recently GR into GRY [15,20]. Finally, Nextstrain classifies SARS-CoV-2
into 14 major clades: 19A, 19B, and 20A-20L. A clade is created when a new variant reaches
a global frequency of 20% at any given time. The clade name is associated with the year in
which a new variant emerges, and in this case, the clade name for the new viral variant
uses the next letter in the alphabet. To define a new clade, the variant should have two new
mutations related to its parent major clade. Thus, the major clades by year are defined by
their emergence and a letter, e.g., 19A, 19B, or 20A [21]. Current clades that are circulating
worldwide are 19A (from Asia: China/Thailand), 19B (from Asia: China), 20A (from North
America/Europe/Asia: USA, Belgium, and India), 20B (from Europe: UK, Belgium and
Sweden), and 20C (from North America: USA) (Table 1) [21,22].

Table 1. Classification of SARS-CoV-2 viral variants identified worldwide.

WHO PANGO
(Lineage)

GISAID
(Clade)

Nextstrain
(Clade)

Country
of Identification

Alpha B.1.1.7 GRY 20I (V1) UK
Beta B.1.351 GH/501Y.V2 20H (V2) South Africa

Gamma P.1 GR/501Y.V3 20J (V3) Japan/Brazil
Delta B.1.617.2 G/478K.V1 21A India

Epsilon B.1.427/B.1.429 GH/452R.V1 21C USA
Eta B.1.525 G/484K.V3 21D Multiple countries
Iota B.1.526 GH/253G.V1 21F USA

Kappa B.1.617.1 G/452R.V3 21B India
Lambda C.37 GR/452Q.V1 21G Perú

Mu B.1.621 GH 21H Colombia
Omicron B.1.1.529 BR/484A 21K Africa

WHO, World Health Organization; PANGO, Phylogenetic Assignment of Named Global Outbreak Lineages;
GISAID, Global Initiative on Sharing All Influenza Data; UK, United Kingdom; USA, United States of America.

3. Variants of Concern and Variants of Interest

The WHO defined VOCs, VOIs, and VUMs in function of their genome mutations,
their properties of spreading between susceptible hosts and the disease severity produced,
and by the evasion of the immune response elicited by current available vaccines and
by the therapeutic treatments with convalescent plasma or by the use of therapeutic
monoclonal antibodies.

3.1. Alpha Variant

This variant (lineage B.1.1.7) was identified in September 2020 in the United Kingdom
(Figure 1, Table 1) [14]. This variant is characterized by the presence of nine mutations
in the spike protein (Table 2) as compared with the original virus isolated in China [23].
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The introduction of mutations in the Q493N and Q498Y positions of the spike protein
increases the viral binding to the cell host ACE2 receptor [24,25]. In contrast, the H69del
and V70del mutations in the S1 subunit at the N-terminal domain of the spike protein are
associated with the evasion of the host immune response (reduced efficacy of neutralizing
antibodies and convalescent plasma) [26]. The P681H mutation is required to mediate
resistance to the antiviral effect of interferon-β (IFNβ) on lung epithelial cells, in contrast
with the spike protein from Wuhan strain; additionally, this mutation confers the ability to
evade the host immune response [27]. In December 2020, an additional mutation (E484K)
was detected during the Bamlanivimab monotherapy treatment on high-risk patients
infected with the Alpha variant [28]. It has been observed that these nine mutations
increased the viral transmissibility [29–31], as well as the risk of hospitalization and the
rate of case fatality [32]. Importantly, the mutation in D614G in the spike protein has
become the dominant mutation in all variants of SARS-CoV-2 detected worldwide to date
(Table 2) [33,34]. Interestingly, the Pfizer-BioNTech (BNT162b2) vaccine has been shown to
be 89.5% effective against the Alpha variant after receiving two doses [35].
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Table 2. Variants of SARS-CoV-2.

Variant (Lineage or Sub-Lineage) Mutations in Spike

S1 S2

Alpha (B.1.1.7) 69–70del, 144del, N501Y, A570D, D614G, P681H T716I, S982A, D1118H

Beta (B.1.351) L18F, D80A, D215G, 241–243del, K417N, E484K,
N501Y, D614G A701V

Gamma (P.1) L18F, T20N, P26S, D138Y, R190S, K417N/T, E484K,
N501Y, D614G, H655Y T1027I, V1176F

Delta (B.1.617.2) T19R, T95I, G142D, 156del, 157del, R158G, L452R,
T478K, D614G, P681R D950N

Epsilon (B.1.427, B.1.429) S13I, W152C, L452R, D614G

Eta (B.1.525) Q52R, A67V, H69del, V70del, Y144del, E484K,
D614G, Q677H F888L

Iota (B.1.526) L5F, T95I, D253G, S477N, E484K, D614G A701V
Kappa (B.1.617.1) T95I, G142D, E154K, L452R, E484Q, D614G, P681R Q1071H
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Table 2. Cont.

Variant (Lineage or Sub-Lineage) Mutations in Spike

S1 S2

Lambda (C37) G75V, T76I, 246–252del, L452Q, F490S, D614G T859N

Mu (B.1.621) T95I, Y144S, Y145N, R346K, E484K, N501Y,
D614G, P681H D950N

Omicron (B.1.1.529/BA.1)

A67V, 69del, 70del, T95I, 142del, 143del, 144del,
Y145D, 211del, L212I, G339D, S371L, S373P, S375F,

K417N, N440K, G446S, S477N, T478K, E484A,
Q493R, G496S, Q498R, N501Y, Y505H, T547K,

D614G, H655Y, N679K, P681H

N764K, D796Y, N856K,
Q954H, N969K, L981F

Mutations in the spike protein of SARS-CoV-2 were obtained from the Swiss Institute of Bioinformatics [23].

3.2. Beta Variant

This variant (lineage B.1.351) was identified in September 2020, in South Africa
(Figure 1, Table 1) [36]. This variant contains nine mutations in the spike protein (Table 2)
as compared with the original SARS-CoV-2 virus [23]. Three mutations (K417N, E484K, and
N501Y) in the RBD domain promote the viral escape of immune recognition and enhance
19 times their affinity for the cellular receptor ACE2 [37]. In addition, this viral variant
spreads faster between young and healthy individuals, who are more likely to develop
a severe disease [36]. This variant also presents an increased transmissibility rate, risk of
hospitalization (31%), and death (17.7%) [38]. The incorporation of new mutations in this
variant compromises the protection efficacy provided by the available vaccines. Indeed, the
Pfizer-BioNTech vaccine was found to be 75% effective against this viral variant after two
doses and 97.4% effective against severe or fatal disease [35]. The Novavax vaccine showed
86% efficacy after two doses against this variant, and, in contrast, this vaccine showed a
reduced efficacy (60%) against the Beta variant [39]. Importantly, the ChAdOx1 nCoV-19
vaccine from Oxford-AstraZeneca showed low efficacy (10%) after two doses against this
variant [40].

3.3. Gamma Variant

This variant (lineage P.1) was identified in November 2020, in Japan and Brazil
(Figure 1, Table 1) [14]. This variant arose from lineage B.1.1.28 and its spike protein has
12 mutations (Table 2) [23]. Particularly, L18F, K417N/T, E484K, N501Y, and D614G were
also identified in the RBD domain of the spike protein from the Beta variant (Table 2) [41,42].
These mutations have been shown to have important implications, both in the transmis-
sibility of the virus and the rate of reinfection. In addition, these mutations reduce the
efficacy of monoclonal antibodies therapy [43]. The plasma of convalescent patients and
the sera of immunized individuals showed a reduction in their neutralizing activity against
this variant [44,45]. The efficacy of two doses of Pfizer or Oxford-AstraZeneca vaccines
against this variant is low (~50% of efficacy) [46]. In the case of CoronaVac, this vaccine
has an efficacy of 37–59% [47,48]. In contrast, Moderna (mRNA-1273/Moderna) showed a
reduced efficacy of protection (61%) after two doses [49].

3.4. Delta Variant

This variant (sub-lineage B.1.617.2) was identified in October 2020, in India (Figure 1,
Table 1) [14]. This variant has eleven mutations in the spike protein (Table 2) and belongs
to the sub-lineage B.1.617. The Delta variant is characterized as highly transmissible and
has spread worldwide between fully vaccinated as well as in unvaccinated individuals [50].
This variant lacks the mutations at positions 501 and 484 in the RBD domain of the spike
protein that is associated with evasion of the neutralizing activity of antibodies (Table 1,
Figure 2A). The Delta variant became globally dominant by June 2021. Mutations in the RBD
domain (Figure 2A,B) abrogate the binding of some monoclonal antibodies. The antibody
Bamlanivimab had reduced binding to RBD but did not improve ACE2 binding [51,52].
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In addition, sera collected from convalescent individuals were fourfold less potent against
the Delta variant relative to the Alpha variant [52]. During in vitro experiments, the sera
from immunized individuals with the Pfizer-BioNTech vaccine showed a binding reduction
of 2.4-fold in a pseudovirus binding assay. In addition, neutralizing antibodies titers for
the Pfizer-BioNTech elicited plasma were reduced 4.1-fold with the Delta+ variant (with
K417N additional mutation in B.1.617.2 sub-lineage), and the plasma from individuals
immunized with the Moderna vaccine showed a reduction of 2.6- and 9.5-fold to Delta
and Delta+ variants, respectively. In contrast, sera from individuals immunized with the
Johnson and Johnson (Ad26.COV2) vaccine showed a reduction of 2.4- and 3.5-fold with
Delta and Delta+, respectively [51]. The reduced efficacy of these vaccines are due in
part to the mutations L452R and T478K, which are localized in the antigenic site I of the
RBD (Figure 2B) [53–55]. Thus, neutralizing antibodies have reduced binding to the spike
protein. Likewise, the P681R mutation enhances the cleavage of the full-length spike to S1
and S2 subunits, leading to increased infection via binding to the ACE2 receptor on the
target cells [56].
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3.5. Epsilon Variant

This variant was identified in September 2020 in California, USA (Figure 1, Table 1) [23]
and encompasses the B.1.427 and B.1.429 lineages [5,58]. Mutations in W152C and S131 of
the spike protein increase the infectivity of the variant [58]. In addition, the mutation in
L452R increases the interaction with ACE2 to enhance dissemination (24%) [59]. In particu-
lar, it has been demonstrated that the efficacy of neutralization of the murine leukemia virus
pseudotyped system expressing SARS-CoV-2 proteins by Moderna vaccine-elicited plasma
was reduced 2.4-fold, whereas a 2.3-fold reduction was observed with the Pfizer-BioNTech
vaccine [60]. In addition, the potency of neutralization by plasma from individuals vacci-
nated with the Pfizer-BioNTech vaccine was reduced 2.9-fold and with convalescent plasma
3.4-fold [60].

3.6. Eta Variant

This variant (lineage B.1.525) was detected worldwide in December 2020 (Figure 1,
Table 1) [14] and has six mutations and three deletions in the spike protein (Table 2) [23].
The E484K mutation increases its infectivity and contributes to the reduction of the effec-
tiveness of neutralizing antibodies induced by SARS-CoV-2 natural infection, monoclonal
antibodies, and by vaccination with Pfizer-BioNTech [61,62]. In addition, the E484K muta-
tion is associated with an increase of infecting cells expressing ACE2 [63]. Finally, the Q677H
mutation is also responsible for its increased transmissibility and syncytia formation [64].
The Pfizer-BioNTech vaccine works well against this variant [65]. Currently, reports show
that African countries such as Nigeria and Sudan have a high prevalence of this variant [63].

3.7. Iota Variant

This variant (lineage B.1.526) was identified in November 2020 in New York State,
USA (Figure 1, Table 1) [23]. Two versions of the B.1.526 variant were identified, with both
variants having the D614G and A710V mutations. Importantly, the mutations L5F, T95I,
and D253G have not been previously reported in other variants (Table 2). In particular,
the B.1.526 (S477N) variant was efficiently neutralized with the monoclonal antibody
Regeneron. In addition, convalescent-phase sera from individuals vaccinated with Pfizer-
BioNTech vaccine retain their ability to neutralize the B.1.526 (S477N) variant. In contrast,
the B.1.526 variant (E484K) showed a 3.5-fold reduction in titer of the convalescent plasma
and sera from vaccinated individuals [66]. Additionally, sera of individuals vaccinated
with the Moderna vaccine showed an efficacy of 88% in the neutralization of the B.1.526
lineage [67].

3.8. Kappa Variant

This variant (sub-lineage B.1.617.1) was detected in October 2020 in India (Figure 1,
Table 1) [68]. This variant was rapidly replaced by the Delta variant [69], therefore, B.1.617.1
sub-lineage is considered as the predecessor of the Delta variant [70]. This variant possesses
six mutations in the RBD domain that conferred a higher infectivity rate (Table 2) [71,72].
The mutation in E484Q is critical for the increased binding of the spike protein to ACE2 [69,71].
The P681R mutation is considered one of the most significant ones because it is located
adjacent to the furin cleavage site, which facilitates the virus entry into the target cell [70].
In contrast, the L452R mutation stabilizes the interaction between spike and ACE2 to
increase their transmissibility; moreover, this mutation is also associated with resistance
to neutralizing antibodies [73,74]. Significantly, individuals immunized with the Pfizer-
BioNTech and Moderna vaccines have reduced neutralization titers against the Kappa
variant (6.8 times lower), and even so, all vaccinated individuals have the ability to neu-
tralize infection by this variant [75]. In addition, it has been reported that immune escape
in convalescent individuals and those who are vaccinated (BNT162b2 and mRNA-1273)
is specifically related to the L452R and E484Q mutations. Although the vaccine protects
against the Kappa variant, it only does it for a reduced period (protects for three months
after the second dose) [76,77]. Likewise, several studies have shown a reduction in neutral-
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izing antibodies, of 3.9-fold, from sera of convalescent individuals, 2.7-fold in sera from
people vaccinated with the Pfizer-BioNTech vaccine, and 2.6-fold in individuals vaccinated
with the Oxford-AstraZeneca vaccine. Nevertheless, while a reduction in neutralizing
antibodies exists, no overall evasion of the immune response has been reported [78].

3.9. Lambda Variant

The Lambda variant (C.37 lineage) was first identified in December 2020 in Perú
(Figure 1, Table 1) [23]. This variant has six mutations in the spike protein and a deletion of
seven amino acids in the N-terminal domain (RSYLTPGD246–252del) (Table 2) [23,79,80].
In particular, 246–252del, L452Q, and F490S mutations mediate resistance to the neutraliza-
tion activity of the sera obtained from vaccinated individuals. Mutations in T76I and L452Q
are associated with increased viral infectivity [81]. In addition, the T859N mutation has
been associated with a decrease in the neutralizing activity of monoclonal antibodies [82].
The L452Q and D614G mutations increased the viral replication and dissemination [79,82].
The serum from individuals vaccinated with the Moderna vaccine was 2.3-fold less ef-
fective in their neutralization activity, while serum from individuals vaccinated with the
Pfizer-BioNTech reduced their efficacy threefold [80].

3.10. Mu Variant

The Mu variant (B.1.621 lineage) was first identified in Colombia on 11 January 2021
(Figure 1, Table 1) [14]. This variant has nine mutations in the spike protein (Table 2), five of
these are shared with other VOCs (Table 2). The antibodies from convalescent individuals
showed strong recognition to Alpha and Delta variants but decreased recognition to Beta
and Mu variants [83]. In this context, two mutations (YY144–145TSN and E484K) are re-
sponsible for resistance to convalescent sera and also sera from vaccinated individuals [83].
The WHO reports that the Mu variant only represents 0.1% of cases worldwide, with a
high rate of infection in Colombia (39%) and Ecuador (13%), while sporadic cases have
occurred in some European countries [14]. The activity of sera from individuals vaccinated
with the Pfizer vaccine was reduced 9.1-fold, while sera from convalescent patients was
reduced 10.6-fold [84]. Moderna’s vaccine maintains a 45.8% protection with one dose and
90.4% with a second dose [85].

3.11. Omicron Variant

This variant (B.1.1.529 lineage) was identified in 11 November 2021 in Botswana,
Africa (Figure 1, Table 1) [86]. This variant has more than 30 mutations in the spike
protein (B.1.1.529/BA.1) (Table 2, Figure 2C,D). So far, Omicron has yielded at least three
genetically related viral sub-lineages (BA.1, BA.2, and BA.3) that diverged from the B.1.1.529
lineage [86]. Many of these changes have been found in the Delta and Alpha variants
(Table 2) [87], which are linked to the increase in the infectivity and the ability to evade
infection-blocking antibodies and antibodies induced after vaccination [35,51,53–55,67,88].
The significant number of mutations present in the spike protein has been associated with a
high rate of transmissibility, immune resistance, increased risk of reinfection [89], decreased
lung infectivity, and lower pathogenicity compared with Delta variant [90]. In addition,
Omicron does not induce cell syncytia on A549-ACE2 cells [91]. The emergence of this
new variant is associated with viral evolution in immunosuppressed individuals [87].
As mentioned, the Omicron variant has mutations described in other VOCs, such as
N501Y, which is present in the B.1.1.7, B.1.351, P.1, and P.3 lineages, and is associated
with improved binding of the RBD domain of the spike protein to the ACE2 receptor,
resulting in higher transmissibility [92,93]. It also shares the K417N and E484K mutations
(E484A in the Omicron variant) with the B.1.351 and P.1 lineages, which are linked to
evasion of the immune response [62]. Nevertheless, some studies have shown that the
Omicron variant has a lower replication rate in lung cells than the B.1.617.2 lineage [94].
In addition, Omicron is characterized by its ability to evade the humoral immune response
in individuals who have a full vaccination scheme (including the booster dose) [67,88],
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and therefore, Omicron is considered more infectious (2.7–3.7 times higher) than the
Delta variant [95]. Mutations in spike protein alter the local conformation, charge, and
hydrophobic microenvironments that also decrease the host humoral immune response
and the neutralization efficacy provided by the monoclonal antibody mAb S309 (related
to mAb sotrovimab) and mAb CR3022 [96–98]. The efficacy of the Pfizer vaccine against
this variant decreases 28.2-fold, however, a third dose increases the effectiveness of the
Pfizer vaccine 23.4-fold [67,88], suggesting that the third boost of the Pfizer vaccine can
efficiently neutralize this variant. In fact, a third dose of the Pfizer or Moderna vaccine
schemes increases the efficiency of neutralizing antibodies, as well as the combination of
the Johnson and Johnson (Ad26.COV2) vaccine with a booster of Pfizer, which also crucially
increases the activity of neutralizing antibodies against Omicron [88].

4. Concluding Remarks

The emergence of SARS-CoV-2 in late 2019 has made the health systems of all the
countries around the world become immersed in important public health issues to combat
the virus infection and its spread. The emergence of new viral variants that incorporate
novel mutations in their genome has caused an increase in their infectivity, spread, and
prevalence. The incorporated mutations in the genome of the new viral variants caused
organizations and online platforms like WHO, PANGO, GISAID, and Nextstrain to clas-
sify these mutations in variants, clades, or lineages, and identify their global spread and
evaluate the potential of emergence of other new viral variants. Most of the new viral
variants incorporate new mutations in the S1 domain of the spike protein, increasing its
interaction with ACE2 and eventually decreasing the efficacy of neutralizing antibod-
ies (monoclonal antibodies, convalescent plasma, and sera from vaccinated individuals).
In particular, Omicron is an emergent variant that shows more than thirty mutations in
the spike protein. These changes increase its interaction with ACE2 and these amino acid
sequence changes also impact the loss of epitopes recognized by the neutralizing antibodies.
Nevertheless, current licensed vaccines work well—antibodies induced with two doses of
the Pfizer-BioNTech vaccine efficiently controlled the infection by Alpha, Beta, Eta, Iota,
and Kappa variants, and even neutralized the Omicron variant with a third booster dose.
Some variants, such as Gamma, Delta, Epsilon, Lambda, and Eta, have shown resistance
to the neutralization activity of antibodies induced by vaccination. It is evident that a
complete vaccination scheme could increase the production of neutralizing antibodies and,
also, it would be desirable to produce vaccines that neutralize the mutations associated
with evasion of the humoral immune response. Finally, the currently licensed vaccines
seem to work well because they reduce the risk of severe infection and the mortality rate.
Epidemiological surveillance is a key strategy to determine the emergence of new viral
variants and to identify their spread and rate of fatality. The development of a better version
of the current vaccines or a pan-coronavirus vaccine, in combination with the identification
of better monoclonal antibody treatments, could help decrease the emergence of new viral
variants and, thus, reduce the mortality and morbidity caused by the SARS-CoV-2 infection.

5. Limitations of This Study

(a) This study was conducted by revision of the published scientific literature, and
we reviewed several papers that studied variants defined by WHO or PANGO, but we
have not included sub-lineages that are not defined as VOCs and VOIs, and as such, their
contribution to the global infection may not be included in this study; (b) the fast-growing
body of knowledge and the rapid emergence of new viral variants limits the scope of this
study and such available information is not included here. Nevertheless, the strengths of
our work are (a) definition of viral variants by available platforms (WHO, PANGO, GISAID,
and Nextstrain), (b) the chronological emergence of viral variants, and (c) description of
mutations associated with the viral spread and evasion of the host immune response.



Viruses 2022, 14, 653 10 of 14

Author Contributions: The conceptualization of this work was from R.R.-R., V.R.F.-V., J.V.M.-M.
and L.E.J.-H. All authors analyzed the literature available and wrote sections of this manuscript.
Tables and figures were created by V.R.F.-V., J.V.M.-M., L.E.J.-H., R.R.-R., J.I.S.-P. and A.G.T. edited
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding. However, part of this study was financed by
UTMB institutional funds to A.G.T.

Acknowledgments: We want to thank Irma Aguilar Delfin and Silvia Yalid Vargas-Roldán for the
critical review of this manuscript and we acknowledge the GISAID website contributors for providing
the CoVsurver mutations app for Modeling of RBD domain with ACE2 obtained.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Salzberger, B.; Buder, F.; Lampl, B.; Ehrenstein, B.; Hitzenbichler, F.; Holzmann, T.; Schmidt, B.; Hanses, F. Epidemiology of

SARS-CoV-2. Infection 2021, 49, 233–239. [CrossRef]
2. Zaki, N.; Mohamed, E.A. The estimations of the COVID-19 incubation period: A scoping reviews of the literature. J. Infect. Public

Health 2021, 14, 638–646. [CrossRef]
3. Naqvi, A.A.T.; Fatima, K.; Mohammad, T.; Fatima, U.; Singh, I.K.; Singh, A.; Atif, S.M.; Hariprasad, G.; Hasan, G.M.; Hassan, M.I.

Insights into SARS-CoV-2 genome, structure, evolution, pathogenesis and therapies: Structural genomics approach. Biochim.
Biophys. Acta-Mol. Basis Dis. 2020, 1866, 165878. [CrossRef]

4. Liu, X.; Liu, C.; Liu, G.; Luo, W.; Xia, N. COVID-19: Progress in diagnostics, therapy and vaccination. Theranostics 2020, 10,
7821–7835. [CrossRef]

5. Lazarevic, I.; Pravica, V.; Miljanovic, D.; Cupic, M. Immune evasion of SARS-CoV-2 emerging variants: What have we learnt so
far? Viruses 2021, 13, 1192. [CrossRef]

6. Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic characterisation and
epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor binding. Lancet 2020, 395, 565–574. [CrossRef]

7. Saltigerall, P.; León, X. Virus SARS-CoV-2 ¿Qué se sabe al momento? SARS-CoV-2 Virus. What is currently known? Acta Pediatr.
Mex. 2020, 41, 3–7. [CrossRef]

8. Walls, A.C.; Park, Y.-J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 181, 281–292.e6. [CrossRef]

9. Hoffmann, M.; Kleine-Weber, H.; Pöhlmann, S. A Multibasic Cleavage Site in the Spike Protein of SARS-CoV-2 Is Essential for
Infection of Human Lung Cells. Mol. Cell 2020, 78, 779–784.e5. [CrossRef]

10. Huang, S.-W.; Wang, S.-F. SARS-CoV-2 Entry Related Viral and Host Genetic Variations: Implications on COVID-19 Severity,
Immune Escape, and Infectivity. Int. J. Mol. Sci. 2021, 22, 3060. [CrossRef]

11. Padhi, A.K.; Tripathi, T. Can SARS-CoV-2 Accumulate Mutations in the S-Protein to Increase Pathogenicity? ACS Pharmacol.
Transl. Sci. 2020, 3, 1023–1026. [CrossRef] [PubMed]

12. Martínez-Anaya, C.; Ramos-Cervantes, P.; Vidaltamayo, R. Coronavirus, diagnosis and epidemiological strategies against
COVID-19 in Mexico. Educ. Quim. 2020, 31, 12–22. [CrossRef]

13. Volz, E.; Hill, V.; McCrone, J.T.; Price, A.; Jorgensen, D.; O’Toole, Á.; Southgate, J.; Johnson, R.; Jackson, B.; Nascimento, F.F.; et al.
Evaluating the Effects of SARS-CoV-2 Spike Mutation D614G on Transmissibility and Pathogenicity. Cell 2021, 184, 64–75.e11.
[CrossRef] [PubMed]

14. WHO World Health Organization. Weekly Epidemiological Update on COVID-19—29 December 2021. Available online:
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/ (accessed on 4 February 2022).

15. GISAID Clade and Lineage Nomenclature Aids in Genomic Epidemiology Studies of Active hCoV-19 Viruses. Available
online: https://www.gisaid.org/references/statements-clarifications/clade-and-lineage-nomenclature-aids-in-genomic-
epidemiology-of-active-hcov-19-viruses/ (accessed on 4 February 2022).

16. PANGO Latest Epidemiological Lineages of SARS-CoV-2, 03 February 2022. Available online: https://cov-lineages.org/index.
html (accessed on 4 February 2022).

17. Hadfield, J.; Megill, C.; Bell, S.M.; Huddleston, J.; Potter, B.; Callender, C.; Sagulenko, P.; Bedford, T.; Neher, R.A. Nextstrain:
Real-time tracking of pathogen evolution. Bioinformatics 2018, 34, 4121–4123. [CrossRef]

18. Rambaut, A.; Holmes, E.C.; O’Toole, Á.; Hill, V.; McCrone, J.T.; Ruis, C.; du Plessis, L.; Pybus, O.G. A dynamic nomenclature
proposal for SARS-CoV-2 lineages to assist genomic epidemiology. Nat. Microbiol. 2020, 5, 1403–1407. [CrossRef]

19. Han, A.X.; Parker, E.; Scholer, F.; Maurer-Stroh, S.; Russell, C.A. Phylogenetic Clustering by Linear Integer Programming
(PhyCLIP). Mol. Biol. Evol. 2019, 36, 1580–1595. [CrossRef]

20. Shu, Y.; McCauley, J. GISAID: Global initiative on sharing all influenza data—From vision to reality. Eurosurveillance 2017, 22,
30494. [CrossRef]

21. Nextstrain Real-Time Tracking of Pathogen Evolution. Available online: https://nextstrain.org (accessed on 4 February 2022).

http://doi.org/10.1007/s15010-020-01531-3
http://doi.org/10.1016/j.jiph.2021.01.019
http://doi.org/10.1016/j.bbadis.2020.165878
http://doi.org/10.7150/thno.47987
http://doi.org/10.3390/v13071192
http://doi.org/10.1016/S0140-6736(20)30251-8
http://doi.org/10.18233/APM41No4S1ppS3-S72061
http://doi.org/10.1016/j.cell.2020.02.058
http://doi.org/10.1016/j.molcel.2020.04.022
http://doi.org/10.3390/ijms22063060
http://doi.org/10.1021/acsptsci.0c00113
http://www.ncbi.nlm.nih.gov/pubmed/33073197
http://doi.org/10.22201/fq.18708404e.2020.2.75378
http://doi.org/10.1016/j.cell.2020.11.020
http://www.ncbi.nlm.nih.gov/pubmed/33275900
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://www.gisaid.org/references/statements-clarifications/clade-and-lineage-nomenclature-aids-in-genomic-epidemiology-of-active-hcov-19-viruses/
https://www.gisaid.org/references/statements-clarifications/clade-and-lineage-nomenclature-aids-in-genomic-epidemiology-of-active-hcov-19-viruses/
https://cov-lineages.org/index.html
https://cov-lineages.org/index.html
http://doi.org/10.1093/bioinformatics/bty407
http://doi.org/10.1038/s41564-020-0770-5
http://doi.org/10.1093/molbev/msz053
http://doi.org/10.2807/1560-7917.ES.2017.22.13.30494
https://nextstrain.org


Viruses 2022, 14, 653 11 of 14

22. Alm, E.; Broberg, E.K.; Connor, T.; Hodcroft, E.B.; Komissarov, A.B.; Maurer-Stroh, S.; Melidou, A.; Neher, R.A.; O’Toole, Á.;
Pereyaslov, D. Geographical and temporal distribution of SARS-CoV-2 clades in the WHO European Region, January to June
2020. Eurosurveillance 2020, 25, 2001410. [CrossRef]

23. ViralZone SARS-CoV-2 Circulating Variants. Available online: https://viralzone.expasy.org/9556 (accessed on 7 January 2022).
24. Starr, T.N.; Greaney, A.J.; Hilton, S.K.; Ellis, D.; Crawford, K.H.D.; Dingens, A.S.; Navarro, M.J.; Bowen, J.E.; Tortorici, M.A.;

Walls, A.C.; et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain Reveals Constraints on Folding and ACE2
Binding. Cell 2020, 182, 1295–1310.e20. [CrossRef]

25. Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, F. Structural basis of receptor recognition by
SARS-CoV-2. Nature 2020, 581, 221–224. [CrossRef]

26. Kemp, S.A.; Collier, D.A.; Datir, R.P.; Ferreira, I.A.T.M.; Gayed, S.; Jahun, A.; Hosmillo, M.; Rees-Spear, C.; Mlcochova, P.; Lumb,
I.U.; et al. SARS-CoV-2 evolution during treatment of chronic infection. Nature 2021, 592, 277–282. [CrossRef] [PubMed]

27. Lista, M.J.; Winstone, H.; Wilson, H.D.; Dyer, A.; Pickering, S.; Galao, R.P.; De Lorenzo, G.; Cowton, V.M.; Furnon, W.; Suarez,
N.; et al. The P681H mutation in the Spike glycoprotein confers Type I interferon resistance in the SARS-CoV-2 alpha (B.1.1.7)
variant. bioRxiv 2021. [CrossRef]

28. Peiffer-Smadja, N.; Bridier-Nahmias, A.; Ferré, V.M.; Charpentier, C.; Garé, M.; Rioux, C.; Allemand, A.; Lavallée, P.; Ghosn, J.;
Kramer, L.; et al. Emergence of E484K Mutation Following Bamlanivimab Monotherapy among High-Risk Patients Infected with
the Alpha Variant of SARS-CoV-2. Viruses 2021, 13, 1642. [CrossRef]

29. Tanaka, H.; Hirayama, A.; Nagai, H.; Shirai, C.; Takahashi, Y.; Shinomiya, H.; Taniguchi, C.; Ogata, T. Increased Transmissibility
of the SARS-CoV-2 Alpha Variant in a Japanese Population. Int. J. Environ. Res. Public Health 2021, 18, 7752. [CrossRef] [PubMed]

30. Grint, D.J.; Wing, K.; Williamson, E.; Mcdonald, H.I.; Bhaskaran, K.; Evans, D.; Jw, S.; Walker, A.J.; Hickman, G.; Nightingale,
E.; et al. Case fatality risk of the SARS-CoV-2 variant of concern. Eurosurveillance 2021, 26, 2100256. [CrossRef]

31. Volz, E.; Mishra, S.; Chand, M.; Barrett, J.C.; Johnson, R.; Geidelberg, L.; Hinsley, W.R.; Laydon, D.J.; Dabrera, G.; O’Toole, Á.; et al.
Assessing transmissibility of SARS-CoV-2 lineage B.1.1.7 in England. Nature 2021, 593, 266–269. [CrossRef] [PubMed]

32. Karadag, E. Increase in COVID-19 cases and case-fatality and case-recovery rates in Europe: A cross-temporal meta-analysis.
J. Med. Virol. 2020, 92, 1511–1517. [CrossRef]

33. Korber, B.; Fischer, W.M.; Gnanakaran, S.; Yoon, H.; Theiler, J.; Abfalterer, W.; Hengartner, N.; Giorgi, E.E.; Bhattacharya, T.; Foley,
B.; et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G Increases Infectivity of the COVID-19 Virus. Cell 2020, 182,
812–827.e19. [CrossRef]

34. Hodcroft, E.B. CoVariants: SARS-CoV-2 Mutations and Variants of Interest. Available online: https://covariants.org (accessed on
4 February 2022).

35. Abu-Raddad, L.J.; Chemaitelly, H.; Yassine, H.M.; Benslimane, F.M.; Al Khatib, H.A.; Tang, P.; Malek, J.A.; Coyle, P.; Ayoub,
H.H.; Al Kanaani, Z.; et al. Pfizer-BioNTech mRNA BNT162b2 COVID-19 vaccine protection against variants of concern after one
versus two doses. J. Travel Med. 2021, 28, taab083. [CrossRef]

36. Tegally, H.; Wilkinson, E.; Giovanetti, M.; Iranzadeh, A.; Fonseca, V.; Giandhari, J.; Doolabh, D.; Pillay, S.; San, E.J.; Msomi,
N.; et al. Detection of a SARS-CoV-2 variant of concern in South Africa. Nature 2021, 592, 438–443. [CrossRef]

37. Liu, C.; Zhou, D.; Nutalai, R.; Duyvesteyn, H.M.E.; Tuekprakhon, A.; Ginn, H.M.; Dejnirattisai, W.; Supasa, P.; Mentzer, A.J.;
Wang, B.; et al. The antibody response to SARS-CoV-2 Beta underscores the antigenic distance to other variants. Cell Host Microbe
2022, 30, 53–68.e12. [CrossRef] [PubMed]

38. Jassat, W.; Mudara, C.; Ozougwu, L.; Tempia, S.; Blumberg, L.; Davies, M.-A.; Pillay, Y.; Carter, T.; Morewane, R.; Wolmarans,
M.; et al. Difference in mortality among individuals admitted to hospital with COVID-19 during the first and second waves in
South Africa: A cohort study. Lancet Glob. Health 2021, 9, e1216–e1225. [CrossRef]

39. Mahase, E. COVID-19: Novavax vaccine efficacy is 86% against UK variant and 60% against South African variant. BMJ 2021,
372, n296. [CrossRef]

40. Madhi, S.A.; Baillie, V.; Cutland, C.L.; Voysey, M.; Koen, A.L.; Fairlie, L.; Padayachee, S.D.; Dheda, K.; Barnabas, S.L.; Bhorat,
Q.E.; et al. Efficacy of the ChAdOx1 nCoV-19 COVID-19 Vaccine against the B.1.351 Variant. N. Engl. J. Med. 2021, 384, 1885–1898.
[CrossRef] [PubMed]

41. Sabino, E.C.; Buss, L.F.; Carvalho, M.P.S.; Prete, C.A., Jr.; Crispim, M.A.E.; Fraiji, N.A.; Pereira, R.H.M.; Parag, K.V.; da Silva
Peixoto, P.; Kraemer, M.U.G.; et al. Resurgence of COVID-19 in Manaus, Brazil, despite high seroprevalence. Lancet 2021, 397,
452–455. [CrossRef]

42. Dholariya, S.; Parchwani, D.N.; Singh, R.; Sonagra, A.; Motiani, A.; Patel, D. Notable and Emerging Variants of SARS-CoV-2
Virus: A Quick Glance. Indian J. Clin. Biochem. 2021, 36, 451–458. [CrossRef] [PubMed]

43. Maggi, F.; Novazzi, F.; Genoni, A.; Baj, A.; Spezia, P.G.; Focosi, D.; Zago, C.; Colombo, A.; Cassani, G.; Pasciuta, R.; et al. Imported
SARS-CoV-2 Variant P.1 in Traveler Returning from Brazil to Italy. Emerg. Infect. Dis. 2021, 27, 1249–1251. [CrossRef]

44. Wang, P.; Casner, R.G.; Nair, M.S.; Wang, M.; Yu, J.; Cerutti, G.; Liu, L.; Kwong, P.D.; Huang, Y.; Shapiro, L.; et al. Increased
resistance of SARS-CoV-2 variant P.1 to antibody neutralization. Cell Host Microbe 2021, 29, 747–751.e4. [CrossRef]

45. Dejnirattisai, W.; Zhou, D.; Supasa, P.; Liu, C.; Mentzer, A.J.; Ginn, H.M.; Zhao, Y.; Duyvesteyn, H.M.E.; Tuekprakhon, A.; Nutalai,
R.; et al. Antibody evasion by the P.1 strain of SARS-CoV-2. Cell 2021, 184, 2939–2954.e9. [CrossRef]

46. Hayawi, K.; Shahriar, S.; Serhani, M.A.; Alashwal, H.; Masud, M.M. Vaccine versus Variants (3Vs): Are the COVID-19 Vaccines
Effective against the Variants? A Systematic Review. Vaccines 2021, 9, 1305. [CrossRef]

http://doi.org/10.2807/1560-7917.ES.2020.25.32.2001410
https://viralzone.expasy.org/9556
http://doi.org/10.1016/j.cell.2020.08.012
http://doi.org/10.1038/s41586-020-2179-y
http://doi.org/10.1038/s41586-021-03291-y
http://www.ncbi.nlm.nih.gov/pubmed/33545711
http://doi.org/10.1101/2021.11.09.467693
http://doi.org/10.3390/v13081642
http://doi.org/10.3390/ijerph18157752
http://www.ncbi.nlm.nih.gov/pubmed/34360046
http://doi.org/10.2807/1560-7917.ES.2021.26.11.2100256
http://doi.org/10.1038/s41586-021-03470-x
http://www.ncbi.nlm.nih.gov/pubmed/33767447
http://doi.org/10.1002/jmv.26035
http://doi.org/10.1016/j.cell.2020.06.043
https://covariants.org
http://doi.org/10.1093/jtm/taab083
http://doi.org/10.1038/s41586-021-03402-9
http://doi.org/10.1016/j.chom.2021.11.013
http://www.ncbi.nlm.nih.gov/pubmed/34921776
http://doi.org/10.1016/S2214-109X(21)00289-8
http://doi.org/10.1136/bmj.n296
http://doi.org/10.1056/NEJMoa2102214
http://www.ncbi.nlm.nih.gov/pubmed/33725432
http://doi.org/10.1016/S0140-6736(21)00183-5
http://doi.org/10.1007/s12291-021-00991-0
http://www.ncbi.nlm.nih.gov/pubmed/34219999
http://doi.org/10.3201/eid2704.210183
http://doi.org/10.1016/j.chom.2021.04.007
http://doi.org/10.1016/j.cell.2021.03.055
http://doi.org/10.3390/vaccines9111305


Viruses 2022, 14, 653 12 of 14

47. Ranzani, O.T.; Hitchings, M.D.T.; Dorion, M.; D’Agostini, T.L.; de Paula, R.C.; de Paula, O.F.P.; Villela, E.F.D.M.; Torres, M.S.S.;
de Oliveira, S.B.; Schulz, W.; et al. Effectiveness of the CoronaVac vaccine in older adults during a gamma variant associated
epidemic of Covid-19 in Brazil: Test negative case-control study. BMJ 2021, 374, n2015. [CrossRef] [PubMed]

48. Hitchings, M.D.T.; Ranzani, O.T.; Torres, M.S.S.; de Oliveira, S.B.; Almiron, M.; Said, R.; Borg, R.; Schulz, W.L.; de Oliveira, R.D.;
da Silva, P.V.; et al. Effectiveness of CoronaVac among healthcare workers in the setting of high SARS-CoV-2 Gamma variant
transmission in Manaus, Brazil: A test-negative case-control study. Lancet Reg. Health-Am. 2021, 1, 100025. [CrossRef] [PubMed]

49. Skowronski, D.M.; Setayeshgar, S.; Zou, M.; Prystajecky, N.; Tyson, J.R.; Galanis, E.; Naus, M.; Patrick, D.M.; Sbihi, H.; El Adam,
S.; et al. Single-dose mRNA Vaccine Effectiveness Against Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),
Including Alpha and Gamma Variants: A Test-negative Design in Adults 70 Years and Older in British Columbia, Canada. Clin.
Infect. Dis. 2021, 1093, ciab616. [CrossRef] [PubMed]

50. Singanayagam, A.; Hakki, S.; Dunning, J.; Madon, K.J.; Crone, M.A.; Koycheva, A.; Derqui-Fernandez, N.; Barnett, J.L.; Whitfield,
M.G.; Varro, R.; et al. Community transmission and viral load kinetics of the SARS-CoV-2 delta (B.1.617.2) variant in vaccinated
and unvaccinated individuals in the UK: A prospective, longitudinal, cohort study. Lancet. Infect. Dis. 2021, 22, 183–195.
[CrossRef]

51. McCallum, M.; Walls, A.C.; Sprouse, K.R.; Bowen, J.E.; Rosen, L.; Dang, H.V.; DeMarco, A.; Franko, N.; Tilles, S.W.; Logue, J.; et al.
Molecular basis of immune evasion by the delta and kappa SARS-CoV-2 variants. Science 2021, 374, 1621–1626. [CrossRef]

52. Planas, D.; Veyer, D.; Baidaliuk, A.; Staropoli, I.; Guivel-Benhassine, F.; Rajah, M.M.; Planchais, C.; Porrot, F.; Robillard, N.; Puech,
J.; et al. Reduced sensitivity of SARS-CoV-2 variant Delta to antibody neutralization. Nature 2021, 596, 276–280. [CrossRef]

53. Tortorici, M.A.; Czudnochowski, N.; Starr, T.N.; Marzi, R.; Walls, A.C.; Zatta, F.; Bowen, J.E.; Jaconi, S.; Di Iulio, J.; Wang, Z.; et al.
Broad sarbecovirus neutralization by a human monoclonal antibody. Nature 2021, 597, 103–108. [CrossRef]

54. Starr, T.N.; Czudnochowski, N.; Liu, Z.; Zatta, F.; Park, Y.-J.; Addetia, A.; Pinto, D.; Beltramello, M.; Hernandez, P.; Greaney,
A.J.; et al. SARS-CoV-2 RBD antibodies that maximize breadth and resistance to escape. Nature 2021, 597, 97–102. [CrossRef]

55. Piccoli, L.; Park, Y.-J.; Tortorici, M.A.; Czudnochowski, N.; Walls, A.C.; Beltramello, M.; Silacci-Fregni, C.; Pinto, D.; Rosen, L.E.;
Bowen, J.E.; et al. Mapping Neutralizing and Immunodominant Sites on the SARS-CoV-2 Spike Receptor-Binding Domain by
Structure-Guided High-Resolution Serology. Cell 2020, 183, 1024–1042.e21. [CrossRef]

56. Liu, Y.; Liu, J.; Johnson, B.A.; Xia, H.; Ku, Z.; Schindewolf, C.; Widen, S.G.; An, Z.; Weaver, S.; Menachery, V.D.; et al. Delta spike
P681R mutation enhances SARS-CoV-2 fitness over Alpha variant. bioRxiv 2021. [CrossRef]

57. CoVsurver Mutation Analysis of hCoV-19. Available online: https://www.gisaid.org/epiflu-applications/covsurver-mutations-
app/ (accessed on 18 January 2022).

58. Deng, X.; Garcia-Knight, M.A.; Khalid, M.M.; Servellita, V.; Wang, C.; Morris, M.K.; Sotomayor-González, A.; Glasner, D.R.;
Reyes, K.R.; Gliwa, A.S.; et al. Transmission, infectivity, and neutralization of a spike L452R SARS-CoV-2 variant. Cell 2021, 184,
3426–3437.e8. [CrossRef] [PubMed]

59. Chen, J.; Wang, R.; Wang, M.; Wei, G.W. Mutations Strengthened SARS-CoV-2 Infectivity. J. Mol. Biol. 2020, 432, 5212–5226.
[CrossRef]

60. McCallum, M.; Bassi, J.; De Marco, A.; Chen, A.; Walls, A.C.; Di Iulio, J.; Tortorici, M.A.; Navarro, M.; Silacci-Fregni, C.; Saliba,
C.; et al. SARS-CoV-2 immune evasion by the B.1.427/B.1.429 variant of concern. Science. 2021, 373, 648–654. [CrossRef] [PubMed]

61. Collier, D.A.; De Marco, A.; Ferreira, I.A.T.M.; Meng, B.; Datir, R.P.; Walls, A.C.; Kemp, S.A.; Bassi, J.; Pinto, D.; Silacci-Fregni,
C.; et al. Sensitivity of SARS-CoV-2 B.1.1.7 to mRNA vaccine-elicited antibodies. Nature 2021, 593, 136–141. [CrossRef] [PubMed]

62. Wang, P.; Nair, M.S.; Liu, L.; Iketani, S.; Luo, Y.; Guo, Y.; Wang, M.; Yu, J.; Zhang, B.; Kwong, P.D.; et al. Antibody resistance of
SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature 2021, 593, 130–135. [CrossRef]

63. Zhang, L.; Cui, Z.; Li, Q.; Wang, B.; Yu, Y.; Wu, J.; Nie, J.; Ding, R.; Wang, H.; Zhang, Y.; et al. Ten emerging SARS-CoV-2 spike
variants exhibit variable infectivity, animal tropism, and antibody neutralization. Commun. Biol. 2021, 4, 1196. [CrossRef]

64. Zeng, C.; Evans, J.P.; Faraone, J.N.; Qu, P.; Zheng, Y.-M.; Saif, L.; Oltz, E.M.; Lozanski, G.; Gumina, R.J.; Liu, S.-L. Neutralization
of SARS-CoV-2 Variants of Concern Harboring Q677H. MBio 2021, 12, e0251021. [CrossRef]

65. Mileto, D.; Fenizia, C.; Cutrera, M.; Gagliardi, G.; Gigantiello, A.; De Silvestri, A.; Rizzo, A.; Mancon, A.; Bianchi, M.; De Poli,
F.; et al. SARS-CoV-2 mRNA vaccine BNT162b2 triggers a consistent cross-variant humoral and cellular response. Emerg. Microbes
Infect. 2021, 10, 2235–2243. [CrossRef]

66. Zhou, H.; Dcosta, B.M.; Samanovic, M.I.; Mulligan, M.J.; Landau, N.R.; Tada, T.B. 1.526 SARS-CoV-2 Variants Identified in New
York City are Neutralized by Vaccine-Elicited and Therapeutic Monoclonal Antibodies. MBio 2021, 12, e0138621. [CrossRef]

67. Pegu, A.; O’Connell, S.E.; Schmidt, S.D.; O’Dell, S.; Talana, C.A.; Lai, L.; Albert, J.; Anderson, E.; Bennett, H.; Corbett, K.S.; et al.
Durability of mRNA-1273 vaccine–induced antibodies against SARS-CoV-2 variants. Science. 2021, 373, 1372–1377. [CrossRef]

68. WHO World Health Organization. Weekly Epidemiological Update on COVID-19—27 April 2021. Available online: https://www.
who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---7-september-2021 (accessed on 15 January 2022).

69. Mlcochova, P.; Kemp, S.; Dhar, M.S.; Papa, G.; Meng, B.; Mishra, S.; Whittaker, C.; Mellan, T.; Ferreira, I.; Datir, R.; et al.
SARS-CoV-2 B.1.617.2 Delta variant replication, sensitivity to neutralising antibodies and vaccine breakthrough. bioRxiv 2021.
[CrossRef]

70. Singh, J.; Malhotra, A.G.; Biswas, D.; Shankar, P.; Lokhande, L.; Yadav, A.K.; Raghuvanshi, A.; Kale, D.; Nema, S.; Saigal, S.; et al.
Relative Consolidation of the Kappa Variant Pre-Dates the Massive Second Wave of COVID-19 in India. Genes 2021, 12, 1803.
[CrossRef] [PubMed]

http://doi.org/10.1136/bmj.n2015
http://www.ncbi.nlm.nih.gov/pubmed/34417194
http://doi.org/10.1016/j.lana.2021.100025
http://www.ncbi.nlm.nih.gov/pubmed/34386791
http://doi.org/10.1093/cid/ciab616
http://www.ncbi.nlm.nih.gov/pubmed/34244723
http://doi.org/10.1016/S1473-3099(21)00648-4
http://doi.org/10.1126/science.abl8506
http://doi.org/10.1038/s41586-021-03777-9
http://doi.org/10.1038/s41586-021-03817-4
http://doi.org/10.1038/s41586-021-03807-6
http://doi.org/10.1016/j.cell.2020.09.037
http://doi.org/10.1101/2021.08.12.456173
https://www.gisaid.org/epiflu-applications/covsurver-mutations-app/
https://www.gisaid.org/epiflu-applications/covsurver-mutations-app/
http://doi.org/10.1016/j.cell.2021.04.025
http://www.ncbi.nlm.nih.gov/pubmed/33991487
http://doi.org/10.1016/j.jmb.2020.07.009
http://doi.org/10.1126/science.abi7994
http://www.ncbi.nlm.nih.gov/pubmed/34210893
http://doi.org/10.1038/s41586-021-03412-7
http://www.ncbi.nlm.nih.gov/pubmed/33706364
http://doi.org/10.1038/s41586-021-03398-2
http://doi.org/10.1038/s42003-021-02728-4
http://doi.org/10.1128/mBio.02510-21
http://doi.org/10.1080/22221751.2021.2004866
http://doi.org/10.1128/mBio.01386-21
http://doi.org/10.1126/science.abj4176
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---7-september-2021
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---7-september-2021
http://doi.org/10.1101/2021.05.08.443253
http://doi.org/10.3390/genes12111803
http://www.ncbi.nlm.nih.gov/pubmed/34828410


Viruses 2022, 14, 653 13 of 14

71. Kumar, V.; Singh, J.; Hasnain, S.E.; Sundar, D. Possible Link between Higher Transmissibility of Alpha, Kappa and Delta Variants
of SARS-CoV-2 and Increased Structural Stability of Its Spike Protein and hACE2 Affinity. Int. J. Mol. Sci. 2021, 22, 9131.
[CrossRef] [PubMed]

72. Pascarella, S.; Ciccozzi, M.; Zella, D.; Bianchi, M.; Benetti, F.; Benvenuto, D.; Broccolo, F.; Cauda, R.; Caruso, A.; Angeletti, S.; et al.
SARS-CoV-2 B.1.617 Indian variants: Are electrostatic potential changes responsible for a higher transmission rate? J. Med. Virol.
2021, 93, 6551–6556. [CrossRef] [PubMed]

73. Li, Q.; Wu, J.; Nie, J.; Zhang, L.; Hao, H.; Liu, S.; Zhao, C.; Zhang, Q.; Liu, H.; Nie, L.; et al. The Impact of Mutations in SARS-CoV-2
Spike on Viral Infectivity and Antigenicity. Cell 2020, 182, 1284–1294.e9. [CrossRef] [PubMed]

74. Teng, S.; Sobitan, A.; Rhoades, R.; Liu, D.; Tang, Q. Systemic effects of missense mutations on SARS-CoV-2 spike glycoprotein
stability and receptor-binding affinity. Brief. Bioinform. 2021, 22, 1239–1253. [CrossRef]

75. Rees-Spear, C.; Muir, L.; Griffith, S.A.; Heaney, J.; Aldon, Y.; Snitselaar, J.L.; Thomas, P.; Graham, C.; Seow, J.; Lee, N.; et al. The
effect of spike mutations on SARS-CoV-2 neutralization. Cell Rep. 2021, 34, 108890. [CrossRef]

76. Edara, V.-V.; Pinsky, B.A.; Suthar, M.S.; Lai, L.; Davis-Gardner, M.E.; Floyd, K.; Flowers, M.W.; Wrammert, J.; Hussaini, L.; Ciric,
C.R.; et al. Infection and Vaccine-Induced Neutralizing-Antibody Responses to the SARS-CoV-2 B.1.617 Variants. N. Engl. J. Med.
2021, 385, 664–666. [CrossRef]

77. Li, G.; Zhou, Z.; Du, P.; Yu, M.; Li, N.; Xiong, X.; Huang, H.; Liu, Z.; Dai, Q.; Zhu, J.; et al. The SARS-CoV-2 spike L452R-E484Q
variant in the Indian B.1.617 strain showed significant reduction in the neutralization activity of immune sera. Precis. Clin. Med.
2021, 4, 149–154. [CrossRef]

78. Liu, C.; Ginn, H.M.; Dejnirattisai, W.; Supasa, P.; Wang, B.; Tuekprakhon, A.; Nutalai, R.; Zhou, D.; Mentzer, A.J.; Zhao, Y.; et al.
Reduced neutralization of SARS-CoV-2 B.1.617 by vaccine and convalescent serum. Cell 2021, 184, 4220–4236.e13. [CrossRef]

79. Ozono, S.; Zhang, Y.; Ode, H.; Sano, K.; Tan, T.S.; Imai, K.; Miyoshi, K.; Kishigami, S.; Ueno, T.; Iwatani, Y.; et al. SARS-CoV-2
D614G spike mutation increases entry efficiency with enhanced ACE2-binding affinity. Nat. Commun. 2021, 12, 848. [CrossRef]
[PubMed]

80. Tada, T.; Zhou, H.; Dcosta, B.M.; Samanovic, M.I.; Mulligan, M.J.; Landau, N.R. SARS-CoV-2 Lambda Variant Remains Susceptible
to Neutralization by mRNA Vaccine-elicited Antibodies and Convalescent Serum. bioRxiv 2021. [CrossRef]

81. Kimura, I.; Kosugi, Y.; Wu, J.; Zahradnik, J.; Yamasoba, D.; Butlertanaka, E.P.; Tanaka, Y.L.; Uriu, K.; Liu, Y.; Morizako, N.; et al.
The SARS-CoV-2 Lambda variant exhibits enhanced infectivity and immune resistance. Cell Rep. 2021, 38, 110218. [CrossRef]
[PubMed]

82. Padilla-Rojas, C.; Jimenez-Vasquez, V.; Hurtado, V.; Mestanza, O.; Molina, I.S.; Barcena, L.; Morales Ruiz, S.; Acedo, S.; Lizarraga,
W.; Bailon, H.; et al. Genomic analysis reveals a rapid spread and predominance of lambda (C.37) SARS-CoV-2 lineage in Peru
despite circulation of variants of concern. J. Med. Virol. 2021, 93, 6845–6849. [CrossRef]

83. Rosati, M.; Terpos, E.; Ntanasis-Stathopoulos, I.; Agarwal, M.; Bear, J.; Burns, R.; Hu, X.; Korompoki, E.; Donohue, D.; Venzon,
D.J.; et al. Sequential Analysis of Binding and Neutralizing Antibody in COVID-19 Convalescent Patients at 14 Months After
SARS-CoV-2 Infection. Front. Immunol. 2021, 12, 793953. [CrossRef]

84. Uriu, K.; Kimura, I.; Shirakawa, K.; Takaori-Kondo, A.; Nakada, T.; Kaneda, A.; Nakagawa, S.; Sato, K. Neutralization of the
SARS-CoV-2 Mu Variant by Convalescent and Vaccine Serum. N. Engl. J. Med. 2021, 385, 2397–2399. [CrossRef]

85. Bruxvoort, K.J.; Sy, L.S.; Qian, L.; Ackerson, B.K.; Luo, Y.; Lee, G.S.; Tian, Y.; Florea, A.; Aragones, M.; Tubert, J.E.; 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. [CrossRef]

86. Viana, R.; Moyo, S.; Amoako, D.G.; Tegally, H.; Scheepers, C.; Althaus, C.L.; Anyaneji, U.J.; Bester, P.A.; Boni, M.F.; Chand,
M.; et al. Rapid epidemic expansion of the SARS-CoV-2 Omicron variant in southern Africa. Nature 2022. [CrossRef]

87. Kumar, S.; Thambiraja, T.S.; Karuppanan, K.; Subramaniam, G. Omicron and Delta variant of SARS-CoV-2: A comparative
computational study of spike protein. J. Med. Virol. 2021, 94, 1641–1649. [CrossRef]

88. Garcia-Beltran, W.F.; St Denis, K.J.; Hoelzemer, A.; Lam, E.C.; Nitido, A.D.; Sheehan, M.L.; Berrios, C.; Ofoman, O.; Chang, C.C.;
Hauser, B.M.; et al. mRNA-based COVID-19 vaccine boosters induce neutralizing immunity against SARS-CoV-2 Omicron
variant. Cell 2022, 185, 457–466.e4. [CrossRef]

89. He, X.; Hong, W.; Pan, X.; Lu, G.; Wei, X. SARS-CoV-2 Omicron variant: Characteristics and prevention. MedComm 2021, 2,
838–845. [CrossRef] [PubMed]

90. Suzuki, R.; Yamasoba, D.; Kimura, I.; Wang, L.; Kishimoto, M.; Ito, J.; Morioka, Y.; Nao, N.; Nasser, H.; Uriu, K.; et al. Attenuated
fusogenicity and pathogenicity of SARS-CoV-2 Omicron variant. Nature 2022. [CrossRef] [PubMed]

91. Willett, B.J.; Grove, J.; MacLean, O.A.; Wilkie, C.; Logan, N.; De Lorenzo, G.; Furnon, W.; Scott, S.; Manali, M.; Szemiel, A.; et al.
The hyper-transmissible SARS-CoV-2 Omicron variant exhibits significant antigenic change, vaccine escape and a switch in cell
entry mechanism. medRxiv 2022. [CrossRef]

92. Prévost, J.; Richard, J.; Asser, R.; Ding, S.; Fage, C.; Anand, S.P.; Adam, D.; Vergara, N.G.; Auzin, A.; Benlarbi, M.; et al. Impact of
temperature on the affinity of SARS-CoV-2 Spike glycoprotein for host ACE2. J. Biol. Chem. 2021, 297, 101151. [CrossRef]

93. Yang, T.-J.; Yu, P.-Y.; Chang, Y.-C.; Liang, K.-H.; Tso, H.-C.; Ho, M.-R.; Chen, W.-Y.; Lin, H.-T.; Wu, H.-C.; Hsu, S.-T.D. Impacts on
the structure-function relationship of SARS-CoV-2 spike by B.1.1.7 mutations. bioRxiv 2021. [CrossRef]

http://doi.org/10.3390/ijms22179131
http://www.ncbi.nlm.nih.gov/pubmed/34502041
http://doi.org/10.1002/jmv.27210
http://www.ncbi.nlm.nih.gov/pubmed/34260088
http://doi.org/10.1016/j.cell.2020.07.012
http://www.ncbi.nlm.nih.gov/pubmed/32730807
http://doi.org/10.1093/bib/bbaa233
http://doi.org/10.1016/j.celrep.2021.108890
http://doi.org/10.1056/NEJMc2107799
http://doi.org/10.1093/pcmedi/pbab016
http://doi.org/10.1016/j.cell.2021.06.020
http://doi.org/10.1038/s41467-021-21118-2
http://www.ncbi.nlm.nih.gov/pubmed/33558493
http://doi.org/10.1101/2021.07.02.450959
http://doi.org/10.1016/j.celrep.2021.110218
http://www.ncbi.nlm.nih.gov/pubmed/34968415
http://doi.org/10.1002/jmv.27261
http://doi.org/10.3389/fimmu.2021.793953
http://doi.org/10.1056/NEJMc2114706
http://doi.org/10.1136/bmj-2021-068848
http://doi.org/10.1038/s41586-022-04411-y
http://doi.org/10.1002/jmv.27526
http://doi.org/10.1016/j.cell.2021.12.033
http://doi.org/10.1002/mco2.110
http://www.ncbi.nlm.nih.gov/pubmed/34957469
http://doi.org/10.1038/s41586-022-04462-1
http://www.ncbi.nlm.nih.gov/pubmed/35104835
http://doi.org/10.1101/2022.01.03.21268111
http://doi.org/10.1016/j.jbc.2021.101151
http://doi.org/10.1101/2021.05.11.443686


Viruses 2022, 14, 653 14 of 14

94. Zhao, H.; Lu, L.; Peng, Z.; Chen, L.-L.; Meng, X.; Zhang, C.; Ip, J.D.; Chan, W.-M.; Chu, A.W.-H.; Chan, K.-H.; et al. SARS-CoV-2
Omicron variant shows less efficient replication and fusion activity when compared with delta variant in TMPRSS2-expressed
cells. Emerg. Microbes Infect. 2021, 11, 277–283. [CrossRef]

95. Lyngse, F.P.; Mortensen, L.H.; Denwood, M.J.; Christiansen, L.E.; Møller, C.H.; Skov, R.L.; Spiess, K.; Fomsgaard, A.; Lassaunière,
M.M.; Rasmussen, M.; et al. SARS-CoV-2 Omicron VOC Transmission in Danish Households. medRxiv 2021. [CrossRef]

96. McCallum, M.; Czudnochowski, N.; Rosen, L.E.; Zepeda, S.K.; Bowen, J.E.; Walls, A.C.; Hauser, K.; Joshi, A.; Stewart, C.; Dillen,
J.R.; et al. Structural basis of SARS-CoV-2 Omicron immune evasion and receptor engagement. Science. 2022, 375, 864–868.
[CrossRef]

97. Cui, Z.; Liu, P.; Wang, N.; Wang, L.; Fan, K.; Zhu, Q.; Wang, K.; Chen, R.; Feng, R.; Jia, Z.; et al. Structural and functional
characterizations of infectivity and immune evasion of SARS-CoV-2 Omicron. Cell 2022, 185, 860–871.e13. [CrossRef]

98. Cao, Y.; Wang, J.; Jian, F.; Xiao, T.; Song, W.; Yisimayi, A.; Huang, W.; Li, Q.; Wang, P.; An, R.; et al. Omicron escapes the majority
of existing SARS-CoV-2 neutralizing antibodies. Nature 2022, 602, 657–663. [CrossRef]

http://doi.org/10.1080/22221751.2021.2023329
http://doi.org/10.1101/2021.12.27.21268278
http://doi.org/10.1126/science.abn8652
http://doi.org/10.1016/j.cell.2022.01.019
http://doi.org/10.1038/s41586-021-04385-3

	Introduction 
	Emergence and Classification of New Viral Variants 
	Variants of Concern and Variants of Interest 
	Alpha Variant 
	Beta Variant 
	Gamma Variant 
	Delta Variant 
	Epsilon Variant 
	Eta Variant 
	Iota Variant 
	Kappa Variant 
	Lambda Variant 
	Mu Variant 
	Omicron Variant 

	Concluding Remarks 
	Limitations of This Study 
	References

