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Abstract: The world has not yet completely overcome the fear of the havoc brought by SARS-CoV-2.
The virus has undergone several mutations since its initial appearance in China in December 2019.
Several variations (i.e., B.1.616.1 (Kappa variant), B.1.617.2 (Delta variant), B.1.617.3, and BA.2.75
(Omicron variant)) have emerged throughout the pandemic, altering the virus’s capacity to spread,
risk profile, and even symptoms. Humanity faces a serious threat as long as the virus keeps adapting
and changing its fundamental function to evade the immune system. The Delta variant has two
escape alterations, E484Q and L452R, as well as other mutations; the most notable of these is P681R,
which is expected to boost infectivity, whereas the Omicron has about 60 mutations with certain
deletions and insertions. The Delta variant is 40–60% more contagious in comparison to the Alpha
variant. Additionally, the AY.1 lineage, also known as the “Delta plus” variant, surfaced as a result of
a mutation in the Delta variant, which was one of the causes of the life-threatening second wave of
coronavirus disease 2019 (COVID-19). Nevertheless, the recent Omicron variants represent a reminder
that the COVID-19 epidemic is far from ending. The wave has sparked a fervor of investigation on
why the variant initially appeared to propagate so much more rapidly than the other three variants of
concerns (VOCs), whether it is more threatening in those other ways, and how its type of mutations,
which induce minor changes in its proteins, can wreck trouble. This review sheds light on the
pathogenicity, mutations, treatments, and impact on the vaccine efficacy of the Delta and Omicron
variants of SARS-CoV-2.

Keywords: SARS-COV-2; Delta variant; Delta plus variant; vaccination; vaccine efficacy; variant of
concern; Omicron variant

1. Introduction

In late December 2019, Wuhan, a small town in China, was affected by several pneu-
monia cases, which were indicated by dry cough, fever, fatigue, and sometimes intermittent
gastrointestinal symptoms. The disease rapidly spread from one person to another, from
town to town, and later throughout the whole Chinese nation and, ultimately, to the
whole world. On 11 February 2019, the WHO named this disease COVID-19, which is
from the family of coronaviruses. Structurally, the coronavirus family (CoV) consists of a
single-stranded RNA virus, which is responsible for the transmission of infections from
one person to another (human coronavirus, hCoV). The virus is commonly recognized
as severe acute respiratory syndrome-CoV-2 (SARS-CoV-2), which is a member of the
betacoronavirus genus [1–5]. Due to the fast spread of this dreadful disease throughout the
whole world, the WHO announced a global pandemic on 11 March 2019 [6]. This novel
coronavirus has spread to all corners of the earth and has led to the deaths of nearly one
million people around the globe [7]. Moreover, the most vulnerable ones identified are
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the immunocompromised patients, and it is more likely for viral infections to progress
to severe disease in these patients [8]. Researchers have found that the main receptor
through which the SARS-CoV-2 binds to form a complex is the angiotensin-converting
enzyme-2 (ACE2), a homolog of ACE, which allows the virus to enter the host cell [9].
Due to viral mutations in the disease, ample research efforts toward a vaccine and thera-
peutic development against SARS-CoV-2 are being made, not only for humans but also
for animals, to halt this unwanted phase [10–15]. Much like any other RNA virus, SARS-
CoV-2 is rapidly mutating, with new variations arising as long as transmission continues
(Figures 1 and 2). Figure 1A demonstrates the key mutations of the viral spike proteins of
different variants of concern (VOCs) that majorly interact with ACE2, while Figure 1B gives
detailed visualization of those mutations. Some alterations in the Omicron genome are the
same as those found in other VOCs, and they are responsible for enhanced transmission
rates, immunoescape qualities, and a greater likelihood of contracting the illness due to
a stronger affinity for the ACE2 receptors [16]. At the 5′ end are two large ORFs, ORF1a
and ORF1b, covering more than two-thirds of the genome (Figure 2) where mutations are
observed in different VOCs [17,18]. If a variant provides a selective advantage to the virus,
it may become more prevalent. SARS-CoV-2 variants can be grouped into three different
categories, i.e., the variants of interest (VOI), the variants of high consequence, and VOC.
Since the start of the pandemic, the WHO has announced several variants as VOCs; they
include strains B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and most
recently, the B.1.1.529 (Omicron) variant, each of which has different transmissibility, eva-
sive nature, and neutralization capabilities [19,20]. Recently, the Indian Ministry of Health
officially provided information on the genome sequencing of 10,787 specimens that were
collected from the 18 states of India. Almost 90% of the samples are positive with the Alpha
variant, 4% with the Beta variant, 1% with the Gamma variant, and the remaining 5% of the
samples were positive with variants such as B.1.617, B.1.616.1 (Kappa), and B.1.617.3 [21].
The Alpha variant B.1.1.7, which is originally a UK strain, is prevalent in Punjab, as all
the 336 samples tested were positive for the Alpha variant. In 206 Maharashtra samples,
a novel VOC contained two alterations, E484Q and L452R, which were evident [22,23].
B.1.617, informally known as the Indian variant, was initially detected on 1 December 2020;
however, it did not become prevalent until February 2021. This mutant SARS-CoV-2 strain
that was formerly detected in India (Figure 1) comprises three main varieties, B.1.616.1
(Kappa-VOI), B.1.617.2 (Delta-VOC), and B.1.617.3 [24]. All the identified Indian strains
of SARS-CoV-2 have a unique genetic make-up. The WHO declared the Delta variant a
VOC on 15 June 2021. It first appeared in Maharashtra (India) in December 2020. However,
its devastating impact was observed in late April 2021, when more than 30,000 cases were
reported daily in New Delhi (India) [25–27].

The variant spread like wildfire from India, and in current circumstances, it has caused
a devastating new wave throughout the globe. Globally, there are more than 11 million
incidences of the Delta variant, and the UK has reported the largest number of COVID-19
Delta variant cases, i.e., around one million, as of 19 December 2021 [28]. In 2021, the WHO
made a statement that the Delta strain was sweeping the globe at breakneck speed, which
led to a new surge in cases and deaths [29]. More than 0.1 million sequences of the Delta
variant samples have been detected since the lineage’s identification, and the strain has been
reported in at least 148 nations [30]. The Delta variant gained much attention in England,
but the good news is that it is believed to lack the 484K/Q mutation, one that has recently
been linked to resistance to vaccination [31,32]. It has two escape alterations, E484Q and
L452R, as well as other mutations; the most notable of these is P681R, which is expected
to boost infectivity [33]. As per studies conducted in the UK, the Delta symptoms are
slightly different from those of other strains, although this does not always indicate serious
symptoms. Symptoms such as a sore throat, headache, runny nose, and fever are common,
but olfactory dysfunction and cough are not as common. Some severe symptoms associated
with Delta include serious gastrointestinal issues, hearing impairment, and tissue death
owing to blood clots [34]. Some study reports from Canada as well as Scotland concluded
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that the rate of hospitalization is higher in the case of Delta-infected patients compared
with patients infected with other variants [35]. Moreover, B.1.617 has improved resistance
to neutralizing antibodies by both immunization and native COVID-19 but not to the point
where the vaccine is rendered useless [24]. To mitigate the current pandemic situation,
vaccines are playing vital roles by showing remarkable safety and efficacy. Nevertheless,
they are not without flaws, as breakthrough infections have been reported owing to the
improved resistance of the different variants over neutralizing antibodies. Breakthrough
infections are often less common in fully vaccinated people. The same applies in the case of
Delta variant infections. Unvaccinated individuals tend to be the major source of concern.
People who have been fully vaccinated but have developed Delta breakthrough infections
can also transfer the virus to others, although they appear to disseminate the virus for a
short period. The current rapid increase in Delta variant instances has been attributed to
low routine immunization in several areas. In such cases, Delta posed a significant concern
to the world’s poorest countries, which have limited or no access to vaccinations [36].

Delta variants appeared to transmit at a higher rate than other VOCs [25]. However, in
November 2021, the WHO declared another variant as a VOC, and this variant is known as
the “Omicron” [37]. It was initially discovered in South Africa in mid-November 2021 [38].
On 31 August 2022, the Director-General of the WHO stated at a media briefing that, in
addition to their predecessors, Omicron subvariants are more transmissible, and further
variants will likely be even more dangerous and transmissible and had advised people
to get vaccinated and also receive a booster if needed [39]. The Omicron variant had the
highest number of mutations (50) throughout its genome out of the five VOCs investigated.
Researchers have found that the Omicron variant’s infectivity and immune escape are
relatively greater than those of the other four VOCs because of the high mutation load
it carries [40]. The Omicron variant has 32 spike protein mutations, double the Delta
variant [41]. Notably, more than 15 of these alterations seem to be present in the receptor-
binding domain (RBD), with the main goal of neutralizing antibodies (NAbs) [42], which
are significantly more frequent than those found in other VOCs [43,44]. In addition to the
critical genetic alterations that have been reported in the spike protein of the Omicron
variant, similar mutations have also been observed in the other VOCs and VOIs. These
mutations include H655Y, K417N in Gamma; D614G, ∆69–70, P681H, and N501Y in Alpha;
T478K mutation in Delta; and K417N in Beta [45]. Omicron’s BA.5 strain is currently the
most contagious and dominant subvariant globally. Nevertheless, this subvariant is not
considered more severe than the other subvariants, and the COVID-19 vaccine is considered
safe and effective against serious infections. However, global spikes in cases can strain
health services to the breaking point [46,47]. A recent report indicated that an emerging
sublineage, known as BA.2.75, is growing in prevalence in India. Nevertheless, as of
19 July 2022, BA.2.75 had been reported in at least fifteen nations [48]. At present, public
health restrictions have been loosened in many countries following the third consecutive
year of the global pandemic. Vaccination or natural infection has now made most of
the population globally immune to the deadly SARS-CoV-2, but new variants will likely
emerge, triggering local outbreaks and affecting prevention and treatment in unpredictable
ways. This review interprets the global impact of the Delta and Omicron variants outbreaks,
including their pathogenicity, mutation, therapeutics, and influence on vaccine efficacy [49].
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Figure 1. Summary of SARS-CoV-2 mutants/variants: (A) illustration of S-protein–ACE2 binding, location of the frequently detected mutations within the spike
region of SARS-CoV-2; (B) detailed visualization of mutations that are found within the genomic structure of current VoC lineages (adopted under CC BY 4.0
License from [50]).



Vaccines 2022, 10, 1926 5 of 26Vaccines 2022, 10, x FOR PEER REVIEW 5 of 27 
 

 

 

Figure 2. Schematic diagrams of the SARS-CoV-2 genome with structure. Reproduction number of 

wild-type SARS-CoV-2 is 1.1 which is still higher in the emerging variants of SARS-CoV-2. The re-

ceptor-binding motif mainly interacts with host receptor for viral host entry (created with Bioren-

der.Com). 

2. Mutation and Pathogenesis of Delta and Omicron Variants 

SARS-CoV-2 is a disease that is constantly mutating, leading to further new variants. 

One such variant is the Delta variant, which was mentioned earlier to be among the most 

prevalent strains of SARS-CoV-2 to exist to date. The variant is known to have several 

mutations at 22 different amino acids of different genes, including the ORF, S, M, and N 

(Table 1) [51]. From these genes, the S protein of the virus plays an important role by 

offering adhesion to the host cell, which thereby allows access to the cells [52]. The S pro-

tein is the principal target of the COVID-19 vaccine; likewise, the majority of the serum-

neutralizing antibody responses induced through spontaneous SARS-CoV-2 infections 

are concentrated on the RBD of the S protein [12,53,54]. The spike protein is composed of 

S1 and S2 subunits; S1 interacts with the ACE2 receptor, and S2 assists in cellular 

Figure 2. Schematic diagrams of the SARS-CoV-2 genome with structure. Reproduction num-
ber of wild-type SARS-CoV-2 is 1.1 which is still higher in the emerging variants of SARS-CoV-2.
The receptor-binding motif mainly interacts with host receptor for viral host entry (created
with Biorender.Com).

2. Mutation and Pathogenesis of Delta and Omicron Variants

SARS-CoV-2 is a disease that is constantly mutating, leading to further new variants.
One such variant is the Delta variant, which was mentioned earlier to be among the most
prevalent strains of SARS-CoV-2 to exist to date. The variant is known to have several
mutations at 22 different amino acids of different genes, including the ORF, S, M, and
N (Table 1) [51]. From these genes, the S protein of the virus plays an important role by
offering adhesion to the host cell, which thereby allows access to the cells [52]. The S
protein is the principal target of the COVID-19 vaccine; likewise, the majority of the serum-
neutralizing antibody responses induced through spontaneous SARS-CoV-2 infections are
concentrated on the RBD of the S protein [12,53,54]. The spike protein is composed of S1
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and S2 subunits; S1 interacts with the ACE2 receptor, and S2 assists in cellular integration
and viral fusion [11,55]. After entering the cells, the immune cells of the body flag the S
protein as foreign, which will further lead to the generation of antibodies by the B cells, and
these antibodies adhere to the virus and eradicate it. If mutations occur in the S protein,
which is not recognized by first-wave antibodies, the developed immunity against the
original strain (followed by exposure or vaccination) may be found to be ineffective [41].
Due to this, it becomes increasingly difficult for the immune system to recognize and bind
to S proteins as they mutate [34,56].

There are 4 different lineages of Delta variants (Figure 3), while 12 different lineages
of Delta plus variants have been recorded. The Delta variant of SARS-CoV-2 comprises
nine S-protein mutations, namely T19R, G142D, L452R, D614G, T478K, D960N, P681R,
and E156G, with deletions at 157 and 158 positions. Nevertheless, the RBD also includes
multiple mutations such as mutations in the “antigenic supersite” region of the N-terminal
domain and also at the furin cleavage site [34]. The S-protein mutations at positions L452R
and P681 are most notable, affecting the antibody binding. Among these, the mutation of
L452 replaces an amino acid, “arginine”, at 452 positions for another amino acid called
“leucine”, whereby the interaction between the S protein and ACE2 receptor is enhanced.
However, as residue L452 is found in the RBD’s hydrophobic plaques in the S protein, it
does not make any direct contact with the ACE2 receptor [57]. The ability of this novel
S protein to evade the immune system allows better adhesion to human cells, leading to
more aggressive infection [58]. Moreover, the P681R mutation is near the S protein’s furin
cleavage site and enhances the number of basic residues in the substandard S protein’s furin
cleavage site [59]. A study on hamsters concluded that the mutation of P681R does not
increase infectivity but shows more pathogenicity compared with the parent SARS-CoV-2
virus [60–62]. Furthermore, it can reduce neutralizing antibodies partially. According to
a “pseudovirus neutralization test”, the D614G/P681R mutation was shown to target the
RBD of the S protein by exhibiting moderate resistance (1.2–1.5 times) to three monoclonal
antibodies (mAbs) [63]. In addition to enhancing intercellular fusion, P681R also promotes
furin-mediated S-protein cleavage [59,64].
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Table 1. Characteristic mutations of Delta variants [65].

Protein Amino Acid Mutation Delta Variant Lineages Mutation Impact

ORF1a T3255I
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

The ability of viruses to adapt to internal interactions in host cells,
such as replicating and transcribing viral genomes and budding
by cellular exocytosis, as well as external interactions with host
cells, such as recognizing a cell surface receptor, attaching to the

host receptor, and fusing with cellular membranes [66].ORF1b

P314L
B.1.617.2; B.1.617.2 plus E484Q;
B.1.617.2 plus K417N; B.1.617.2

plus Q613H

G662S
B.1.617.2; B.1.617.2 plus E484Q;
B.1.617.2 plus K417N; B.1.617.2

plus Q613H

P1000L
B.1.617.2; B.1.617.2 plus E484Q;
B.1.617.2 plus K417N; B.1.617.2

plus Q613H

S

T19R (NTD)
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

Increase the immune evasion [67].

G142D (NTD)
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

E156G (NTD)
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

del157/158 (NTD)
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

L452R (RBD)
B.1.617.2; B.1.617.2 plus E484Q;
B.1.617.2 plus K417N; B.1.617.2

plus Q613H
Impacts neutralization by monoclonal antibodies [68].

T478K (RBD)
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N
Aids in antibody emigration [69].

D614G (SD2)
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N
Enhances the infectivity and density of virion spikes [70].

P681R (furin-cleavage
site)

B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

It improved the full-length spike’s cleavage to S1 and S2, which
increased infection through cell surface penetration [64,71].

D950N (S2 region)
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

It might alter the spike protein’s structure to make it better able to
shift its form and unite with human cells [72].

Q613H B.1.617.2 plus Q613H Upsurges transmissibility andPathogenicity [73,74].

K417N B.1.617.2 plus K417N Combining the K417N mutation with N501Y eliminated the
antibody effect [75].

E484Q B.1.617.2 plus E484Q Exceedingly resistant to neutralization by mAb [76].

ORF3a S26L
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

This mutation modifies Orf3a protein dynamics, protein disorder
parameters, and secondary structure [77].

M I82T
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

Crucial for viral assembly, it may also affect glucose transport
and decrease type I and type III interferon production, which

severely reduces the innate immune response [78].

ORF7a

V82A
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N It restricts host immune suppression with interferon antagonism
and might be responsible for causing the expression of

pro-inflammatory cytokines [79,80].
T120I

B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N
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Table 1. Cont.

ORF8

S84L
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N The virus evades the immune system by altering its binding
affinity with IRF3 and disrupting chromatin regulation, which

speeds up reproduction [81,82].
del119/120

B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

N

D63G
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

Alteration in secondary structure [83].R203M
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

D377Y
B.1.617.2; B.1.617.2 plus Q613H;
B.1.617.2 plus E484Q; B.1.617.2

plus K417N

S = spike protein, ORF= open reading frames, N= nucleocapsid, M= membrane protein.

Omicron, the most recent SARS-CoV-2 variant, was identified in South Africa, which
has also had a huge impact around the world and is known to be a more dominant variant
than any other variant due to its high infectivity and antibody evasion. The Omicron
variant became known as the fifth VOC by the WHO on 26 November 2021. B1.1.529,
the first Omicron variant, was originally discovered in Botswana, and from there, the
variant spread across the entire South African province and beyond [37]. Unlike other
SARS-CoV-2 variants, Omicron largely spares the olfactory function, which may be due to
its hydrophobicity and also its alkalinity, which is even more than the Wuhan strain. In
this way, Omicron may exhibit a decreased solubility in mucus, thereby reducing olfactory
epithelial infections [84]. The Omicron variant is known to have around 60 mutations,
with 15 alterations in the RBD and 36 alterations in the S protein; therefore, it has the most
mutation sites of all known coronavirus variants [85–87]. In addition, there are five lineages
of the Omicron variant, i.e., BA.1 to BA.5. Although BA.1 was the original predominant
strain, BA.2 is rapidly overtaking it in many countries. At most, there are a few hundred
cases of BA.3, which has very limited transmissibility. Pango lineages BA.4 (22A) and BA.5
(22B) were recently discovered and are on the rise, which is different from Pango lineages
BA.2.12.1. There are 57 mutations in the BA.2 lineage, 31 of them in the S protein, with
a significant difference in the N-terminus between BA.1 and BA.2. ACE2, which is the
host receptor of the S protein, increases infectivity and escapes the neutralizing antibodies
induced by vaccines when bound. As a result, considerable research has been carried out
on those mutations that affect the RBD of the S protein. Twelve mutations, namely G339D,
S477N, N501Y, S373P, T478K, S375F, K417N, N440K, Y505H, E484A, Q493R, Q498R, and
R346K, were discovered in one of these members of the group, namely BA.1.1, while S371L,
G446S, and G496S were associated with BA.1 only. Besides S371F and R408S, BA.2 also
shares common mutations T376A and D405N with BA.3. Similarly, previous variants have
also displayed such kinds of mutations that are known to increase antibody sensitivity
and resistance. In Beta (B.1.351) and Gamma (P.1) variants, alterations in N501, K417,
and E484 residues may play a role in the vaccine-induced neutralization. The S protein
(subunits: S1-S2) promotes viral entrance into the host cell on interaction with the host
receptors. Viral entry into host cells requires cathepsin L or type II transmembrane serine
protease (TMPRSS2) and furin, which breaks down the two subunits of the S protein with
three alterations in the furin cleavage site; the mutations are namely N679K, P681H, and
H655Y. Compared with the second wave, the third wave shows significantly greater levels
of infection and transmission. According to the early trend data in India, compared with
other Omicron-affected nations (SA, France, US, UK, and Italy), the third wave looks to
be mostly driven by Omicron, although hospitalizations and infection-related casualties
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are estimated to be fewer than in other Omicron-affected nations based on evidence from
other nations [45].

The T4 fibritin trimerization domain, Gly-Ser-Ala-Ser (GSAS), and 6P mutations are
present in all the spike proteins (S-trimers) of the Omicron lineage (BA.1, BA.2, BA.3,
BA.2.12.1, BA.2.13, and BA.4/BA.5) for enhanced stability [88]. The differences between the
Omicron sublineages were revealed by a study using cryo-EM conducted by Yunlong Cao
et al. [89]. According to that study, in contrast to the BA.1 S-trimer, which is stable in an open
conformation with one “up” RBD and two “down” RBDs, the BA.2 and BA.2.12.1 spikes
exhibit two conformational states that correspond to a closed form with all three RBDs in
the down configuration and an open form with one RBD in the up position. In addition
to BA.2 and BA.2.12.1, BA.2.13 notably contained one RBD that was visibly disrupted,
showing a stochastic shift that supports structural variability in the S-trimers of BA.2
sublineages (Figure 4a). The study also showed that the N658S mutation, which may
be correlated with the more closed RBD configurations of the BA.4/BA.5 S-trimer, was
initially present in early BA.4/BA.5 lineages but later vanished due to the poor exposure
of this variant. Notably, in the region created by the three copies of S2, S-trimers from
the BA.2 sublineage had considerably fewer compact topologies (Figure 4b). Contrarily,
BA.1, BA.3, and BA.4/BA.5 spikes have more buried areas between the S2 subunits and
a rather compact inter-subunit organization (Figure 4b). Thermal stability assays by the
researchers confirmed that S-trimers from BA.2 sublineages were the least stable of these
variations, in agreement with structural data, which may lead to an improved fusion
efficiency (Figure 4c). Compared with the other Omicron subvariants, the BA.4/BA.5
S-trimer displayed a lower binding affinity for hACE2; nevertheless, this assessment may
not be accurate due to the extra N658S mutation [89]. Except for the BA.3 RBD, which
displayed a reduced affinity comparable to that of the original WT strain, the binding
affinities of the RBDs of the Delta (B.1.617.2) and the circulating Omicron subvariants for
ACE2 were comparable. Additionally, compared with the other Omicron subvariants,
the BA.2 subvariants showed somewhat higher binding affinities for hACE2 (Figure 4d).
Additionally, research using molecular dynamics simulations shows that the absence of
G496S in BA.2 sublineages resulted in the restoration of the hydrogen bond with hACE2
K353, enhancing their ability to bind. The hydrophilic interaction between BA.3 spike (S446)
and hACE2 Q42 was nonetheless disrupted by local conformational disturbance at the spike
residues 444–448; this is likely due to the single mutation G446S rather than the double
mutations G446S and G496S. Interestingly, the hACE2 binding activity is decreased by the
F486V mutation in the BA.4/BA.5 spike due to the decreased hydrophobic interaction [89].
Table 2 shows the characteristic mutations of the omicron variant.

Table 2. Characteristic mutations of Omicron variants [90].

Sub Variants Gene Amino Acid Mutation Mutation Impact Omicron Variant
Lineages

21K (Omicron) S

E484A

In other variants, mutations to this
amino acid have been linked with

antigenic escape, as well as mutations
to other amino acids at

this position [91]. BA.1

H655Y, N679K, P681H May increase transmissibility [92].

Q498R, N501Y The binding to the ACE2 is increased
by a significant amount [93].
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Table 2. Cont.

A67V, T95I, Y145D, H69, L212I, G339D,
S371L, S373P, V70, S375F, K417N, N440K,

G446S, G142, S477N, T478K, Q493R, G496S,
V143, N501Y, Y505H, T547K, D614G, Y144,

N764K, D796Y, N856K, Q954H, N211,
N969K, L981F

N

P13L

R203K, G204R Viral loads and subgenomic RNA
expression are increased [94,95].

E31-, R32-, S33-

ORF1a

K856R, S2083-, L2084I, I3758V, A2710T,
T3255I, P3395H

G3676, L3674, S3675

These mutations have been hypothesized
to promote the evasion of innate immunity
by impairing cells’ capacity to break down

components of the virus [96].

ORF1B P314L, I1566V

ORF9b P10S, E27-, N28-, A29-

By interacting with TOM70 and NEMO,
ORF9b suppresses the innate immune
response to infection, resulting in the

generation of IFN [97,98].

E T91I

M D3, Q19, A63T

21L (Omicron) S

T19I, V213G, T376A, D405N, S371F, R408S:
(6 additional spike mutations)

A27S, G142D, G339D, S373P, L24, S375F,
K417N, N440K, P25, S477N, T478K, E484A,
P26, Y505H, Q493R, Q498R, N501Y, N969K,

D614G, H655Y, N679K, Q954H, P681H,
N764K, D796Y

BA.2

N P13L, E31, S413R, R32, S33, R203K, G204R

ORF1a L3201F
May have originated in South Africa but it
is more common in other countries than in

the country of origin.

S135R, T842I, G1307S, F3677, L3027F,
T3090I, T3255I, G3676, P3395H, S3675

ORF1b P314L, T2163I, R1315C, I1566V

ORF3a T223I

ORF6 D61L

ORF9b P10S, A29, E27, N28

E T9I

M Q19E, A63T

22A (Omicron)

S

F486V, R493Q Due to the mutation and reversion, binding
affinity to ACE2 is reduced [89].

BA.4

T19I, L24, N969K, P25, P26, Q954H, A27S,
H69, D796Y, V70, N764K, G339D, S371F,

P681H, S373P, S375F, N679K, T376A,
D405N, H655Y, R408S, K417N, D614G,
N440K, L452R, S477N, Y505H, T478K,

E484A, F486V, Q498R, N501Y,

N S413R, P13L, E31, G204R, R32, S33, P151S,
R203K
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Table 2. Cont.

ORF1a F3677, S135R, K141, G3676, S142, F143, S3675,
T842I, G1307S, P3395H, L3027F, T3090I, T3255I

ORF1b P314L, T2163I, R1315C, I1566V

ORF3a T223I

ORF6 D61L

ORF7b L11F

ORF9b P10S, E27-, N28-, A29-

E T9I

M Q19E, A63T

22B (Omicron)

S

T19I, L24-, N969K, P25-, P26-, Q954H, A27S,
H69-, D796Y, V70-, G142D, V213G, N764K,
G339D, S371F, P681H, S373P, S375F, T376A,

N679K, D405N, R408S, H655Y, D614G, K417N,
N440K, L452R, S477N, Y505H, T478K, E484A,

F486V, N501Y, Q498R

A reversion at R493Q and the F486V mutation
may have caused the marked reduction in ACE2

binding affinity in 22A (Omicron) and 22B
(Omicron) compared to 21K (Omicron) [89].

BA.5

N P13L, E31, S413R, R32-, S33-, G204R, R203K

ORF1a S135R, T842I, F3677, G1307S, L3027F, G3676,
T3090I, T3255I, S3675, P3395H

ORF1b P314L, T2163I, R1315C, I1566V

ORF3a T223I

ORF9b P10S, A29, E27, N28

E T9I

M A63T, D3N, Q19E

22C (Omicron)

S

N969K, T19I, L24, Q954H, P25, P26, A27S,
D796Y, G142D, V213G, N764K, G339D, S704L,

S371F, S373P, P681H, S375F, T376A, N679K,
D405N, R408S, K417N, H655Y, N440K, L452Q,
D614G, S477N, T478K, Y505H, E484A, Q493R,

Q498R, N501Y

BA.2.12.1

N P13L, E31, G204R, S413R, R32, R203K, S33

ORF1a S135R, T842I, F3677, G1307S, L3027F, G3676,
T3090I, L3201F, S3675, T3255I, P3395H

L3201 originated in South Africa as a wild type
but it is common in other countries.

ORF1b P314L, R1315C, T2163I, I1566V

ORF3a T223I

ORF6 D61L

ORF9b P10S, A29, E27, N28

E T9I

M Q19E, A63T

22D (Omicron) S

T19I, L24, N969K, P25, P26, Q954H, A27S,
D796Y, G142D, N764K, K147E, D796K, P681H,

W152R, N679K, F157L, I210V, H655Y, I210V,
V213G, D614G, G257S, G339H, Y505H, SS373P,
S375F, N501Y, T376A, D405N, Q498R, R408S,

K417N, R493Q, N440K, G446S, E484A, N460K,
S477N, T478K

Mutations in N460K, G446S, G339H, and R493Q
may cause 21L(Omicron)-induced immunity to

be overcome. May also have higher ACE-2
binding affinity than 22A (Omicron)/22B

(Omicron) [89].

BA.2.75

N P13L, E31, S413R, R32, S33, R203K, G204R

ORF1a
S135R, T842I, N4060S, S1221L, G1307S, F3677,
P1640S, L3027F, G3676, T3090I, L3201F, S3675,

T3255I, P3395H

ORF1b P314L, G662S, T2163I, R1315C, I1566V

ORF3a T223I

ORF6 D61L

ORF9b P10S, A29, E27, N28

E T9I, T11A

M Q19E, A63T

S = spike protein, ORF = open reading frames, N = nucleocapsid, M = membrane protein, E = envelope, amino
acid- = deletion of the mentioned amino acid, e.g., H69-.
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Figure 4. Structural and receptor-binding characteristics of Omicron subvariants: (a) surface repre-
sentation of S-trimers of BA.1, BA.2, BA.3, BA.2.13, BA.2.12.1, and BA.4/BA.5 (BA.4/5) variants; (b)
structural interpretation and functional verification of the stability of the spike protein of BA.1, BA.2,
BA.3, BA.2.13, BA.2.12.1, and BA.4/BA.5 variants. Left, superimposed structures of spike protein
and the S2 domains of BA.1 (purple), BA.2 (red), and BA.4/BA.5 (blue). The binding surface areas
between S2 subunits of the variants are calculated in the table on the right; (c) thermofluor analysis
for these Omicron variants. Analyses were performed as biological duplicates; (d) binding affinities
of RBDs of Omicron variants for hACE2 measured by SPR. Analyses were performed as biological
duplicates. (Figure 4 is adapted from Yunlong Cao et al. (2022) [89] via CC by 4.0 license.).

3. Omicron Variant vs. Delta Variant

Of all the variants examined so far, Omicron has been detected as the variant with
the highest number of alteration sites. Approximately 60 substitutions, insertions, and
deletions have been studied in this variant, whereas the Delta variant has only around
22 mutations [86]. These mutations may be associated with an increased risk of transmission
and reinfection, as well as reduced vaccination effectiveness [26]. The researchers from
the “LKS Faculty of Medicine at the University of Hong Kong” discovered that Omicron
multiplies 70-fold faster in the human bronchus when compared to the Delta variant
and the classic SARS-CoV-2 variant, which may help to explain why it spreads more
rapidly than earlier variants [16,26,99–101]. The spike RBD is the legitimate viral entity
that identifies the ACE2 receptor and promotes viral entry. The RBD of Omicron has 15
mutations, whereas only L452R and T478K variations are prevalent in the RBD of the
Delta variant. Of these changes, a group of residues appears to be located near the bound
ACE2 receptor [86]. A computational study was conducted in a study by Kumar et al.
to analyze the Delta and Omicron variants. It was discovered that the Delta variant’s
RBD site underwent significant modifications, which increased the association of Omicron
and ACE2, possibly leading to a faster transmission rate [26]. Several mutations led to a
higher binding affinity for human ACE2 based on in silico studies: Q493R, N501Y, S375F,
S371L, S373P, T478K, and Q498R. Furthermore, a wide variety of lipophilic amino acids,
namely phenylalanine and leucine, are found in the RBD as well as in the entire S protein of
Omicron when compared to Delta [26]. Moreover, it is possible that the TMPRSS2 route of
cell entry, along with the high membrane fusion capacity, is required for the rapid induction
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of anosmia in SARS-CoV-2 variant Delta, and this route may be the only one able to cause
rapid anosmia in COVID-19 due to its enhanced infectivity, while the Omicron variant
uses the less efficient endosomal route, thus appearing in the failure to induce frequent
anosmia [84]. Uncertainty surrounds the question of whether Omicron infection results in
more severe complications than infections brought on by other variants, such as the Delta
variant. All COVID-19 variants, including the globally widespread Delta variants, can
cause serious illness or death [102]. Omicron variant infections continue to climb globally,
with a total of 2780 confirmed cases as of 19 December 2021 [103]. However, researchers
are investigating to find out if the Omicron variant affects COVID-19 vaccination efficiency.
Despite inadequate data, the WHO feels it is acceptable to assume that the currently
available vaccinations provide some defense against severe complications and morbidity.
The currently available vaccines produce a reduced level of neutralizing antibodies against
the Omicron variant of SARS-CoV-2, suggesting that the geriatric population is at a greater
infection risk against this variant, and it is advised to get fully vaccinated and can even
receive a booster dose when recommended [104].

Quick vaccine development has been critical in combating the continuing COVID-19
epidemic. Nevertheless, access issues persist, new infections emerge, and evolving vari-
ations provide a higher danger [105]. Generating antiviral medicines is thus a top goal
for COVID-19 therapy. Evaluating viral transmission, variant emergence, and mutation
rates are crucial for creating successful treatments and vaccines [106,107]. As health offi-
cials throughout the world strive to vaccinate their populations in order to achieve herd
immunity, the problems identified suggest that COVID-19 treatments are still required
to act alongside vaccinations [108]. Outpatients with mild to moderate COVID-19 who
are at risk of hospitalization owing to comorbidities or other circumstances are frequently
treated with neutralizing anti-SARS-CoV-2 monoclonal antibodies [109]. The introduction
of novel variants with lower susceptibility to neutralization by vaccine-induced antibodies
is perhaps most concerning, as these variants pose the greatest danger to the protective
effect of existing vaccinations [110]. Since viral mutations generally demonstrate mutations
in the viral spike protein, which is the target for most of the early diagnostic tests as well as
neutralizing antibodies, understanding viral mutation is very important for the emerging
viral variants. The consequences of novel variations on viral transmissibility, illness severity,
reinfection rates (i.e., escape from natural immunity), and vaccine efficacy are four major
issues raised by their development (i.e., escape from vaccine-induced immunity) [51].

4. Vaccine Efficacy
4.1. Delta Variants Influence Vaccine Efficacy

The Delta variant is known for its high infectivity. According to research, this
strain’s infectivity is 97% to 100% higher than the original epidemic strain, i.e., the Wuhan
strain [111]. In addition, the mutation of the RBD variants reduces the immune response of
the host’s cells, which has led to numerous reports of breakthrough infections occurring
after complete immunization [112–114]. A large number of vaccines authorized and deliv-
ered across the world had completed phase II/III clinical research before the Delta variant
outbreak, and their effectiveness was mostly confined to individuals exposed to other
VOCs of novel coronavirus. Thus, the outbreak of the Delta variant called into question
their ability to provide adequate defense. Nevertheless, studies related to the evaluation
of vaccine efficacy for the Delta variant have been widely reported. Studies have also
supported the concept of a “heterologous prime–boost COVID-19 vaccine strategy”, in
which vaccines from different platforms can be used as an effective immunization strategy
against COVID [115].

ChAdOx1 or AZD1222, an adenovirus vectored vaccine designed by Oxford-AstraZeneca,
was one of the most commonly used preventive measures during the COVID pandemic,
and a two-dose regimen of the vaccine yielded approximately 70% efficacy in the clinical
trials. The neutralizing titer of this vaccine fell by 2.5–9.0 times more against the Delta
virus variant than against the Alpha variant [67]. However, Covishield, the Indian version
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of ChAdOx1 (developed by the Serum Institute of India), displayed a 3.28-fold drop in
neutralizing titer against the Delta variant followed by a second dose when compared with
D614G (a spike protein mutation) [116]. The immune serum geometric mean titer, following
the first dose, was less than that after the double dose, and the degree of decline was greater,
which suggests the significance of the second dosage [117,118]. Additionally, Ad26.CoV2-S
(the Johnson and Johnson adenovirus vector vaccine) reported cross-neutralization data.
The neutralizing titer against the Delta variant was reduced by 1.72–3.40-fold after one dose
of Ad26.CoV2-S when compared with WT/ Alpha [119,120]. Similarly, the mRNA vaccine
developed by Pfizer, BNT162b2, showed a 1.41–8.40 time decrease in the neutralizing
titer against the Delta variant in comparison with WT/Alpha [121]. The immune serum
following two doses of ChAdOx1 and BNT162b2 was evaluated in a series of trials, and the
neutralizing potential of ChAdOx1 against the Delta virus was found to be slightly lower
than that of BNT162b2 [24,67]. In another study, an evaluation of the immune serum using
the pseudovirus following two injections of BNT162b2 showed that the neutralizing anti-
body titer was reduced by 2.83–11.30-fold against the Delta variant relative to WT/D614G,
which is identical to the results attained by the live virus [24,122]. Another widely used
mRNA vaccine, mRNA-1273, was also reported with cross-neutralization data. The Delta
variant had a greater decrease in the neutralizing titer (2.10–3.80 fold), compared with
D614G than either the Alpha or Beta variants (1.20 fold) but still less than the decline seen
with D614G. (2.20–8.40 times) [123]. Additionally, BBV152 (an Indian inactivated vaccine)
had a 2.7-fold lower immunological serum-neutralizing titer against Delta live virus than
D614G [124]. Furthermore, CoronaVac, the inactivated vaccine created by Sinovac in China,
reported a reduction in the neutralizing titer against the Delta virus by 31.64-fold when
compared with the WT, which was more than the reduction in that against Alpha and Beta
variants utilized in the same study (17.35 and 22.11 times, respectively) [125]. One dose
of BNT162b2 or ChAdOx1 may provide equivalent immunity against the Delta variant in
those who had priorly contracted COVID-19 to those who had been vaccinated with three
doses of CoronaVac [126].

In another trial, one dose of the FINLAY-FR-1A vaccine generated long-term memory
immune cells and caused a 31-fold spike in antibodies compared with pre-vaccination
rates with an increased response rate to Delta and other VOCs (Alpha and Beta) [127].
Contrarily, two doses of the COVID-19 vaccine candidate S-Trimer (SCB-2019) achieved a
64.2% effectiveness rate with a single dose efficacy of 49.9% [128]. Additionally, a clinical
trial on NDV-HXP-S, “an inactivated egg-based Newcastle disease virus (NDV) vaccine”,
against the Delta strain displayed a positive response in 84–96% of the treatment groups
with an approximately four-fold increase in the neutralizing activity [129].

Real-world data collected from the United Kingdom (October 2020 to May 2021) after a
mass vaccination campaign to the adult population with ChAdOx1 and BNT162b2 showed
identical efficacies after a single shot, with 51.1 % and 33.5 % defense rates against the
Alpha and Delta versions, respectively. Nevertheless, the prophylactic efficiency against
the Delta and Alpha variants (87.9 and 93.4%, respectively), followed by double shots of
BNT162b2, was pointedly higher than that of ChAdOx1 after two shots (66.1 % and 59.8 %,
respectively) [130]. These findings are generally consistent with reports from Scotland.
Overall, BNT162b2 outperforms ChAdOx1 in guarding against Delta and Alpha variants.
Furthermore, in mainland China, during the Delta variant outburst, the defense rate of an
inactivated indigenous vaccine provided 69% protection against COVID-19 contamination
from close contact, 73% protection against the development of pneumonia, and more than
95 % protection against severe infection. Besides that, in phase III clinical trials, BBV152
(an India-developed inactivated vaccine) demonstrated a total prophylactic rate of 77.8%
against symptomatic conditions and 65.2% against the Delta variant [61]. Hence, it should
be emphasized that after two shots, the defense rates against various SARS-CoV-2 strains,
in cooperation with the Delta variant, were comparatively much higher than after a single
shot. Thus, raising the percentage of fully vaccinated people, in addition to increasing the
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completely vaccinated population, is important to successfully halt the transmission of
SARS-CoV-2 globally.

4.2. Omicron Variants Influence Vaccine Efficacy

On November 2021, the first Omicron infection, also known as B.1.1.529, was detected
in South Africa and was also reported to the WHO, which then was declared as a VOC
and referred to this variant as Omicron. On comparing this variant to other known
VOCs, it was found that an unusually high number of mutations (50) have been found
on the spike (S) protein, the primary antigen that is targeted by antibodies produced
during infection or vaccination, some of which are concerning, and preliminary evidence
suggests an increased likelihood of reinfection [37,85]. Vaccines are ineffective in some
high-vaccination populations due to the rapid outbreak of COVID-19 caused by this
variant. Recently, a study compared vaccine effectiveness in symptomatic COVID-19
individuals infected by the Omicron and Delta variants (B.1.617.2) by administering the
first two consecutive doses of the mRNA-1273 vaccine (Moderna), the BNT162b2 vaccine
(Pfizer BioNTech), or the ChAdOx1 nCoV-19 vaccine (AstraZeneca), followed by a booster
dose of any of the three vaccines. From this study, it was revealed that symptomatic COVID-
19 caused by the Omicron variant was limited by primary vaccination with BNT162b2
or ChAdOx1nCoV-19, followed by a booster dose of mRNA-1273 or BNT162b2, which
remarkably increased protection [100].

It was demonstrated that the Omicron strain may have evolved and mutated to
undergo antigenic escape as a result of prolonged COVID-19 infection. According to reports,
highly infectious strains such as the Omicron frequently have the N460K, S477N, and S494P
mutations [93]. Despite the possibility of COVID vaccine boosters offering immunization
and mRNA- or non-mRNA-based vaccinations capable of adapting to evolving variants,
such as Omicron, it is concerning that a booster shot is required so soon after a full
vaccination, and that additional shots may be required, given the possible health impacts.
As such, there is a pressing need to develop single-dose effective vaccines that can be
beneficial for people for their entire lives against Omicron and other VOIs [131]. During
clinical trials and rapid deployment worldwide, SARS-CoV-2 vaccines induced strong
neutralizing immunity in both humoral and cellular components and significantly reduced
COVID-19 infections, hospitalizations, and deaths. Antibody epitope mutations on the
spike protein can increase viral resistance and reduce vaccine effectiveness when these
changes occur. As a result, monoclonal antibodies used both as a treatment and a preventive
strategy against COVID-19 are strongly impaired in their activity [132,133].

Another group of researchers demonstrated that heterologous boosting with V-01
(recombinant SARS-CoV-2 fusion protein vaccine) consecutive to two doses of COVID-19
vaccination was 3.7 times more effective against Omicron than the homologous dose group
with the same vaccine shots [134]. Additionally, a randomized clinical trial showed that
a booster vaccination of CoronaVac significantly raised the geometric mean titers against
Omicron and other deadly strains, with a higher level of neutralizing antibodies seen in
those who received a higher dosage (6 µg) than in those who received a medium dosage
(3 µg) [135]. This study was consistent with the existing literature in other populations
and with different vaccines; a booster dose produced a lower titer of neutralizing anti-
bodies against Omicron than it did against other SARS-CoV-2 strains [136]. In addition,
UB-612, “a multitype subunit vaccine containing S1-RBD-sFc protein”, was shown in a
phase I/II trial report to have prolonged virus-neutralizing antibodies as well as great T-cell
immunity against Omicron and other COVID-causing variants, as well as a third dose,
boosted immunological memory with significant antibody titers against Omicron [137].
In another study, researchers indicated that the Omicron neutralizing antibody titer was
lower in convalescents and individuals who did not receive a booster dose, demonstrat-
ing that a homologous or heterologous booster could limit the ability of Omicron to
evade neutralization [138].
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In a recent study, the mRNA vaccines were very good at preventing COVID-19-related
hospitalizations, Omicron, and other variants. However, for protection against Omicron,
three doses of the vaccine were needed, while Delta and Alpha only needed two doses.
Furthermore, Omicron variants were associated with less severe disease than Delta variants
among adults with COVID-19, but they still resulted in significant morbidity and mortality.
A marked difference in disease severity was seen between vaccinated and unvaccinated
individuals among hospitalized COVID-19 patients [139]. In a most recent study, an
antibody, SP1-77, was discovered to neutralize the SARS-CoV-2 Omicron variant, and this
was obtained from a humanized mouse model carrying a human VH1-2 and VK1-33. This
antibody has a significant complementarity-determining region 3 (CDR3) and is thus highly
effective against coronavirus. SP1-77 neutralizes and binds the variants (Omicron and other
VOCs) via a novel CDR3-based mode and neutralizes SARS-CoV-2 VOCs. A more direct
effect of SP1-77 is that it blocks membrane fusion rather than the binding of RBD to the
receptor or the endocytosis step of viral entry. Several strategies can be developed to design
vaccines with robust neutralization of the current and future variants of SARS-CoV-2 based
on these findings, which may lead to a more effective design of the vaccines [140,141].

5. Therapeutics for the Delta and Omicron Variants

COVID-19 vaccination is strongly advised as the principal option for reducing Delta
variant outbreaks and the significant financial burden they impose on healthcare sys-
tems [130]. Currently, the main aim of treatment against COVID-19 is to relieve symptoms
in mild to moderate cases, regardless of the type of variant. However, with the promising
results of mAbs against mild to moderate COVID-19 cases, studies about the utility of the
same against the Delta and Omicron variants have seen a rise among researchers [62]. A
recent study suggests that treatment with mAbs can help reduce Delta COVID infection
and found that three (imdevimab, etesivimab, and casirivimab) out of four (the fourth
one is bamlanivimab) clinically approved monoclonal antibodies were active against the
Delta variant [67]. An injection of casirivimab–imdevimab (CImAb), which is a cocktail of
two monoclonal antibodies, was discovered, and this injection was intended particularly
to thwart the infectivity of SARS-CoV-2 [142]. CImAb is a blend of two IgG mAbs that
bind non-competitively to the RBD region of the SARS-CoV-2 spike protein and restricts
the virus from interacting with the human ACE2 receptor. An in vitro study claimed that
CImAb maintains its efficacy against the SARS-CoV-2 Delta variant, which led to a decrease
in hospitalization rates for patients who received it [143]. Additionally, sotrovimab along
with casirivimab–imdevimab is given to patients and has also proved to be effective against
the Delta variant [144]. Therefore, the Delta variant and its clinical manifestations appear
safe and effective when treated with mAbs [145]. According to Dr. D. Nageshwar Reddy,
Chairman of AIG Hospitals in Hyderabad, monoclonal antibodies can halt the progression
of the Delta variant in a patient, reducing the need for ICU hospitalizations and fatalities. A
team from AIG Hospitals in Hyderabad along with researchers from “The Asian Healthcare
Foundation, CCMB Hyderabad”, and the Institute of Life Sciences carried out a study
where 285 patients were allocated to monoclonal antibody therapy and standard of care
treatment [146]. The Delta variant was found in more than 98% of the samples analyzed.
Following a week of cocktail medicine treatment, 78% of cases were symptom-free, and
100% by the end of the second week. Reddy added that 20% of patients who were treated
with standard care had a more severe illness or ended up in the intensive care unit. It was
found that 75% of patients who received monoclonal treatment were RT-PCR negative
by the seventh day, and 78% had relief from clinical symptoms. Reddy noted that none
of the research subjects became extremely ill or died, nor did they experience a rise in
inflammation markers, nor did they experience post-COVID symptoms. CImAb cocktail
treatment sprang to prominence after it was employed to treat then-US President Donald
Trump in October of last year [147]. “The Central Drugs Standards Control Organization
(CDSCO)” certified it for usage in India in May. However, it was not well-received by
COVID-19 sufferers. The main cause has been the high expense. The study conducted by
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the team of AIG Hospitals established that when administered at the appropriate time,
monoclonal treatment fully slows the course of the disease [148].

Apart from that, a research study also demonstrated the effectiveness of
bamlanivimab/etesevimab—a combination of mAb for the management of COVID-19
(Delta variant) [149]. The US Centers for Disease Control and Prevention (CDC) deter-
mined that bamlanivimab and etesevimab, administered together, are expected to retain
activity against the SARS-CoV-2 B.1.617.2/Delta variant. However, based on in vitro assays,
bamlanivimab and etesevimab, administered together, are not expected to retain activity
against the SARS-CoV-2 P.1/Gamma variant (first identified in Brazil); the B.1.351/Beta vari-
ant (first identified in South Africa), the AY.1 and AY.2 variants/Delta[+K417N] (commonly
known as Delta plus, first recognized in India); and the B.1.621 variant (first identified
in Colombia) [150]. Presently, three monoclonal antibody therapies—bamlanivimab and
etesevimab administered together, REGEN-COV, and sotrovimab—are authorized for the
treatment of mild to moderate COVID-19 in adult and pediatric patients (12 years of age
and older weighing at least 40 kg) with positive results of direct SARS-CoV-2 viral testing;
and who are at high risk for progression to severe COVID-19, including hospitalization
or death.

The Omicron version successfully avoids the humoral immune response caused by
primary immunization, despite having far more mutations than previous variations. Ad-
ditional mRNA vaccine administrations, on the other hand, promote cross-neutralizing
reactions toward Omicron, either through the affinity maturation of existent antibodies
or through targeting novel epitopes common throughout variants [132]. Takashita et al.
studied the antibodies and antiviral medicines’ effectiveness against the Omicron variant.
They concluded that the susceptibility of Omicron toward molnupiravir, remdesivir, and
nirmatrelvir was significantly identical to other variants of concern [151]. In 2022, Sheikh
et al. in their study about the effectiveness of a booster dose against Omicron concluded
that a third dose of vaccination provides substantial protection against symptomatic disease
occurring due to Omicron in comparison to the second dose [152]. The development of
an asymptomatic Omicron variant as an exciting live attenuated vaccine has led to the
suggestion of a “virus against virus” approach as a possible solution [153]. This approach
may have benefits such as exposure to structural and non-structural proteins during infec-
tion, interhost sequence diversity, and a comparatively long antigen existence in the host.
However, compared with immunity induced by a naturally occurring infection, a vaccine
strategy based on a single consensus version of the S protein would be more limited. The
Omicron variant seems to be less infective but more contagious. Two doses of vaccination,
or even a single booster shot, might not be enough to avoid infection with the Omicron
variant; however, they will undoubtedly lessen the severity of the disease and the probabil-
ity of death. Even so, those who are not immunized, the elderly, or those with co-existing
conditions or immunosuppression are particularly vulnerable to this variant. Vaccines can
nevertheless induce robust cellular and humoral immune responses, so giving people two
doses and a booster shot will help protect them from an illness triggered by a coronavirus
and its variants. While it has been demonstrated that with time, neutralizing antibodies
diminish the maintenance of a T-cell-mediated humoral response is also a prospective
protective pathway. High resistance of the Omicron variant to neutralizing antibodies
evoked by existing vaccines for COVID-19, convalescent-phase sera, and therapeutic mono-
clonal antibodies limits the efficacy of currently available vaccines and therapies. Although
booster (heterologous/homologous) vaccines are anticipated to curtail the spread of the
Omicron variant, a greater insight into their durability and potency is required [138,154].
The use of Omicron-specific vaccines for boost immunization appears ineffective, whereas
the incorporation of pan-sarbecovirus vaccines appears extremely promising [155,156]. The
ongoing evolution of the pandemic virus with new and burgeoning variants necessitates
the development of potent vaccines, which include variant-specific, mutation-resistant,
and universal vaccines, to keep abreast with arising variants and to devise novel MAbs for
managing COVID-19 patients and mitigating the ongoing pandemic [157].
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6. Delta Omicron Recombinant Variant

SARS-CoV-2 is susceptible to genetic changes over time, much like other viruses; it
can exert a slight or major influence on its infectiousness, characteristics, and pathogenicity.
The genetic alterations might result in the aggregation of mutations, greater transmissibility,
and a shift in therapeutic vaccination efficacy. Mutations, insertions, and recombination are
all examples of genetic alterations. Moreover, the tracking of the recombinant viruses may
thus aid in the preparation for these occurrences, as well as the optimization of treatment
and preventative techniques [158]. Recombination is a technique for a virus to develop a
different mutation combination. In humans, the first 87,695 genomes of SARS-CoV-2 posted
on 2021′s GISAID revealed 225 sequences with plausible recombinant provenance [159].
Despite the publication of various data on the recombination of the Alpha and Delta
variants of SARS-CoV-2, the data available for the recombination of Delta and Omicron
variants are very small. In 2022, Lacek et al. claimed to have discovered the first SARS-CoV-
2 recombinant genome consisting of a hybridized spike protein obtained from an Omicron
(BA.1.1)–Delta (AY.119.2) recombination incident [160]. According to the researchers, the
recombinant resembles the Delta variant (AY.4) except for the region encoding the spike
gene, which resembles BA.1. 27 amino acid mutations were found in BA.1, five in AY.4, and
four in both [161]. In another study conducted by Bolze et al. in 2022, the team sequenced
29,719 positive samples acquired between November 2021 and February 2022, when both
Omicron and Delta remained co-circulated in the US. They observed 20 co-infections and 2
separate incidences of infection by the recombinant Delta-Omicron virus. They stated that
such recombinants appeared uncommon and that there was no indication that the ones
found in this investigation constituted more transmissibility than the Omicron lineages
that were already circulating (BA.1, BA.2) [162].

7. Concluding Remarks and Future Prospects

Before the discovery of the Omicron variant, the Delta variant of SARS-CoV-2 was
considered the most infectious form of the virus, being 40–60% more infectious than the
Alpha variant. Moreover, the Delta variant is nearly two-fold more infectious than the initial
Wuhan strain and contains considerably more viral particles in the airways of patients.
A Chinese study revealed the virus concentrations in Delta infections were 1000-fold
greater in comparison with other variants [163]. Following this report, the WHO declared
the Delta variant to be the “fastest and fittest” version of SARS-CoV-2 [164]. However,
recently, Omicron has been identified as a more transmissible strain, along with a high
infectivity rate and decreased vaccine effectiveness, than Delta ever was due to multiple
unique mutations on its S protein and RBD [165]. Two doses of vaccine are beneficial in
reducing hospitalization and mortality, though the neutralization titer of vaccinated serum
is lower against the Delta mutant than the original strain [164]. When developing booster
immunization guidelines, the cumulative impacts of limited neutralizing antibody levels
due to both age and the VOC must be recognized [166]. The original study constraints
included a small number of subjects and the likelihood of unrecognized infectious disease
prior to immunization. Collectively, various types of research highlight the necessity of
complete SARS-CoV-2 vaccination, although reports of decreased vaccine efficacy against
Delta necessitate more research into breakthrough infections, along with the prospect of
booster vaccine doses [167,168]. Already, to improve efficacy against circulating variants,
booster dosages are being developed by some companies. Pfizer aims to obtain FDA
clearance for their booster dose, which is anticipated to neutralize the Delta variant more
effectively [169]. COVID-19 prevalence surged worldwide, with an average of almost
four lakh cases reported every day, up from 370,000 per day the week before. The overall
number of documented cases has already surpassed 186 million, with nearly 4 million
fatalities. Furthermore, there are still deficiencies in epidemiological monitoring, testing,
and genomic sequencing in many parts of the globe, limiting our potential to track and
analyze the effects of existing and future mutations promptly. As most of the newly
surfaced VOCs have higher transmissibility and evasiveness, nasal vaccination is also the
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better option on which many firms are working, as it provides localized IgA-mediated
immunity to prevent infection [12].

The importance of immunizations in saving lives (preventing serious illness) was not
instilled in people. The lack of information on major adverse outcomes following immu-
nization exacerbated people’s concerns. Furthermore, many vaccine-related deaths have
been reported in the media without a justification for the trigger, leading to widespread
skepticism. As a consequence of the lack of trustworthiness, misconceptions have been
compounded in scientific research, as the evidence was not obvious. The most significant
method for preventing and controlling the spread of the Delta and Omicron strains is
to increase vaccination coverage. The pervasive nature of the Delta variant necessitates
the worldwide augmentation of the vaccination process. Accelerating research and de-
velopment in the field of vaccines is of utmost importance. The FDA, WHO, EMA, and
the UK have all issued specific recommendation guidelines for vaccination research and
development focusing on variants. However, more research is required to understand
the strain’s distinct symptoms along with invasion patterns. Presumably, this newfound
understanding will aid in the development of therapies and various prophylactic methods,
such as vaccination campaigns and other public initiatives.

Author Contributions: V.P.C. created the plot of the article. All authors contributed to the writing
of the article. V.P.C. critically revised the article. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: VPC wants to dedicate this article to the 75th-year celebration of L M College
of Pharmacy.

Conflicts of Interest: The authors declare no conflict of interest concerning the authorship and
publication of this article.

References
1. Wu, Y.C.; Chen, C.S.; Chan, Y.J. The Outbreak of COVID-19: An Overview. J. Chin. Med. Assoc. 2020, 83, 217. [CrossRef]
2. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical Features of Patients Infected

with 2019 Novel Coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]
3. Hasöksüz, M.; Kiliç, S.; Saraç, F. Coronaviruses and SARS-COV-2. Turk. J. Med. Sci. 2020, 50, 549–556. [CrossRef]
4. Roy, B.; Dhillon, J.; Habib, N.; Pugazhandhi, B. Global Variants of COVID-19: Current Understanding. J. Biomed. Sci. 2021, 8, 8–11.

[CrossRef]
5. World Health Organization (WHO). Naming the Coronavirus Disease (COVID-19) and the Virus That Causes It; World

Health Organization: Geneva, Switzerland, 2020. Available online: https://www.who.int/emergencies/diseases/novel-
coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it (accessed
on 13 September 2022).

6. World Health Organization (WHO). WHO Director-General’s Opening Remarks at the Media Briefing on COVID-19; World Health
Organization: Geneva, Switzerland, 2020.

7. Belsky, J.A.; Tullius, B.P.; Lamb, M.G.; Sayegh, R.; Stanek, J.R.; Auletta, J.J. COVID-19 in Immunocompromised Patients: A
Systematic Review of Cancer, Hematopoietic Cell and Solid Organ Transplant Patients. J. Infect. 2021, 82, 329. [CrossRef]

8. Baek, M.S.; Lee, M.T.; Kim, W.Y.; Choi, J.C.; Jung, S.Y. COVID-19-Related Outcomes in Immunocompromised Patients: A
Nationwide Study in Korea. PLoS ONE 2021, 16, e0257641. [CrossRef]

9. Davidson, A.M.; Wysocki, J.; Batlle, D. Interaction of SARS-CoV-2 and Other Coronavirus with ACE (Angiotensin-Converting
Enzyme)-2 as Their Main Receptor. Hypertension 2020, 76, 1339–1349. [CrossRef]

10. Chavda, V.P.; Pandya, R.; Apostolopoulos, V. DNA Vaccines for SARS-CoV-2: Toward Third-Generation Vaccination Era. Expert
Rev. Vaccines 2021, 20, 1549–1560. [CrossRef]

11. Chavda, V.P.; Vora, L.K.; Vihol, D.R. COVAX-19® Vaccine: Completely Blocks Virus Transmission to Non-Immune Individuals.
Clin. Complement. Med. Pharmacol. 2021, 1, 100004. [CrossRef]

http://doi.org/10.1097/JCMA.0000000000000270
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.3906/sag-2004-127
http://doi.org/10.3126/jbs.v8i1.38453
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it
http://doi.org/10.1016/j.jinf.2021.01.022
http://doi.org/10.1371/journal.pone.0257641
http://doi.org/10.1161/HYPERTENSIONAHA.120.15256
http://doi.org/10.1080/14760584.2021.1987223
http://doi.org/10.1016/j.ccmp.2021.100004


Vaccines 2022, 10, 1926 20 of 26

12. Chavda, V.P.; Vora, L.K.; Pandya, A.K.; Patravale, V.B. Intranasal Vaccines for SARS-CoV-2: From Challenges to Potential in
COVID-19 Management. Drug Discov. Today 2021, 26, 2619–2636. [CrossRef]

13. Chavda, V.P.; Apostolopoulos, V. Mucormycosis—An Opportunistic Infection in the Aged Immunocompromised Individual: A
Reason for Concern in COVID-19. Maturitas 2021, 58, 58–61. [CrossRef]

14. Chavda, V.P.; Gajjar, N.; Shah, N.; Dave, D.J. Darunavir Ethanolate: Repurposing an Anti-HIV Drug in COVID-19 Treatment. Eur.
J. Med. Chem. Rep. 2021, 3, 100013. [CrossRef]

15. Chavda, V.P.; Feehan, J.; Apostolopoulos, V. A Veterinary Vaccine for SARS-CoV-2: The First COVID-19 Vaccine for Animals.
Vaccines 2021, 9, 631. [CrossRef]

16. Karim, S.S.A.; Karim, Q.A. Omicron SARS-CoV-2 Variant: A New Chapter in the COVID-19 Pandemic. Lancet 2021, 398, 2126–2128.
[CrossRef]

17. Jungreis, I.; Sealfon, R.; Kellis, M. SARS-CoV-2 Gene Content and COVID-19 Mutation Impact by Comparing 44 Sarbecovirus
Genomes. Nat. Commun. 2021, 12, 2642. [CrossRef]

18. Chavda, V.P.; Patel, A.B.; Vaghasiya, D.D. SARS-CoV-2 Variants and Vulnerability at the Global Level. J. Med. Virol. 2022, 94,
2986–3005. [CrossRef]

19. Corey, L.; Beyrer, C.; Cohen, M.S.; Michael, N.L.; Bedford, T.; Rolland, M. SARS-CoV-2 Variants in Patients with Immunosuppres-
sion. N. Engl. J. Med. 2021, 385, 562–566. [CrossRef]

20. Abbasi, J. Omicron Has Reached the US—Here’s What Infectious Disease Experts Know About the Variant. JAMA 2021, 326,
2460–2462. [CrossRef]

21. (INSACOG), T.I.S.-C.-2 G.C. Genome Sequencing by INSACOG Shows Variants of Concern and a Novel Variant in India. Available
online: https://pib.gov.in/PressReleaseIframePage.aspx?PRID=1707177 (accessed on 19 December 2021).

22. Vashishtha, V. Are the New Variants Driving India’s Second COVID-19 Wave? Available online: https://science.thewire.in/the-
sciences/are-the-new-variants-driving-indias-second-covid-19-wave/ (accessed on 20 May 2021).

23. Chavda, V.P.; Kapadia, C.; Soni, S.; Prajapati, R.; Chauhan, S.C.; Yallapu, M.M.; Apostolopoulos, V. A Global Picture: Therapeutic
Perspectives for COVID-19. Immunotherapy 2022, 14, 351–371. [CrossRef]

24. Ferreira, I.; Datir, R.; Papa, G.; Kemp, S.; Meng, B.; Rakshit, P.; Singh, S.; Pandey, R.; Ponnusamy, K.; Radhakrishnan, V.S.; et al.
SARS-CoV-2 B.1.617 Emergence and Sensitivity to Vaccine-Elicited Antibodies. BioRxiv 2021. [CrossRef]

25. Kai, K.; Meredith, W. Delta Variant Trigfgers New Phase in the Pandemic. Science 2021, 372, 1375–1376. [CrossRef]
26. 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. 2022, 94, 1641–1649. [CrossRef]
27. Chavda, V.P.; Apostolopoulos, V. Global Impact of Delta plus Variant and Vaccination. Expert Rev. Vaccines 2022, 21, 597–600.

[CrossRef]
28. Elflein, J. Number of SARS-CoV-2 Delta Variant Cases Worldwide. Available online: https://www.statista.com/statistics/124597

1/number-delta-variant-worldwide-by-country/ (accessed on 15 December 2021).
29. Susmita Pakrasi Delta Variant Expected to Be Dominant COVID-19 Strain Globally, Says WHO Chief. Available online:

https://www.hindustantimes.com/world-news/delta-variant-expected-to-be-dominant-covid-19-strain-globally-says-who-
chief-101626147042896.html (accessed on 15 July 2021).

30. Shiehzadegan, S.; Alaghemand, N.; Fox, M.; Venketaraman, V. Analysis of the Delta Variant, B.1.617.2 COVID-19. Clin. Pract.
2021, 11, 778–784. [CrossRef]

31. Ranjan, R.; Sharma, A.; Verma, M.K. Characterization of the Second Wave of COVID-19 in India. Curr. Sci. 2021, 121. [CrossRef]
32. Cherian, S.; Potdar, V.; Jadhav, S.; Yadav, P.; Gupta, N.; Das, M.; Rakshit, P.; Singh, S.; Abraham, P.; Panda, S.; et al. Convergent

Evolution of SARS-CoV-2 Spike Mutations, L452R, E484Q and P681R, in the Second Wave of COVID-19 in Maharashtra, India.
Microorganisms 2021, 9, 1542. [CrossRef]

33. Edara, V.V.; Lai, L.; Sahoo, M.; Floyd, K.; Sibai, M.; Solis, D.; Flowers, M.W.; Hussaini, L.; Ciric, C.R.; Bechnack, S.; et al. Infection
and Vaccine-Induced Neutralizing Antibody Responses to the SARS-CoV-2 B. 1.617. 1 Variant. BioRxiv 2021. Available online:
https://www.Biorxiv.or (accessed on 17 September 2022). [CrossRef]

34. Hagen, A. How Dangerous Is the Delta Variant (B.1.617.2)? Available online: https://asm.org/Articles/2021/July/How-
Dangerous-is-the-Delta-Variant-B-1-617-2 (accessed on 15 December 2021).

35. Fisman, D.N.; Tuite, A.R. Evaluation of the Relative Virulence of Novel SARS-CoV-2 Variants: A Retrospective Cohort Study in
Ontario, Canada. Can. Med. Assoc. J. 2021, 193, E1619–E1625. [CrossRef]

36. He, X.; He, C.; Hong, W.; Zhang, K.; Wei, X. The Challenges of COVID-19 Delta Variant: Prevention and Vaccine Development.
MedComm 2021, 2, 846–854. [CrossRef]

37. WHO. Classification of Omicron (B.1.1.529): SARS-CoV-2 Variant of Concern. Available online: https://www.who.int/news/
item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern (accessed on 30 November 2021).

38. Shrestha, L.B.; Foster, C.; Rawlinson, W.; Tedla, N.; Bull, R.A. Evolution of the SARS-CoV-2 Omicron Variants BA.1 to BA.5:
Implications for Immune Escape and Transmission. Rev. Med. Virol. 2022, 32, e2381. [CrossRef]

39. WHO. Director-General’s Opening Remarks at Media Briefing; WHO: Geneva, Switzerland, 2022.
40. Tian, D.; Sun, Y.; Xu, H.; Ye, Q. The Emergence and Epidemic Characteristics of the Highly Mutated SARS-CoV-2 Omicron Variant.

J. Med. Virol. 2022, 94, 2376–2383. [CrossRef]

http://doi.org/10.1016/j.drudis.2021.07.021
http://doi.org/10.1016/j.maturitas.2021.07.009
http://doi.org/10.1016/j.ejmcr.2021.100013
http://doi.org/10.3390/vaccines9060631
http://doi.org/10.1016/S0140-6736(21)02758-6
http://doi.org/10.1038/s41467-021-22905-7
http://doi.org/10.1002/jmv.27717
http://doi.org/10.1056/NEJMsb2104756
http://doi.org/10.1001/jama.2021.22619
https://pib.gov.in/PressReleaseIframePage.aspx?PRID=1707177
https://science.thewire.in/the-sciences/are-the-new-variants-driving-indias-second-covid-19-wave/
https://science.thewire.in/the-sciences/are-the-new-variants-driving-indias-second-covid-19-wave/
http://doi.org/10.2217/imt-2021-0168
http://doi.org/10.1101/2021.05.08.443253
http://doi.org/10.1126/science.372.6549.1375
http://doi.org/10.1002/jmv.27526
http://doi.org/10.1080/14760584.2022.2044800
https://www.statista.com/statistics/1245971/number-delta-variant-worldwide-by-country/
https://www.statista.com/statistics/1245971/number-delta-variant-worldwide-by-country/
https://www.hindustantimes.com/world-news/delta-variant-expected-to-be-dominant-covid-19-strain-globally-says-who-chief-101626147042896.html
https://www.hindustantimes.com/world-news/delta-variant-expected-to-be-dominant-covid-19-strain-globally-says-who-chief-101626147042896.html
http://doi.org/10.3390/clinpract11040093
http://doi.org/10.18520/cs/v121/i1/85-93
http://doi.org/10.3390/microorganisms9071542
https://www.Biorxiv.or
http://doi.org/10.1056/NEJMc2107799
https://asm.org/Articles/2021/July/How-Dangerous-is-the-Delta-Variant-B-1-617-2
https://asm.org/Articles/2021/July/How-Dangerous-is-the-Delta-Variant-B-1-617-2
http://doi.org/10.1503/cmaj.211248
http://doi.org/10.1002/mco2.95
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
http://doi.org/10.1002/rmv.2381
http://doi.org/10.1002/jmv.27643


Vaccines 2022, 10, 1926 21 of 26

41. Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, R.K.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A.;
COVID-19 Genomics UK (COG-UK) Consortium; et al. SARS-CoV-2 Variants, Spike Mutations and Immune Escape. Nat. Rev.
Microbiol. 2021, 614, 409–424. [CrossRef]

42. Chi, X.; Yan, R.; Zhang, J.; Zhang, G.; Zhang, Y.; Hao, M.; Zhang, Z.; Fan, P.; Dong, Y.; Yang, Y.; et al. A Neutralizing Human
Antibody Binds to the N-Terminal Domain of the Spike Protein of SARS-CoV-2. Science 2020, 369, 650–655. [CrossRef]

43. Tian, D.; Sun, Y.H.; Zhou, J.M.; Ye, Q. The Global Epidemic of SARS-CoV-2 Variants and Their Mutational Immune Escape. J. Med.
Virol. 2022, 94, 847–857. [CrossRef]

44. Tian, D.; Sun, Y.; Zhou, J.; Ye, Q. The Global Epidemic of the SARS-CoV-2 Delta Variant, Key Spike Mutations and Immune
Escape. Front. Immunol. 2021, 12, 751778. [CrossRef]

45. Ranjan, R. Omicron Impact in India: Analysis of the Ongoing COVID-19 Third Wave Based on Global Data. medRxiv 2022, 1–17.
[CrossRef]

46. UNICEF. What We Know about the Omicron Variant; UNICEF: New York, NY, USA, 2022.
47. Chavda, V.P.; Apostolopoulos, V. Omicron Variant (B.1.1.529) of SARS-CoV-2: Threat for the Elderly? Maturitas 2022, 158, 78–81.

[CrossRef]
48. Sheward, D.J.; Kim, C.; Fischbach, J.; Muschiol, S.; Ehling, R.A.; Björkström, N.K.; Hedestam, G.B.K.; Reddy, S.T.; Albert, J.;

Peacock, T.P.; et al. Evasion of Neutralising Antibodies by Omicron Sublineage BA.2.75. Lancet Infect. Dis. 2022, 22, 1421–1422.
[CrossRef]

49. Chavda, V.P.; Bezbaruah, R.; Athalye, M.; Parikh, P.K.; Chhipa, A.S.; Patel, S.; Apostolopoulos, V. Replicating Viral Vector-Based
Vaccines for COVID-19: Potential Avenue in Vaccination Arena. Viruses 2022, 14, 759. [CrossRef]

50. Aydogdu, M.O.; Rohn, J.L.; Jafari, N.V.; Brako, F.; Homer-Vanniasinkam, S.; Edirisinghe, M. Severe Acute Respiratory Syndrome
Type 2-Causing Coronavirus: Variants and Preventive Strategies. Adv. Sci. 2022, 9, 2104495. [CrossRef]

51. Abdool Karim, S.S.; de Oliveira, T. New SARS-CoV-2 Variants—Clinical, Public Health, and Vaccine Implications. N. Engl. J. Med.
2021, 384, 1866–1868. [CrossRef]

52. Gupta, R.K.; Nwachuku, E.L.; Zusman, B.E.; Jha, R.M.; Puccio, A.M. Drug Repurposing for COVID-19 Based on an Integrative
Meta-Analysis of SARS-CoV-2 Induced Gene Signature in Human Airway Epithelium. PLoS ONE 2021, 16, e0257784. [CrossRef]

53. Chavda, V.P.; Hossain, M.K.; Beladiya, J.; Apostolopoulos, V. Nucleic Acid Vaccines for COVID-19: A Paradigm Shift in the
Vaccine Development Arena. Biologics 2021, 1, 337–356. [CrossRef]

54. Dong, Y.; Dai, T.; Wei, Y.; Zhang, L. A Systematic Review of SARS-CoV-2 Vaccine Candidates. Signal Transduct. Target. Ther. 2020,
5, 2–14. [CrossRef]

55. Richman, D.D. COVID-19 Vaccines: Implementation, Limitations and Opportunities. Glob. Health Med. 2021, 3, 1–5. [CrossRef]
56. Chavda, V.P.; Apostolopoulos, V. Is Booster Dose Strategy Sufficient for Omicron Variant of SARS-CoV-2? Vaccines 2022, 10, 367.

[CrossRef]
57. Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 Spike

Receptor-Binding Domain Bound to the ACE2 Receptor. Nature 2020, 581, 215–220. [CrossRef]
58. Shah, V.K.; Firmal, P.; Alam, A.; Ganguly, D.; Chattopadhyay, S. Overview of Immune Response During SARS-CoV-2 Infection:

Lessons From the Past. Front. Immunol. 2020, 11, 1949. [CrossRef]
59. Lubinski, B.; Frazier, L.E.; Phan, M.V.T.; Bugembe, D.L.; Tang, T.; Daniel, S.; Cotten, M.; Jaimes, J.A.; Whittaker, G.R. Spike Protein

Cleavage-Activation Mediated by the SARS-CoV-2 P681R Mutation: A Case-Study from Its First Appearance in Variant of Interest
(VOI) A.23.1 Identified in Uganda. bioRxiv 2021. [CrossRef]

60. Johnson, B.A.; Xie, X.; Bailey, A.L.; Kalveram, B.; Lokugamage, K.G.; Muruato, A.; Zou, J.; Zhang, X.; Juelich, T.; Smith, J.K.; et al.
Loss of Furin Cleavage Site Attenuates SARS-CoV-2 Pathogenesis. Nature 2021, 591, 293–299. [CrossRef]

61. Bian, L.; Gao, Q.; Gao, F.; Wang, Q.; He, Q.; Wu, X.; Mao, Q.; Xu, M.; Liang, Z. Impact of the Delta Variant on Vaccine Efficacy and
Response Strategies. Expert Rev. Vaccines 2021, 20, 1201–1209. [CrossRef]

62. Yaqinuddin, A.; Shafqat, A.; Kashir, J.; Alkattan, K. Effect of SARS-CoV-2 Mutations on the Efficacy of Antibody Therapy and
Response to Vaccines. Vaccines 2021, 9, 914. [CrossRef]

63. Noori, M.; Nejadghaderi, S.A.; Arshi, S.; Carson-Chahhoud, K.; Ansarin, K.; Kolahi, A.-A.; Safiri, S. Potency of BNT162b2 and
MRNA-1273 Vaccine-Induced Neutralizing Antibodies against Severe Acute Respiratory Syndrome-CoV-2 Variants of Concern:
A Systematic Review of in Vitro Studies. Rev. Med. Virol. 2021, 32, e2277. [CrossRef]

64. Liu, Y.; Liu, J.; Johnson, B.A.; Xia, H.; Ku, Z.; Schindewolf, C.; Widen, S.G.; An, Z.; Weaver, S.C.; Menachery, V.D.; et al. Delta
Spike P681R Mutation Enhances SARS-CoV-2 Fitness over Alpha Variant. Cell Rep. 2022, 39, 110829. [CrossRef]

65. Latif, A.A.; Mullen, J.L.; Alkuzweny, M.; Tsueng, G.; Cano, M.; Haag, E.; Zhou, J.; Zeller, M.; Hufbauer, E.; Matteson, N.; et al. The
Center for Viral Systems Biology, Lineage comparison. outbreak.info. Available online: https://outbreak.info/compare-lineages
(accessed on 9 September 2022).

66. Kim, J.-S.; Jang, J.-H.; Kim, J.-M.; Chung, Y.-S.; Yoo, C.-K.; Han, M.-G. Genome-Wide Identification and Characterization of Point
Mutations in the SARS-CoV-2 Genome. Osong Public HealTH Res. Perspect. 2020, 11, 101–111. [CrossRef]

67. 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]

68. Starr, T.N.; Greaney, A.J.; Dingens, A.S.; Bloom, J.D. Complete Map of SARS-CoV-2 RBD Mutations That Escape the Monoclonal
Antibody LY-CoV555 and Its Cocktail with LY-CoV016. Cell Rep. Med. 2021, 2, 100255. [CrossRef]

http://doi.org/10.1038/s41579-021-00573-0
http://doi.org/10.1126/science.abc6952
http://doi.org/10.1002/jmv.27376
http://doi.org/10.3389/fimmu.2021.751778
http://doi.org/10.1101/2022.01.09.22268969
http://doi.org/10.1016/j.maturitas.2022.01.011
http://doi.org/10.1016/S1473-3099(22)00524-2
http://doi.org/10.3390/v14040759
http://doi.org/10.1002/advs.202104495
http://doi.org/10.1056/NEJMc2100362
http://doi.org/10.1371/journal.pone.0257784
http://doi.org/10.3390/biologics1030020
http://doi.org/10.1038/s41392-020-00352-y
http://doi.org/10.35772/ghm.2021.01010
http://doi.org/10.3390/vaccines10030367
http://doi.org/10.1038/s41586-020-2180-5
http://doi.org/10.3389/fimmu.2020.01949
http://doi.org/10.2139/ssrn.3966642
http://doi.org/10.1038/s41586-021-03237-4
http://doi.org/10.1080/14760584.2021.1976153
http://doi.org/10.3390/vaccines9080914
http://doi.org/10.1002/rmv.2277
http://doi.org/10.1016/j.celrep.2022.110829
https://outbreak.info/compare-lineages
http://doi.org/10.24171/j.phrp.2020.11.3.05
http://doi.org/10.1038/s41586-021-03777-9
http://doi.org/10.1016/j.xcrm.2021.100255


Vaccines 2022, 10, 1926 22 of 26

69. Plante, J.A.; Mitchell, B.M.; Plante, K.S.; Debbink, K.; Weaver, S.C.; Menachery, V.D. The Variant Gambit: COVID-19’s next Move.
Cell Host Microbe 2021, 29, 508–515. [CrossRef]

70. Zhang, L.; Jackson, C.B.; Mou, H.; Ojha, A.; Peng, H.; Quinlan, B.D.; Rangarajan, E.S.; Pan, A.; Vanderheiden, A.; Suthar, M.S.;
et al. SARS-CoV-2 Spike-Protein D614G Mutation Increases Virion Spike Density and Infectivity. Nat. Commun. 2020, 11, 6013.
[CrossRef]

71. Saito, A.; Irie, T.; Suzuki, R.; Maemura, T.; Nasser, H.; Uriu, K.; Kosugi, Y.; Shirakawa, K.; Sadamasu, K.; Kimura, I.; et al.
Enhanced Fusogenicity and Pathogenicity of SARS-CoV-2 Delta P681R Mutation. Nature 2022, 602, 300–306. [CrossRef]

72. Bai, C.; Wang, J.; Chen, G.; Zhang, H.; An, K.; Xu, P.; Du, Y.; Ye, R.D.; Saha, A.; Zhang, A.; et al. Predicting Mutational Effects on
Receptor Binding of the Spike Protein of SARS-CoV-2 Variants. J. Am. Chem. Soc. 2021, 143, 17646–17654. [CrossRef]

73. Guruprasad, L. Human SARS CoV-2 Spike Protein Mutations. Proteins Struct. Funct. Bioinforma. 2021, 89, 569–576. [CrossRef]
74. 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.e11–75.e11.
[CrossRef]

75. Fratev, F. N501Y and K417N Mutations in the Spike Protein of SARS-CoV-2 Alter the Interactions with Both HACE2 and
Human-Derived Antibody: A Free Energy of Perturbation Retrospective Study. J. Chem. Inf. Model. 2021, 61, 6079–6084.
[CrossRef]

76. Ding, C.; He, J.; Zhang, X.; Jiang, C.; Sun, Y.; Zhang, Y.; Chen, Q.; He, H.; Li, W.; Xie, J.; et al. Crucial Mutations of Spike Protein
on SARS-CoV-2 Evolved to Variant Strains Escaping Neutralization of Convalescent Plasmas and RBD-Specific Monoclonal
Antibodies. Front. Immunol. 2021, 12, 3231. [CrossRef]

77. Azad, G.K.; Khan, P.K. Variations in Orf3a Protein of SARS-CoV-2 Alter Its Structure and Function. Biochem. Biophys. Rep. 2021,
26, 100933. [CrossRef]

78. Shen, L.; Bard, J.D.; Triche, T.J.; Judkins, A.R.; Biegel, J.A.; Gai, X. Emerging Variants of Concern in SARS-CoV-2 Membrane
Protein: A Highly Conserved Target with Potential Pathological and Therapeutic Implications. Emerg. Microbes Infect. 2021, 10,
885–893. [CrossRef]

79. Kannan, S.R.; Spratt, A.N.; Cohen, A.R.; Naqvi, S.H.; Chand, H.S.; Quinn, T.P.; Lorson, C.L.; Byrareddy, S.N.; Singh, K.
Evolutionary Analysis of the Delta and Delta Plus Variants of the SARS-CoV-2 Viruses. J. Autoimmun. 2021, 124, 102715.
[CrossRef]

80. Nemudryi, A.; Nemudraia, A.; Wiegand, T.; Nichols, J.; Snyder, D.T.; Hedges, J.F.; Cicha, C.; Lee, H.; Vanderwood, K.K.; Bimczok,
D.; et al. SARS-CoV-2 Genomic Surveillance Identifies Naturally Occurring Truncations of ORF7a That Limit Immune Suppression.
Cell Rep. 2021, 35, 109197. [CrossRef]

81. Kee, J.; Thudium, S.; Renner, D.; Glastad, K.; Palozola, K.; Zhang, Z.; Li, Y.; Cesare, J.; Lan, Y.; Truitt, R.; et al. SARS-CoV-2 ORF8
Encoded Protein Contains a Histone Mimic, Disrupts Chromatin Regulation, and Enhances Replication. bioRxiv 2021. [CrossRef]

82. Rashid, F.; Suleman, M.; Shah, A.; Dzakah, E.E.; Wang, H.; Chen, S.; Tang, S. Mutations in SARS-CoV-2 ORF8 Altered the
Bonding Network with Interferon Regulatory Factor 3 to Evade Host Immune System. Front. Microbiol. 2021, 12, 1811. [CrossRef]
[PubMed]

83. Azad, G.K. The Molecular Assessment of SARS-CoV-2 Nucleocapsid Phosphoprotein Variants among Indian Isolates. Heliyon
2021, 7, e06167. [CrossRef]

84. Butowt, R.; Bilińska, K.; von Bartheld, C. Why Does the Omicron Variant Largely Spare Olfactory Function? Implications for the
Pathogenesis of Anosmia in Coronavirus Disease 2019. J. Infect. Dis. 2022, 226, 1304–1308. [CrossRef]

85. Khan, N.A.; Al-Thani, H.; El-Menyar, A. The Emergence of New SARS-CoV-2 Variant (Omicron) and Increasing Calls for
COVID-19 Vaccine Boosters-The Debate Continues. Travel Med. Infect. Dis. 2022, 45, 102246. [CrossRef]

86. 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]

87. Fan, Y.; Li, X.; Zhang, L.; Wan, S.; Zhang, L.; Zhou, F. SARS-CoV-2 Omicron Variant: Recent Progress and Future Perspectives.
Signal Transduct. Target. Ther. 2022, 7, 141. [CrossRef]

88. Hsieh, C.L.; Goldsmith, J.A.; Schaub, J.M.; DiVenere, A.M.; Kuo, H.C.; Javanmardi, K.; Le, K.C.; Wrapp, D.; Lee, A.G.; Liu, Y.; et al.
Structure-Based Design of Prefusion-Stabilized SARS-CoV-2 Spikes. Science 2020, 369, 1501–1505. [CrossRef]

89. Cao, Y.; Yisimayi, A.; Jian, F.; Song, W.; Xiao, T.; Wang, L.; Du, S.; Wang, J.; Li, Q.; Chen, X.; et al. BA.2.12.1, BA.4 and BA.5 Escape
Antibodies Elicited by Omicron Infection. Nature 2022, 608, 593–602. [CrossRef]

90. CoVariants: 21L (Omicron). Available online: https://covariants.org/variants/21L.Omicron (accessed on 9 September 2022).
91. Wise, J. COVID-19: The E484K Mutation and the Risks It Poses. BMJ 2021, 372, n359. [CrossRef]
92. Gong, S.Y.; Chatterjee, D.; Richard, J.; Prévost, J.; Tauzin, A.; Gasser, R.; Bo, Y.; Vézina, D.; Goyette, G.; Gendron-Lepage, G.; et al.

Contribution of Single Mutations to Selected SARS-CoV-2 Emerging Variants Spike Antigenicity. Virology 2021, 563, 134–145.
[CrossRef]

93. Zahradník, J.; Marciano, S.; Shemesh, M.; Zoler, E.; Harari, D.; Chiaravalli, J.; Meyer, B.; Rudich, Y.; Li, C.; Marton, I.; et al.
SARS-CoV-2 Variant Prediction and Antiviral Drug Design Are Enabled by RBD in Vitro Evolution. Nat. Microbiol. 2021, 6,
1188–1198. [CrossRef] [PubMed]

http://doi.org/10.1016/j.chom.2021.02.020
http://doi.org/10.1038/s41467-020-19808-4
http://doi.org/10.1038/s41586-021-04266-9
http://doi.org/10.1021/jacs.1c07965
http://doi.org/10.1002/prot.26042
http://doi.org/10.1016/j.cell.2020.11.020
http://doi.org/10.1021/acs.jcim.1c01242
http://doi.org/10.3389/fimmu.2021.693775
http://doi.org/10.1016/j.bbrep.2021.100933
http://doi.org/10.1080/22221751.2021.1922097
http://doi.org/10.1016/j.jaut.2021.102715
http://doi.org/10.1016/j.celrep.2021.109197
http://doi.org/10.1101/2021.11.10.468057
http://doi.org/10.3389/fmicb.2021.703145
http://www.ncbi.nlm.nih.gov/pubmed/34335535
http://doi.org/10.1016/j.heliyon.2021.e06167
http://doi.org/10.1093/infdis/jiac113
http://doi.org/10.1016/j.tmaid.2021.102246
http://doi.org/10.1002/mco2.110
http://www.ncbi.nlm.nih.gov/pubmed/34957469
http://doi.org/10.1038/s41392-022-00997-x
http://doi.org/10.1126/science.abd0826
http://doi.org/10.1038/s41586-022-04980-y
https://covariants.org/variants/21L.Omicron
http://doi.org/10.1136/bmj.n359
http://doi.org/10.1016/j.virol.2021.09.001
http://doi.org/10.1038/s41564-021-00954-4
http://www.ncbi.nlm.nih.gov/pubmed/34400835


Vaccines 2022, 10, 1926 23 of 26

94. Leary, S.; Gaudieri, S.; Parker, M.D.; Chopra, A.; James, I.; Pakala, S.; Alves, E.; John, M.; Lindsey, B.B.; Keeley, A.J.; et al.
Generation of a Novel SARS-CoV-2 Sub-Genomic RNA Due to the R203K/G204R Variant in Nucleocapsid. bioRxiv 2021.
[CrossRef]

95. Mourier, T.; Shuaib, M.; Hala, S.; Mfarrej, S.; Alofi, F.; Naeem, R.; Alsomali, A.; Jorgensen, D.; Subudhi, A.K.; Rached, F.B.; et al.
Saudi Arabian SARS-CoV-2 Genomes Implicate a Mutant Nucleocapsid Protein in Modulating Host Interactions and Increased
Viral Load in COVID-19 Patients. Nat. Commun. 2021, 13, 601. [CrossRef]

96. Benvenuto, D.; Angeletti, S.; Giovanetti, M.; Bianchi, M.; Pascarella, S.; Cauda, R.; Ciccozzi, M.; Cassone, A. Evolutionary Analysis
of SARS-CoV-2: How Mutation of Non-Structural Protein 6 (NSP6) Could Affect Viral Autophagy. J. Infect. 2020, 81, e24–e27.
[CrossRef]

97. Beyer, D.K.; Forero, A. Mechanisms of Antiviral Immune Evasion of SARS-CoV-2. J. Mol. Biol. 2022, 434, 167265. [CrossRef]
[PubMed]

98. Thorne, L.G.; Bouhaddou, M.; Reuschl, A.-K.; Zuliani-Alvarez, L.; Polacco, B.; Pelin, A.; Batra, J.; Whelan, M.V.X.; Ummadi, M.;
Rojc, A.; et al. Evolution of Enhanced Innate Immune Evasion by the SARS-CoV-2 B.1.1.7 UK Variant. bioRxiv 2021. [CrossRef]

99. Collins, F. Latest on Omicron Variant and COVID-19 Vaccine Protection. Available online: https://directorsblog.nih.gov/2021/1
2/14/the-latest-on-the-omicron-variant-and-vaccine-protection/ (accessed on 16 December 2021).

100. Andrews, N.; Stowe, J.; Kirsebom, F.; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.-M.; et al.
Effectiveness of COVID-19 Vaccines against the Omicron (B.1.1.529) Variant of Concern. N. Engl. J. Med. 2022, 386, 1532–1546.
[CrossRef]

101. Cele, S.; Jackson, L.; Khan, K.; Khoury, D.; Moyo-Gwete, T.; Tegally, H.; Scheepers, C.; Amoako, D.; Karim, F.; Bernstein, M.; et al.
SARS-CoV-2 Omicron Has Extensive but Incomplete Escape of Pfizer BNT162b2 Elicited Neutralization and Requires ACE2 for
Infection. medRxiv 2021. [CrossRef]

102. 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]

103. Elflein, J. Number of SARS-CoV-2 Omicron Variant Cases Worldwide as of 16 December 2021, by Country or Territory. Avail-
able online: https://www.statista.com/statistics/1279100/number-omicron-variant-worldwide-by-country/ (accessed on
16 December 2021).

104. Dejnirattisai, W.; Shaw, R.H.; Supasa, P.; Liu, C.; Stuart, A.S.V.; Pollard, A.J.; Liu, X.; Lambe, T.; Crook, D.; Stuart, D.I.; et al.
Reduced Neutralisation of SARS-COV-2 Omicron-B.1.1.529 Variant by Post-Immunisation Serum. Lancet 2022, 399, 234–236.
[CrossRef]

105. Chavda, V.P.; Vuppu, S.; Mishra, T.; Kamaraj, S.; Patel, A.B.; Sharma, N.; Chen, Z.-S. Recent Review of COVID-19 Management:
Diagnosis, Treatment and Vaccination. Pharmacol. Rep. 2022, 1–29. [CrossRef] [PubMed]

106. Cheng, X.; Li, J.; Zhang, L.; Hu, W.; Zong, L.; Xu, X.; Qiao, J.; Zheng, M.; Jiang, X.; Liang, Z.; et al. Identification of SARS-CoV-2
Variants and Their Clinical Significance in Hefei, China. Front. Med. 2022, 8, 784632. [CrossRef] [PubMed]

107. Chavda, V.P.; Yao, Q.; Vora, L.K.; Apostolopoulos, V.; Patel, C.A.; Bezbaruah, R.; Patel, A.B.; Chen, Z.-S. Fast-Track Development
of Vaccines for SARS-CoV-2: The Shots That Saved the World. Front. Immunol. 2022, 13, 961198. [CrossRef]

108. Chitsike, L.; Duerksen-Hughes, P. Keep out! SARS-CoV-2 Entry Inhibitors: Their Role and Utility as COVID-19 Therapeutics.
Virol. J. 2021, 18, 154. [CrossRef] [PubMed]

109. Chavda, V.P.; Prajapati, R.; Lathigara, D.; Nagar, B.; Kukadiya, J.; Redwan, E.M.; Uversky, V.N.; Kher, M.N.; Patel, R. Therapeutic
Monoclonal Antibodies for COVID-19 Management: An Update. Expert Opin. Biol. Ther. 2022, 22, 763–780. [CrossRef]

110. Chavda, V.P.; Apostolopoulos, V. COVID-19 Vaccine Design and Vaccination Strategy for Emerging Variants. Expert Rev. Vaccines
2022, 21, 1359–1361. [CrossRef]

111. Campbell, F.; Archer, B.; Laurenson-Schafer, H.; Jinnai, Y.; Konings, F.; Batra, N.; Pavlin, B.; Vandemaele, K.; Van Kerkhove, M.D.;
Jombart, T.; et al. Increased Transmissibility and Global Spread of SARS-CoV-2 Variants of Concern as at June 2021. Euro Surveill.
Bull. Eur. sur les Mal. Transm. = Eur. Commun. Dis. Bull. 2021, 26, 2100509. [CrossRef]

112. Hacisuleyman, E.; Hale, C.; Saito, Y.; Blachere, N.E.; Bergh, M.; Conlon, E.G.; Schaefer-Babajew, D.J.; DaSilva, J.; Muecksch, F.;
Gaebler, C.; et al. Vaccine Breakthrough Infections with SARS-CoV-2 Variants. N. Engl. J. Med. 2021, 384, 2212–2218. [CrossRef]

113. Ahmad, L. Implication of SARS-CoV-2 Immune Escape Spike Variants on Secondary and Vaccine Breakthrough Infections. Front.
Immunol. 2021, 12, 742167. [CrossRef]

114. Dingemans, J.; van der Veer, B.M.J.W.; Gorgels, K.M.F.; Hackert, V.; Hensels, A.Y.J.; den Heijer, C.D.J.; Hoebe, C.J.P.A.; Savelkoul,
P.H.M.; van Alphen, L.B. Investigating SARS-CoV-2 Breakthrough Infections per Variant and Vaccine Type. medRxiv 2021.
[CrossRef]

115. Chen, C.-J.; Yang, L.-Y.; Chang, W.-Y.; Huang, Y.-C.; Chiu, C.-H.; Shih, S.-R.; Huang, C.-G.; Huang, K.-Y.A. A Randomized
Controlled Trial of Heterologous ChAdOx1 NCoV-19 and Recombinant Subunit Vaccine MVC-COV1901 against COVID-19. Nat.
Commun. 2022, 13, 5466. [CrossRef] [PubMed]

116. Groß, R.; Zanoni, M.; Seidel, A.; Conzelmann, C.; Gilg, A.; Krnavek, D.; Erdemci-Evin, S.; Mayer, B.; Hoffmann, M.; Pöhlmann, S.;
et al. Heterologous ChAdOx1 NCoV-19 and BNT162b2 Prime-Boost Vaccination Elicits Potent Neutralizing Antibody Responses
and T Cell Reactivity. eBioMedicine 2022, 75, 103761. [CrossRef] [PubMed]

http://doi.org/10.1101/2020.04.10.029454
http://doi.org/10.1038/s41467-022-28287-8
http://doi.org/10.1016/j.jinf.2020.03.058
http://doi.org/10.1016/j.jmb.2021.167265
http://www.ncbi.nlm.nih.gov/pubmed/34562466
http://doi.org/10.1101/2021.06.06.446826
https://directorsblog.nih.gov/2021/12/14/the-latest-on-the-omicron-variant-and-vaccine-protection/
https://directorsblog.nih.gov/2021/12/14/the-latest-on-the-omicron-variant-and-vaccine-protection/
http://doi.org/10.1056/NEJMoa2119451
http://doi.org/10.1101/2021.12.08.21267417
http://doi.org/10.1016/S1473-3099(21)00648-4
https://www.statista.com/statistics/1279100/number-omicron-variant-worldwide-by-country/
http://doi.org/10.1016/S0140-6736(21)02844-0
http://doi.org/10.1007/s43440-022-00425-5
http://www.ncbi.nlm.nih.gov/pubmed/36214969
http://doi.org/10.3389/fmed.2021.784632
http://www.ncbi.nlm.nih.gov/pubmed/35083244
http://doi.org/10.3389/fimmu.2022.961198
http://doi.org/10.1186/s12985-021-01624-x
http://www.ncbi.nlm.nih.gov/pubmed/34301275
http://doi.org/10.1080/14712598.2022.2078160
http://doi.org/10.1080/14760584.2022.2112571
http://doi.org/10.2807/1560-7917.ES.2021.26.24.2100509
http://doi.org/10.1056/NEJMoa2105000
http://doi.org/10.3389/fimmu.2021.742167
http://doi.org/10.1101/2021.11.22.21266676
http://doi.org/10.1038/s41467-022-33146-7
http://www.ncbi.nlm.nih.gov/pubmed/36115850
http://doi.org/10.1016/j.ebiom.2021.103761
http://www.ncbi.nlm.nih.gov/pubmed/34929493


Vaccines 2022, 10, 1926 24 of 26

117. Sapkal, G.N.; Yadav, P.D.; Sahay, R.R.; Deshpande, G.; Gupta, N.; Nyayanit, D.A.; Patil, D.Y.; Kumar, S.; Abraham, P.; Panda,
S.; et al. Neutralization of Delta Variant with Sera of Covishield Vaccinees and COVID-19 Recovered Vaccinated Individuals. J.
Travel Med. 2021, 28, taab119. [CrossRef] [PubMed]

118. Wall, E.C.; Wu, M.; Harvey, R.; Kelly, G.; Warchal, S.; Sawyer, C.; Daniels, R.; Adams, L.; Hobson, P.; Hatipoglu, E.; et al.
AZD1222-Induced Neutralising Antibody Activity against SARS-CoV-2 Delta VOC. Lancet 2021, 398, 207–209. [CrossRef]

119. Barouch, D.H.; Stephenson, K.E.; Sadoff, J.; Yu, J.; Chang, A.; Gebre, M.; McMahan, K.; Liu, J.; Chandrashekar, A.; Patel, S.; et al.
Durable Humoral and Cellular Immune Responses Following Ad26.COV2.S Vaccination for COVID-19. N. Engl. J. Med. 2021,
385, 951–953. [CrossRef]

120. Jongeneelen, M.; Kaszas, K.; Veldman, D.; Huizingh, J.; van der Vlugt, R.; Schouten, T.; Zuijdgeest, D.; Uil, T.; van Roey, G.;
Guimera, N.; et al. Ad26.COV2.S Elicited Neutralizing Activity against Delta and Other SARS-CoV-2 Variants of Concern. bioRxiv
2021. [CrossRef]

121. Wall, E.C.; Wu, M.; Harvey, R.; Kelly, G.; Warchal, S.; Sawyer, C.; Daniels, R.; Hobson, P.; Hatipoglu, E.; Ngai, Y.; et al. Neutralising
Antibody Activity against SARS-CoV-2 VOCs, B.1.617.2 and B.1.351 by BNT162b2 Vaccination. Lancet 2021, 397, 2331–2333.
[CrossRef]

122. Davis, C.; Logan, N.; Tyson, G.; Orton, R.; Harvey, W.; Haughney, J.; Perkins, J.; COVID-19 Genomics UK (COG-UK) Consortium;
Peacock, T.P.; Barclay, W.S.; et al. Reduced Neutralisation of the Delta (B.1.617.2) SARS-CoV-2 Variant of Concern Following
Vaccination. PLoS Pathog. 2021, 17, e1010022. [CrossRef]

123. Choi, A.; Koch, M.; Wu, K.; Dixon, G.; Oestreicher, J.; Legault, H.; Stewart-Jones, G.B.E.; Colpitts, T.; Pajon, R.; Bennett, H.; et al.
Serum Neutralizing Activity of MRNA-1273 against SARS-CoV-2 Variants. J. Virol. 2021, 95, e01313-21. [CrossRef]

124. Yadav, P.D.; Sapkal, G.N.; Ella, R.; Sahay, R.R.; Nyayanit, D.A.; Patil, D.Y.; Deshpande, G.; Shete, A.M.; Gupta, N.; Mohan, V.K.;
et al. Neutralization against B.1.351 and B.1.617.2 with Sera of COVID-19 Recovered Cases and Vaccinees of BBV152. bioRxiv 2021.
[CrossRef]

125. Vacharathit, V.; Aiewsakun, P.; Manopwisedjaroen, S.; Srisaowakarn, C.; Laopanupong, T.; Ludowyke, N.; Phuphuakrat, A.;
Setthaudom, C.; Ekronarongchai, S.; Srichatrapimuk, S.; et al. CoronaVac Induces Lower Neutralising Activity against Variants of
Concern than Natural Infection. Lancet Infect. Dis. 2021, 21, 1352–1354. [CrossRef]

126. Niyomnaitham, S.; Toh, Z.Q.; Licciardi, P.V.; Wongprompitak, P.; Srisutthisamphan, K.; Copeland, K.K.; Chokephaibulkit, K.
Immunogenicity of a Single Dose of BNT162b2, ChAdOx1 NCoV-19, or CoronaVac against SARS-CoV-2 Delta and Omicron
Variants among Previously Infected Adults: A Randomized Trial. J. Infect. 2022, 85, 436–480. [CrossRef] [PubMed]

127. Ochoa-Azze, R.; Chang-Monteagudo, A.; Climent-Ruiz, Y.; Macías-Abraham, C.; Valenzuela-Silva, C.; de los Ángeles García-
García, M.; Jerez-Barceló, Y.; Triana-Marrero, Y.; Ruiz-Villegas, L.; Dairon Rodríguez-Prieto, L.; et al. Safety and Immunogenicity
of the FINLAY-FR-1A Vaccine in COVID-19 Convalescent Participants: An Open-Label Phase 2a and Double-Blind, Randomised,
Placebo-Controlled, Phase 2b, Seamless, Clinical Trial. Lancet Respir. Med. 2022, 10, 785–795. [CrossRef]

128. Smolenov, I.; Han, H.H.; Li, P.; Baccarini, C.; Verhoeven, C.; Rockhold, F.; Clemens, S.A.C.; Ambrosino, D.; Richmond, P.; Siber, G.;
et al. Impact of Previous Exposure to SARS-CoV-2 and of S-Trimer (SCB-2019) COVID-19 Vaccination on the Risk of Reinfection:
A Randomised, Double-Blinded, Placebo-Controlled, Phase 2 and 3 Trial. Lancet. Infect. Dis. 2022, 22, 990–1001. [CrossRef]

129. Duc Dang, A.; Dinh Vu, T.; Hai Vu, H.; Thanh Ta, V.; Thi Van Pham, A.; Thi Ngoc Dang, M.; Van Le, B.; Huu Duong, T.; Van
Nguyen, D.; Lawpoolsri, S.; et al. Safety and Immunogenicity of an Egg-Based Inactivated Newcastle Disease Virus Vaccine
Expressing SARS-CoV-2 Spike: Interim Results of a Randomized, Placebo-Controlled, Phase 1/2 Trial in Vietnam. Vaccine 2022,
40, 3621–3632. [CrossRef] [PubMed]

130. Bernal, J.L.; Andrews, N.; Gower, C.; Gallagher, E.; Simmons, R.; Thelwall, S.; Stowe, J.; Tessier, E.; Groves, N.; Dabrera, G.; et al.
Effectiveness of COVID-19 Vaccines against the B.1.617.2 Variant. N. Engl. J. Med. 2021, 385, 585–594. [CrossRef]

131. Li, X. Omicron: Call for Updated Vaccines. J. Med. Virol. 2022, 94, 1261–1263. [CrossRef]
132. Garcia-Beltran, W.F.; Denis, K.J.S.; 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.E4–466.E4. [CrossRef]

133. Gruell, H.; Vanshylla, K.; Tober-Lau, P.; Hillus, D.; Schommers, P.; Lehmann, C.; Kurth, F.; Sander, L.E.; Klein, F. MRNA Booster
Immunization Elicits Potent Neutralizing Serum Activity against the SARS-CoV-2 Omicron Variant. Nat. Med. 2022, 28, 477–480.
[CrossRef]

134. Wang, X.Y.; Mahmood, S.F.; Jin, F.; Cheah, W.K.; Ahmad, M.; Sohail, M.A.; Ahmad, W.; Suppan, V.K.; Sayeed, M.A.; Luxmi, S.; et al.
Efficacy of Heterologous Boosting against SARS-CoV-2 Using a Recombinant Interferon-Armed Fusion Protein Vaccine (V-01): A
Randomized, Double-Blind and Placebo-Controlled Phase III Trial. Emerg. Microbes Infect. 2022, 11, 1910–1919. [CrossRef]

135. Cao, Y.; Wang, X.; Li, S.; Dong, Y.; Liu, Y.; Li, J.; Zhao, Y.; Feng, Y. A Third High Dose of Inactivated COVID-19 Vaccine Induces
Higher Neutralizing Antibodies in Humans against the Delta and Omicron Variants: A Randomized, Double-Blinded Clinical
Trial. Sci. China Life Sci. 2022, 65, 1677–1679. [CrossRef] [PubMed]

136. Wang, K.; Jia, Z.; Bao, L.; Wang, L.; Cao, L.; Chi, H.; Hu, Y.; Li, Q.; Zhou, Y.; Jiang, Y.; et al. Memory B Cell Repertoire from Triple
Vaccinees against Diverse SARS-CoV-2 Variants. Nature 2022, 603, 919. [CrossRef] [PubMed]

137. Wang, C.Y.; Hwang, K.P.; Kuo, H.K.; Peng, W.J.; Shen, Y.H.; Kuo, B.S.; Huang, J.H.; Liu, H.; Ho, Y.H.; Lin, F.; et al. A Multitope
SARS-CoV-2 Vaccine Provides Long-Lasting B Cell and T Cell Immunity against Delta and Omicron Variants. J. Clin. Investig.
2022, 132, e157707. [CrossRef] [PubMed]

http://doi.org/10.1093/jtm/taab119
http://www.ncbi.nlm.nih.gov/pubmed/34343316
http://doi.org/10.1016/S0140-6736(21)01462-8
http://doi.org/10.1056/NEJMc2108829
http://doi.org/10.1101/2021.07.01.450707
http://doi.org/10.1016/S0140-6736(21)01290-3
http://doi.org/10.1371/journal.ppat.1010022
http://doi.org/10.1128/JVI.01313-21
http://doi.org/10.1101/2021.06.05.447177
http://doi.org/10.1016/S1473-3099(21)00568-5
http://doi.org/10.1016/j.jinf.2022.06.014
http://www.ncbi.nlm.nih.gov/pubmed/35728642
http://doi.org/10.1016/S2213-2600(22)00100-X
http://doi.org/10.1016/S1473-3099(22)00144-X
http://doi.org/10.1016/j.vaccine.2022.04.078
http://www.ncbi.nlm.nih.gov/pubmed/35577631
http://doi.org/10.1056/NEJMoa2108891
http://doi.org/10.1002/jmv.27530
http://doi.org/10.1016/j.cell.2021.12.033
http://doi.org/10.1038/s41591-021-01676-0
http://doi.org/10.1080/22221751.2022.2088406
http://doi.org/10.1007/s11427-022-2110-1
http://www.ncbi.nlm.nih.gov/pubmed/35441932
http://doi.org/10.1038/s41586-022-04466-x
http://www.ncbi.nlm.nih.gov/pubmed/35090164
http://doi.org/10.1172/JCI157707
http://www.ncbi.nlm.nih.gov/pubmed/35316221


Vaccines 2022, 10, 1926 25 of 26

138. Wang, X.; Zhao, X.; Song, J.; Wu, J.; Zhu, Y.; Li, M.; Cui, Y.; Chen, Y.; Yang, L.; Liu, J.; et al. Homologous or Heterologous Booster
of Inactivated Vaccine Reduces SARS-CoV-2 Omicron Variant Escape from Neutralizing Antibodies. Emerg. Microbes Infect. 2022,
11, 477–481. [CrossRef]

139. Lauring, A.S.; Tenforde, M.W.; Chappell, J.D.; Gaglani, M.; Ginde, A.A.; Mcneal, T.; Ghamande, S.; Douin, D.J.; Talbot, H.K.;
Casey, J.D.; et al. Clinical Severity of, and Effectiveness of MRNA Vaccines against, COVID-19 from Omicron, Delta, and Alpha
SARS-CoV-2 Variants in the United States: Prospective Observational Study. BMJ 2022, 376, e069761. [CrossRef]

140. Luo, S.; Zhang, J.; Kreutzberger, A.J.B.; Eaton, A.; Edwards, R.J.; Jing, C.; Dai, H.-Q.; Sempowski, G.D.; Cronin, K.; Parks, R.; et al.
Humanized Antibody Potently Neutralizes All SARS-CoV-2 Variants by a Novel Mechanism. bioRxiv 2022. [CrossRef]

141. Luo, S.; Zhang, J.; Kreutzberger, A.J.B.; Eaton, A.; Edwards, R.J.; Jing, C.; Dai, H.-Q.; Sempowski, G.D.; Cronin, K.; Parks, R.; et al.
An Antibody from Single Human V H -Rearranging Mouse Neutralizes All SARS-CoV-2 Variants Through BA.5 by Inhibiting
Membrane Fusion. Sci. Immunol. 2022, 7, eadd5446. [CrossRef]

142. O’Brien, M.P.; Forleo-Neto, E.; Musser, B.J.; Isa, F.; Chan, K.-C.; Sarkar, N.; Bar, K.J.; Barnabas, R.V.; Barouch, D.H.; Cohen, M.S.;
et al. Subcutaneous REGEN-COV Antibody Combination to Prevent COVID-19. N. Engl. J. Med. 2021, 385, 1184–1195. [CrossRef]

143. Bierle, D.M.; Ganesh, R.; Razonable, R.R. Breakthrough COVID-19 and Casirivimab-Imdevimab Treatment during a SARS-CoV-2
B1.617.2 (Delta) Surge. J. Clin. Virol. 2021, 145, 105026. [CrossRef]

144. Huang, D.T.; McCreary, E.K.; Bariola, J.R.; Minnier, T.E.; Wadas, R.J.; Shovel, J.A.; Albin, D.; Marroquin, O.C.; Kip, K.E.; Collins, K.;
et al. Effectiveness of Casirivimab-Imdevimab and Sotrovimab During a SARS-CoV-2 Delta Variant Surge: A Cohort Study and
Randomized Comparative Effectiveness Trial. JAMA Netw. Open 2022, 5, e2220957. [CrossRef]

145. Cicchitto, G.; Cardillo, L.; de Martinis, C.; Sabatini, P.; Marchitiello, R.; Abate, G.; Rovetti, A.; Cavallera, A.; Apuzzo, C.;
Ferrigno, F.; et al. Effects of Casirivimab/Imdevimab Monoclonal Antibody Treatment among Vaccinated Patients Infected by
SARS-CoV-2 Delta Variant. Viruses 2022, 14, 650. [CrossRef] [PubMed]

146. Sasikala, M.; Sadhana, Y.; Vijayasarathy, K.; Gupta, A.; Daram, S.K.; Podduturi, N.C.R.; Reddy, D.N. Comparison of Saliva with
Healthcare Workers- and Patient-Collected Swabs in the Diagnosis of COVID-19 in a Large Cohort. BMC Infect. Dis. 2021, 21, 648.
[CrossRef] [PubMed]

147. Thomas, K.; Kolata, G. President Trump Received Experimental Antibody Treatment. Available online: https://www.nytimes.
com/2020/10/02/health/trump-antibody-treatment.html (accessed on 19 December 2021).

148. Cunha, J.P. What Are the Symptoms of the COVID-19 Delta Variant? Available online: https://www.emedicinehealth.com/
what_are_the_symptoms_of_covid19_delta_variant/article_em.htm (accessed on 16 December 2021).

149. Connor, B.A.; Couto-Rodriguez, M.; Barrows, J.E.; Gardner, M.; Rogova, M.; O’Hara, N.B.; Nagy-Szakal, D. Monoclonal Antibody
Therapy in a Vaccine Breakthrough SARS-CoV-2 Hospitalized Delta (B.1.617.2) Variant Case. Int. J. Infect. Dis. 2021, 110, 232–234.
[CrossRef] [PubMed]

150. Prathiviraj, R.; Chellapandi, P.; Begum, A.; Kiran, G.S.; Selvin, J. Identification of Genotypic Variants and Its Proteomic Mutations
of Brazilian SARS-CoV-2 Isolates. Virus Res. 2022, 307, 198618. [CrossRef]

151. Takashita, E.; Kinoshita, N.; Yamayoshi, S.; Sakai-Tagawa, Y.; Fujisaki, S.; Ito, M.; Iwatsuki-Horimoto, K.; Chiba, S.; Halfmann, P.;
Nagai, H.; et al. Efficacy of Antibodies and Antiviral Drugs against COVID-19 Omicron Variant. N. Engl. J. Med. 2022, 386,
995–998. [CrossRef] [PubMed]

152. Adlhoch, C.; de Carvalho Gomes, H. Sustainability of Surveillance Systems for SARS-CoV-2. Lancet Infect. Dis. 2022, 22, 914–915.
[CrossRef]

153. Nguyen, T.M.; Zhang, Y.; Pandolfi, P.P. Virus against Virus: A Potential Treatment for 2019-NCov (SARS-CoV-2) and Other RNA
Viruses. Cell Res. 2020, 30, 189–190. [CrossRef]

154. Cheng, S.M.S.; Mok, C.K.P.; Leung, Y.W.Y.; Ng, S.S.; Chan, K.C.K.; Ko, F.W.; Chen, C.; Yiu, K.; Lam, B.H.S.; Lau, E.H.Y.; et al.
Neutralizing Antibodies against the SARS-CoV-2 Omicron Variant BA.1 Following Homologous and Heterologous CoronaVac or
BNT162b2 Vaccination. Nat. Med. 2022, 28, 486–489. [CrossRef]

155. Badano, M.N.; Sabbione, F.; Keitelman, I.; Pereson, M.; Aloisi, N.; Colado, A.; Ramos, M.V.; Ortiz Wilczyñski, J.M.; Pozner, R.G.;
Castillo, L.; et al. Humoral Response to the BBIBP-CorV Vaccine over Time in Healthcare Workers with or without Exposure to
SARS-CoV-2. Mol. Immunol. 2022, 143, 94–99. [CrossRef]

156. Martinez, D.R.; Schäfer, A.; Gobeil, S.; Li, D.; De la Cruz, G.; Parks, R.; Lu, X.; Barr, M.; Stalls, V.; Janowska, K.; et al. A Broadly
Cross-Reactive Antibody Neutralizes and Protects against Sarbecovirus Challenge in Mice. Sci. Transl. Med. 2022, 14, eabj7125.
[CrossRef]

157. Zhou, H.; Møhlenberg, M.; Thakor, J.C.; Tuli, H.S.; Wang, P.; Assaraf, Y.G.; Dhama, K.; Jiang, S. Sensitivity to Vaccines, Therapeutic
Antibodies, and Viral Entry Inhibitors and Advances to Counter the SARS-CoV-2 Omicron Variant. Clin. Microbiol. Rev. 2022, 35,
e00014-22. [CrossRef] [PubMed]

158. Recombinant SARS-CoV-2 Delta-Omicron Variant Identified in the United States. Available online: https://www.news-
medical.net/news/20220323/Recombinant-SARS-CoV-2-Delta-Omicron-variant-identified-in-the-United-States.aspx (accessed
on 29 September 2022).

159. Varabyou, A.; Pockrandt, C.; Salzberg, S.L.; Pertea, M. Rapid Detection of Inter-Clade Recombination in SARS-CoV-2 with Bolotie.
Genetics 2020, 218, iyab074. [CrossRef] [PubMed]

160. Lacek, K.A.; Rambo-Martin, B.L.; Batra, D.; Zheng, X.; Sakaguchi, H.; Peacock, T.; Keller, M.; Wilson, M.M.; Sheth, M.; Davis, M.L.;
et al. Identification of a Novel SARS-CoV-2 Delta-Omicron Recombinant Virus in the United States. bioRxiv 2022. [CrossRef]

http://doi.org/10.1080/22221751.2022.2030200
http://doi.org/10.1136/bmj-2021-069761
http://doi.org/10.1101/2022.06.26.497634
http://doi.org/10.1126/sciimmunol.add5446
http://doi.org/10.1056/NEJMoa2109682
http://doi.org/10.1016/j.jcv.2021.105026
http://doi.org/10.1001/jamanetworkopen.2022.20957
http://doi.org/10.3390/v14030650
http://www.ncbi.nlm.nih.gov/pubmed/35337057
http://doi.org/10.1186/s12879-021-06343-w
http://www.ncbi.nlm.nih.gov/pubmed/34225656
https://www.nytimes.com/2020/10/02/health/trump-antibody-treatment.html
https://www.nytimes.com/2020/10/02/health/trump-antibody-treatment.html
https://www.emedicinehealth.com/what_are_the_symptoms_of_covid19_delta_variant/article_em.htm
https://www.emedicinehealth.com/what_are_the_symptoms_of_covid19_delta_variant/article_em.htm
http://doi.org/10.1016/j.ijid.2021.07.029
http://www.ncbi.nlm.nih.gov/pubmed/34271202
http://doi.org/10.1016/j.virusres.2021.198618
http://doi.org/10.1056/NEJMc2119407
http://www.ncbi.nlm.nih.gov/pubmed/35081300
http://doi.org/10.1016/S1473-3099(22)00174-8
http://doi.org/10.1038/s41422-020-0290-0
http://doi.org/10.1038/s41591-022-01704-7
http://doi.org/10.1016/j.molimm.2022.01.009
http://doi.org/10.1126/scitranslmed.abj7125
http://doi.org/10.1128/cmr.00014-22
http://www.ncbi.nlm.nih.gov/pubmed/35862736
https://www.news-medical.net/news/20220323/Recombinant-SARS-CoV-2-Delta-Omicron-variant-identified-in-the-United-States.aspx
https://www.news-medical.net/news/20220323/Recombinant-SARS-CoV-2-Delta-Omicron-variant-identified-in-the-United-States.aspx
http://doi.org/10.1093/genetics/iyab074
http://www.ncbi.nlm.nih.gov/pubmed/33983397
http://doi.org/10.1101/2022.03.19.484981


Vaccines 2022, 10, 1926 26 of 26

161. Mahase, E. Unknown Covid-19: What Do We Know about the Delta Omicron Recombinant Variant? BMJ Br. Med. J. 2022, 376.
[CrossRef]

162. Bolze, A.; Basler, T.; White, S.; Rossi, A.D.; Wyman, D.; Roychoudhury, P.; Greninger, A.L.; Hayashibara, K.; Beatty, M.; Shah, S.;
et al. Evidence for SARS-CoV-2 Delta and Omicron Co-Infections and Recombination. medRxiv 2022. [CrossRef] [PubMed]

163. Li, B.; Deng, A.; Li, K.; Hu, Y.; Li, Z.; Xiong, Q.; Liu, Z.; Guo, Q.; Zou, L.; Zhang, H.; et al. Viral Infection and Transmission in a
Large, Well-Traced Outbreak Caused by the SARS-CoV-2 Delta Variant. Nat. Commun. 2022, 13, 460. [CrossRef] [PubMed]

164. 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.e13–4236.e13. [CrossRef]

165. Bates, T.A.; Leier, H.C.; Lyski, Z.L.; Goodman, J.R.; Curlin, M.E.; Messer, W.B.; Tafesse, F.G. Age-Dependent Neutralization of
SARS-CoV-2 and P.1 Variant by Vaccine Immune Serum Samples. JAMA 2021, 326, 868–869. [CrossRef]

166. Munro, A.P.S.; Janani, L.; Cornelius, V.; Aley, P.K.; Babbage, G.; Baxter, D.; Bula, M.; Cathie, K.; Chatterjee, K.; Dodd, K.; et al.
Safety and Immunogenicity of Seven COVID-19 Vaccines as a Third Dose (Booster) Following Two Doses of ChAdOx1 NCov-19 or
BNT162b2 in the UK (COV-BOOST): A Blinded, Multicentre, Randomised, Controlled, Phase 2 Trial. Lancet 2021, 398, 2258–2276.
[CrossRef]

167. Patel, M.K. Booster Doses and Prioritizing Lives Saved. N. Engl. J. Med. 2021, 385, 2476–2477. [CrossRef]
168. Choi, A.; Koch, M.; Wu, K.; Chu, L.; Ma, L.; Hill, A.; Nunna, N.; Huang, W.; Oestreicher, J.; Colpitts, T.; et al. Safety and

Immunogenicity of SARS-CoV-2 Variant MRNA Vaccine Boosters in Healthy Adults: An Interim Analysis. Nat. Med. 2021, 27,
2025–2031. [CrossRef] [PubMed]

169. Jacob John, T. How India’s Second Covid Wave Started, What Went Wrong, and What Can Be Done: Top Virologist Answers.
Available online: https://www.indiatoday.in/coronavirus-outbreak/story/india-second-covid-wave-start-went-wrong-top-
virologist-answers-details-1795743-2021-04-28 (accessed on 20 May 2021).

http://doi.org/10.1136/bmj.o792
http://doi.org/10.1016/j.medj.2022.10.002
http://www.ncbi.nlm.nih.gov/pubmed/36332633
http://doi.org/10.1038/s41467-022-28089-y
http://www.ncbi.nlm.nih.gov/pubmed/35075154
http://doi.org/10.1016/j.cell.2021.06.020
http://doi.org/10.1001/jama.2021.11656
http://doi.org/10.1016/S0140-6736(21)02717-3
http://doi.org/10.1056/NEJMe2117592
http://doi.org/10.1038/s41591-021-01527-y
http://www.ncbi.nlm.nih.gov/pubmed/34526698
https://www.indiatoday.in/coronavirus-outbreak/story/india-second-covid-wave-start-went-wrong-top-virologist-answers-details-1795743-2021-04-28
https://www.indiatoday.in/coronavirus-outbreak/story/india-second-covid-wave-start-went-wrong-top-virologist-answers-details-1795743-2021-04-28

	Introduction 
	Mutation and Pathogenesis of Delta and Omicron Variants 
	Omicron Variant vs. Delta Variant 
	Vaccine Efficacy 
	Delta Variants Influence Vaccine Efficacy 
	Omicron Variants Influence Vaccine Efficacy 

	Therapeutics for the Delta and Omicron Variants 
	Delta Omicron Recombinant Variant 
	Concluding Remarks and Future Prospects 
	References

