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Abstract: The evolution and the emergence of new mutations of viruses affect their transmissibility
and/or pathogenicity features, depending on different evolutionary scenarios of virus adaptation to
the host. A typical trade-off scenario of SARS-CoV-2 evolution has been proposed, which leads to the
appearance of an Omicron strain with lowered lethality, yet enhanced transmissibility. This direction
of evolution might be partly explained by virus adaptation to therapeutic agents and enhanced
escape from vaccine-induced and natural immunity formed by other SARS-CoV-2 strains. Omicron’s
high mutation rate in the Spike protein, as well as its previously described high genome mutation
rate (Kandeel et al., 2021), revealed a gap between it and other SARS-CoV-2 strains, indicating the
absence of a transitional evolutionary form to the Omicron strain. Therefore, Omicron has emerged
as a new serotype divergent from the evolutionary lineage of other SARS-CoV-2 strains. Omicron is a
rapidly evolving variant of high concern, whose new subvariants continue to manifest. Its further
understanding and the further monitoring of key mutations that provide virus immune escape
and/or high affinity towards the receptor could be useful for vaccine and therapeutic development
in order to control the evolutionary direction of the COVID-19 pandemic.

Keywords: SARS-CoV-2; COVID-19; Omicron; bioinformatics; immune escape; RBD mutations;
vaccine development

1. Introduction

SARS-CoV-2 is a virulent and pathogenic virus that caused a global pandemic in late
2019, which is still ongoing. Currently (May 2022), about 515 million cases and 6.2 million
deaths have been registered [1]. Coronaviruses are enveloped viruses that possess a protein
nucleocapsid and a lipid supercapsid with embedded surface proteins. The most studied
surface protein is the Spike or S-protein, which is used by the virus to recognize and bind
the ACE2 receptor [2,3]. After binding, the S-protein undergoes cleavage by host proteases
at the furin site between the S1 and S2 subunits [4]. The S1 subunit remains bound to the
ACE2 receptor [5], and S2 undergoes significant conformational changes upon transitioning
to the post-fusion state [6]. In this state, it binds to the surface of the host cell, allowing
fusing of the viral and cell membranes [7].

According to the NextClade classification [8], the following SARS-CoV-2 clades can be
distinguished (Figure 1).
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Figure 1. Phylogenetic relationships of existing SARS-CoV-2 clades. Clades 19A and 19B are ancestor
lineages that emerged in Wuhan. Clade 20A emerged from 19A and was dominant during the
European outbreak in March 2020. Clades 20B and 20C are large genetically distinct subclades
from 20A that emerged in early 2020. Clades from 20D to 20] emerged over the summer of 2020
and include three Variants of Concern (VoC) [9]: Alpha (lineage B.1.1.7), Beta (lineage B.1.351),
Gamma (lineage P.1). Clades from 21A to 21] include the VoC Delta and several Variants of Interest
(Vol)—Lambda (lineage C.37), Mu (lineage B.1.621), Epsilon (lineages B.1.429), and some others.
Clades 21K (BA.1) and 21L (BA.2) Omicron sublineages emerged from the South Africa strain 21M
(lineage B.1.1.529); clades 22A, 22B, and 22C are the currently circulating sublineages of 21L Omicron.
Generated by Nextstrain [10,11].

By May 2022, five SARS-CoV-2 Variants of Concern (VoC) with global public health
affect have been registered worldwide:

1. 20I Alpha (B.1.1.7, V1): first VoC described in the United Kingdom in late Decem-
ber 2020;

2. 20H Beta (B.1.351, V2): first VoC reported in South Africa in December 2020;

20] Gamma (P.1, V3): first reported in Brazil in early January 2021;

4. 21A Delta (B.1.617.2): first reported in India in December 2020; includes sublineages
211 and 21J;

5. 21IM Omicron (B.1.1.529): first reported in South Africa in November 2021; includes
two sublineages: 21K (BA.1) and 21L (BA.2).

Using the web-based NextStrain toolkit [10], we analyzed the spread of SARS-CoV-2
based on 3257 SARS-CoV-2 genomes, sampled between February 2019 and February 2022
from GISAID [10,11] (Figure 2).

The worldwide spread of SARS-CoV-2 possesses a classical wave-like appearance. At
the beginning of 2021, no single strain of SARS-CoV-2 was dominant, while several strains
were distributed simultaneously: 20B, 20H, and 20I. By mid-2021, the SARS-CoV-2 Delta
strain began to spread and quickly displaced the previous strains. This strain includes
two sublines: 21] (up to 87% representation) and 21I (up to 13% representation). From
November 2021, Delta was displaced rapidly by the Omicron strain. The latter was repre-
sented in February 2022 at a ratio of 78% (21K sublineage) and 15% (21L sublineage). By
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2022, the Delta strain remained in only 6% of sequenced samples, predominantly as the
21] sublineage.
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Figure 2. SARS-CoV-2 clade distribution dynamics. Colors are allocated according to Nexstrain
Clades: 20B—grey; 20H—purple; 20I—dark blue; 20]—blue; 21A—light blue; 21I—lilac blue;
21J—blue-green; 21L—orange; 21K—orange red. Generated by NextStrain [10,11].

2. Mutation Dynamic Is Associated with Omicron Evolution

Since the beginning of the COVID-19 pandemic, the evolution of SARS-CoV-2 has
moved in a linear regression trend (Figure 3). Between December 2019 and October 2020,
about two mutations per month were registered [12,13]. By July 2022, 29,713 SNPs (single-
nucleotide polymorphisms) were identified within the entire SARS-CoV-2 genome ac-
cording to The National Genomics Data Center (NGDC), a section of the China National
Center for Bioinformation (CNCB) [14]. The average mutation rate in SARS-CoV-2 is now
approximately 24.5 mutations per year. Beta (20H), Iota (21F), and Epsilon (21C) strains
have a similar divergence of 19-21 mutations from the common Wuhan ancestor 19A. Delta
sublineages (21A and 21]) differ from 19A by 20 and 31 mutations, respectively.

Notably, there was an acceleration of evolution with the emergence of the Omicron
strain. Despite the significant difference in Delta and Omicron strains, the divergence for
the mutant Delta strains 211 and 21] from the ancestor strain 19A was as much as 35 and
44 mutations, respectively. The divergence of Omicron sublineages (21K and 21L) from
the parental lineage has reached 52 and 78 mutations, respectively. Thus, Omicron has
accumulated the largest number of new mutations [15] and possess the highest mutation
rate (Figure 3).

Based on the mutation rate, different directions of SARS-CoV-2 strain evolution can be
highlighted. The first direction of evolution includes the Delta strains derived from line
21A, which possess a slower mutation rate. The second direction is the group derived from
line 20B, including the fast-evolving Omicron strain.

More precisely, the highest mutation rate was observed in the sequence of the S1-
subunit of the SARS-CoV-2 Spike protein. This is one of the key regions that promote virus
adaptation to humans. Until October 2021, the mutation rate in the S1-subunit reached
five mutations per year in the mainstream strains (Alpha, Beta, Delta). By the end of 2021,
the mutation rate reached 12-15 mutations/year. Starting with Omicron and its rapid
evolution, a gap in the accumulation rate of new mutations in the S1 subunit emerged.
It increased to 20-30 mutations/year in the S1 subunit, which is exhibits a fast level of
evolution (Figure 4) and characterizes the SARS-CoV-2 adaptation mechanism.
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Figure 3. Time dependence of the accumulation rate of mutations in the entire SARS-CoV-2 genome
constructed by NextStrain.org, according to GISAID data. Branches in phylogenetic trees were set
according to NextClade classification [16]. Generated by NextStrain [10,11].

This observable gap (43-63 nucleotides) indicates the possible absence of transitional
variants between earlier SARS-CoV-2 strains and Omicron. Various evolutionary models
suggest that the Omicron strain significantly differs from other variants and has been
formed as a distant monophyletic class [17,18]. Some authors suppose that Omicron
appeared as a result of high selection pressure and a “hypermutation” process affecting
the S1-subunit and RBD as the main targets for neutralizing antibodies and preferable
parts for Darwinian evolution for the development of immune escape [19]. On the other
hand, there is evidence that the Omicron ancestor might have passed from humans to
mice, acquired favorable mutations to infect this host, then passed back to humans [20].
Alternatively, it was shown that the Wuhan strain binds with a good specificity to cat ACE2,
but not to mouse ACE2. Considering the fact that the Omicron strain efficiently binds
both the murine and the human ACE2-receptors, the possible evolution pathway could
be the following: human-cat-mouse-human [21]. Thus, an inter-species evolutionary
trajectory for the Omicron outbreak is possible [20,21]. In addition, immunocompromised
HIV-infected patients could be favorable hosts for SARS-CoV-2 evolution [22,23].

It is worth noting that significant Omicron changes in the reduced virulence and,
thereafter, affinity towards the Syrian hamsters [24] might be an important issue for trans-
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Figure 4. Dependence of mutation number in the S1 part of the Spike protein from sampling date
(top) and divergence (total number of mutations, bottom) in genomes of different SARS-CoV-2 strains;
the color code corresponds with different Nexstrain Clades. The analyzed data set was obtained by
applying the parameters: “ncov gisaid global” [17]. Generated by NextStrain [10,11].

3. Omicron Mutations Are Significant for SARS-CoV-2 Evolution

Most of the emerging mutations have little to no effect on the properties of the
virus [25]. However, some mutations can significantly affect the pathogenicity, infectivity,
transmissibility, and antigenicity of the virus. Some important mutations that facilitate the
furin-mediated cleavage of the Spike protein and accelerate the process of virus—cell fusion
are found outside of the S1-subunit. For instance, P681R is present in the Alpha, Delta,
and Omicron strains [26]. Another key mutation, D614G, provides an increased affinity
for the ACE2 receptor, which stimulates the infectivity of the virus and its transmission
ability [27-29]. This mutation is located in the vicinity of the furin cleavage site, which
leads to the conversion of the open RBD conformation by improving proteolysis at the
S1/S2 site and increasing fusion between the membrane and the ACE2 receptor. It should
be noted that this mutation occurred independently several times in the population [30,31],
representing a convergent evolution path. This mutation does not affect the ability of the
neutralizing antibodies to recognize the viral antigen [32-34]. However, it affects trans-
missibility, as the basic reproduction number (R0) was increased from 3.1 (614D) to 4.0
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(614G) [29]. The structure of the Spike protein with a D614G mutation has been solved
using cryo-electron microscopy [35-37].

Meanwhile, the majority of significant mutations for virus evolution are found in the
RBD. The most frequent mutations found in currently circulated SARS-CoV-2 strains are
summarized in Table 1.

Table 1. The key RBD mutations in the SARS-CoV-2 Spike protein. The assignments to Delta (21A)
and Omicron strains (21K and 21L) are shown.

21L 21K Title 3 21A
BA.2 K346 BA.1 (Delta)
1 January 2022 3% 26% 31% 29%
Prevalence 6 February 2022 14% 40% 30% 7%
339 D D D G
346 R K R R
371 F L L S
373 P P P S
375 F F F S
417 N N N K
440 K K K N
446 G S S G
RBD mutations i;? II\JI II\JI 11\} 1;
478 K K K K
484 A A A E
493 R R R Q
496 G S S G
498 R R R Q
501 Y Y Y N
505 H H H Y
547 T K K T

The following positions were studied recently: 417, 452, 478, 484, and 501, demonstrat-
ing a high mutation rate. The N501Y mutation is widespread and is presented in Alpha,
Beta, Gamma, and Omicron strains. The structure of the N501Y SARS-CoV-2 Spike-protein
in complex with the ACE2 receptor was determined using cryo-electron microscopy with a
resolution of 2.9 A. The N501 amino acid residue was identified to be important for binding
to the ACE2 receptor by forming an N501-G352 hydrogen bond and hydrophobically
stacking the following amino acid residues: Tyr41(ACE2)-Lys353(ACE2)-Tyr505 [38,39].
Y501 has been shown to be introduced into the cavity of the ACE2 binding interface near the
Y41 residue, resulting in the formation of an additional bond and an increase in the affinity
of the ACE2 receptor for the N501Y mutant and its infectivity. However, this mutation
did not significantly affect the structure, leaving important neutralizing epitopes in RBD
available for antibodies [39].

Frequent mutations E484K/E484Q and L452R also allow RBD binding to the ACE2.
Studies indicate that these mutations help avoid recognition by antibodies against the
original coronavirus strain [40—-42]. Deep mutagenesis has identified the E484 mutation as
the most significant, which reduces neutralizing titers by an order of magnitude [41]. The
presence of this mutation led to an almost complete absence of neutralization by mono-
clonal antibodies C121 and C144 [43] and convalescent plasma [40,44]. L452R appeared
independently in several lineages of SARS-CoV-2 in December 2020 and February 2021,
indicating the importance of this mutation for the adaptation of the virus to the increasing
immune response of the population [42]. The L452R mutation enhanced binding affinity,
transmissibility, fitness, and infectivity of SARS-CoV-2 [42]. Due to the unique T478K muta-
tion, the Delta strain was relatively resistant to neutralizing antibodies after vaccination [45].
Double mutations T478K and L452R in the Delta strain increased the attraction between
side chains of ACE2-E37 and RBD-R403, thereby increasing the affinity of the virus for the
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host receptor [46]. Molecular dynamic simulation showed that a triad mutation: E484K,
K417N, and N501Y, induces conformational change to a greater extent, compared to the
N501Y mutant alone, and potentially results in an escape mutant [47].

Based on our analysis of the mutation distribution, we suggest that key RBD mutations
(Table 1) may be used to predict the behavior of the new strains. In this respect, several
sublineages of the Delta strain widespread at the end of 2021 possess somewhat similar
RBD sequences to previous strands (Figure 5) and underwent neutralization by natural-
and vaccine-induced immunity. On the other hand, the sublineages of the Omicron strain,
which replaced Delta in 2022, can escape immunity. Moreover, several Omicron sublineages
(21L and 21K) were able to spread freely and cause new waves of the disease. Here the
significant difference in the RBD of different Omicron sublineages and other SARS-CoV-2
strains can be detected. Classification based on frequent RBD mutations allowed us to
isolate a new independent sublineage that differs from the 21K, called 21K + K346.

100%]G/R/IS/ISISIKIN/G/LIS/  —
T/E/Q/G/Q/N/Y/T/A

Omicron 21L:
P/F/N/K/G/L/
IG/R/Y/H/T/A

/
R

D/R/F
/

80% 1 N/K/A

60% +

40%
21A-Delta: G/R/S/S/S/K/N/G/R/S

G/R/S/S/IS/K/N/G/L/S/ IK/E/QIG/IQINIYITIA
T/E/Q/G/Q/Y/Y/T/D Omicron 21K K346:
20% D/K/L/P/F/N/
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R/S/R/IY/H/K/A

\
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Figure 5. Time series of important mutations in the RBD of Spike. Generated by NextStrain [10,11].
Amino acid replacements in the RBD sequence at key positions (339/346/371/373/375/417/
440/446/452/477 /478 /484 /493 /496 /498 /501/505/547 /570) and their frequency in SARS-CoV-2
sublineages: 21A (Delta), 21K (Omicron BA.1), 21K (BA.1 + K346), 21L (Omicron BA.2) from February
2021 to February 2022. Letters indicate amino acids in the same order as the positions were listed
above. Colors were allocated according to the different sets of amino acid mutations in the RBD:
21 A—mustard; 21L—grey; 21K—orange red; 21K (BA.1 + K346)—green.

Thus, monitoring the sublineages based on frequent RBD mutations could be useful
for further control of SARS-CoV-2 and vaccine renewal. Based on the RBD difference in key
mutation positions, currently circulated strains can be classified into four main subgroups:
21A Delta, Omicron 21K (BA.1), Omicron 21K + K346 (BA.1), and Omicron 21L (BA.2)
(Figure 5).

4. Omicron Is Characterized by High Immune Evasion

Since most of the antibodies are directed at the Spike protein, they appear to target
RBD. Omicron, due to its specific mutations in RBD, successfully escapes most therapeutic
antibodies (e.g., REGN10933, REGN10987, COV2-2196, COV2-2130, LY-CoV555, LY-CoV16,
CT-P59). Only therapeutic antibodies of class 3 (S309) and 4 (A3, CR3022, S2A4, S304,
52X35, H014, COVA1-16, S2X259, and DH1047) targeting regions that do not directly
interact with ACE2, but interfere with its binding, can potently neutralize Omicron with
some efficiency [48-50].

Antibodies of recovered individuals who have been infected with previous COVID-19
strains or immunized with vaccines based on the Wuhan antigen also cannot efficiently
neutralize Omicron [15]. A pseudovirus assay demonstrated that Omicron virus neutraliza-
tion by plasma of convalescent or twice-vaccinated people (with BNT162b2, mRNA-1273,
ChAdOx1, Ad26.COV2.S, Sputnik V, BBIBP-CorV) was significantly reduced or absent
in comparison with the ancestral strain [51-55]. A decrease in GMT (geometric mean
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neutralization antibody titers) against Omicron was registered from 20-fold to more than
100-fold in contrast to the Wuhan-Hu-1 antigen [51-55]. Similar results were obtained in
the live virus neutralization assay [56,57]. Moreover, only ~20% of BNT162b2 recipients
had some detectable neutralizing levels of antibodies against Omicron, whereas none of
the Sinovac recipients had neutralizing antibody titer against any Omicron isolate [56].

VoC strains Alpha, Gamma, and Delta had a similar and less discernible immunity
escape. The Alpha variant undergoes neutralization by some monoclonal antibodies
targeting the NTD of the Spike protein [58]; given the immunodominance of RBD, the
overall decrease in the neutralizing antibodies produced by natural infection [58] and
vaccines BNT162b2, mRNA-1273 [58], ChAdOx1 nCoV-19 [59], BBIBP-CorV [60], and
Covaxin [61] is insignificant (2-3-fold reduction) and is predominantly preserved.

The Gamma variant has a moderate decrease (4.5-6.7-fold) in neutralization with
post-vaccination sera after two doses of BNT162b2 and mRNA-1273 [62]. Convalescent sera
from patients infected with Beta and Gamma strains, as well as sera from people vaccinated
by BNT162b2 and ChAdOx1 nCoV-19, had lower, but not tremendous, neutralization to
Delta sublineages, in comparison with the Wuhan reference. The average reduction of GMT
was in the range of 2.2-4.3-fold [52,63,64]. Therefore, there is no widespread escape from
neutralization by the Alpha, Gamma, and Delta strains.

Presumably, the resulting combination of K417N and E484K mutations, as well
as changes in NTD, allow the Beta strain to significantly bypass the response of poly-
clonal antibodies, compared with the Wuhan reference. They escape both RBD- and
NTD-specific antibodies [43,58,65-67] from COVID-19 convalescent plasma (11-33-fold),
as well as from vaccine-induced antibodies: mRNA-1273 (19.2-27.7-fold), BNT162b2
(6.5-42.4-fold) [43,52,58,62], ChaAdOx1 [68], BBIBP-CorV [60], and NVX-CoV2373 [69,70].

The plasma of COVID-19 patients infected with strains advancing Omicron and plasma
from vaccinated patients demonstrates reductions in neutralization activity of no more than
10-fold, except for the Beta strain, which has a 10-40-fold reduction. On the other hand, the
decrease in neutralization activity against Omicron was 20-80-fold, in some cases up to
120-fold. Thus, the Beta strain escapes neutralization more strongly than Alpha, Gamma,
and Delta strains, but less than Omicron.

This VoC immunity escape data are in accordance with the quantity of significant RBD
mutations that provide escape from neutralizing antibodies. In Table 2, the most significant
RBD mutations responsible for immune escape are highlighted in regard to every VoC
strain. The Alpha strain has the least resistance to neutralization and has only one mutation
(N501Y) associated with immune escape. Gamma and Delta strains have similar reductions
in the neutralization level, each possessing three different RBD mutations: Gamma—
K417N, E484K, N501Y; Delta—E484Q), L452R, T478K (Table 2). Despite the presence of
the same triplet of mutations as in Gamma (E484K, K417N /T, N501Y), the Beta strain was
shown to be more resistant to convalescent and vaccine samples [71], presumably due to
additional changes outside of the RBD. Beta and Omicron strains have the highest potency
to escape natural or vaccine-based immunity and share similar K417/E484/N501 triad
mutations. Omicron has four significant RBD mutations (the highest number from all VoC)
that markedly influence immune escape: the above-mentioned triad mutations and T478K,
previously presented in the Delta strain.

Table 2. The most significant mutations providing immune escape of VoC strains. Number of pluses
reveal the strength of the immune escape.

VoC K417N E484K N501Y L452R T478K Immune Escape
Alpha + +
Beta + + + +4+++
Gamma + (K4177) + + +++
Delta + (E484Q) + + ++

Omicron + + (E484A) + + FHtt++
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Based on cross-neutralization experiments among patients infected with the ancestral,
Alpha, Beta, Gamma, and Delta variants, as well as those vaccinated with two consequent
Moderna, Pfizer/BioNTech, or AstraZeneca vaccines, it was demonstrated that Alpha, Beta,
Gamma, and Delta strains belong to one antigenic cluster, while Omicron represents a
separate antigenic variant [72]. Therefore, Omicron can represent a different serotype from
other SARS-CoV-2 strains and, thus, Omicron-stimulated immunity cannot protect against
other strains as well as immunity from other strains that demonstrated Omicron-negligible
neutralization [73].

5. Omicron Has Achieved Balance between High Transmissibility and Low Mortality

The highest level of Omicron immune escape in comparison with other SARS-CoV-2
variants might also be a sign of high transmissibility, but low mortality characteristics [74].
This is in concordance with the fact that virus evolution aims to adapt to the host and achieve
evolutionary stasis in long-term virus-host relationships [75]. In the case of SARS-CoV-2, it is
expressed in the adaptation of the S1-subunit, especially RBD, to the ACE2-receptor.

Three possible scenarios of virus evolution exist: (i) increased virulence; (ii) unchanged
virulence, and (iii) decreased virulence; the latter scenario is more common than the first
two [76]. Virulence is often described in terms of transmission rate and host mortality
rate [77]. Typical trade-off models for virus evolution state that mortality and transmission
rates would have optimal proportions achieved during adaptation [77]. In other words,
host mortality limits transmission.

It is important to note that since the start of the COVID-19 pandemic, virus mortality
and transmissibility characteristics have been unbalanced. In the first half of 2020, daily
cases rose from zero to several thousand per day, and mortality rates were as high as 9 to
10%. A balance between daily cases and daily lethality was achieved in November 2020,
when the mortality rate fluctuated around 1.5-3% and transmissibility was in the same
range of 2—4 thousand cases. By the end of 2021, the emergence of Omicron disturbed this
balance: daily lethality has declined and fluctuated at around 0.5%, and new daily cases
skyrocketed to about 10-18 thousand per day. Therefore, Omicron adaptation to the host
made it possess low lethality and increased transmissibility features. The hypothesis of
a balance between mortality and transmission of the SARS-CoV-2 virus is supported by
epidemiological data (Figure 6).
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A possible reason for the high transmissibility of Omicron is the repeated rounds of
selection and the emergence of beneficial RBD mutations providing immune escape [19].
This is supported by the possible emergence of Omicron in immunocompromised HIV-
infected patients [22,23]. Another hypothesis is the selective pressure of vaccination and
influence of Spike antigenic sites. Widespread vaccination could have led to the evolution
of SARS-CoV-2 in the direction of immunity escape and high transmissibility, but not in the
direction of increasing mortality [79].

The SARS-CoV-2 balance between transmissibility and lethality is expected to remain
in the future. In the long term, a natural decline in lethality and an increase in the incidence
of SARS-CoV-2 with the emergence of new strains is possible. This trend will determine
the further evolution of SARS-CoV-2, bringing it closer to typical seasonal influenza arising
from other types of coronaviruses (HCoV 229E, NL63, OC43, and HKU1), which are
currently responsible for 10% to 30% of adult upper respiratory tract infections [80].

Since pathogenicity features are based on various evolutionary scenarios of virus adap-
tation to the host, analysis of the evolutionary direction and monitoring of key mutations
associated with main virus characteristics may be useful for further strategies to optimize
anti-COVID-19 vaccines in polyvalent formations and other therapeutic developments.

6. Discussion

The origin of the Omicron variant of SARS-CoV-2 remains unclear and requires further
investigation. Here, we described the four main currently circulating Omicron sublineages
(21A, 21L, 21K, 21K + K346) based on the dynamic distribution analysis of key RBD
mutations. A lower immune response and significant ability to escape immunity may
lead to lower mortality and higher transmissibility of all Omicron sublineages. Oppositely,
enormous dysregulation and a strong immune response may lead to the development of
systemic inflammatory response syndrome (SIRS) and to higher mortality [81]. Therefore,
the fast evolution of Omicron may be provoked by the utilization of different therapeutics,
such as vaccines and monoclonal neutralizing antibodies, for the treatment of the patient.

The rapid emergence of new mutations in the Spike protein of the virus affects its vir-
ulence and its avoidance of the developed immune defense. Examining the mutation effect
on the neutralizing properties of vaccines and antibodies is important for the disclosure
of immunodominant regions [82] and for the development and improvement of therapies
against SARS-CoV-2.

It is likely that SARS-CoV-2 will continue its evolution and may lead to the emergence
of variants of unpredictable severity [83]. This is the rare situation in which vaccination led
to the formation of more hazardous types of viruses [84]. Typically, vaccination evolves
another virus property—immune escape. Another hypothesis is that frequent vaccine
renewal that reduces pathogen virulence helps lower the possibility of a more hazardous
strain. The virus may evolve either in the direction of immunity escape or in the direction
of virulence increase, but not in both directions simultaneously [79]. Since most vaccines
only immunize against the Spike protein, evolution of escape may be easier against vaccine
immunity than against natural immunity.

One might assume that vaccine optimization in accordance with the above-mentioned
RBD mutations in Omicron would provide immunity against it. However, the Omicron-
based vaccine and boosterization evoked an impaired serologic response and the emergence
of neutralization antibodies against Omicron and wild-type SARS-CoV-2, in comparison
with vaccines based on the Wuhan antigen [85].

In contrast, fully-vaccinated people with either homologous BNT162b2 vaccination
or heterologous ChAdOx1-5-BNT162b2 vaccines based on the Wuhan strain, as well as
convalescent-vaccinated patients, have some cross-neutralization antibodies against Omi-
cron [86]. Thus, booster immunization by vaccines significantly increases the neutralization
level titer against Omicron [53-55,87-93].
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This can be explained by the fact that Omicron stimulates very specific immune
responses and represents a distinct antigenic serotype. Therefore, vaccine boosters based
on the Omicron strain are less efficient than those based on ancestral one.

Yet, polyvalent vaccines should also be considered as an option. Recent studies of the
polyvalent vaccine from Moderna based on Wuhan and Beta strains as boosters showed
more pronounced antibody titers against all SARS-CoV-2 strains, in comparison with the
monovalent Wuhan-booster [94]. As we have demonstrated, sequences of RBD are different
in Delta (21A) and Omicron sublineages, which suggests the need for different antigens in
vaccines against these forms of SARS-CoV-2.

Under this scenario, future vaccination programs should be planned seasonally rather
than on a regular basis, as is currently the case with the influenza virus. Optimally, a
one-shot vaccine against both influenza and COVID-19 should become available, such
developments are underway [95].
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