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Since its discovery in 2019, SARS-CoV-2 still makes the headline news. SAR-CoV-2 is
an emerging RNA virus that spread from a seafood market in Wuhan, China, and caused
the COVID-19 pandemic. SARS-CoV-2 is a positive sense single-stranded RNA virus of
about 30 kb in length that is derived from the Coronaviridae. Up to September 2023, more
than 770 million COVID-19 cases and 6.9 million deaths were reported to the World Health
Organization (WHO). Around 37 variants of SARS-CoV-2 were reported and they were
categorized as variants of concern (VOC) or variants of interest (VOI) or variants being
monitored (VBM) [1]. The WHO labeled SARS-CoV-2 Omicron (B.1.1.529) as a variant
of concern in November 2021 [2]. This variant was first reported in South Africa, but
it quickly became the dominant circulating SARS-CoV-2 worldwide [3,4]. The Omicron
viruses continued to genetically evolve with more sub-lineages added to its phylogenetic
tree. The genetic divergence of Omicron has been associated with changes in the viral
transmissibility, virulence, and ability to evade protective immune response conferred by
natural infection or vaccination [5].

To shed light on the evolutionary behavior of RNA viruses and how it shapes their
epidemiolocal fitness and pathological features, Viruses developed a Special Issue entitled
“What SARS-CoV-2 Variants Have Taught Us: Evolutionary Challenges of RNA Viruses”.
This issue included twenty-four research topics comprising different aspects of SARS-CoV-
2 infection. Viral lineages in different geographical locations were discussed by several
authors. Omicron and its sub-variants were responsible for COVID-19 infections in several
countries. Given the large number of mutations in Omicron compared to its previous
predecessors, the existence of missing SARS-CoV-2 variants was addressed in the Viruses
Special Issue. Interestingly, phylogenetic analyses suggested the presence of intermediate
variants between SARS-CoV-2 Omicron and Delta variants, which might have not been
documented. In addition, developing rapid and accurate diagnostic methodology was
another point explored in this Special Issue. Targeted reverse-transcriptase quantitative
polymerase chain reaction (RT-qPCR) was highlighted in this Special Issue to accurately
identify new variants. Compared to NGS, the targeted RT-qPCR-based method is more
cost-effective and flexible and can provide near real-time changes in variant prevalence.

In general, RNA viruses have high genetic variability due to fast, low-fidelity replica-
tion. Mutations, recombination, and reassortment are the main mechanisms responsible
for genetic change and evolution [6]. Those changes can eventually affect viral fitness. In
this Viruses Special Issue, the genome architecture of different SARS-CoV-2 variants was
analyzed with the aim of discovering mutations correlated with viral pathogenicity. A

Viruses 2024, 16, 139. https://doi.org/10.3390/v16010139 https://www.mdpi.com/journal/viruses1
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higher number of mutations were associated with mortality cases in both Delta and the
Omicron variants. Further, compared to MERS-CoV and SARS-CoV-1, the SARS-CoV-2
genome was biased towards a lower GC dinucleotide content, which may explain its
moderate virulence.

Several articles addressed the immune response to SARS-CoV-2 infection, which
revealed several immunogenic regions. Immunogenic regions may be correlated to the
disease severity and/or potentially used as serological markers.

Numerous mutations in Omicron and its sub-lineages altered the transmission dynam-
ics and pathophysiology. Sun et al. reported neutralization assays using diluted plasma
samples from COVID-19 convalescent patients using a SARS-CoV-2 pseudovirus. This
model contained the SARS-CoV-2 spike protein on an HIV-1 backbone and a luciferase
reporter gene [7]. Although pseudoviruses cannot reflect the behavior of the full virus,
they are considered a versatile research tool that can be conveniently performed at a lower
biosafety level and can easily introduce mutations to reflect the newly discovered variants.
Among the Omicron viruses, several variants and subvariants are classified as “variants
being monitored” according to the updated guidelines developed by the WHO [1]. For
some time, the BA.2.86 and XBB.1.1, a recombinant form of two BA.2 sub-lineages, were
dominating the community spread. Recently the EG.5 (Eris) accounts for 25% of the new
cases. The EG.5 variant descends from the XBB.1.9.2 subvariant. However, it contains
an additional FLip mutation, Phe456Leu, and its subvariant, EG.5.1, has another spike
protein mutation (Q52H) [8]. Therefore, pseudoviruses can be instrumental in exploring
the significance of those mutations.

In conclusion, as an emerging RNA virus, SARS-CoV-2 will continue to evolve, and
the threat of a viral outbreak will always be present. This virus has displayed a remarkable
ability to mutate and generate new variants, and it has been proven to be a highly adaptable
and evolving pathogen, leading to public health concerns. This Special Issue of Viruses
sheds light on the evolutionary nature of SARS-CoV-2 and its potential implications for
public health. Recognizing the ever-evolving nature of SARS-CoV-2 underscores the
importance of continued surveillance, vaccination strategies, and adaptable public health
responses to address this dynamic threat.
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Abstract: The Omicron variant of SARS-CoV-2 is the latest pandemic lineage causing COVID-19.
Despite having a vaccination rate ≥85%, Ecuador recorded a high incidence of Omicron from
December 2021 to March 2022. Since Omicron emerged, it has evolved into multiple sub-lineages
with distinct prevalence in different regions. In this work, we use all Omicron sequences from
Ecuador available at GISAID until March 2022 and the software Nextclade and Pangolin to identify
which lineages circulate in this country. We detected 12 different sub-lineages (BA.1, BA.1.1, BA.1.1.1,
BA.1.1.14, BA.1.1.2, BA.1.14, BA.1.15, BA.1.16, BA.1.17, BA.1.6, BA.2, BA.2.3), which have been
reported in Africa, America, Europe, and Asia, suggesting multiple introduction events. Sub-lineages
BA.1 and BA.1.1 were the most prevalent. Genomic surveillance must continue to evaluate the
dynamics of current sub-lineages, the early introduction of new ones and vaccine efficacy against
evolving SARS-CoV-2.

Keywords: COVID-19; Omicron; sub-lineages; Ecuador

1. Introduction

The novel coronavirus identified as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is the infectious agent causing the COVID-19 pandemic [1]; by April 2022, a
total of 483,556,595 positive cases and 6,132,461 deaths worldwide had been reported [2].
The mutation rate of the virus is still in debate, but after two years, it has evolved into
different variants, some of which have higher transmission rates [3]. Some model studies
suggest that the effective (instantaneous) reproduction number of Omicron could be from
3.19 (95% CI: 2.82–3.61) [4,5] to 3.3 (95% CI: 2.0–7.8) [6], which is greater than that of the
Delta variant. Moreover, each emerging variant could diverge into sub-lineages that need
to be surveilled locally in order to evaluate any change in their transmission dynamics.
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Omicron, unlike previous variants, harbors a wide variety of mutations within its
genome [7]. Fifteen mutations have been reported only in the Receptor Binding Domain
(RBD) region, which enable Omicron to be more transmissible by allowing the virus to bind
more easily to the human angiotensin-converting enzyme 2 (ACE2) protein as compared
with the original strain [8]. Other relevant mutations include R203K and G204R, which are
linked to viral replication [4]. According to WHO, by April 2022 [9], five major sub-lineages
originating from BA.1.1.529 had been detected globally: BA.1, BA.2, BA.3, BA.4, BA.5 with
different frequencies in different regions.

Ecuador is among the countries with a vaccine coverage ≥85%; however, following the
introduction of the Omicron Variant (lineage BA.1.1.529 in December 2021) [10] the Ministry
of Public Health reported the highest frequency of positive cases since the beginning of the
pandemic, accumulating more than 300,000 cases from January to March 2022 [11]. By the
end of March, sub-lineage BA.2 was also detected.

At least four institutions from the public and private sector are involved locally in the
genomic surveillance of the virus and are submitting sequences to the public repository
GISAID with a two-week frequency [12]. This allows us to understand the epidemiological
trends and incidence of the COVID-19 disease and the effects of the detection and spread of
new variants [13]. Given the emergence of sub-lineages, this work aims to identify which
are circulating and prevailing in Ecuador. Our analyses focused on the presence and trend
of each Omicron sub-lineage (BA.1.1.529 + BA.*) reported since epidemiological week 49 in
2021, when we detected the first case in Ecuador [10].

2. Materials and Methods

2.1. Sequence Production and Data Collection

The institutions involved in SARS-CoV-2 sequencing in Ecuador use different plat-
forms including MinION (Oxford Nanopore), MiSeq and MiniSeq (Illumina). We down-
loaded 1245 Omicron sequences submitted to GISAID from Ecuador up until March 2022;
703 obtained from “Instituto Nacional de Investigación en Salud Publica (INSPI)” using
MinION (ONT) and MiSeq (Illumina), 456 obtained from “Universidad San Francisco de
Quito-USFQ” using MinION and 86 sequences obtained from “Universidad de Especiali-
dades Espiritu Santo” which used MiniSeq (Illumina). Starting from the date on which the
first case of Omicron was detected in Ecuador, a comparison of sequences was performed
by epidemiological week for Omicron vs. Delta.

2.2. Lineage Assignment and Phylogenetics

Sequences were classified by epidemiological week and then submitted to Nextclade [14]
and Pangolin COVID-19 [15] for clade and lineage assignment. Lineage nomenclature was
assigned according to the PANGO (Phylogenetic Assignment of Named Global Outbreak
Lineages) software updated in March 2022. It relies on establishing a numerical value to
descendants that meet certain conditions that belong to lineages A or B, with a maximum of
three sublevels, whereby new lineages will be assigned with a letter [15]. The criteria used
for lineage assignment involved minimum lineage size, genome quality, genetic specificity,
and epidemiological significance, which vary over time and depend on the degree of
adaptation [16]. Consequently, each lineage is assigned a unique alphanumeric code that
includes partial information regarding the phylogenetic history of that lineage based on a
common ancestor [15].

A stacked bar chart of lineages by epidemiological week was made using R [17] and
GraphPad Prism software [18]. A phylogenetic tree was built in Nextclade using the nearest
neighbor method and visualized by Nextrain Auspice [14].
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3. Results

The first case of Omicron was detected in Ecuador in epidemiological week (EW) 49
of 2021, it co-circulated with Delta until EW 52 of 2021 and EW 05 of 2022. From EW 06
Omicron became the only variant detected in all the samples sequenced, Figure 1.

Figure 1. Variants of concern in Ecuador since Omicron’s first detection.

We detected 12 sub-lineages of the Omicron variant (BA.1.1.529 + BA.*) circulating
in Ecuador, with different worldwide origins and mutation numbers (Table 1). All sub-
lineages display the highest number of mutations in the spike protein. BA.2 and BA.2.3
sub-lineages differ from the others in the number of mutations in five out of nine genes
(ORF1a, ORF1b, S, M, N). The complete set of mutations is detailed in Table S1 [15].

Table 1. List of Omicron sub-lineages circulating in Ecuador. For each Omicron sub-lineage, the
place/s of origin and mutation numbers that characterize them are recorded.

Sub-Lineage Clade Names Origin
Genes

ORF1a ORF1b S ORF3a E M ORF6 ORF8 N

BA.1 21K (Omicron) South Africa 8 2 33 0 1 3 0 1 4
BA.1.1 21K (Omicron) South Africa 8 2 32 0 1 3 0 1 4

BA.1.1.1 21K (Omicron) Europe 8 2 31 0 1 3 0 1 4
BA.1.1.14 21K (Omicron) Europe 8 2 30 0 1 3 0 1 4
BA.1.1.2 21K (Omicron) Japan 9 2 34 0 1 3 0 1 4
BA.1.14 21K (Omicron) Brazil 8 2 21 0 1 3 0 1 4
BA.1.15 21K (Omicron) USA 8 2 30 1 1 3 0 1 5
BA.1.16 21K (Omicron) UK 8 2 29 0 1 3 0 1 4
BA.1.17 21K (Omicron) Europe 9 2 30 0 1 3 0 1 4
BA.1.6 21K (Omicron) Canada and Sint Maarten 8 3 30 0 1 3 0 1 4
BA.2 21L (Omicron) India and South Africa 9 4 29 1 1 2 1 1 5

BA.2.3 21L (Omicron) Philippines 10 4 29 2 1 2 1 1 5
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Figure 2a shows the number of cases for each sub-lineage from EW 49 of 2021 to EW 10
of 2022. BA.1 was the first sub-lineage detected followed by BA.1.1 and BA.1.15 which were
detected on EW 50 of 2021. BA.1.16 and BA.1.17 appeared on EW 51 of 2021, all remaining
sub-lineages have been detected since EW 2 of 2022. BA.1 and BA.1.1 were found across
all epidemiological weeks, while the growth and diversity of the other sub-lineages were
proportional with the increase of cases; however, both decreased together when positive
cases dropped (Table S2). Among all the sequences analyzed, 62.33% corresponded to the
BA.1.1 sub-lineage, 24.82% to BA.1, 6.18% to BA.1.14, 4.33% to BA.1.15, 1.12% to BA.1.17,
the remaining sub-lineages BA.1.6, BA.1.16, BA.2, BA.2.3, BA.1.1.1; BA.1.1.2, BA.1.1.14,
were found with a frequency ≤1%.

Figure 2. Omicron sub-lineages (BA.1.1.529 + BA.*) in Ecuador. (a) Sub-lineages by epidemiological
week, (b) phylogenetic tree of all lineages.
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The phylogenetic analysis of the sub-lineages detected is shown in Figure 2b. The
sub-lineages clustered into two clades: 21K and 21L, which diverged from 21M. The highest
diversity was in the 21K clade, forming two groups with BA.1 and BA.1.1. The 21K clade
only showed two sub-lineages corresponding to BA.2 and BA.2.3.

Among the most predominant sub-lineages registered in Ecuador, BA.1 appeared
in 162 countries showing higher prevalence in the UK at 43.0%, USA 22.0%, Denmark
5.0%, Germany 4.0%, and Brazil 3.0%; BA.1.1 appeared in 154 countries showing higher
prevalence in the USA at 48.0%, UK 22.0%, Germany 6.0%, Canada 4.0%, and France 2.0%;
BA.1.14 appeared in 82 countries with higher prevalence in Brazil at 19.0%, Belgium 17.0%,
UK 13.0%, Denmark 10.0% and Germany 7.0%; and BA.1.15 appeared in 124 countries with
most prevalence in the USA at 69.0%, the UK 14.0%, Canada 4.0%, Germany 2.0% and
Mexico 1.0% [15].

The BA.2 and BA.2.3 sub-lineages were recently reported in Ecuador; these currently
predominate in several countries, so we analyzed their worldwide prevalence: BA.2 ap-
peared in 119 countries with higher prevalence in the UK at 40.0%, Denmark 16.0%,
Germany 13.0%, the USA 7.0% and France 4.0% [15]; and BA.2.3 has been registered
in 81 countries with higher prevalence in the UK at 31.0%, the USA 23.0%, Canada 10.0%,
Germany 4.0%, and South Korea 4.0% [15].

4. Discussion

Following Omicron’s first identification, an increasing number of sub-lineages are
being reported globally. Of all the worldwide Omicron sequences available in GISAD, at
least 36 sub-lineages (all in the major BA.1–BA.5 as reported by WHO) had been identified
by April 2022 [9,19]. In Ecuador, up to March 2022, we had detected 12 Omicron sub-
lineages (BA.1.1.529 + BA.*) also reported in Africa, America, Europe, and Asia, suggesting
multiple introduction events. The detected sub-lineages harbor from 40 to 54 mutations
(Table 1), of which approximately 30 contribute to amino acid changes in the SARS-CoV-2
spike protein [20].

During the Omicron wave in Ecuador, the major number of cases occurred between
epidemiological weeks one and seven of 2022 (Figure 2a). However, in EW04 and EW05,
the Delta variant was still circulating in less populated provinces in the country. At the
end of December 2021, sub-lineages BA.1 and BA.1.1 were the most predominant, which
agreed with the global trends [21]. In Europe, Denmark had reported the prevalence of
BA.1, BA.1.1, and BA.2 sub-lineages in the same period [22]. In Italy, the predominant sub-
lineages were BA.1.15, BA.1.1, and BA.1.17 [19]. A study conducted in Hong Kong using 542
Omicron sequences, showed the BA.2.2, BA.1 and BA.1.1 sub-lineages predominated [23].
According to PAHO reports, BA.1 and BA.1.1 were also identified in more than 97% of the
cases registered in the Americas [24]. Different Omicron sub-lineages (BA.1.1.529 + BA.*)
have also been reported in other Latin American countries; a study by the University of
Feevale in Brazil has reported the circulation of seven sub-lineages in that country, with
BA.1, BA.1.1 and lately BA.2 being the predominant ones [25]. A similar pattern occurred
in Chile, where the Ministry of Health reported the circulation of 10 sub-lineages, with
BA.1.1 and BA.2 displacing BA.1 [26].

Our analysis shows the divergence of the 21K and 21L clades from 21M, which is
related to three mutations in 21L not present in 21K: they comprise Nsp3 (G489S, analogous
to the A488S mutation found in Delta VOC), Nsp4 (L438F, analogous to the L438P mutation
found in Lambda VOC) and Nsp6 which displaced the C-terminus in the 21K clade [27].
Differences in the number of N mutations were also identified, the BA.2 and BA.2.3 sub-
lineages showed an R203K/G204R mutation in the nucleocapsid protein. This mutation
has also been reported by Wu, H., et al. (2021), being associated with the appearance of
new variants [28].
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In this study, five samples were identified within Clade 21L (BA.2 and BA.2.3 lineages)
in EW 10; due to the high transmissibility and predominance of BA.2 and BA.2.3 reported
in other countries, it is important to survey them in Ecuador during the following months.
According to the United Kingdom Health Security Agency, the BA.2 sub-lineage has shown
a higher growth rate than BA.1; in England, BA.2 showed 75% more spreading when
compared to BA.1 [29]. Similar behavior was observed in Denmark, where BA.2 had
an accelerated growth compared to BA.1, becoming the dominant sub-lineage [30]. The
behavior of BA.2 may be related to mutations found in the spike protein of the virus [30].
According to the detail of the mutations presented in the results section of this study, one
of the main differences between BA.1 and BA.2 is the absence of the 143/145 deletion in
BA.2, as mentioned by Colson et al.; this difference produces a flattening of the surface of
the N-terminal domain (NTD) that could facilitate the initial interaction of the virus with
the lipid rafts and would explain its greater transmissibility [31]. Another difference is that
BA.1 and BA.3 sub-lineages have a deletion 69/70 in the spike protein, which is not found
in BA.2 [31].

BA.2 sub-lineage was detected in Ecuador in EW 10, coinciding with a drop in case
numbers, probably due to a high incidence of the first Omicron sub-lineage (BA.1.1.529 + BA.*)
combined with the high vaccination coverage. The COVID-19 positivity from EW 19 was
≤5% [32]. Despite a low positivity rate detected in the last weeks, Public Health Authorities
need to keep all the genomic surveillance strategies active to evaluate any change in the
predominance of the Omicron sub-lineage (BA.1.1.529 + BA.*) currently circulating in the
country. Furthermore, early detection of new lineages reported worldwide will help to
improve current public health policies and influence decisions such as not requiring people
to wear a mask in outdoor areas of conveyances. Furthermore, these reports will provide
information on the efficacy of the vaccines as well as the future reinforcement doses required to
protect the most vulnerable population from the emergence of new variants and sub-lineages.

The current pandemic has highlighted the constant danger of the emergence or re-
emergence of viruses with pandemic potential. SARS-CoV-2 has demonstrated a high
capacity for evolution and adaptability; it has mutated at an accelerated rate, leading
to new variants [33]. Therefore, the response to the possible emergence of new viruses
involves scientific and technological strengthening of research to consolidate a surveillance
system with a preventive approach for the containment of future outbreaks [34].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14061177/s1, Table S1: Detail of mutations by sub-lineage,
Table S2: Number of cases by epidemiological week.
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Abstract: The global spread of SARS-CoV-2 and its variants poses a serious threat to human health
worldwide. Recently, the emergence of Omicron has presented a new challenge to the prevention
and control of the COVID-19 pandemic. A convenient and reliable in vitro neutralization assay
is an important method for validating the efficiency of antibodies, vaccines, and other potential
drugs. Here, we established an effective assay based on a pseudovirus carrying a full-length spike
(S) protein of SARS-CoV-2 variants in the HIV-1 backbone, with a luciferase reporter gene inserted
into the non-replicate pseudovirus genome. The key parameters for packaging the pseudovirus
were optimized, including the ratio of the S protein expression plasmids to the HIV backbone
plasmids and the collection time for the Alpha, Beta, Gamma, Kappa, and Omicron pseudovirus
particles. The pseudovirus neutralization assay was validated using several approved or developed
monoclonal antibodies, underscoring that Omicron can escape some neutralizing antibodies, such
as REGN10987 and REGN10933, while S309 and ADG-2 still function with reduced neutralization
capability. The neutralizing capacity of convalescent plasma from COVID-19 convalescent patients in
Wuhan was tested against these pseudoviruses, revealing the immune evasion of Omicron. Our work
established a practical pseudovirus-based neutralization assay for SARS-CoV-2 variants, which can
be conducted safely under biosafety level-2 (BSL-2) conditions, and this assay will be a promising
tool for studying and characterizing vaccines and therapeutic candidates against Omicron-included
SARS-CoV-2 variants.

Keywords: SARS-CoV-2 variants; Omicron; pseudovirus; neutralization assay; convalescent plasma

1. Introduction

During the COVID-19 pandemic, the emergence of several highly transmissible SARS-
CoV-2 variants, especially Omicron (B.1.1.529), has attracted enough attention worldwide.
Some mutations in SARS-CoV-2 spike (S) protein can alter the antigenic properties with
various distinct mechanisms, leading to their potential to be more transmissible, virulent,
pathogenic, or evade immunity induced by previous infection or vaccination [1–8]. N501Y,
which is present in lineages Alpha (B.1.17), Beta (B.1.351), Gamma (P.1), and Omicron, is
responsible for higher affinity to ACE2 and increased infectivity due to a large phenolic
group that makes two additional contacts with ACE2 residues [6,9,10]. Moreover, variants
carrying E484K such as Beta and Gamma have been shown to contribute to the escape
of some neutralizing antibodies and resistance to convalescent sera and postvaccination
sera [10,11]. The replacement of a glutamate residue with a lysine residue causes a change
in the biophysical properties of an epitope residue, diminishing some antibodies bind-
ing directly [12]. Moreover, lineages Beta and Gamma possess alternative amino acid
substitutions K417N/T, which facilitate immune escape [13,14]. Regarding the Kappa
(B.1.617.1) variant, the presence of the substitutions L452R and E484Q has been shown to
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affect antibody recognition, cause immune escape, and improve infectivity [15,16]. Cur-
rently, the Omicron variant contains a total of 59 mutations in its genome, with as many
as 37 mutations occurring in the spike protein, including S371L, K417N, N440K, G446S,
S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, and Y505H. In addition to some
mutations that contribute to enhancing its transmissibility significantly [7,9,17], there are
also some mutations that may affect partial therapeutic antibodies either through alter-
ing the conformation of mixed protein/carbohydrate epitope involving N343-N-linked
glycan [18], such as S371L, or through changing its surface charge distribution, such as
N440K, T478K, and E484A [7,19]. In Cao’s recent study, Omicron could lead to significant
humoral immune evasion and potential antigenic shifting with more than 85% of the tested
human-neutralizing antibodies being escaped [20].

Due to the high risk of SARS-CoV-2 infection, the cultivation of an authentic virus
requires a laboratory with a high level of biosafety, at least a biosafety level 3 (BSL-3)
laboratory equipped with a negative pressure system, which limits the throughput and
accessibility of authentic virus neutralization assays. An alternative method is packag-
ing convenient and reliable replication-defective pseudovirus expressing the S protein
that can be used under BSL-2 conditions. To date, the development of SARS-CoV-2 pseu-
doviruses using human immunodeficiency virus (HIV)-based lentiviral particles [21,22],
murine leukemia virus (MLV)-based retroviral particles [21–23], or vesicular stomatitis
virus (VSV)-based systems [21,24–26] has become a powerful tool for evaluating the efficacy
of therapeutic drugs and vaccines, and the results from such pseudovirus neutralization
assays correlate well with the results of measurements using authentic viruses [22,27].

HIV-1 has been frequently utilized as a vector virus for the creation of pseudotyped
viruses harboring foreign virus surface protein [28,29]. Its genome contains genes encoding
three major viral structural proteins, namely, gag, pol, and env [30]; two regulatory proteins,
namely, tat and rev; and four accessory proteins that help complete viral packaging, namely,
vpr, vif, vpu, and nef [31]. In this study, we used an HIV-based lentiviral system to produce
pseudoviruses displaying the spike protein of SARS-CoV-2 variants on their surface, in
which the firefly luciferase gene was inserted into the pNL4-3 nef gene [32], leading to
frame shifts in env and vpr. The SARS-CoV-2 pseudoviruses constructed from this system
are replication-defective viruses, yet they are competent for a single round of infection to
host cells in a similar way as authentic viruses. The pseudovirus-based neutralization assay
generated in this work is safe, convenient, and useful for the evaluation of vaccines and
therapeutic candidates against SARS-CoV-2 variants.

2. Materials and Methods

2.1. Plasmids and Cells

The full length of the S gene of Alpha (GISAID accession ID: EPI_ISL_708969), Beta
(GISAID accession ID: EPI_ISL_712081), Gamma (GISAID accession ID: EPI_ISL_792680),
Kappa (GISAID accession ID: EPI_ISL_1360306) or Omicron/BA.1 (GISAID accession
ID: EPI_ISL_12422410) was codon-optimized, synthesized, and cloned into the pUC57
vector by General Biosystems Inc. (Anhui, China). The S genes of SARS-CoV-2 variants
were then amplified using the primers 5′- TATCGATCCGGAGGTACCATGG-3′ and 5′-
TTATCAGTGATGGTGATG-3′ and cloned into the expression vector pCAGGS with the
NEBuilder® HiFi DNA Assembly Cloning Kit (NEB), generating the pCAGGS-Alpha-
S, pCAGGS-Beta-S, pCAGGS-Gamma-S, pCAGGS-Kappa-S, and pCAGGS-Omicron-S
plasmids. The constructed recombinant plasmids bearing the S protein of SARS-CoV-2
variants were confirmed by DNA sequencing. The pDC316-WT-S containing a full-length
S gene from Wuhan-Hu-1 and HIV backbone vector pNL4-3.Luc.R-E- were stored in our
laboratory. ACE2-293T cells, which are HEK293T cells overexpressing ACE2 receptor, were
produced and kept in our laboratory.
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2.2. Analysis of SARS-CoV-2 Variant S Protein Expression

A total of 106 HEK293T cells in 4 mL growth medium were seeded in each well of a
6-well plate 16 h before transfection. The pCAGGS-Alpha-S, pCAGGS-Beta-S, pCAGGS-
Gamma-S, pCAGGS-Kappa-S, pCAGGS-Omicron-S, and the reference pDC316-WT-S plas-
mids were individually transfected into HEK293T cells. HEK293T cells transfected with an
empty pCAGGS vector were used as the negative control. After 48 h of incubation, the cells
were fixed with 100% methanol for 30 min at −20 ◦C and then blocked in PBS containing
2% FBS for 1 h at room temperature. The cells transfected with the pCAGGS-Omicron-S
plasmid were then incubated with primary antibody (Sino Biological, 40591-MM41), which
is specific to Omicron S protein, whereas the other cells were incubated with primary
antibody (Sino Biological, 40591-MM43), which is specific to S proteins of SARS-CoV-2
variants except Omicron, at 5 μg/mL for 1 h at 37 ◦C, followed by a further incubation at
37 ◦C for 1 h with Alexa Fluor 488 goat anti-mouse secondary antibody (Abcam, ab150117)
at 2 μg/mL. For nuclear staining, cells were treated with DAPI for 10 min at room temper-
ature. Stained sections were analyzed with BioTek Cytation1 Cell Imaging Multi-Mode
Plate Readers.

2.3. Production and Titration of SARS-CoV-2 Pseudotyped Variants

HEK293T cells were inoculated in cell dishes and grown overnight at 37 ◦C with 5%
CO2 until the confluency for adherent cells reached 70–90%. The recombinant spike protein
expression plasmids (pCAGGS-Alpha-S, pCAGGS-Beta-S, pCAGGS-Gamma-S, pCAGGS-
Kappa-S, or pCAGGS-Omicron-S) were cotransfected with the HIV backbone vector pNL4-
3.Luc.R-E- at different ratios into HEK293T cells with the Turbofect transfection reagent
(Thermo Scientific, Waltham, MA, USA), respectively. The supernatants containing SARS-
CoV-2 variant pseudoviruses were harvested 21–64 h after transfection and filtered through
a 0.45 μm filter. The supernatants were then aliquoted into 2-mL cryotubes and stored at
−80 ◦C.

The titer of the SARS-CoV-2 variant pseudovirus was measured by quantification of
the luciferase activity. Supernatants containing SARS-CoV-2 variant pseudoviruses at the
volume of 50 μL were used to infect 2 × 104 ACE2-293T cells in 100 μL DMEM with 10%
FBS in each well of 96-well plates. The well without the addition of the pseudovirus served
as the cell control. After a 48-h incubation in a 5% CO2 environment at 37 ◦C, the culture
supernatant was removed gently to leave 100 μL in each well, and then 100 μL of luciferase
substrate (Perkin Elmer, Waltham, MA, USA) was added to each well. Two minutes after
incubation at room temperature, 150 μL lysate was transferred to white solid 96-well plates
(Costar, Washington, DC, USA) for the detection of luminescence using a TECAN Spark
multifunctional microplate detector.

2.4. Neutralization Assay

For the neutralization assay, 50 μL pseudoviruses (~4 × 105 RLU) were incubated
with serial dilutions of plasma samples (dilutions of 1:10, 30, 90, 270, 810, 2430, 7290,
and 21,870) from COVID-19 convalescent patients and healthy individuals or monoclonal
antibodies for 1 h at 37 ◦C, and then 2 × 104 ACE2-293T cells were added to each well.
Cells without viruses, plasma, or antibodies were used as blank controls, and cells with
viruses but without plasma or antibodies were used as virus controls. Luciferase activities
were measured 48 h after infection, and the percent neutralization was calculated as 100%
− (sample signals − blank control signals)/(virus control signals − blank control signals)
× 100%. A three-parameter logistical analysis was performed on the full dilution series
using Prism 8 (GraphPad Software, San Diego, CA, USA). All data are presented as the
means ± standard deviations (SDs).
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3. Results

3.1. Construction of the Recombinant Plasmids Expressing SARS-CoV-2 Variants Spike Proteins

The full-length S protein genes of the Alpha, Beta, Gamma, Kappa, and Omicron vari-
ants (Figure 1A) were synthesized and individually cloned into the pCAGGS vector, gener-
ating the pCAGGS-Alpha-S, pCAGGS-Beta-S, pCAGGS-Gamma-S, pCAGGS-Kappa-S, and
pCAGGS-Omicron-S recombinant plasmids, respectively. These recombinant plasmids and
the pDC316-WT-S were transfected into HEK293T cells, and the expression of S proteins on
the HEK293T cell surface was evaluated using immunofluorescence (Figure 1B). The results
showed that the S proteins of the WT, Alpha, Beta, Gamma, Kappa, and Omicron variants
were expressed on the surface of HEK293T cells, whereas HEK293T cells transfected with
the empty pCAGGS vector did not express any S protein. These data suggest that the
recombinant plasmids bearing the S protein of WT and its variants can be used to package
pseudotyped viruses.

Figure 1. Detection of SARS-CoV-2 variants S protein expression in HEK293T cells. (A) Schematic
overview of spike protein of SARS-CoV-2 variants, including Alpha (B.1.17), Beta (B.1.351), Gamma
(P.1), Kappa (B.1.617.1), and Omicron (B.1.1.529). Amino acid mutations in comparison to the Wuhan-
Hu-1 sequence are indicated. RBD, receptor binding domain; NTD, N-terminal domain. (B) Detection
of SARS-CoV-2 S protein expression in HEK293T cells by immunofluorescence. The recombinant
plasmids containing full-length S genes of SARS-CoV-2 variants were individually transfected into
HEK293T cells. Cells transfected with an empty pCAGGS vector with the same procedure were
used as the negative control. The cells were fixed after 48 h of incubation and labeled with the
corresponding antibodies. Nuclei were stained with DAPI.
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3.2. Optimization of SARS-CoV-2 Variants Pseudovirus Production

To generate the SARS-CoV-2 variant pseudoviruses, we used an HIV backbone vector-
based pseudovirus packaging system (Figure 2A). The HIV backbone vector, pNL4-3.Luc.R-
E-, was derived from pNL4-3 vector, in which the nef gene was replaced by the firefly
luciferase gene, resulting in frame shifts in env and vpr. The recombinant spike protein
expression plasmids (pCAGGS-Alpha-S, pCAGGS-Beta-S, pCAGGS-Gamma-S, pCAGGS-
Kappa-S, or pCAGGS-Omicron-S) were cotransfected with the pNL4-3.Luc.R-E- plasmids
into HEK293T cells, respectively, at ratios of 1:30, 1:60, 1:90, 1:120, 1:150, and 1:180. As
shown in Figure 2B, the supernatants containing SARS-CoV-2 variant pseudoviruses were
harvested 21–64 h post-transfection. ACE2-293T cells were infected with SARS-CoV-2
variant pseudoviruses for 48 h, and then viral titers were determined by measuring the
relative luminescence units (RLU). The RLU values reached the peak level at 52 h post-
infection for the pseudotyped Alpha, Beta, and Kappa variants at ratios of 1:60, 1:120, and
1:90, whereas the RLU level was highest for the Gamma variant at 64 h post-infection at a
ratio of 1:60. For the Omicron pseudotyped virus, the highest viral titer was observed at
59 h after transfection at a ratio of 1:150 with approximately 1.6 × 106 RLU.

Figure 2. Optimization of SARS-CoV-2 variants pseudovirus production. (A) Schematic repre-
sentation of the SARS-CoV-2 variants pseudovirus production and neutralization assay. The HIV
backbone vector pNL4-3.Luc.R-E- plasmids were cotransfected with pCAGGS-Alpha-S, pCAGGS-
Beta-S, pCAGGS-Gamma-S, pCAGGS-Kappa-S, or pCAGGS-Omicron-S, respectively into HEK293T
cells to package the pseudotyped lentiviral particles. The supernatants containing SARS-CoV-2
variants pseudovirus with S protein were collected and then ACE2-293T cells were used to measure
the pseudoviral titer. (B) Effect of the ratio of the recombinant S protein expression plasmids to
the HIV backbone plasmids and the collection time for pseudovirus particles on the production of
pseudovirus. Cells without pseudovirus infection were used as background. The data were expressed
as mean relative luciferase units (RLU) ± standard deviation (SD) of 3 parallel wells in 96-well
culture plates.
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3.3. Validation of the Neutralization Sensitivity of SARS-CoV-2 Pseudotyped Variants

To examine the neutralization sensitivity of the Omicron variant and the other SARS-
CoV-2 variants, we evaluated the neutralizing activities of several antibodies that have
obtained emergency use authorization (REGN10987 [33], REGN10933 [33], S309 [34], BRII-
198 [35] and LY-CoV1404 [36]) or are being studied in clinical trials presently (ADG-2 [37])
against these SARS-CoV-2 pseudotyped variants (Figure 3A). Consistent with the previ-
ously reported results [20,38,39], Omicron/BA.1 can escape some neutralizing antibodies,
such as REGN10987 and REGN10933, while S309 and ADG-2 function with reduced neu-
tralization capability. Luckily, LY-CoV1404 and BRII-198 were able to potently neutralize
Alpha, Beta, Gamma, Kappa, and Omicron/BA.1 pseudoviruses. Moreover, we assessed
the neutralizing capacities of the plasma from ten COVID-19 convalescent patients [40],
who recovered from infection of the Wuhan-Hu-1 strain, using the pseudovirus neutral-
ization assays we established. As shown in Figure 3B, although all the plasma showed
inhibition against pseudotyped wild-type (WT) virus, Alpha, Gamma, and Kappa variants
with different average IC50 titers (462.9, 1818, 290.6, and 203.9), all of them we tested
showed weak inhibition against Beta. When it turned to Omicron, only 1/10 (ConV-9) con-
valescent plasma showed detectable activity, and the reduction level was much higher than
that of Beta. This result is consistent with the work of Cameroni et al. [41], indicating that
Omicron was highly resistant to the plasma from the convalescent patients in Wuhan. Most
control plasma samples from healthy individuals showed no inhibitory activity against all
tested pseudoviruses, only few of them had extremely weak detectable responses, but the
inhibition rates have not reached 50% in initial dilution.

Figure 3. Validation of the neutralization sensitivity of SARS-CoV-2 pseudotyped variants. (A) Neu-
tralizing curves of monoclonal antibodies against pseudotyped SARS-CoV-2 variants. Data are
representative of at least two independent experiments. Mean ± SD was shown. (B) The inhibition
activity of ten COVID-19 convalescent plasma samples against pseudotyped SARS-CoV-2 variants.
Six plasma samples from healthy individuals were tested as negative controls (NC). The initial dilu-
tions for both positive and negative samples were 1:10, followed by a 3-fold serial dilution. Samples
were tested in triplicates and the experiments were repeated at least twice. Data from one of at least
two independent experiments are presented in Mean ± SD.
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4. Discussion

SARS-CoV-2 variants are highly pathogenic coronaviruses, and experiments with
these viruses need to be performed in the biosafety level 3 laboratory with appropriate qual-
ifications, which has become a bottleneck in drug and vaccine development. Pseudovirus
neutralization assay based on retroviruses or HIV backbones is an alternative approach to
authentic virus neutralization assay and can be used safely and conveniently to a greater
extent for drug screening and vaccine evaluation [22,42–44].

Many factors affect the packaging efficiency of pseudoviruses, including the expression
level of the viral envelope protein, the ratio of packaging plasmid combinations, the
efficiency of plasmid transfection, the growth state of HEK293T cells before transfection,
and the collection time of pseudovirus supernatants. In our study, the ratio of the spike
protein expression plasmids to the HIV backbone plasmids considerably influenced the
production of pseudovirus, and this ratio differed between wild-type SARS-CoV-2 and its
variants. It is necessary to determine the optimal ratio of packaging plasmid combinations
before large-scale pseudovirus packaging. Moreover, the optimal ratio of the spike protein
expression plasmids to the HIV backbone plasmids in our study (1:60 to 1:120) were much
lower than that in the previous studies (1:1 to 1:9) [21,45]. In addition, we found that a
relatively high viral titer can be obtained from 50 h to 64 h after transfection, indicating that
optimizing the collection time of pseudovirus supernatants is also crucial for improving
the pseudovirus yield.

We used several approved monoclonal antibodies to validate the pseudovirus neu-
tralization assay we established, including REGN10987, REGN10933, S309, BRII-198, LY-
CoV1404, and ADG-2; the results were consistent with the previous research [20,38,39],
which suggests this pseudovirus-based neutralization assay is a reliable alternative for
the rapid detection of neutralizing antibodies against SARS-CoV-2 and its variants when
BSL-3 facilities are not available. We also showed that convalescent plasma from COVID-19
patients blocked the entry of pseudotyped SARS-CoV-2 wild-type, Alpha, Beta, Gamma,
and Kappa into ACE2-293T cells, while all convalescent plasma samples except ConV-9
failed to prevent the Omicron infection, underscoring the immune evasion of Omicron.
However, one limitation of this assay was that we did not detect other receptors in addition
to ACE2 receptor, the key determinant of SARS-CoV-2 attachment to target cells [46,47].
Recent studies have reported that SARS-CoV-2 also has AXL, KREMEN1, and ASGR1 in
addition to ACE2 as its candidate receptors [48,49]. The role of other SARS-CoV-2 receptors
in pseudovirus neutralization assay could not be ignored.

Overall, the spike proteins of SARS-CoV-2 variants were expressed on the surface
of HEK293T cells to produce pseudovirus particles using a lentivirus vector-based pseu-
dovirus system in optimized packaging conditions. This pseudovirus system can be used
in animals to evaluate the in-vivo efficacy of vaccines or antibodies [50,51]. Taken to-
gether, this convenient and reliable pseudovirus system can be widely used for developing
SARS-CoV-2 vaccines and therapeutic drugs and for studying SARS-CoV-2 infection.
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Abstract: The novel severe acute respiratory syndrome (SARS) coronavirus, SARS-CoV-2, is responsi-
ble for the global COVID-19 pandemic. Effective interventions are urgently needed to mitigate the
effects of COVID-19 and likely require multiple strategies. Egg-extracted antibody therapies are a
low-cost and scalable strategy to protect at-risk individuals from SARS-CoV-2 infection. Commercial
laying hens were hyperimmunized against the SARS-CoV-2 S1 protein using three different S1 recom-
binant proteins and three different doses. Sera and egg yolk were collected at three and six weeks after
the second immunization for enzyme-linked immunosorbent assay and plaque-reduction neutraliza-
tion assay to determine antigen-specific antibody titers and neutralizing antibody titers, respectively.
In this study we demonstrate that hens hyperimmunized against the SARS-CoV-2 recombinant S1
and receptor binding domain (RBD) proteins produced neutralizing antibodies against SARS-CoV-2.
We further demonstrate that antibody production was dependent on the dose and type of antigen
administered. Our data suggests that antibodies purified from the egg yolk of hyperimmunized hens
can be used as immunoprophylaxis in humans at risk of exposure to SARS-CoV-2.

Keywords: COVID-19; SARS-CoV-2; chicken; passive immunization; antibodies; neutralizing antibodies;
egg

1. Introduction

The novel severe acute respiratory syndrome (SARS) coronavirus, SARS-CoV-2, is the
etiologic agent of COVID-19, a newly emerged viral respiratory disease in humans. First
identified in late 2019, the disease reached pandemic status and continues to be a significant
public health threat worldwide. The COVID-19 landscape is rapidly evolving, and effective
strategies to mitigate its spread are urgently needed. Notably, the first emergency use autho-
rizations for a vaccine for the prevention of COVID-19 were issued on 11 December 2020 [1].
Multiple vaccines and treatments have since been developed and approved for emergency
use. Although vaccines appear reasonably effective at reducing the severity of illness
associated with COVID-19, the recent emergence of new variants threatens the efficacy of
these vaccines. Therefore, ongoing research to develop new vaccines, antiviral drugs, and
antibody therapies is critical to reducing the devastating impact of the pandemic. Successful
COVID-19 intervention likely requires multiple approaches, and antibody therapies are an
attractive strategy to protect at-risk individuals from SARS-CoV-2 infection.

The genetic material of coronaviruses is composed of a single-stranded, positive-sense
RNA genome [2]. This genome is the largest of the RNA viruses and ranges from 27 to
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30 kilobase pairs [2]. SARS-CoV-2 is a betacoronavirus belonging to the family Coronaviri-
dae [2]. Coronaviruses cause respiratory and gastrointestinal disease in a wide range of
animal species, including mammals and birds [2]. Alphacoronaviruses and betacoron-
aviruses are known to infect humans and other mammals, and gammacoronaviruses and
deltacoronaviruses infect birds, although some can infect mammals [2]. The most notable
and extensively studied gammacoronavirus in chickens is infectious bronchitis virus (IBV),
against which most commercial hens are immunized [2].

Coronavirus entry into cells is mediated by the spike protein, most specifically its
S1 portion, a peplomer-like structure anchored to the virus membrane in the form of a
trimer. In addition, the S1 subunit of this protein determines virus variability and elicits
neutralizing antibodies [2–4]. On the globular head of each SARS-CoV-2 S1 protein is
a receptor-binding domain (RBD), which specifically recognizes the human angiotensin-
converting enzyme 2 (ACE2) [5]. The RBD is the most antigenic region of the spike protein
in coronaviruses and is thus an attractive site for therapies that target cell entry of the virus.

One such therapy was approved by the U.S. Food and Drug Administration on
23 August 2020 for an emergency use authorization for investigational convalescent plasma
to treat hospitalized COVID-19 patients [6]. The principle behind this therapy is that
recovering COVID-19-infected individuals develop SARS-CoV-2-specific antibodies that
can be recovered from plasma and administered to ill patients to neutralize the virus if
applied systemically. This passive transfer of antibodies is not limited only to SARS-CoV-
2-infected patients. Researchers are also applying this concept of virus neutralization to
generate SARS-CoV-2-specific antibodies in animals to be used for passive immunization
against the virus in humans [7]. Harvesting antibodies from eggs laid by hens that have
been immunized against the spike protein of SARS-CoV-2 is an attractive model to produce
protective antibodies due to the scalability, convenience, and low cost [7].

Chickens produce immunoglobulin Y (IgY), which is a homologue of mammalian
IgG. An average egg yolk yields 50–100 mg of IgY, of which 2–10% comprise specific anti-
bodies [8,9]. When hyperimmunizing hens, the amount of antigen-specific IgY produced
will depend on the age of the hen, adjuvant, route of application, as well as the dose,
antigenicity, and molecular weight of antigen administered to each hen [10–13]. A laying
hen lays an average of 300 eggs per year, which corresponds to approximately 15–30 g of
IgY. Thus, a considerable amount of polyclonal antibody can be non-invasively recovered
from the eggs laid by immunized chickens. Other advantages of using IgY in human
applications are that it is well tolerated and can be administered orally [14,15]. Further-
more, IgY neither binds to human rheumatoid factors nor activates the human complement
system [14]; therefore, reducing the risk of inflammatory reactions as a secondary effect of
using antibodies produced in different species. These characteristics make chicken IgY a
promising source of new therapies for human viral diseases such as COVID-19 in addition
to vaccination strategies [16].

Here, we demonstrate that hens hyperimmunized against the SARS-CoV-2 recombi-
nant receptor binding domain and/or S1 protein produced neutralizing antibodies against
SARS-CoV-2. By hyperimminunizing and testing for antibodies against SARS-CoV-2 via
enzyme-linked immunosorbent assay (ELISA) and plaque-reduction neutralization assay
(PRNA), we further demonstrate that antibody production was dependent on the dose
and type of antigen administered. Our data suggests that antibodies purified from the egg
yolk of hyperimmunized chickens can be used as immunoprophylaxis in humans at risk of
exposure to SARS-CoV-2.

2. Materials and Methods

2.1. Constructs and Virus

The constructs used for vaccines A and B included the SARS-CoV-2 S1-derived RBD
protein #0570, which included amino acids 328-533 and a His tag (vaccine A) and SARS-
CoV S1-derived RBD amino acids 319-542 and a His tag (vaccine B), using a bacterial based
in vitro expression system [17]. The reference virus used to obtain these constructs was the
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Wuhan strain. The construct used for vaccine C consisted of the SARS-CoV-2 S1 protein,
including amino acids 16-685 and an Fc-tag, which was expressed in HEK293 cells (Cat #
S1N-C5255, AcroBiosystems, Newark, DE, USA); these proteins were glycosylated.

Virus neutralization experiments were performed using the 2019-nCoV/USA-WA1/2020
strain sourced from an infected patient in Washington state.

2.2. Experimental Design

Two hundred 85-week-old laying hens were transported from a table egg layer farm in
the California Central Valley to the UC Davis Teaching and Research Animal Care Services
facility, where they were placed on pine shavings in climate-controlled BSL-2 rooms. After
one week of acclimatization, the hens received two immunizations administered twelve days
apart. Vaccines were prepared as an oil–water emulsion with an equal volume of Freund’s
incomplete adjuvant (Thermo Scientific, IL, USA) using an Ultra-Turrax T25 High-Speed
Homogenizer (IKA, Staufen, Germany) at 25,000 rpm for 10 min. The experimental groups
were as follows: vaccine A twice (A/A), vaccine B twice (B/B), vaccine C twice (C/C), vaccine
C followed by vaccine B (C/B), and adjuvant only (negative control). Each treatment group
was divided into the following subgroups receiving a 2.5, 5, or 50 μg dose. All vaccines were
administered by intramuscular route in the pectoral muscle in 0.5 mL volumes. Blood was
collected from the ulnar vein upon arrival, 21 days following the second immunization, and
at the end of the experiment (6 weeks post second dose). Blood was centrifuged and serum
was stored at 4 ◦C for ELISA. One month following the second immunization, eggs were
collected every week and stored at 4 ◦C for IgY extraction. In the sixth week after the last
immunization, the hens were humanely euthanized by CO2 inhalation, immediately followed
by cervical dislocation. A schematic of the experimental design is in Figure 1.

Figure 1. Schematic of the experimental design.

2.3. IgY Extraction from Egg Yolk

IgY extraction was performed as described previously [18], with minor modifications.
Nine eggs per group were cracked open. The egg white was discarded, and the egg yolk
was washed with phosphate-buffered saline (PBS). The egg yolk was punctured, and the
vitelline membrane was discarded. The yolk was transferred to a 50 mL sterile centrifuge
tube and Milli-Q® water (Millipore purification system, Bedford, MA, USA) was added for
a yolk dilution of 1:5. The tube was vortexed vigorously and stored overnight at 4 ◦C. The
following day, the tubes were centrifuged at 1000× g for 30 min at room temperature. Since
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the supernatant was still yellow, a second dilution/centrifugation step was performed. Ten
mL of the supernatant was collected and mixed with 40 mL of Milli-Q® water for a final
yolk dilution of 1:10, and centrifugation was performed at 2000× g at 15 ◦C for 30 min.
The supernatant, now clear, was obtained and filtered through a Millex -HV 0.45 μm filter
(Millipore, Bedford, MA, USA) and stored at 4 ◦C. To measure the IgY extraction efficiency,
protein concentration of the yolk extract from 9 egg yolks was individually measured
and compared with protein concentration from 10 individual serum samples obtained at
necropsy from vaccine C group at 50 μg using the Take 3 plate on an Epoch Microplate
Spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA).

2.4. IgY Antibody Titers

Serum and yolk IgY titers were measured by enzyme-linked immunosorbent assay
(ELISA). Wells were coated with 0.5 μg of antigens A, B, or C in coating buffer and incubated
at 4 ◦C overnight. All wash steps were performed with PBS-Tween 20 (0.05% Tween 20).
Plates were blocked with 5% milk in PBS-Tween 20 for 1 h at room temperature. Serum
samples were diluted 1:3200 in Sample Diluent, provided by the manufacturer, and purified
yolk samples were diluted 1:400 in Milli-Q® water. The rest of the ELISA was performed
using the reagents provided by the commercial IDEXX infectious bronchitis Ab Test (IDEXX,
Westbrook, ME, USA), according to the manufacturer’s instructions. Data were presented as
sample to positive (S/P) ratio, which was calculated from the optical density (O/D) values
using the following equation: (mean of test sample—mean of negative control)/(mean of
positive control—mean of negative control). Three positive controls (A, B, and C) were
prepared as a reference standard for each antigen. Each positive control was derived from
sera from a hen immunized twice with 50 μg of one of the corresponding vaccines (A, B, or
C) and selected for high IgY titer. Positive control sera were diluted in two-fold steps from
1:25 to 1:12,800 with the manufacturer-provided dilution buffer and incubated in wells
coated with either 0.5 or 1 μg of corresponding antigen (A, B, or C). The final serum dilution
and antigen coating concentration were determined by plotting the absorbance against the
serum dilution and selecting the dilutions associated with the highest absorbance before
saturation was observed. One negative control was used for all antigens. An S/P ratio
allows titers to be compared across multiple plates, but S/P ratios should not be compared
between antigens or between serum and egg yolk-derived IgY because a different positive
control was used for each antigen and sample type.

2.5. Plaque Reduction Neutralization Assay

Antibodies derived from pooled sera and egg yolk from hens receiving vaccine A/A,
B/B, C/C, and B/C at 50 μg dose were assessed for their ability to neutralize SARS-CoV-2
using a plaque reduction neutralization assay (PRNA). Briefly, the antibodies were diluted
1:10 in culture medium and incubated in two-fold serial dilutions with 100 plaque forming
units (PFUs) of the Washington Strain of SARS-CoV-2 (USA-WA1/2020). SARS-CoV-2 was
diluted in supplemented DMEM at a 1:1 ratio. The virus was then added to the antibody
samples and allowed to incubate for 1 h at 37 ◦C and 5% CO2. After incubation, viral
plaque assay was conducted to quantify viral titers. Twelve-well plates were previously
seeded with Vero cells (ATCC CCL-81) at a density of 2 × 105 cells per well. Media was
aspirated from plates and virus-antibody samples were transferred to wells, one sample
per well. Plates were incubated for 1 h at 37 ◦C and 5% CO2. After infection, a 1:1 overlay
consisting of 0.6% agarose and 2× Eagle’s Minimum Essential Medium without phenol
red, supplemented with 10% fetal bovine serum (FBS), non-essential amino acids (Gibco,
11140-050), 1 mM sodium pyruvate, 2 mM L-glutamine, and 1% P/S was added to each well.
Plates were incubated at 37 ◦C for 48 h. Cells were fixed with 10% formaldehyde for 1 h at
room temperature. Formaldehyde was aspirated and the agarose overlay was removed.
Cells were stained with crystal violet (1% CV w/v in a 20% ethanol solution). Viral titer
of SARS-CoV-2 was determined by counting the number of plaques and represented as
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plaque-forming units (PFU) and as relative percentage of neutralization with respect to the
negative control.

2.6. Statistical Analysis

The data were analyzed using GraphPad Prism v.8.4.3 software (GraphPad Software, Inc.,
La Jolla, CA, USA; www.graphpad.com (accessed on 20 January 2022); RRID:SCR_002798). A
Kruskal–Wallis test with Dunn’s post-test was performed to compare treatment groups for
each vaccine combination. Virus neutralization data by groups was compared by unpaired t
tests. Significant differences were determined at p < 0.05.

3. Results

3.1. Antigen-Specific IgY Antibodies Were Detected in the Serum of Hyperimmunized Hens

Commercial laying hens were immunized against the SARS-CoV-2 S1 protein, and blood
was collected 21 days following the second vaccination for antigen-specific ELISAs. Birds
receiving 50 μg doses from all vaccines demonstrated strong antibody responses, which were
higher (p < 0.05) than negative control titers (Figure 2). At the lower doses (2.5 and 5 μg), only
birds receiving vaccine C demonstrated positive antibody responses, which were significantly
higher than non-immunized control titers at 2.5 μg. Notably, antibody titers among birds
administered vaccine C were not significantly different between doses, whereas antibody
titers among birds administered vaccines A and B were significantly higher in the 50 μg
groups compared with their respective 2.5 and 5 μg groups (Figure 2A–C).

Figure 2. IgY titers in serum collected 21 days following the second vaccination for groups receiving
(A) vaccine A/A, (B) vaccine B/B, (C) vaccine C/C, and (D,E) vaccine C/B combinations. Hens were
inoculated twelve days apart. Antigen A-, B-, and C-coated plates were used for panels (A), (B,D),
and (C,E), respectively. Error bars indicate the mean and standard error. Means without a common
letter (a, b) are significantly different (p < 0.05).

To test the immunogenicity of combining two vaccines, one group of birds received
primary vaccine C followed by a boost with vaccine B. ELISAs were performed 21 days
following the second immunization to measure both antigen C- and B-specific antibody
responses. The birds receiving 50 μg of vaccine C/B developed strong antigen B- and
C-specific IgY titers (Figure 2D,E), which were significantly greater than their respective
negative control titers and titers among birds receiving 2.5 and 5 μg doses.
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3.2. Antigen A-, B-, and C-Specific IgY antibodies Were Detected in the Yolk of
Hyperimmunized Hens

Beginning one month following the second immunization, eggs were collected weekly
for ELISAs to detect antigen A-, B-, and C-specific IgY titers extracted from egg yolks. Yolk
extracts were diluted 1:400, and specific IgY for each antigen was measured by ELISA
using antigen A-, B-, or C-covered plates (Figure 3). Antigen-specific IgY titers extracted
from yolks collected 6 weeks after the second immunization were significant for all tested
antigens in birds receiving 50 μg doses, regardless of which vaccine they were administered.
Among the birds administered vaccine A/A, egg yolk-derived antibodies were detectable
at the lower immunization doses, but the titers were only significant for the 2.5 μg dose.
Notably, the vaccine A/A 50 μg titers were significantly greater than the 2.5 and 5 μg titers.
Egg yolk-derived IgY antibodies from birds receiving the lower doses for vaccine B/B
were not significantly different from negative control titers. In contrast, egg yolk-derived
IgY of hens from the vaccine C/C groups showed significant antibody titers at all doses
(Figure 3A–C).

Figure 3. IgY titers from egg yolk collected six weeks following the second vaccination for groups
receiving (A) vaccine A/A, (B) vaccine B/B, (C) vaccine C/C, and (D,E) vaccine C/B combinations.
Hens were inoculated twelve days apart. Antigen A-, B-, and C-coated plates were used for panels
(A), (B,D) and (C,E), respectively. Error bars indicate the mean and standard error. Means without a
common letter (a–c) are significantly different (p < 0.05).

Egg yolk extractions were also analyzed for C- and B-specific antibody responses in
hens receiving a combination of vaccine C and B as first and second dose, respectively.
B-specific antibody titers in hens administered vaccine C/B were significant (p < 0.05) only
in hens receiving the 50 μg doses (Figure 3D), which was consistent with the data reported
for the hens receiving vaccine B/B. In contrast, C-specific antibody titers in hens receiving
vaccine C/B were significant at 2.5, 5, and 50 μg doses, which corresponded to observations
noted in hens in the vaccine C/C group (Figure 3E).
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Egg yolk extracts showed a mean protein concentration of 2.42 mg/mL with a standard
deviation of 0.48, whereas serum protein concentration had a mean of 56.71 mg/mL with a
2.2 standard deviation.

3.3. Hyperimmunized Hens Produced Neutralizing Antibodies against SARS-CoV-2

Hens immunized against the SARS-CoV-2 S1 protein were tested for neutralizing
antibodies in sera at three weeks after the second immunization and in egg yolk extractions
at six weeks following the second immunization. Negative controls included IgY from
serum and egg yolk of hens that were either infectious bronchitis virus (IBV)-vaccinated
or IBV-naïve. The IBV-naïve birds were tested regularly to confirm the absence of IBV
antibodies by ELISA.

Sera and egg yolk IgY extractions from both IBV-vaccinated and IBV-naïve controls
did not neutralize the virus. Sera from hens receiving vaccine A/A and B/B neutralized the
virus up to 1:20, whereas sera from hens receiving vaccines C/C and C/B neutralized the
virus up to 1:40 and 1:80, respectively (Figure 4A). IgY extractions from egg yolk neutralized
the virus up to 1:10 among only the hens in the vaccine C/C and C/B groups, and no
neutralization was observed among egg yolk samples from hens receiving vaccines A/A
and B/B (Figure 4B).

Figure 4. A plaque reduction neutralization assay (PRNA) was performed to detect SARS-CoV-2-
specific neutralizing antibodies in (A) sera and (B) egg yolk IgY extractions from hens receiving
50 μg of vaccine A/A, B/B, C/C, and C/B. Controls included negative control hens that were either
vaccinated or not vaccinated for IBV. Sera was collected at three weeks after the second vaccination,
and egg yolk was harvested beginning at six weeks after the second vaccination. Viral titer of SARS-
CoV-2 was determined by counting the number of plaques and represented as relative percentage of
neutralization with respect to the negative control. The PRNA was performed in triplicate.

4. Discussion

In this study we demonstrate that laying hens hyperimmunized against three different
SARS-CoV-2 recombinant spike proteins produced specific antibodies in sera. We further
confirmed that the dose and type of antigen administered influenced the levels of antibody
titers. Doses were selected based on previous experience and considering a low, medium,
and high protein content in each vaccine. In addition, we showed that all vaccines induced
neutralizing antibodies against SARS-CoV-2, but that vaccines against the glycosylated
S1 protein (C/C) and combination of glycosylated S1 and non-glycosylated RBD of S1
(C/B) led to better neutralization. Combination of C and B antigens was used due to the
results obtained in the ELISA from the collected sera showing better responses than for
the A antigen. In addition, glycosylated antigen was used as a primer due to its superior
response in comparison with the other tested antigens. Specifically, neutralization was
observed in all groups, but it was at lower serum concentrations among the hens receiving
the full-length glycosylated S1 I protein at least once, whereas virus neutralization by IgY
extracted from egg yolk occurred only in the vaccine C/C and C/B groups.
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Compared with the negative control group, the full length and tagged S1 protein
elicited a higher level (p < 0.05) of IgY titers in serum and egg yolk at all doses, whereas
immunization with the RBD fragments (A or B; non-tagged) induced antibody titers higher
than the negative control (p < 0.05) only when immunized at the highest dose of 50 μg. This
observation could be explained by the structural difference between antigens. In contrast to
antigens A and B, in which the S1 fragments contained only the receptor-binding domain,
antigen C comprised the entire extracellular domain of the S1 protein. The increased size
and number of potential epitopes may be responsible for the enhanced antigenicity of
vaccine C. Another possible explanation could be that antigen C was produced using a
eukaryotic HEK293 expression system. In contrast to the prokaryotic expression system
used for manufacturing vaccines A and B, HEK293 cells are capable of the post-translational
modifications necessary for the correct folding of the protein [19]. Thus, modifications such
as phosphorylation or glycosylation of the recombinant protein could potentially enhance
immunogenicity [19]. Our data suggest that antibodies generated from vaccine C could
therefore be administered at a fraction of the dose necessary for seroconversion to occur.
This is crucial when considering potential applications of IgY in prevention strategies
against COVID-19.

We also demonstrated that a combination approach using vaccine C followed by
vaccine B generated good IgY titers specific for antigen C, which were comparable to the
titers observed with vaccine C/C. Similarly, vaccine C/B IgY titers specific for antigen B
corresponded to vaccine B/B titers. Importantly, the vaccine C/B combination resulted in
neutralizing antibody titers that were at least as good as the titers induced by vaccine C/C.
Since the production of proteins using the eukaryotic HEK293 expression system is more
costly than using a prokaryotic system, a vaccine combination approach may prove to be a
more economical, but equally effective, immunization strategy.

Since the hens had been vaccinated for IBV, a chicken gammacoronavirus, it was
important to determine whether cross-neutralization could be observed between samples
from IBV-vaccinated hens and SARS-CoV-2. Virus neutralization was not observed by
IBV-vaccinated hens, which suggests that IBV antibodies do not cross-react with SARS-
CoV-2. Although unsurprising given the enormous genetic variability of coronaviruses,
this observation underscores the importance of ensuring that the spike protein used for
vaccination is genetically similar to the spike protein of the circulating virus.

As expected, SARS-CoV-2-specific IgY titers were also detected in egg yolk. As shown
in our results, IgY titers in yolk were lower than in serum. These outcomes might be
related to the efficiency of our yolk antibody extraction method, which is based only on
ultrapure water and centrifugation. The finding of a reduced egg yolk extract protein
concentration compared to serum protein concentration further supports this claim. This
extraction inefficiency might also explain the lower neutralization activity demonstrated
by the yolk IgY in the plaque neutralization test. The egg yolk is a complex structure
composed of proteins, lipids, vitamins, and minerals. The main components of the egg yolk
are lipids in ~65% of dry matter, and the lipid-to-protein ratio is about 2:1 [20]. In addition,
lipids in the yolk are exclusively associated with lipoprotein assemblies, i.e., triglycerides,
phospholipids, and cholesterol [20]. This intricate lipid association with proteins can
complicate protein extraction from the yolk if the lipids are not diluted appropriately,
which might have been the case with our IgY extraction method. Anecdotally, we have
worked with a private company upscaling the hyperimmunization and egg production
systems. They have used a polyethylene glycol precipitation to extract IgY from yolks with
better results (Michelle Hawkins, CAMAS, personal communication). The polyethylene
glycol method has been tested by several researchers [12,21] and seems to be a better
method to address the issue of fats present in the egg yolk. This methodology is crucial
for pure antibody extractions and formulation of preventative products, such as local use
sprays containing IgY.

A recent publication demonstrated that IgY extracted from egg yolk of hens immu-
nized with the RBD of SARS-CoV-2 could prevent entry and replication of SARS-CoV-2
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in vitro [22]. These results strengthen the case for administering egg yolk-derived IgY to
reduce SARS-CoV-2 infection. In this study the neutralizing antibody titer was relatively
low and for commercial success will require further optimization to increase the titer. As
an example, the egg yolk extraction method could be optimized to improve IgY extraction
efficacy. The most likely application of such an approach involves a spray to coat the nose
and throat of at-risk humans to reduce the risk of SARS-CoV-2 infection.

For some of the measured responses, differences were minor; this might be explained
by the size limitations of our BSL2 facilities. While a sample size of 30 hens per group
would have given a statistical power of 80% and 5% significance, we were only able to
house 17 to 18 birds per group, limiting our statistical power.

The IgY neutralizing effects measured in this study were performed using the USA-
WA1/2020. Like many other RNA viruses including the coronaviruses, SARS-CoV-2 is
prone to frequent mutations [23,24]. Thus far, thousands of mutations have been observed
at the nucleotide level in the SARS-CoV-2 genome, indicating that SARS-CoV-2 has already
become heterogeneous [23]. The emergence of more prevalent new variants has already
resulted in reduced efficacy of current vaccines, so it is critical to closely monitor the
evolution of SARS-CoV-2 to ensure that prophylactic antibody administration targeted
toward the SARS-CoV-2 RBD retains sufficient neutralizing activity.
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Abstract: Knowledge on differences in the severity and symptoms of infections with the SARS-CoV-2
Omicron variants BA.2 (Pango lineage B.1.529.2) and BA.5 (Pango lineage B.1.529.5) is still scarce.
We investigated epidemiological data available from the public health authorities in Mecklenburg-
Western Pomerania, Northeast Germany, between April and July 2022 retrospectively. Comparative
analyses revealed significant differences between recorded symptoms of BA.2 and BA.5 infected
individuals and found strong correlations of associations between symptoms. In particular, the
symptoms ‘chills or sweating’, ‘freeze’ and ‘runny nose’ were more frequently reported in BA.2
infections. In contrast, ‘other clinical symptoms’ appeared more frequently in Omicron infections
with BA.5. However, the results obtained in this study provide no evidence that BA.5 has a higher
pathogenicity or causes a more severe course of infection than BA.2. To our knowledge, this is the
first report on clinical differences between the current Omicron variants BA.2 and BA.5 using public
health data. Our study highlights the value of timely investigations of data collected by public
health authorities to gather detailed information on the clinical presentation of different SARS-CoV-2
subvariants at an early stage.

Keywords: SARS-CoV-2; Omicron; BA.2; BA.5; symptoms; Germany

1. Introduction

Starting in December 2021 and ongoing until July 2022, infections with the Severe
Acute Respiratory Syndrome Virus 2 (SARS-CoV-2) in Germany have mainly been caused
by the Omicron variant (Phylogenetic Assignment of Named Global Outbreak (Pango)
lineage: B.1.1.529) and its subvariants BA.1, BA.2, BA.3, BA.4 and BA.5, including their
respective sub-lineages [1]. In December 2021, the Omicron subvariant BA.2 was reported
for the first time in Germany [1,2]. Since then, it has rapidly replaced the Omicron sub-
variant BA.1 that had been dominating until then and was the dominant variant by the
end of February 2022 [1]. Concurrently, by the end of February 2022, the Omicron variant
BA.5, first detected in April 2022 in South-Africa where it was responsible for a fifth wave
between April and June 2022 [3,4], appeared in Germany [1]. The BA.5 variant increased
rapidly and became the dominating variant in Germany by calendar week 23 (June 2022) [1].

Little is known about differences in the severity of disease between BA.2 and BA.5
infections. However, a study in animals recently suggested that BA.4 and BA.5 may be
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more pathogenic than BA.2 [5], and there is also evidence that the Omicron variants BA.4
and BA.5 exhibit a higher transmissibility than BA.2 [6].

Interestingly, to the best of our knowledge, differences in clinical presentations between
the currently circulating Omicron variants BA.2 and BA.5 have not yet been reported on
the basis of public health data. We therefore conducted a comparative analysis between
BA.2 and BA.5 lineages using official reporting data from the public health authorities from
the German federal state Mecklenburg-Western Pomerania.

2. Materials and Methods

In order to investigate differences in symptoms caused by infections with the Omicron
lineages of BA.2 and BA.5, including their respective sub-lineages, data available from
the public health authorities from the federal state Mecklenburg-Western Pomerania, Ger-
many, were used. For the German federal state of Mecklenburg-Western Pomerania, the
CoMV-Gen Study Group (www.comv-gen.de (accessed on 8 August 2022)) is entrusted
by the state government with monitoring the circulating SARS-CoV-2 -variants in collab-
oration with local diagnostic laboratories and public health authorities. On behalf of the
state government, the CoMV-Gen project’s mission is conducting the SARS-CoV-2 variant
surveillance in Mecklenburg-Western Pomerania, including gathering genetic information
from target PCRs as well as from whole genome sequencing analyses in collaboration with
local diagnostic laboratories, and connecting these with epidemiological data available
from the public health authorities. All confirmed positive cases recorded between 25 April
and 13 July 2022 (covering twelve calendar weeks) in the public health surveillance sys-
tem (Surveillance Outbreak Response Management and Analysis System (SORMAS) [7])
by the public health authorities from Mecklenburg-Western Pomerania were analyzed
retrospectively. Data on symptoms were mainly collected by structured self-reporting
questionnaires, and to a lesser extent, from interviews with the cases. Data from individu-
als that were notified as being infected by Omicron were collected. All cases reported as
being infected by Omicron BA.2 or BA.5 lineages up to 13 July 2022 were considered for
analyses. According to the standardized and cross-sectional German Corona Consensus
Dataset (GECCO) [8] for research, symptoms relevant to COVID-19 were filtered out and
frequencies were compared. In order to investigate the infection status across the years of
age of the positive cases, five age groups in 20-year intervals were defined: 0–19, 20–39,
40–59, 60–79 and 80 and more years of age.

Ethical approval was granted by the ethics committee of the University of Greifswald,
Germany (BB 125/21). Only anonymized aggregated data are shown in this manuscript
and only symptomatic cases were used to compare symptoms when the exact lineages
were assigned and reported in the system either as BA.2 or BA.5.

Statistical analyses were conducted by using SPSS 28.0 (IBM SPSS Statistics for Win-
dows, Version 28.0. Armonk, NY, USA: IBM Corp.). For comparative analyses, Pearson’s
chi-square tests were conducted, and the 95% confidence intervals (CI95) were determined
A p-value of 0.05 was considered statistically significant. In order to analyze correlations
between symptoms for both variants, non-parametric Spearman Rho correlation coefficients
were determined for symptoms that occurred with a minimum overall frequency of 10%
of cases.

3. Results

In total, 1027 cases with confirmed Omicron infections were reported in SORMAS
during the study period (Figure 1). Of those, 607 cases were deposited as Omicron-
positive in SORMAS but were not assigned to a specific sub-lineage, while 405 cases were
characterized as BA.2 (n = 246) or BA.5 (n = 159), respectively. Fifteen cases belonged to
other Omicron lineages including BA.1 (six cases) and BA.4 (nine cases). These 15 cases, as
well as the unassigned cases, were excluded from the analyses.
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Figure 1. Sample size of the study population. In total, 405 assigned BA.2 and BA.5 cases were
included in the analyses.

Information on infection status per age group, sex, symptomatic and vaccination status
are summarized in Table 1. Statistical analyses revealed no significant differences between
the age groups, sex and vaccination status of BA.2 and BA.5 cases (Table 1). Within the
BA.2 cases 124 individuals (50.1%), and of the BA.5 cases 69 individuals (43.3%) reported
one or more symptoms (Pearson’s chi square statistics: p = 0.561).

Table 1. Epidemiological characteristics and analyses on information from recorded BA.2 and BA.5
cases.

Characteristics
BA.2 BA.5

p Value 1

n [%] n [%]

Sex
Female 126 51.2 96 60.4

0.135Male 118 48.0 61 38.4
Unknown 2 0.8 2 1.3

Age groups

0–19 25 10.2 13 8.2

0.759

20–39 76 30.9 48 30.2
40–59 94 38.2 70 44.0
60–79 43 17.5 24 15.1
80+ 7 2.8 3 1.9

Unknown 1 0.4 1 0.6

Symptoms Yes 124 50.1 69 43.4
0.186No 122 49.9 90 56.6

Vaccination 2
Yes 75 57.7 60 49.2

0.124No 42 32.3 54 44.3
Unknown 13 10 8 6.6

1 p values are shown from Pearson’s chi square statistics. 2 No records from 174 cases.

A summary of the statistical analyses including CI95 intervals for each symptom
and results from Pearson’s chi-square statistics are given in Table 2. No records for ‘acute
respiratory distress syndrome’, ‘respiratory insufficiency/assisted ventilation’ and ‘oxygen
saturation < 94%’ were given.
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Table 2. Differences between reported symptoms from symptomatic BA.2 and BA.5 cases (CI,
confidence interval (CI 95% [lower–upper]); Positive, positively reported; n.r., not reported.).

Symptom Status
BA.2 BA.5

p-Value 1

n % CI 95 [%] n % CI 95 [%]

Breathing difficul-
ties/dyspnoea

Positive 18 14.5 [9.2–21.5] 4 5.8 [2.0–13.2]
0.097n.r. 106 85.5 [78.5–90.8] 65 94.2 [86.8–98.0]

Chills or sweating Positive 22 17.7 [11.8–25.2] 3 4.3 [1.2–11.1]
0.012n.r. 102 82.3 [74.8–88.2] 66 95.7 [88.9–98.8]

Cough Positive 105 84.7 [77.6–90.2] 52 75.4 [64.3–84.3]
0.125n.r. 19 15.3 [9.8–22.4] 17 24.6 [15.7–35.7]

Diarrhea
Positive 12 9.7 [5.4–15.8] 9 13 [6.7–22.5]

0.631n.r. 112 90.3 [84.2–94.6] 60 87 [77.5–93.3]

Fever
Positive 43 34.7 [26.7–43.3] 34 49.3 [37.7–60.9]

0.065n.r. 81 65.3 [56.7–73.3] 35 50.7 [39.1–62.3]

Freeze
Positive 29 23.4 [16.6–31.4] 6 8.7 [3.7–17.0]

0.011n.r. 95 76.6 [68.6–83.4] 63 91.3 [83.0–96.3]

Headache
Positive 68 54.8 [46.1–63.4] 37 53.6 [41.9–65.0]

0.881n.r. 56 45.2 [36.6–53.9] 32 46.4 [35.0–58.1]

Increased heart
rate/tachycardia

Positive 12 9.7 [5.4–15.8] 3 4.3 [1.2–11.1]
0.264n.r. 112 90.3 [84.2–94.6] 66 95.7 [88.9–98.8]

Loss of smell
Positive 15 12.1 [7.2–18.7] 15 21.7 [13.3–32.5]

0.097n.r. 109 87.9 [81.3–92.8] 54 78.3 [67.5–86.7]

Loss of taste
Positive 25 20.2 [13.8–27.9] 17 24.6 [15.7–35.7]

0.585n.r. 99 79.8 [72.1–86.2] 52 75.4 [64.3–84.3]

Muscle or body
aches

Positive 40 32.3 [24.5–40.8] 28 40.6 [29.6–52.4]
0.273n.r. 84 67.7 [59.2–75.5] 41 59.4 [47.6–70.4]

Nausea
Positive 8 6.5 [3.1–11.8] 6 8.7 [3.7–17.0]

0.774n.r. 116 93.5 [88.2–96.9] 63 91.3 [83.0–96.3]

Other symptoms 2 Positive 39 31.5 [23.8–40.0] 40 58.0 [46.2–69.1]
<0.001n.r. 85 68.5 [60.0–76.2] 29 42.0 [30.9–53.8]

Pneumonia
Positive 2 1.6 [0.3–5.1] 0 0 [–]

0.289n.r. 122 98.4 [94.9–99.7] 69 100 [–]

Rapid breath-
ing/tachypnea

Positive 2 1.6 [0.3–5.1] 2 2.9 [0.6–9.0]
0.618n.r. 122 98.4 [94.9–99.7] 67 97.1 [91.0–99.4]

Runny nose Positive 110 88.7 [82.3–93.4] 52 75.4 [64.3–84.3]
0.023n.r. 14 11.3 [6.6–17.7] 17 24.6 [15.7–35.7]

Severe feeling of
sickness

Positive 40 32.3 [24.5–40.8] 30 43.5 [32.2–55.2]
0.159n.r. 84 67.7 [59.2–75.5] 39 56.5 [44.8–67.8]

Sore
throat/pharyngitis

Positive 77 62.1 [53.4–70.3] 37 53.6 [41.9–65.0]
0.538n.r. 47 37.9 [29.7–46.6] 32 46.4 [35.0–58.1]

1 In bold: significant p values are shown from Pearson’s chi square statistics. 2 ‘Other symptoms’ are explained in
the text.

The absolute and relative frequency of the symptoms of cases of our study population
either infected with BA.2 or BA.5 are additionally shown in Figure 2. Altogether, 21 specific
symptoms (according to the GECCO-criteria [8]) are of relevance for COVID-19 infections
and the content of the questionnaire. The most prominent symptoms reported in BA.2 as
well as BA.5 cases were respiratory symptoms such as ‘runny nose’, ‘cough’ and ‘pharyngi-
tis’. On the other hand, severe symptoms such as ‘acute respiratory distress syndrome’,
‘oxygen saturation below 94%’ and ‘respiratory insufficiency that needs assisted ventilation’
were not reported for both variants.
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Figure 2. Relative frequency of the most prominent 18 symptoms of infected symptomatic BA.2 and
BA.5 cases. * p values are given in squared brackets for significant results.

However, the Omicron BA.2 and BA.5 lineages also showed marked differences in the
frequency of various symptoms, as shown in Table 2 and Figure 2. Significant differences in
symptoms ‘chills or sweating’ and ‘freeze’ between BA.2 and BA.5 infections were observed.
These symptoms were more frequently notified from individuals infected with BA.2 (‘chills
or sweating’: p = 0.012; 17.7%, CI95: 11.8–25.2%; ‘freeze’: p = 0.011; 23.4%; CI95: 16.6–31.4%)
than from BA.5 cases (‘chills or sweating’: 4.3%, CI95: 1.2–11.1%; ‘freeze’: 8.7%; CI95:
3.7–17.0%), with 88.7% of BA.2 cases more frequently reporting ‘runny nose’ (p = 0.023;
CI95: 82.3–93.4%) than BA.5 cases (75.4%; CI95: 64.3–84.3%). In contrast, BA.5 cases
significantly more often reported ‘other symptoms’ (p < 0.001; 58.0%, CI95: 46.2–69.1%)
than BA.2 cases (31.5%, CI95: 23.8–40.0%). ‘Other symptoms’ included a wide range of
symptoms such as ‘dullness’, ‘exhaustion, ‘fatigue’, ‘dizziness’ among others that are all
not items in the GECCO catalogue. This might indicate a more elaborated set of symptoms
reported from BA.5 cases.

Correlations between symptoms for both variants are shown in Table 3.
As shown in Table 3, ‘loss of smell’ was strongly correlated with ’loss of taste’

(Spearman Rho = 0.571, p < 0.01); ‘freeze’ was strongly correlated with ‘chills or sweat-
ing’ (Spearman Rho = 0.579, p < 0.01), as well as with ’muscle or body aches’ (Spearman
Rho = 0.328, p < 0.01); and ‘headache’ was correlated to ‘runny nose’ associated with ‘cough’
(Spearman Rho = 0.334, p < 0.01).

37



Viruses 2022, 14, 2033

T
a

b
le

3
.

N
on

-p
ar

am
et

ri
c

co
rr

el
at

io
n

be
tw

ee
n

di
ff

er
en

ts
ym

pt
om

s
of

bo
th

BA
.2

an
d

BA
.5

po
si

tiv
e

ca
se

s.
Sp

ea
rm

an
-R

ho
co

rr
el

at
io

n
co

ef
fic

ie
nt

s
>

0.
3.

ar
e

gi
ve

n
in

bo
ld

.

S
y

m
p

to
m

s

C
h

il
ls

o
r

S
w

e
a

ti
n

g
C

o
u

g
h

D
ia

rr
h

e
a

B
re

a
th

in
g

D
if

fi
-

cu
lt

ie
s/

D
y

sp
n

e
a

F
e

v
e

r
H

e
a

d
a

ch
e

M
u

sc
le

o
r

B
o

d
y

A
ch

e
s

R
a

p
id

B
re

a
th

-
in

g
/T

a
ch

y
p

n
e

a
R

u
n

n
y

N
o

se
S

o
re

T
h

ro
a

t/
P

h
a

ry
n

g
it

is
L

o
ss

o
f

T
a

st
e

L
o

ss
o

f
S

m
e

ll
F

re
e

z
e

1-
14

C
hi

lls
or

sw
ea

ti
ng

1.
00

0

1-
14

C
ou

gh
0.

02
6

1.
00

0

1-
14

D
ia

rr
he

a
0.

06
3

0.
08

2
1.

00
0

1-
14

Br
ea

th
in

g
di

ffi
cu

l-
ti

es
/d

ys
pn

ea
0.

29
9

2
0.

04
6

0.
13

6
1.

00
0

1-
14

Fe
ve

r
0.

09
5

0.
06

4
0.

19
1

2
0.

10
7

1.
00

0

1-
14

H
ea

da
ch

e
0.

19
8

2
0.

09
6

0.
01

9
0.

23
0

2
0.

27
8

2
1.

00
0

2-
14

M
us

cl
e

or
bo

dy
ac

he
s

0.
23

2
2

0.
04

7
0.

12
5

0.
17

9
1

0.
17

4
1

0
.4

1
4

2
1.

00
0

1-
14

R
ap

id
br

ea
th

-
in

g/
ta

ch
yp

ne
a

0.
16

1
1

0.
07

0.
06

6
0.

29
1

2
0.

17
9

1
0.

13
3

0.
12

1
1.

00
0

1-
14

R
un

ny
no

se
0.

16
9

1
0

.3
3

4
2

0.
10

8
0.

11
3

−0
.1

05
0.

05
3

−0
.0

02
0.

06
4

1.
00

0

1-
14

So
re

th
ro

at
/p

ha
ry

ng
it

is
0.

07
0.

16
9

1
0.

12
2

0.
1

0.
20

5
2

0.
19

0
2

0.
21

7
2

−0
.0

27
0.

18
1

1
1.

00
0

1-
14

Lo
ss

of
ta

st
e

0.
09

6
0.

05
9

0.
21

9
2

0.
12

7
0.

10
9

0.
07

9
0.

24
2

2
0.

18
8

2
0.

09
4

0.
10

7
1.

00
0

1-
14

Lo
ss

of
sm

el
l

0.
13

3
0.

02
2

0.
26

3
2

0.
25

1
2

0.
14

7
1

0.
16

3
1

0.
19

2
2

0.
23

9
2

0.
14

9
1

0.
12

4
0

.5
7

1
2

1.
00

0

1-
14

Fr
ee

ze
0

.5
7

9
2

0.
12

2
0.

18
1

1
0.

25
4

2
0.

11
1

0.
26

9
2

0
.3

2
8

2
0.

12
0.

20
6

2
0.

00
9

0.
04

5
0.

02
1

1.
00

0

1
Si

gn
ifi

ca
nt

co
rr

el
at

io
ns

p
<

0.
05

.2
Si

gn
ifi

ca
nt

co
rr

el
at

io
ns

p
<

0.
01

.

38



Viruses 2022, 14, 2033

4. Discussion

In this study, we conducted a comparative analysis of the clinical presentations be-
tween the Omicron BA.2 and BA.5 lineages, including their respective sub-lineages, using
official reporting data from the public health authorities of the Germany federal state
Mecklenburg-Western Pomerania. To the best of our knowledge, this is the first time that
the differences in the clinical presentations between these two current Omicron lineages
have been reported using public health data.

Both sub-lineages showed a comparable severity of infection with approximately 50%
of cases being symptomatic. Overall, the symptoms ‘runny nose’, ‘cough’, ‘sore throat’
and ‘headache’ were most often reported by symptomatic cases in both variants, while
‘pneumonia’ and other symptoms of a severe course of the disease were rare or not reported.
However, the BA.2 and BA.5 lineages showed that differences in the frequency of certain
symptoms—e.g., ‘other symptoms’ that are not part of the GECCO list of relevance for
COVID-19 infections—were reported more frequently from BA.5 than from BA.2 cases. In
contrast, the symptoms ‘chills or sweating’, ‘freeze’ and ‘runny nose’ were more frequently
reported in BA.2 cases. This fits well with the literature, with ‘headache’, ‘runny nose’,
‘sore throat’, ‘sneezing’, ‘persistent cough’ and ‘fever’ as the most prominent symptoms
reported for COVID-19 infections [9].

Our analysis shows some strong correlations between symptoms. Some of these
correlations can be explained by the fact that they are part of the respiratory symptom
cluster [10], and some are clearly distinguishable but closely related, such as ‘loss of smell’
and ‘loss of taste’, respectively. Others can be explained by the fact that they are difficult for
patients to distinguish, e.g., ‘freeze’ and ‘chills or sweating’, and some can be interpreted
as a distinctive clinical course, e.g., ‘chills or sweating’ and ’muscle or body aches’. Other
studies most prominently reported SARS-CoV-2 symptoms such as ‘loss of smell’ and ‘loss
of taste’, mainly when associated with ‘fever’, and ‘cough’ in association with ‘shortness
of breath’ and ‘chest pain’ [10]. However, different SARS-CoV-2 variants are known to
exhibit different symptoms and influence the course of infections [2,11,12]. For BA.2, the
European Centre for Disease Prevention and Control (ECDC) reports reduced evidence and
for BA.5 no evidence for the impact on severity so far [13]. However, different variants and
sub-variants have genetically determined differences that have been shown to correlate
with different clinical features and outcomes [5,11].

Our study has several limitations that should be considered for the interpretation: First,
the estimated differences in symptoms between the BA.2 and BA.5 lineages could be biased
due to a low incidence situation at the beginning of a new wave. Second, the database
provided by SORMAS is mainly based on self-reports of the patients who were either
interviewed by the public health authorities staff or filled in standardized questionnaires
on their own. In particular, the recording of symptoms depends on the timing of the
query, the patient’s physical condition and their willingness to provide information. As
the public health departments and the use of SORMAS is decentralized, the way in which
data were collected (either by interview or questionnaire) may have some differences
between counties and over time. Although response is mandatory, it is quite possible
that, for example, severe cases who were too ill to answer the questions were not fully
recorded, as hospital record data can, but which is not systematically used. Since the
questioning is one-time after the notification date, it is also conceivable that, depending
on the day of the response of the patient, not all symptoms were recorded; later, potential
hospitalization during the course of infection may, thus, not have been reported. Another
possible systematic error is the partial overlap of symptoms in the symptom categories. For
example, the symptom ‘freeze’ resembles the symptom ‘chills’ and, thus, could be reported
either in both categories or only in one. This could also explain the strong correlation
between both symptoms. Third, only cases about which data on the Omicron lineage
were present were included in the study. Therefore, only a small number (less than 5%)
of confirmed cases could be included. This could aggravate the fact that, to date, many
people use commercial self-testing systems when acquiring respiratory or other typical
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symptoms for COVID-19 infections and may, in some cases, not report their infection status
to the public health authorities. Additionally, sub-lineages in the BA.2 and BA.5 groups
were pooled in our analysis, despite the fact that the genetic heterogenicity amongst these
sub-lineages steadily increased over the study period.

However, our study has some strengths: The data comprised official reporting data
for a geographically distinct region and a manageable time frame. The Omicron lineages
were well comparable in terms of age and sex structure, vaccination and frequency of
symptomatic cases. Thus, it is not to be expected that external, undetected influences have
significantly distorted the results.

In summary, our results provide no evidence that BA.5 has a higher pathogenicity than
BA.2. However, approximately 50% of cases developed symptoms which could lead to sick
leave. If the incidence is high, this could represent a significant social burden, especially
in critical infrastructure and healthcare areas. Differences in symptoms between variants
should continue to be closely monitored in order to identify symptomatic patterns early.

5. Conclusions

To our knowledge, we firstly report profound differences in symptoms between the
Omicron lineages BA.2 and BA.5 based on public health data. Our results show some
significant differences between the lineages but provide no evidence that BA.5 leads to
a more severe course of disease than BA.2. Our study highlights the opportunities and
challenges of analyzing routine data collected by the public health authorities in Germany
to gather detailed information on variant behavior at an early stage.

The rapid identification of new variants or subvariants of SARS-CoV-2 is important for
surveillance, in order to closely monitor the occurrence of infection and to enable initiating
protective countermeasures. Timely investigations of public health data connected to
confirmed circulating SARS-CoV-2 variants, including reported symptoms, enables the
assessment of the current situation and the chance to react quickly to manage the pandemic.
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Abstract: Background: The correct understanding of the epidemiological dynamics of COVID-
19, caused by the SARS-CoV-2, is essential for formulating public policies of disease containment.
Methods: In this study, we constructed a picture of the epidemiological dynamics of COVID-19 in a
Brazilian population of almost 17000 patients in 15 months. We specifically studied the fluctuations
of COVID-19 cases and deaths due to COVID-19 over time according to host gender, age, viral load,
and genetic variants. Results: As the main results, we observed that the numbers of COVID-19 cases
and deaths due to COVID-19 fluctuated over time and that men were the most affected by deaths, as
well as those of 60 or more years old. We also observed that individuals between 30- and 44-years old
were the most affected by COVID-19 cases. In addition, the viral loads in the patients’ nasopharynx
were higher in the early symptomatic period. We found that early pandemic SARS-CoV-2 lineages
were replaced by the variant of concern (VOC) P.1 (Gamma) in the second half of the study period,
which led to a significant increase in the number of deaths. Conclusions: The results presented in this
study are helpful for future formulations of efficient public policies of COVID-19 containment.

Keywords: COVID-19; impact; variant of concern

1. Introduction

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) belongs to the
Betacoronavirus genus in the Coronaviridae family [1]. It is the causative agent of the
coronavirus disease 2019 (COVID-19) [2,3], the world’s major public health problem in
the last three years, which affected hundreds of million people and caused more than
6 million deaths [4]. Due to the high epidemiological impact of the disease, a great effort
was carried out by the scientific community around the world to rapidly study the virus
and the disease. Relevant scientific progress was rapidly achieved regarding the knowledge
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of pathophysiology, transmission, diagnosis, and treatment [5–10]. In addition, several
vaccine formulations were developed and are being shown as essential in the control
of severe forms of COVID-19 worldwide [11,12]. However, the consecutive emergence
of new genetic variants of SARS-CoV-2 have brought new questions and challenges to
pathophysiology, transmission, diagnosis, treatment, and the use of vaccines [13].

The correct understanding of the epidemiological dynamics of COVID-19 is essential
for formulating public policies of disease containment. For example, knowing when and
why a new wave of COVID-19 is expected to happen can be used for preparedness in terms
of the use of non-pharmacological measures, vaccination, reinforcement in the number of
health professionals, reinforcements in laboratory tests availability, reinforcements in the
numbers of hospital beds, and the cancellation of events, etc. [14–16]. Understanding the
dynamics of COVID-19 cases and deaths over time, and according to gender and age, is
also essential to predict situations of epidemiological risk and for preparedness regarding
specific groups [17,18]. In addition, the knowledge about viral genetic variants circulating in
a given area [19], their epidemiological impact and their probable origins, are also essential
for successful public health policies of containment of importing or exporting viruses.

In this study, we aimed to have a picture of the epidemiological behavior of COVID-19
in a population study of almost 17,000 patients in 15 months. We specifically aimed to: (i) see
the fluctuations of COVID-19 cases and deaths during the period of study; (ii) describe
and understand the epidemiological behavior of COVID-19 according to patients gender,
age, viral load, and viral genetic variants; (iii) to test possible associations between these
variables; and (iv) to phylogenetically reconstruct the evolutionary relationships of SARS-
CoV-2 circulating lineages sampled from the study. The results presented in this study are
helpful for the future formulation of public policies of COVID-19 containment.

2. Materials and Methods

2.1. Data Collection

This is a retrospective study of the cases of COVID-19 registered in the cities of Western
Bahia (west region of Bahia state, Brazil) from May 2020 to July 2021. All patient data
and samples were provided by the Laboratory of Infectious Agents and Vectors from
Western Bahia Federal University, located in Barreiras city, Bahia, Brazil. Information such
as the patient’s name, age, gender, sample identification number, collection date, RT-qPCR
result for SARS-CoV-2 detection with the value of the cycle threshold (Ct), the date of
onset of symptoms, the municipality of residence, and the patient’s care unit, were used
in this study. These data were tabulated and used in statistical analyses. All the research
complied with all relevant ethical and biosafety guidelines. Ethics approval was obtained
from the institutional ethics committee of the Federal University of Western Bahia (CAAE
40779420.6.0000.8060). All procedures and possible risks were explained to volunteers.
Informed consent was obtained from all participants. The research was performed in
accordance with relevant guidelines/regulations. The sample is composed of data from
16,908 laboratory tests, including positive and negative results of SARS-CoV-2 detection.

2.2. RNA Extraction and RT-qPCR

The nucleic acid extractions of nasopharyngeal samples were carried out using the To-
tal RNA Purification Kit (Cellco Biotec, Sao Carlos, SP, Brazil), following the manufacturer’s
protocol. We also carried out viral RNA extraction using the Extracta Kit—RNA e DNA
Viral (MVXA-P016FAST) (Loccus, Sao Paulo, SP, Brazil), using an Extracta32 instrument
(Loccus, Sao Paulo, SP, Brazil), following the manufacturer’s instructions.

Reverse transcription, followed by quantitative polymerase chain reaction (RT-qPCR)
assays, were carried out as previously described by us [20]. Thermocycling was carried
out in a QuantStudio 5 instrument (Applied Biosystems, Waltham, MA, USA) with a hold
stage composed of a first step of 5 min at 50 ◦C, followed by a second step of 20 s at 95 ◦C.
The PCR stage was composed of a first step of 15 s at 95 ◦C followed by a second step of
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1 min at 55 ◦C, repeated 45 times. We also used Allplex 2019-nCOV RT-qPCR kit (Seegene,
Song-pa-gu, Seoul, Republic of Korea), following the manufacturer’s instructions.

2.3. Viral Genotyping by RT-qPCR

Viral variants were characterized using RhAmp technology (Integrated DNA Tech-
nologies IDT, Coralville, IA, USA) and TaqMan SARS-CoV-2 Mutation Panel (Thermo
Fisher, Waltham, MA, USA) with specific primers and probes targeting the VOCs defin-
ing mutations: K417T (A22812C), E484K (G23012A), and N501Y (A23063T). RhAmp and
TaqMan detailed protocols were previously reported [21,22].

2.4. SARS-CoV-2 Genome SEQUENCING

One hundred and twenty positive samples collected from May 2020 to July 2021 were
sequenced using Next Generation Sequencing (NGS) on the Oxford Nanopore’s MinIon
platform. Viral RNA was extracted as described above. The RNA samples were submitted
to reverse transcription with random primers using LunaScript®(New England Biolabs,
Inc., Ipswich, MA, USA) or SuperScript®IV First-Strand Synthesis System (ThermoFisher
Scientific, Waltham, MA, USA), as previously described (nCoV-2019 sequencing protocol v3
(LoCost) (protocols.io) [23]. The cDNA obtained was used as a template for the amplification
of the entire genome of SARS-CoV-2 with the following primer scheme: a 400bp amplicon
scheme from ARTIC nCoV-2019 sequencing protocol (v3) (nCoV-2019 sequencing protocol v3
(LoCost) (protocols.io) was used, as previously described [23]. End-prep reactions were per-
formed with NEBNext®Ultra™ II End Repair/dA-Tailing Module, and amplicons were bar-
coded using the ONT Native Barcoding Expansion kit (EXP-NBD104). The barcoded samples
were then combined, purified with AMPure XP Beads, and loaded onto Oxford Nanopore
MinION SpotON Flow Cells R9.4.1 (Oxford Nanopore Technologies), following the manufac-
turer’s instructions. The sequencing was carried out using the fast accuracy base-calling in
the MinKNOW software. ARTIC Network’s RAMPART (https://artic.network/ncov-2019,
accessed on 2 December 2021) was used to monitor the sequencing run in real-time to
estimate the depth of coverage (20×) across the entire genome for each barcode (https:
//artic.network/rampart, accessed on 2 December 2021). The analysis and consensus gen-
eration were performed according to the pipeline proposed by ARTIC Network using the
Medaka protocol (https://artic.network/ncov-2019/ncov2019-bioinformatics-sop.html, ac-
cessed on 2 December 2021). All consensus genomes were deposited in the Global Initiative
on Sharing Avian Influenza Data-EpiCoV (GISAID-EpiCoV) database (see Supplementary
Material S1, for details).

2.5. Phylogenetic Analysis

New SARS-CoV-2 whole-genome sequences obtained here were submitted to lin-
eages assigner Pangolin web application, available online: https://pangolin.cog-uk.io/,
accessed on 1 September 2022. Initially, phylogenetic reconstructions were performed
using datasets containing sequences from the study (n = 112) and 1004 representative
Nextstrain’s subsampling SARS-CoV-2 genomic sequences from South America countries
and their territories (n = 16). Such sequences were retrieved from the beginning of the
pandemic until August 2022 (https://nextstrain.org/, accessed on 1 September 2022),
representing multiple SARS-CoV-2 circulating strains. In addition, high-coverage com-
plete SARS-CoV-2 Gamma genome sequences (n = 14846) from all Brazilian States and the
Federal District (n = 27), deposited up to 31 July 2022 in the GISAID-EpiCoV, were also
downloaded. Data sets were filtered out by the Sequence Cleaner, a biopython-based script
(https://biopython.org/wiki/Sequence_Cleaner, accessed on 1 September 2022), which
comprised a set of unambiguous sequences ≥ 29,000 bp with 0% of Ns and degenerated
nucleotides. Sequences that did not fit these criteria were automatically excluded. The
outcomes were aligned with the SARS-CoV-2 reference coding-sequence (NC_045512.2) by
MAFFT v.7 [24] and edited by the UGENE v.44.0 [25].
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Aiming to investigate the relative amount of unresolved to fully resolved trees, the phy-
logenetic signal approach was explored through likelihood mapping analysis of 10,000 ran-
dom quartets using TREE-PUZZLE v.5.2 [26]. Then, the maximum likelihood (ML) method
was implemented by using two different command line algorithms: FastTree v.2.1.7 [27]
and IQ-TREE v.2 [26]. FastTree was executed by using the GTR substitution model + CAT
with 20 gamma (G) distribution parameters and a mix of Nearest-Neighbor Interchanges
(NNI) and Sub-Tree-Prune-Regraft (SPR). ML from IQ-TREE was inferred using the sub-
stitution model GTR + F + I + G4, executed and optimized by the Maximum Parsimony
and Neighbor-Joining trees, and hill-climbing algorithms, respectively [28]. The reliabil-
ity of the nodes was analyzed by the Shimodaira–Hasegawa (SH-like) test, which uses
bootstrap resampling and corrects critical values for multiple comparisons [29], and SH-
aLTR/aBayes/ultrafast bootstrap support values, both with 1000 replicates. Phylogenetic
trees were generated by Interactive Tree of Life [30].

2.6. Statistical Analyses

To compare the means of two groups we used t-student test. To compare more
than two groups we used analysis of variance (ANOVA) followed by Bonferroni multiple
comparison test. In addition, to verify relations between variables we carried out linear
regression analyses. In all cases, statistical significance was set as p ≤ 0.05. In some cases,
we carried out descriptive statistics.

3. Results

3.1. Fluctuations of Numbers of COVID-19 Cases and Deaths from May 2020 to July 2021

The number of COVID-19 cases per day fluctuated from May 2020 to July 2021, with
statistically significant peaks in August 2020, and in April and May 2021 (Figure 1A and
Supplementary Table S1). The numbers of deaths per day due to COVID-19 also fluctuated
in the study period (Figure 1B and Supplementary Table S2). First, relevant increases in
the numbers of deaths per day were observed on July and October 2020. Then, significant
increases were observed in April–June 2021. Collectively, these results indicate that the
study population was relevantly affected by COVID-19, with different waves of cases and
deaths over the time of study.

Figure 1. Fluctuations of COVID-19 cases and deaths due to COVID-19 during the period of study.
(A) numbers of cases of COVID-19 per day during the period of study. (B) numbers of deaths
due to COVID-19 per day during the period of study. Dots represent means. Horizontal bars
represent medians.
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3.2. Impact of COVID-19 According to Gender or Age

The numbers and rates of COVID-19 cases and deaths due to COVID-19 per day were
also computed. As shown in Figure 2A, there was not a significant difference in the rates of
cases according to gender. However, as shown in Figure 2B, the numbers of men dying of
COVID-19 per day were significantly higher than those for women (p = 0.0042) during the
study period. In addition, the proportions of cases and deaths in age groups 0–11, 12–18,
19–29, 30–44, 45–59, and 60 and above years old were observed. As shown in Figure 2C,
the 30–44 years old age group was the most affected by COVID-19 cases during the study
period (see Supplementary Table S3 for absolute numbers and descriptive statistics). This
group was followed by those 45–59 and 60 and above years old in the proportions of
COVID-19 cases.

In contrast, the group 60 and above years old, was the most affected by deaths due
to COVID-19 in most of the period of study (Figure 2D and Supplementary Table S4 for
absolute numbers and descriptive statistics). Such a leadership in the numbers of deaths
was not observed only in the first month of the study and in May–July 2021, when the sum
of numbers of deaths in the groups of 30–44 and 45–59 years old was higher than in the
oldest group. It is essential to highlight that even in the three last months of the study,
the oldest group was the most affected by deaths when compared pair-to-pair with the
other age groups. Collectively, these results indicate that: (i) men were the most affected
by deaths due to COVID-19; (ii) the age group of 30–44 years old was the most affected by
COVID-19 cases; and (iii) the age group of 60 and above years old was the most affected by
deaths due to COVID-19.

Figure 2. Impact of COVID-19 according to gender or age. Comparisons of numbers of cases per
day (A) and numbers of deaths per day (B) considering the whole period of study were carried
out based on Student’s t-test. Significance was set as p ≤ 0.05. In addition, proportions of cases (C)
and deaths (D) according to age groups were computed. Dots represent means. Horizontal bars
represent medians.

3.3. Viral Loads According to Cycle Threshold Values

The SARS-CoV-2 viral loads were inferred according to cycle thresholds (CT) found
after RT-qPCR of the patient’s nasopharynx swabs. As shown in Figure 3A and Supplemen-
tary Table S5, we observed the fluctuation of CT values of SARS-CoV-2-positive samples
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during the study period. It was possible to observe increases and decreases in the mean CT
values along the months. Interestingly, a tendency to decrease was observed in the last three
months. The CT values were not significantly different according to gender, as shown in
Figure 3B (p > 0.05). In addition, when CT values were compared along months according
to age groups (Figure 3C), it was possible to observe that the age group of 60 and above
years old presented lower CT values in June and July 2020 (p < 0.05) (see Supplementary
Material S2 for statistical details). However, such a decrease was not seen in the other
months of the study period. Moreover, patients with ages ranging from 0 to 18 years old
presented significantly diminished or increased CT values in one or two months. However,
we did not find a general tendency regarding viral loads according to age group. In contrast,
the CT values were shown to be significantly lower in the beginning of the symptom period
(p < 0.05), as shown in Figure 3D (see Supplementary Material S3, for statistical details).
Collectively, these results indicate that the study population presented different viral loads
in nasopharynx over time, as shown by CT values. However, the CT values did not differ
relevantly according to age groups. In contrast, they were shown to be significantly reduced
in samples collected at the early stage of COVID-19 symptoms, which indicates higher viral
loads in this period.

Figure 3. Viral loads according to cycle threshold (CT) values. (A) fluctuation of viral loads found in
samples collected from the study population along the period of study. (B) comparison of viral loads
according to gender. (C) viral loads according to age group for each month of the study. (D) viral
loads according to time (days) with symptoms, from November 2020 to July 2021. Dots represent
means. Horizontal bars represent medians.

3.4. Substitution of SARS-CoV-2 Lineages and Its Impact on Local Health

As shown in Figure 4A, from May to November 2020, only early pandemic lineages
(EPLs) of SARS-CoV-2 such as B1.1, B1.1.28, B1.1.33, and N9 were found. In December 2020,
the P.2 (Zeta) variant of interest (VOI) lineage was found together with EPLs. In January
and February 2021, the P.2 VOI was still detected in predominance over EPLs. However,
the P.1 (Gamma) variant of concern (VOC) lineage was detected in low proportions in
these months. In March 2021, the Gamma VOC dominated the scenario over Zeta and
prevented the B.1.1.7 (Alpha) VOC lineage fixation. These results show that the Gamma
VOC was introduced in the study area/population and dominated the scene. Moreover,
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from April to July 2021 the Gamma VOC completely dominated the scenario and was the
only SARS-CoV-2 lineage detected in nasopharynx samples of the study population.

As shown in Figure 4B, the increase in the numbers of cases caused an increase
in the numbers of deaths due to COVID-19. It is important to note that the peaks of
COVID-19 cases coincided with those of deaths in this study. Thus, we carried out a
linear regression analysis to see if the increase in the numbers of cases determined the
numbers of deaths. To see if the increase in the numbers of cases was determined by the
increase in the proportions of the Gamma VOC detection, we also conducted a regression
analysis (Figure 4C), which revealed no association between these variables. However,
when we analyzed the association of proportions of Gamma VOC detection and numbers of
deaths, we saw that the increase in the proportions of Gamma VOC detection determined
the increase in numbers of deaths (Figure 4D). These results collectively indicate that
the substitution of early pandemic SARS-CoV-2 lineages by the Gamma VOC caused a
significant impact on the health of the population studied, with a significant increase in the
numbers of deaths due to COVID-19.

Figure 4. Substitution of SARS-CoV-2 lineages and its impact on local health. (A) Proportions of
SARS-CoV-2 lineages found during the period of study. Viruses were classified based on genome
sequencing and a specific RT-qPCR strategy capable of detecting specific mutations, as described in
Section 2. EPLs, early pandemic lineages of SARS-CoV-2. (B) association between proportions of
numbers of cases per month and numbers of deaths per month, as confirmed by linear regression
analysis. (C) lack of association between proportions of viruses of the Gamma lineage found per
month and proportions of cases per month (confirmed by linear regression analysis). (D) association
between proportions of viruses of the Gamma lineage found per month and numbers of death per
month (confirmed by linear regression analysis). Statistical significance was set as p ≤ 0.05.

3.5. Viral Phylogeny

To phylogenetically describe circulating viruses in Western Bahia during the study
period we carried out maximum-likelihood analyses. As shown in Figure 5A, SARS-CoV-2
genomes of viruses that circulated in our study area during the study period were grouped
separately from those found in other countries of South America. On the other hand, they
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grouped with viruses found in Brazil (Figure 5B). In addition, EPLs of SARS-CoV-2 were
shown to have preceded VOC in the study as also shown in Figure 5B. This result confirms
that EPLs of SARS-CoV-2 were replaced by VOCs, mainly the Gamma lineage, as shown in
Figure 4A. Collectively, these results show that viruses found in the study area during the
study period are phylogenetically related to Brazilian isolates and that EPLs of SARS-CoV-2
were replaced by the Gamma lineage.

Figure 5. Maximum-likelihood midpoint rooted phylogenetic tree based on 1117 (A) and 603 (B)
representative genome sequences of SARS-CoV-2. Nextstrain’s subsampled SARS-CoV-2 genomic
data from South America (including Brazil) since pandemic started up to August 2022 containing
unfiltered (A) and filtered (B) sequences from the study. The SARS-CoV-2 genomes from this study
are identified by the red circles. Tips are colored according to sampling locations. Yellow stars assume
Shimodaira–Hasegawa (SH-like) test (A) and SH-aLTR/aBayes/ultrafast bootstrap support (B) based
on 1000 replicates. Only values equal or greater than 75% are shown. Likelihood mapping of the final
sequences alignment showing low phylogenetic noise, as required for reliable phylogeny inference
(B). Abbreviations: VOC and VOI, Variant(s) of Concern and Variant(s) of Interest, respectively. EPLs,
Early Pandemic Lineages. In letter B, “Brazil” represents whole-genome of SARS-CoV-2 Gamma
variant from all Brazilian States and the Federal District. Branch lengths are drawn in scale of
nucleotide substitutions per site according to the bar scale. Colors and symbols used in the panels are
defined according to the legend to the left and right of the figure.

4. Discussion

In this study, we aimed to have a picture of the epidemiological dynamics of COVID-19
in a population of almost 17,000 patients in a period of 15 months. We studied: (i) the fluctu-
ations of COVID-19 cases and deaths due to COVID-19 during the period of study; (ii) the
epidemiological behavior of COVID-19 according to patient gender, age, viral load and
viral genetic variants; (iii) associations between these variables; and (iv) viral phylogeny.

We observed that the numbers of COVID-19 cases and deaths due to COVID-19
fluctuated over time. This was an expected result, once that fluctuations in the numbers
of cases and deaths were also observed worldwide, as indicated by data from the World
Health Organization [31]. So far, during the pandemic, several factors have had an impact
on whether the numbers of COVID-19 cases and deaths are increasing or declining in
specific locations. These factors include human behavior, infection prevention policies,
viral genetic mutations, the number of people who are vulnerable because they have not
developed some immunity, whether from natural infection or through vaccination, and the
effectiveness of vaccines over time.
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In our case, the national, state, and city government authorities adopted different
policies over time. The first case of COVID-19 in Bahia was reported by the state health
authority on 6 March 2020, nine days after the first case in Brazil [32]. This first case involved
a history of travel to Europe. In addition, the first case in Western Bahia was reported
on 21 March 2020, involving a history of travel to São Paulo city [32]. It is important to
highlight that the Brazilian carnival took place in February 2020, just before the first cases
in our study area. The carnival is a very popular festival, which promotes intense traveling
movements and direct contact with people [33]. In addition, international travelers are very
frequent during the festival. Surprisingly, none or negligible infection prevention policies
regarding COVID-19 were adopted by all levels of government authorities at that time,
even with the WHO declaring that COVID-19 constitutes a Public Health Emergency of
International Concern (PHEIC) on 30 January 2020 [31]. Thus, the carnival seems to have
contributed to bringing SARS-CoV-2 to Brazil, to the Bahia state, and to Western Bahia.

Following the introduction of COVID-19 in our study area, we observed a sharpened
increase in the numbers of cases and deaths from June to August 2020. Although govern-
ment and health authorities had launched prevention policies [34], the June celebrations,
which are very popular in Northeast Brazilian states such as Bahia, seem to have impacted
human behavior. Despite decrees imposing social and physical distancing, the lack of
experience with the pandemic at that time seems to have impelled people to commemorate
at private celebrations. After this event, the numbers of cases per day remained elevated in
comparison with the first month of study, a probable result of the spread and multiplication
of SARS-CoV-2 in the population. Such a situation was dramatically changed with the
replacement of the early pandemic lineages (EPLs) of SARS-CoV-2 found in 2020 with the
Gamma variant of concern (VOC) in 2021.

Although the vaccination has been initiated on January 2021 at the study area, the
specific groups of elderly and health professionals were vaccinated first. This was imposed
by the low availability of vaccines. The introduction of the Gamma lineage in the study
area in early 2021 resulted in a total domination of the scenario by the new virus lineage.
In addition to the replacement of the early pandemic lineages (EPLs) of SARS-CoV-2 in
the study area, an increased mortality took place, most probably related to the increased
pathogenicity of the Gamma lineage in comparison to the EPLs. In this context, it is
important to highlight that the proportions of adults with ages ranging from 30 to 59 dying
due to COVID-19 were increased at this period. This group was vaccinated with a delay in
comparison to the elderly.

In fact, all lineages of SARS-CoV-2 detected during the study produced more deaths
in men than in women. It is well known that women have a better immune response than
men. Generally, adult females mount stronger innate and adaptive immune responses
than males. This results in the faster clearance of pathogens and greater vaccine efficacy in
females than in males [35]. In addition, men tend to expose themselves more to risk [36].
These two factors seem to explain the results. On the other hand, the higher incidence of
COVID-19 in people with age ranging from 30 to 44 does not have an easy explanation. We
suppose that people with this age range are more economically and professionally active.
They may have moved and contacted more people, exposing themselves more to infection.

Another interesting observation in our study was related to higher viral loads found
in samples collected from patients in the early symptomatic period. This result by itself is
in accordance with previous studies [37,38]. However, differences in viral loads were not
observed according to the replacement of viral lineages. Interestingly, diminished viral
loads are related to a worst outcome [38], but the more pathogenic Gamma lineage, which
dominated the scenario in the five last months of study, was not detected with higher CT
values (diminished viral load). It is important to highlight that a possible explanation
for these results can be related not only to viral clearance, but also to the descending of
infection from the nasopharynx to the lower respiratory tract, especially in severe cases.

Collectively, results presented in this study indicate that the numbers of COVID-19
cases and deaths due to COVID-19 fluctuated over time and that men were the most affected
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by deaths, as well as those of 60 or more years old. We also observed that individuals
between 30 and 44 years old were the most affected by COVID-19 cases. In addition, the
viral loads in the patient’s nasopharynx were higher in the early symptomatic period.
Relevantly, we found that early pandemic SARS-CoV-2 lineages were replaced by the
variant of concern (VOC) P.1 (Gamma) in the second half of the study period, which led to a
significant increase in the number of deaths. Although the low number of samples subjected
to genomic sequencing may generate limitations regarding the time of detection of viral
lineages replacements, the main conclusions are supported by robust statistical analyses.
In addition, genomic surveillance was complemented by genotyping using RT-qPCR. Thus,
the results presented in this study are helpful for future formulations of efficient public
policies of COVID-19 containment.
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Abstract: Structural and phylogenetic analysis of the spike glycoprotein highlighted that the last
variants, annotated as omicron, have about 30 mutations compared to the initial version reported
in China, while the delta variant, supposed to be the omicron ancestor, shows only 7 mutations.
Moreover, the five omicron variants were isolated between November 2021 and January 2022, and the
last variant BA.2.75, unofficially named centaurus, was isolated in May 2022. It appears that, since
the isolation of the delta variant (October 2020) to the omicron BA.1 (November 2021), there was an
interval of one year, whereas the five omicron variants were isolated in three months, and after a
successive four months period, the BA.2.75 variant was isolated. So, what is the temporal and phylo-
genetic correlation among all these variants? The analysis of common mutations among delta and
the omicron variants revealed: (i) a phylogenetic correlation among these variants; (ii) the existence
of BA.1 and BA.2 omicron variants a few months before being isolated; (iii) at least three possible
intermediate variants during the evolution of omicron; (iv) the evolution of the BA.2.12.1, BA.4 and
BA.5 variants from omicron BA.2; (v) the centaurus variant evolution from omicron BA.2.12.1.

Keywords: SARS-CoV-2; SARS-CoV-2 variants; phylogenetic analysis

1. Introduction

The last three years have been characterized by a worldwide pandemic due to a
new type of coronavirus, called SARS-CoV-2, and reported for the first time in China
in December 2019 [1]. In September 2022, WHO confirmed about 610 million cases and
6.5 million deaths by SARS-CoV-2 (https://www.who.int/publications/m/item/weekly-
epidemiological-update-on-COVID-19, 28 September 2022).

SARS-CoV-2 is derived from the Coronaviridae viruses group [2]. It has a genome con-
stituted of a positive sense single-stranded RNA of about 30 kb length [3], its mechanisms
of infection and replication have been elucidated and a critical rule has been assigned
to the membrane spike glycoprotein (S) [3,4]. Since spike protein is the most abundant
and characteristic protein of SARS-CoV-2, it has been used as an antigen for the vaccine’s
production against the virus [4]. Furthermore, the mutations isolated on the spike pro-
tein have been used to classify and monitor the SARS-CoV-2 variants [5,6]. In fact, about
30 SARS-CoV-2 variants have been identified and classified as either Variants of Concern
(VOCs) or Variants of Interest (VOIs). The VOCs show a greater virulence, transmissibility
and severity of the symptoms compared to VOIs, as well as a reduced effectiveness of the
vaccines [5,7]. The VOIs, instead, are mainly characterized by alterations into the recep-
tor binding affinity [7]. According to this classification, the variants alpha, beta, gamma,
delta and omicron are defined as VOCs, whereas lambda and mu are defined as VOIs [7].
Furthermore, each VOC is able to accumulate significant mutations, resulting in a rapid
replacement of previous variants [7].

The SARS-CoV-2 variants have accumulated mutations, affecting the infection and
diffusion of viral mechanisms, in particular, an increase in diffusion and milder symptoms
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have been observed [8,9]. It is important to note that SARS-CoV-2 variants are also charac-
terized by other genomic mutations that are not present on spike protein; this is the case for
the omicron BA.4 and BA.5 variants that differ from the initial version of the virus for about
50 mutations: 30 of these are on spike protein, and both variants have the same mutations,
whereas they differ for other genomic mutations, which has led to having two variants
with different genotypic and phenotypic characteristics [10].

Here, we analyzed at structural level the six omicron variants that have indications
about their origin and phylogenesis, because they have been identified in a restricted
interval time, from November 2021 to January 2022 [10], but they preset a high number of
mutations in respect to the last isolated mu variant, in January 2021 [11,12].

2. Materials and Methods

The sequences of SARS-CoV-2 variants delta, omicron BA.1, BA.2, BA.2.12.1, BA.4,
BA.5 and BA.2.75 were from the “expasy viralzone” web site (https://viralzone.expasy.
org/9556, 17 September 2022), and were used to make the multiple sequence alignment to
generate a phylogenetic three (Multiple Sequence Alignment by Clustal Omega program at
https://www.ebi.ac.uk/Tools/msa/clustalo/; 17 September 2022).

3. Results

In a recent study, the SARS-CoV-2 variants were analyzed, at structural level, in order
to generate a phylogenetic three, indicating a common ancestor between the delta and
the five SAR-CoV-2 omicron variants [12], although the spike protein mutations on the
delta variant were 7 compared to the more than 30 ones identified on the omicrons [12].
Moreover, the mu variant, reported in January 2021, was the last variant isolated before
omicron BA.1 in November 2021. Successively, until January 2022, the other five omicron
variants were reported, suggesting either a delay in the identification of new variants or
the possibility that they have not been identified at all.

In some cases, there have been countries with high numbers of infections where the
virus has evolved rapidly [13] and perhaps for politic, economic and/or technological
reasons, few sequences of the viral genome have been performed; in other cases, especially in
the countries where the vaccination against SARS-CoV-2 has reached high levels of coverage
in the population, it was thought that it had defeated the virus and therefore the monitoring
of any new variants was reduced, instead the new variants accumulating many mutations
escape the antibody response, following by natural infection or vaccination [14,15].

Here, we have analyzed the sequence alignment and the common mutations among the
omicron variants to reconstruct their evolutionary lineage and to identify any intermediate
variants that have never been reported.

3.1. The Omicrons Origin and Evolution

The omicron variants are characterized by a high number of mutations compared to
the initial version of the virus. Since the SARS-CoV-2 variants, isolated before omicron,
are characterized by a low number of mutations, the omicron origin seems to be uncertain
showing common mutations described in other VOCs, such as alpha, beta, gamma and
delta variants [10,16], but from an evolutionary point of view, the delta variant seems
to be closer to omicron than the others [12]. Thus, we cannot exclude that the omicron
origin could be derived by events of genomic recombination in two VOCs, contemporarily
infecting patients. Furthermore, an antigenic shift has been observed for the omicron
variant that is a step change from the viral antigenicity, leading to viral escape from
vaccine-acquired immunity or infection from previous variants, which is consistent with
the observed increased transmissibility [17].

Starting from this information, we generated a new multiple sequences alignment
among the wild type version of the spike protein and the variants delta, omicron BA.1,
BA.2, BA.2.12.1, BA.4, BA.5 and the last BA.2.75, unofficially indicated as centaurus (see
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Supplemental Figure S1). We identified all the spike common mutations among the variants
and those present only in one or more variants, as schematically represented in Figure 1.

 

Figure 1. Schematic representation of the omicron variants evolution starting from delta. The common
mutations are reported at the overlap among the variants. The mutations present in all the omicron
variants are S373P, K417N, N440K, S477N, T478K, E484A, N501Y, Y505H, D614G, H655Y, N679K, P681H,
N764K, D796Y, Q954H and N969K, and T478K and D614G derived from delta, indicated by the yellow
arrow. The unique mutations of each variant are reported outside the overlap among the variants.

Despite the omicron variants evolved from delta, they show only two common mutations:
T478K and D614G. The position 681 is mutated in delta and omicron variants, but in delta, the
substitution was P681R whereas in omicron, it was P681H. The other mutations present only
in delta are T19R, the deletion 156-158 with substitution in glycine, L452R and D950N.

Interestingly, the alignment revealed the common mutations in all the omicron variants,
which are S373P, S375F, K417N, N440K, S477N, T478K, E484A, N501Y, Y505H, D614G, H655Y,
N679K, P681H, N764K, D796Y, Q954H and N969K (Figure 1, Supplemental Figure S1).

Sequence analysis suggests that omicron BA.1 and BA.2 are evolved independently
from a common ancestor, derived from delta and also having the mutations T478K and
D614G (Figure 1, Supplemental Figure S1); in fact, omicron BA.1 presents nine unique
and characteristic mutations, which are A67V, T95I, deletion 142-145 with substitution
in aspartic, deletion 211-212, G446S, G496S, T547K, N856K and L981F, whereas omicron
BA.2 shows the deletion 24-27 as a specific mutation with a substitution in serine (Figure 1,
Supplemental Figure S1).

Omicron BA.2.12.1 evolved from BA.2 because it has two other specific mutations
in common: S375F and Q493R, and the unique and specific mutation S704L (Figure 1,
Supplemental Figure S1). From omicron BA.2.12.1, BA.4/BA.5 and BA.2.75 are separately
evolved; the spike protein of the variants BA.4 and BA.5 shows the same mutations and
both differ from the spike protein of BA.2.12.1 because it did not have the S704L and Q493R
mutations, while presenting the deletion 69-70 in common with omicron BA.1 (Figure 1,
Supplemental Figure S1).
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The last isolated variant, BA.2.75, shows the 17 common mutations with the other omicrons
and the unique and specific mutations K147E, W152R, F157L, I210V, G257S, G446N and N460K,
indicating that BA.2.75 evolved from BA.2.12.1 (Figure 1, Supplemental Figure S1).

3.2. The Omicron BA.4 and BA.5

As reported, BA.4 and BA.5 variants have the same mutations on the spike proteins
and they are similar to the BA.2.12.1 one, but they are classified as two different variants [10].
This is possible because they differ in about 50 mutations on the whole genome from the ini-
tial version of SARS-CoV-2, and 30 of them are on spike (Figure 1, Supplemental Figure S1),
while about 20 are in other part of the genome.

In particular, they show a similar pattern at 5′ genome region, corresponding to the
genes encoding ORF1ab and the envelope protein E. In addition, while BA.4 shows specific
mutations at ORF7b, N protein and nonstructural protein 1 (NSP1), both associated to the
genomic RNA, BA.5 presents specific differences at the 3′ genome region, in correspondence
with ORF6 and membrane protein M encoding genes [10].

3.3. The Omicron BA.2.275

The last SARS-CoV-2 variant identified is omicron BA.2.75, unofficially known as
centaurus. It was isolated in May 2022 in India [18], and it is characterized by 34 muta-
tions on the spike protein, 17 of them are in common with the other omicron variants.
Further, it shows the reversion of R493Q compared to the ancestral variant, and seven
unique and specific mutations: K147E, W152R, F157L, I210V, G257S, G446N and N460K
(Figure 1, Supplemental Figure S1) [18,19], which may be related to immune escape and
resistance to antibody therapies, indicating a typical antigenic shift [20]. There are indi-
cations that the BA.2.75 variant was isolated for the first time in India in January 2022,
and spread outside India only in May 2022. The symptoms associated with this variant
are fever, cough, sputum, diarrhoea and fatigue [20], similar to those of a seasonal flu, as
previously predicted [10].

4. Discussion

The analysis of the alignment of the wild type version, delta and the omicron variants
highlight important information about the origin and the evolution of these variants. The
timing of their evolution is different from their isolation date. In fact, they are not evolved
in sequence from BA.1 up to BA.2.75 but through a number of intermediate variants, which
have never been isolated. In particular, by analyzing all the mutations of these variants,
we obtained a more correct evolutionary lineage that includes at least three intermediates,
identified through the common mutations among them (Figure 2). We supposed that
there was a joint starting from the wild type version of spike protein, represented by
Intermediate 1 (Figure 2), where the evolutionary branches of delta and omicron variants
have separated, and this missing intermediate only has the two common mutations among
them, which are T478K and D614G. From Intermediate 1 evolved Intermediate 2, which
shows the 17 mutations present in all the omicron variants. In Table 1, the mutations, that
we assigned to the missing SARS-CoV-2 variants in the omicron lineage are listed, indicated
as Intermediate 1, 2 and 3 (Table 1).

The variants BA.1 and BA.2 evolved separately from Intermediate 2 (Figure 2); BA.1
harbors 35 mutations in its spike protein in respect to the initial version isolated in
SARS-CoV-2, 10 of them are specific and not present in the other omicron. Specifically, they
are A67V, DEL69-70, T95I, DEL142-145D, DEL211-212, G446S, G496S, T547K, N856K and
L981F (Figure 1); whereas BA.2 lacks 13 mutations present in BA.1 but shows 8 unique
mutations not found in BA.1 that are T19I, DEL24-27S, G142D, V213G, T376A, D405N,
R408S and Q498R [21]. Based on the presence of a high number of different mutations
between them, it is reasonable to assume that their evolution process began and ended a
few months before their isolation.
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Figure 2. Phylogenetic lineage of the omicron variants starting from wild type version and the delta
variant. Intermediates 1, 2 and 3 are three missing variants. Intermediate 1 has common mutations
between delta and Intermediate 2. Intermediate 2 has the common mutations of all the omicron
variants. Intermediate 3 has the common mutation between omicron BA.4 and BA.5.

Table 1. List of mutations that are supposed to be present in the three missing intermediates related
to the omicron lineage of evolution.

Intermediate 1 Intermediate 2 Intermediate 3

T478K D614G
S373P S375F K417N N440K S477N T478K E484A

N501Y Y505H D614G H655Y N679K P681H
N764K D796Y Q954H N969K

T19I DEL24-27S DEL69-70 G142D V213G G339D
S371F S373P S375F T376A D405N R408S K417N

N440K L452R S477N T478K E484A F486V Q498R
N501Y Y505H D614G H655Y N679K P681H N764K

D796Y Q954H N969K

The variant BA.2.12.1 evolved from BA.2. In fact, beyond the common mutations in
spike protein, BA.2.12.1 has also the substitutions T19I, L452Q and S704L [22] (Figure 2).

Following the scheme of Figure 2, BA.4, BA.5 and BA.2.75 evolved from the BA.2.12.1
variant. The SARS-CoV-2 variant classification also takes into account other mutations
present in the genome that change the characteristics of the virus. In fact, the spike
proteins of BA.4 and BA.5 are identical but they differ for mutations in E and M genes [10].
Considering that the deletion 69-70 is present also in BA.1 (Figure 1) and in alpha variant,
it has been suggested that BA.4 and BA.5 diverged via recombinant event with other
variants [22]. Another study suggested that BA.4 and BA.5 evolved by a recombination
with mouse SARS-CoV-2 virus, and in this case, mouse would have been the host for
the evolution [23]. Regarding our analysis, it suggests that BA.4 and BA.5 evolved from
BA.2.12.1 (Figure 2). In this case, we identified a third intermediate having all the mutations
only on spike protein present in BA.4 and BA.5, and not on the other regions of the viral
genome. Then, subsequent mutations on the genome led to the two variants BA.4 and BA.5;
in Table 1 are listed the mutations characterizing the Intermediate 3.

The last omicron variant to be isolated was BA.2.75; it evolved from BA.2.12.1 (Figure 2).
Sequence analysis highlighted that BA.2.75 compared to BA.2.12.1 shows seven new spe-
cific mutations: K147E, W152R, F157L, I210V, G275S, G446N and N460K, and reverted
to the mutation Q493R (Figure 1) [18]. Epidemiological data reveal that omicron BA.2.75
is present in more than 30 countries worldwide and it does not appear to be dangerous,
keeping the hospitalization of patients unchanged [24]. Probably, it is necessary to study in
more detail the characteristics of this new variant and to use the new vaccines designed
against both the BA.4/5 and BA.2.75 variants, to reduce the risk of a new critical healthcare
wave of infection.

5. Conclusions

During the pandemic, about 30 variants were isolated, but in many cases, it was not
possible to follow their evolution in time. After three years of the pandemic, we observed
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a new evolutionary lineage represented by the omicron variants, which have completely
replaced the pre-existing variants. The timeline of the omicron evolution variants is different
from the date of their isolation, in fact, a retroactive analysis revealed that omicron BA.1
was present in Europe at least 10 days before its isolation in South Africa [25]. Moreover,
five different omicron variants were reported in three months, which differ among them
from 8 to 18 mutations (Figure 1), suggesting that many intermediate variants were lost.

This study referred to a small group of evolutionarily correlated variants and strongly
supported the existence of at least three important intermediates, which never have been
isolated. To date, if we consider that about 30 SARS-CoV-2 variants have been isolated, we
can state that there are many other missing variants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14112364/s1, Figure S1: Sequences alignment. SARS-CoV-2
wild type spike protein and its variants, delta and omicron, were aligned by using the Clustal Omega
program (https://www.ebi.ac.uk/Tools/msa/clustalo/, 17 September 2022). For the alignment, the
default parameters were used (Dealign Input Sequences: no (false); Number of Combined Iterations:
0; Max Guide Tree Iterations: −1 (off); Max HMM Iterations: −1 (off); Use mBed-like clustering
during subsequent iterations: yes (true); mBed-like Clustering Guide-tree: yes (true)).
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Abstract: Historically the therapeutic potential of polyclonal passive immunotherapies in viral
diseases has been related to antiviral neutralizing antibodies, but there is also considerable evidence
that non-neutralizing antibodies can translate into clinical benefit as well. In the setting of SARS-
CoV-2 infection, we review here in vitro and in vivo evidence supporting a contributing role for
anti-nucleocapsid antibodies. Retrospective investigation of anti-nucleocapsid antibody levels in
randomized clinical trials of COVID-19 convalescent plasma is warranted to better understand
whether there is an association with efficacy or lack thereof.

Keywords: COVID-19; SARS-CoV-2; nucleocapsid; protein localization; antibody therapy

Many patients with infectious diseases cannot tolerate the side effect of small chemical
antimicrobials, making antibody a safer prophylactic and therapeutic alternative. This is
case for immunocompromised individuals with COVID-19 where the ritonavir component
of the Paxlovid antiviral formulation can interfere with other drugs needed to treat their
underlying condition. When matching viruses and therapeutic antibodies, most attention
has focused so far on neutralizing antibodies (nAb), i.e., antibodies of different isotypes
(IgG1, IgG3, IgM, and IgA) that reduce viral infection of replication-competent cells in
in vitro viral neutralization tests (VNT) [1]. With regards to SARS-CoV-2, the causative
agent of COVID-19, this in vitro neutralization reflects largely the presence of antibodies to
the region of the Spike protein that interacts with the ACE2 receptor on human cells. Hence,
for COVID-19, nAbs consist mostly of antibodies to the Spike protein. B-cells making these
antibodies recovered from convalescent donors have been used to make the therapeutic
monoclonal antibodies. Furthermore, the titer of nAbs has been the major correlate of
protection after Spike-based vaccination used to assess vaccine efficacy [2]. For COVID19
convalescent plasma (CCP), the therapeutic potential has been generally correlated with the
nAb titer. This assumption has been validated on both mechanistic studies that established
its antiviral activity [3], and clinical studies that show dose-response relationships between
the nAb titer and efficacy [4–6]. However, the undoubted importance of nAbs does not
exclude the possibility that more antiviral antibodies could be associated with additional
clinical benefits. This principle was illustrated in studies with vesicular stomatitis virus
where in vitro neutralization titer correlated with avidity and neutralization rate constant,
but in vivo efficacy was independent of in vitro neutralizing activity (PMID: 9197261).

In contrast to the SARS-CoV-2 Spike protein, the structural nucleocapsid (N) phos-
phoprotein is highly conserved among human coronaviruses, where it is essential for
linking the viral genome to the viral membrane [7]. N is classically considered an inter-
nal protein of SARS-CoV-2, and, as such, to be only useful for eliciting T-cell mediated
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immune responses [8,9]. Orthologous N protein from influenza A [10], measles [11], respi-
ratory syncytial [12], lymphocytic choriomeningitis [13], and human immunodeficiency
viruses [14] are expressed on the surface of infected cells, where they can be the target
for antibody dependent cellular cytotoxicity mechanism (ADCC). Not surprisingly, about
104–105 SARS-CoV-2 N proteins occur on the surface of a range of different SARS-CoV-2-
infected cell types, either natural (Vero, Caco-2, Calu-3) or humanized (BHK-21_hACE2
or CHOK1_hACE2, and HEK293-FT_hACE2) [15]. SARS-CoV-2 N is likely placed on the
cell surface and secreted through a non-canonical pathway that bypasses insertion into
the endoplasmic reticulum [16]. N released by SARS-CoV-2 infected cells or N-expressing
transfected cells binds to heparan sulfate, which promotes Spike-ACE2 interaction [17] and
heparin on neighboring cells, which may contribute to coagulopathy, and also neutralizes
the biological activity of many different chemokines, blocking chemotaxis of immune
effector cells [15]. Freely circulating N protein can also activate the complement cascade
via the alternative pathway, thus potentially contributing to the inflammatory changes that
are associated with severe COVID-19 [18,19]. Hence, there is considerable direct and cir-
cumstantial evidence that the N protein contributes to the pathogenesis of COVID-19, and
if that is the case, it is reasonable to posit that N-binding antibodies can contribute to host
defense through ADCC, and by interfering with its deleterious effects on immune function.

Antibodies to the N protein are elicited after immunization with experimental N-
based vaccines [8,9,20,21] and after natural SARS-CoV-2 infection. In the pre-vaccine era,
the occurrence of antibodies to N following natural infection was almost universal and
levels remained detectable for more than 6 months [22–24]. The finding that each 1-log
increase in SARS-CoV-2 viral copies at diagnosis was associated with 90% higher odds
of seroconversion for N antibodies [25] suggests that high levels of circulating N, which
are also associated with the severity of pulmonary illness and clinically important patient
outcomes [26], are required to elicit this response.

Whether antibodies to the N protein exert any protective role has been the subject of
sporadic investigations. mAbs targeting SARS-CoV-2 N protein can inhibit free N-induced
MASP-2 activation in vitro [18], and mAbs to the related alphacoronavirus mouse hepatitis
virus (MHV) N protein exert anti-viral activity in vitro in the presence of complement and
in vivo [27,28]. A very interesting animal model showed that C57BL/6 mice prime-boosted
with an adenovirus serotype five vector expressing N developed anti-N antibodies 2 weeks
later, which were unable to neutralize live authentic SARS-CoV-2. However, when their sera
was transfused to naïve K18-hACE2 mice, followed by intranasal challenge with 103 PFU
SARS-CoV-2 USA-WA1/2020, the animals experienced lung viral loads 14-fold lower than
in controls at day 4 [29]. Very few clinical studies have investigated the correlation between
antibody levels to N protein in CCP and clinical outcome. In a retrospective observational
study in 96 hospitalized patients, Cain et al. found no statistically significant difference
in neither mortality nor time from transfusion to death between patients receiving CCP
with low vs. high antibody levels to N protein. Unfortunately no multivariate analysis
was conducted to account for antibody levels to spike protein in the plasma [30]. When it
comes to randomized controlled trials (RCT), the gold standard of evidence-based medicine,
only a single RCT assessed antibody to N protein in CCP. A reanalysis of the Penn2CCP
RCT data showed that the clinical benefit of CCP was related to a shift towards reduced
inflammatory S responses and enhanced N humoral responses [31]. Furthermore, CCP
induced immunomodulatory changes to recipient humoral profiles (including more anti-
inflammatory S-specific Fc glycans) persisted for at least 2 months, marked by the selective
evolution of anti-inflammatory Fc-glycan profiles and persistently expanded N-specific
humoral immunity following CCP therapy [32].

Many different ingredients in CCP can lead to clinical benefit [33] and there is now
suggestive evidence for adding antibodies to N protein to the list of potential antiviral
ingredients. Mechanisms of action other than neutralization are needed to explain the
potential clinical benefit in vivo of antibodies to N protein. In this regard, antibodies to
the SARS-CoV-2 N protein, once bound to the surface of N-expressing cells, activate Fc
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receptors (FcR)-expressing cells [15]. In murine influenzavirus models, IgG to N protein
specifically promoted virus clearance by using a mechanism involving both FcRs and
CD8+ T lymphocytes [34]. Accordingly, antibodies to SARS-CoV-2 N protein exert relevant
antibody-dependent NK cell activation (ADNKA) after infection, driving high levels of
pro-inflammatory cytokine production for more than 6 months [35].

Of interest and in contrast to the highly variable Spike protein, N protein has been
mostly conserved so far in SARS-CoV-2 evolution, with antibodies to N showing cross-
reactivity across sublineages [36]. Hence, if any, the therapeutic benefit from old CCP units
could be preserved against the most recent SARS-CoV-2 variants of concern. However,
there is great cross-reactivity for antibodies to N proteins among coronaviruses, and N
protein epitopes are shared between SARS-CoV-2 and alphacoronaviruses. Hence, one
cannot be certain whether any correlation between antibody to N protein and protection
was a result from previous endemic coronavirus infection(s), which are highly prevalent in
the human populations worldwide, or from the recent SARS-CoV-2 infection. Nevertheless,
the amino acid sequences of the entire N protein of common coronaviruses are sufficiently
dissimilar to that of SARS-CoV-2, with only the conserved residues at the N-terminal
domain of NP showing a high degree of similarity. Consequently, usage of an N-terminally
truncated nucleocapsid protein (ΔN-NP) could provide better specificity for discriminating
among coronaviruses [37], with epitope mapping unveiling the 155–171 epitope [38] and
255–346 [39] as highly immunogenic and specific. High titer responses against N of alpha-
coronaviruses have been detected during early COVID-19 stages, raising the possibility
that SARS-CoV-2 infection boosted pre-existing immunity [40], without clear correlations
with disease severity [41]. That said, it is likely that not all anti-N antibodies are equally
beneficial: e.g., occurrence of antibodies to a 21-residue epitope from N (termed Ep9) [42],
lack of antibodies against the seasonal betacoronavirus OC43 N [43], or occurrence of IgG to
-alphacoronaviruses (NL-63 and 229E) N protein [40] have all been associated with severe
COVID-19. Notably, in individuals with severe COVID-19 (such as those admitted to ICU),
N-specific antibody titers prevail over anti-Spike titer [40,44,45].

There is unfortunately an unpredictable conundrum between the increased potency
of CCP from vaccinated donors (so-called VaxPlasma or “hybrid plasma” or VaxCCP)
and anti-N antibodies. The superiority of VaxCCP over CCP is due to the 10–100-fold
higher anti-Spike nAb titers seen in VaxCCP compared to CCP, and their heterologous
nature neutralizing most, if not all, SARS-CoV-2 variants of concern. Nevertheless, it
has been shown that after vaccine breakthrough infection the occurrence of antibody
to N protein, compared to unvaccinated subjects, is dramatically decreased from 93%
to just 50% at day 54 post-infection [22,25]. The few individuals that mount antibody
responses to N protein after vaccine breakthrough infection make lower titers [46], and
substantial seroreversion of N total immunoglobulin has also been found shortly after
vaccine breakthrough infections [47]. As such, VaxCCP has much lower content of anti-N,
which will be an unlikely contributor to clinical benefit in the future usages.

The available evidence provides a compelling case for analyzing the antibody content
to N protein on stored samples from the dozens of RCTs completed studying CCP efficacy
against COVID-19. There are thousands of such CCP remnant samples available that could
be studied for antibodies to N and correlated to clinical outcome data. Although the results
of such a study will likely have no immediate implications for the current pandemic, it has
the potential to inform future pandemics from related coronaviruses or different viruses
expressing orthologous protein N’s. At the very least, we should miss this opportunity
to further dissect the contribution of humoral immunity to N protein in COVID-19. In
particular, under the upcoming “mutations wave” dominated by Spike R346X- and K444X-
harboring Omicron sublineages, CCP will remain a fundamental weapon against COVID19
in immunocompromised patients [48], who are at higher risk for more severe presentation
and are not protected by vaccine boosts.
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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron subvariant BA.5
emerged as of February 2022 and replaced the earlier Omicron subvariants BA.1 and BA.2. COVID-19
genomic surveillance should be continued as new variants seem to subsequently appear, including
post-BA.5 subvariants. A rapid assay is needed to differentiate between the currently dominant BA.5
variant and other variants. This study successfully developed a high-resolution melting (HRM)-based
assay for BA.4/5-characteristic spike mutation F486V detection and demonstrated that our assay
could discriminate between BA.1, BA.2, and BA.5 subvariants in clinical specimens. The mutational
spectra at two regions (G446/L452 and F486) for the variant-selective HRM analysis was the focus
of our assay. The mutational spectra used as the basis to identify each Omicron subvariant were as
follows: BA.1 (G446S/L452/F486), BA.2 (G446/L452/F486), and BA.4/5 (G446/L452R/F486V). Upon
mutation-coding RNA fragment analysis, the wild-type fragments melting curves were distinct from
those of the mutant fragments. Based on the analysis of 120 clinical samples (40 each of subvariants
BA.1, BA.2, and BA.5), this method’s sensitivity and specificity were determined to be more than
95% and 100%, respectively. These results clearly demonstrate that this HRM-based assay is a simple
screening method for monitoring Omicron subvariant evolution.
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1. Introduction

The coronavirus disease 2019 (COVID-19) outbreak was caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) that emerged in China in late 2019 [1–3].
The number of global COVID-19 cases surpassed 600 million according to the World Health
Organization (WHO) data (Weekly epidemiological update on COVID-19, 7 September
2022), including over 6.4 million deaths. A number of SARS-CoV-2 variants emerged
worldwide, some of which could potentially increase public health risk. The WHO has
classified these as variants of concern (VOCs) and variants of interest (VOIs) since 2020.
The COVID-19 genomic surveillance, tracking VOCs and VOIs, is essential in protecting
against the spread of high-risk variants and monitoring new variants.

The novel VOC, the Omicron variant, emerged from South Africa in November 2021 [4–6].
The original Omicron variant BA.1 quickly spread to many countries and exceeded the
other variants, including the Delta variant. The BA.2 subvariant of Omicron, which was
more transmissible than BA.1 [7], rapidly increased since early 2022. The new Omicron
subvariants BA.4 and BA.5 were first detected in South Africa in January and February
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2022, respectively. The two subvariants subsequently became mainstream in the country.
Although BA.4 did not spread further around the world, BA.5 quickly spread across the
world after a few months from BA.2 becoming the dominant variant. Furthermore, close
monitoring of the Omicron variants’ evolution should continue since additional Omicron
subvariants seem to emerge subsequently [8].

Next-generation sequencing (NGS) is the gold standard for determining the whole
viral genome. NGS data leads to assigning a lineage or clade to each SARS-CoV-2 strain.
A screening assay, which identifies a SARS-CoV-2 point mutation, can contribute to the
rapid identification of the individual variants within a day as NGS analysis requires a
few days to acquire the data. A few previous studies have shown that screening assays
can differentiate the Omicron subvariants BA.1 and BA.2 based on their characteristic
mutations [9–12]. The BA.5 subvariant has two characteristic spike mutations, L452R
and F486V (BA.4 sequence identical to BA.5 sequence in spike protein) [13,14]. Wilhelm
et al. [15] reported that Omicron subvariants BA.4 and BA.5 in wastewater could be
detected by commercially available kits for L452R and E484A/F486V. However, there are
no or limited studies that demonstrate Omicron subvariant BA.5 identification in clinical
specimens by a screening assay.

High-resolution melting (HRM) analysis is a post-PCR genotyping technique based
on an amplicons’ melting behavior. HRM-based assay is a less-costly and quick-build
method as the assay does not need a specific probe. Our HRM-based assay was previously
demonstrated to discriminate between the Omicron BA.1 and BA.2 subvariants target-
ing three mutations in the spike receptor-binding domain (RBD), R408, G446/L452, and
T477/T478 [16]. In this study, we aimed to (i) develop an HRM-based assay to detect the
F486V mutation and (ii) validate the HRM-based assay for L452/G446 and F486 sites in
120 clinical samples (40 each of the BA.1, BA.2, and BA.5 subvariants). This HRM-based
assay would contribute to rapid discernment between BA.1 (G446S, L452, and F486), BA.2
(G446, L452, and F486), and BA.4/5 (G446, L452R, and F486V) (Table 1).

Table 1. Receptor-binding domain (RBD) amino acid substitutions in Omicron BA.1, BA.2, BA.4, and
BA.5 subvariants.

Pangolin RBD Amino Acid Substitutions

BA.1 G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A,
Q493R, G496S, Q498R, N501Y, Y505H

BA.2 G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, S477N,
T478K, E484A, Q493R, Q498R, N501Y, Y505H

BA.4/5 G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452R,
F486V, S477N, T478K, E484A, Q498R, N501Y, Y505H

Substitutions detected by this high-resolution melting assay are marked in bold.

2. Materials and Methods

2.1. Ethics Statement

The Meijo University Research Ethics Committee (Approval number: 2020-17-2) and
Aichi Prefectural Institute of Public Health (Approval number: 20E-4) approved this project,
and was carried out according to the Infectious Diseases Control Law of Japan.

2.2. Preparation of Standard RNA Fragments: In Vitro T7 Transcription

The SARS-CoV-2 sequence was obtained from the NCBI (GenBank ID: MN908947), the
GISAID database (www.gisaid.org/; accessed on 9 August 2022), and the Pango nomen-
clature system (https://cov-lineages.org/lineages.html; accessed on 9 August 2022). Eu-
rofins Genomics K.K provided the three RBD DNA fragments (wild-type, F486V mutant,
BA.4/5 variant mutant; 600–1000 bp in length) with a 5′ T7 upstream promoter sequence.
(Tokyo, Japan). In vitro T7 transcription was performed as previously described [16,17]. The
synthesized single-stranded RNA fragments were used as reverse transcriptase (RT)-PCR
amplification templates.
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2.3. RT-PCR Amplification: First PCR

A one-step RT-PCR kit (One Step PrimeScript III RT-qPCR Mix, with UNG; TaKaRa
Bio Inc., Kusatsu, Japan) was used to perform RT-PCR in a single closed tube in accordance
with the manufacturer’s instructions. The primer pairs used for RT-PCR amplification
are listed in Table 2. Each DNA fragment was observed as a single, correctly sized band
(290 bp). RT-PCR amplification was performed as previously described [16,17]. The reaction
mixture was diluted 10,000-fold with water and used as a template for the second PCR and
HRM analyses after amplification.

Table 2. Primers sequences in reverse transcriptase (RT)-PCR amplification and high-resolution
melting (HRM) analysis.

Primer Sequence

RT-PCR amplification
Fwd primer 5′-TTACAGGCTGCGTTATAG-3′
Rev primer 5′-ACAAACAGTTGCTGGTGCAT-3′

HRM analysis
G446-L452 Fwd primer 5′-GGCTGCGTTATAGCTTGGAATTCTAACAATCTT-3′
G446-L452 Rev primer 5′-TCAAAAGGTTTGAGATTAGACTTCC-3′

F486 Fwd primer 5′-ACACCTTGTAATGGTGTTGAAGGT-3′
F486 Rev primer 5′-AGTGGGTTGGAAACCATATGATTGTAA-3′

Fwd: forward; Rev: reverse.

2.4. HRM Analysis: Second PCR

An HRM reagent (MeltDoctor HRM Master Mix; Thermo Fisher Scientific, Waltham,
MA, USA) was used to perform HRM according to the manufacturer’s instructions. The
primer pairs for HRM analysis are listed in Table 2. Each DNA fragment was observed as
a single, correctly sized band (G466-L452, 104 bp; F486, 69 bp). The G446-L452 forward
primer design was based on the N440 coding sequence, the F486 forward primer design
was based on the T478 and E484 coding sequences, and the F486 reverse primer design was
based on the Q493 coding sequence to avoid the potential influences of the N440, T478, E484,
and Q493 mutations as shown in Figure 1. A real-time PCR system (LightCycler 96 System;
Roche Diagnostics, Basel, Switzerland) was used to perform all reactions in duplicate. PCR
amplification and HRM curves were performed as previously described [16,17].

Figure 1. Primer annealing site schematic map for high-resolution melting analyses.

2.5. Clinical Samples

From December 2021 to August 2022, 120 nasopharyngeal swabs or saliva samples
were collected from suspected COVID-19 and those detected with COVID-19 by the Aichi
Prefectural Institute of Public Health. The Ct values in the clinical quantitative PCR test for
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these samples ranged from 14–35. RNA purification and whole-genome sequencing were
performed as previously described [16].

3. Results

3.1. Development of HRM Analysis for F486V Mutation Detection

First, the HRM-based assay for detecting F486V was developed, a characteristic muta-
tion of BA.4/5. There are several SARS-CoV-2 variants possessing mutations near the F486
site, such as T478K, E484K, E484A, and Q493R. The risk of a false positive or false negative
will likely increase in these variants using this assay. The primer sets were thus designed
to avoid these mutations (Figure 1). The normalized melting curves and peaks for F486,
F486V, and BA.4/5 RBD plots are shown in Figure 2. The F486V RBD plot was different
from the F486 RBD plot. Additionally, the BA.4/5 RBD plot was in agreement with the
F486V plot. These results suggested that this HRM-based assay can discriminate between
the Omicron subvariant BA.4/5 (as the F486V variant) and other subvariants, including
BA.1 and BA.2 (as the F486 wild-type).

Figure 2. Positive control RNAs normalized melting curves and melting peaks for the F486 site.
Normalized melting curve plots (A) and melting peak plots (B) for the F486 site were acquired using
F486 receptor-binding domain standard fragments (RBD; solid black line), F486V RBD (dashed black
line), and BA.4/5 RBD (solid red line).

3.2. Validation of HRM Analysis for the G446/L452 and F486 Sites in Clinical Samples

Second, HRM-based assay was validated for G446/L452 and F486 sites in clinical
samples infected with BA.1, BA.2, or BA.5. A total of 120 clinical samples (n = 40, BA.1;
n = 40, BA.2; n = 40, BA.5) were randomly selected after whole-genome sequencing by NGS
(Table 3). RBD sequences in all samples were identical to the reference sequence (BA.1,
G446S/L452/F486; BA.2, G446/L452/F486; and BA.5, G446/L452R/F486V) confirmed by
NGS data. HRM analysis together with positive control RNAs was used to analyze clinical
samples. The Gene Scanning Software automatically classified samples into wild-type
or mutant strains based on HRM curves after HRM analysis. The melting peak plots of
representative samples at two RBD regions are shown in Figure 3. At the G446/L452
site, all BA.1 and BA.2 samples were correctly classified as G446S mutant and wild-type,
respectively. The two BA.5 sample plots disagreed with the L452R RBD plot. All samples
were correctly classified as each variant at the F486 site. Therefore, the sensitivity and
specificity of the current HRM-based assay were calculated based on these results. The
sensitivity and specificity of the assay for the two regions were more than 95% and 100%,
respectively (Table 4).
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Table 3. Pangolin of 120 clinical samples by whole-genome sequencing.

BA.1 BA.2 BA.5

Pangolin
No. of

Samples
Ct Mean Value

(Range)
Pangolin

No. of
Samples

Ct Mean Value
(Range)

Pangolin
No. of

Samples
Ct Mean Value

(Range)

BA.1 11 25.2 (22.2–29.9) BA.2 10 23.0
(18.0–27.45) BA.5 3 23.2 (16.9–27.9)

BA.1.1 5 24.2 (23.0–26.8) BA.2.3 14 25.7 (20.1–34.9) BA.5.1 2 22.2 (22.1–22.3)
BA.1.1.2 8 24.6 (20.0–29.9) BA.2.3.1 7 23.9 (18.8–28.4) BA.5.2 12 25.0 (19.2–29.1)
B.1.1.529 16 27.4 (21.1–32.6) BA.2.3.13 1 20.8 BA.5.2.1 14 23.8 (14.3–29.1)

BA.2.10 4 24.7 (22.9–28.7) BA.5.3.1 1 22.1
BA.2.10.2 1 23.6 BE.1.1 2 21.3 (17.9–24.8)
BA.2.24 2 21.4 (18.4–24.5) BF.5 6 24.1 (22.3–24.9)
BA.2.29 1 28.8

Figure 3. Melting peaks of clinical samples for two receptor-binding domain regions. Melting peak
plots for the G446/L452 (A) and F486 (B) sites were acquired using clinical samples with three BA.1
samples (blue line), three BA.2 samples (green line), and three BA.5 samples (red line). Solid lines
indicate true positive and true negative samples. Dashed lines indicate false positive samples.

Table 4. High-resolution melting assay sensitivity and specificity compared with next-generation sequencing.

G446S Detection L452R Detection F486V Detection

Sensitivity a 100% (40/40) 95.0% (38/40) 100% (40/40)
Specificity b 100% (80/80) 100% (80/80) 100% (80/80)

a Sensitivity: True positive number/(True positive number + False Positive number) × 100. b Specificity: False
negative number/(False negative number + True negative number) × 100.

4. Discussion

This is the first study conducted on developing a screening assay that can distinguish
between the Omicron subvariant BA.5 and other subvariants in clinical samples. The
assay costs less than USD 5 per sample, and the results can be obtained within 4 h. This
HRM-based assay can be a powerful tool as a high-throughput screening test to identify
the SARS-CoV-2 variants in many clinical samples.

The Omicron BA.5 subvariant seems to lead to lower mortality and hospitalization
rates than earlier variants; however, the COVID-19 pandemic will not end this year [8].
A new high-risk variant will likely happen subsequently as the Omicron BA.5 subvari-
ant is not considered the final SARS-CoV-2 variant [8]. Therefore, COVID-19 genomic
surveillance should continue monitoring the next strain’s emergence. The BA.2.75 variant
called Centaurus (non-WHO labeling) is one of the Omicron subvariants first detected in
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India [18–21]. BA.2.75’s potential infectivity and immune evasion are unclear, indicating
that the variant should be closely monitored. The assay for N460S mutation detection was
still developed as our HRM-based assay can be constructed quickly, which is a BA.2.75
subvariant characteristic mutation. We will continue developing HRM-based assays to
detect new variants with potentially high public health risks.

This study needs to be interpreted in the context of its limitations. First, this assay can-
not differentiate between BA.4 and BA.5 subvariants since both variants possess identical
spike protein sequences (Table 1). The assay will be developed to identify the BA.4 spe-
cific mutations as necessary, such as OFR1a-DEL141/143, ORF7b-D61L, and N-P151S [22].
Second, this assay was validated using a limited sample number. Our HRM-based assay
should analyze a larger sample size. Third, the current assay’s detection limit should be
determined using low-copy virus samples with Ct values of more than 35.

5. Conclusions

We developed an HRM-based assay that detects the SARS-CoV-2 spike mutation
F486V, known as the Omicron subvariants BA.4/5-characteristic mutation. Based on the
analysis of clinical samples with BA.1, BA.2, and BA.5, our assay showed enough sensitivity
and specificity to distinguish among the three subvariants. Further studies are needed
to validate this HRM-based assay using diverse samples with Ct values of more than 35.
However, the current HRM-based assay can construct a cost-effective screening test without
any specific probe.
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Abstract: New variants of SARS-CoV-2 continue to evolve. The novel SARS-CoV-2 variant of concern
(VOC) B.1.1.529 (Omicron) was particularly menacing due to the presence of numerous consequential
mutations. In this study, we reviewed about 12 million SARS-CoV-2 genomic and associated metadata
using extensive bioinformatic approaches to understand how evolutionary and mutational changes
affect Omicron variant properties. Subsampled global data based analysis of molecular clock in
the phylogenetic tree showed 29.56 substitutions per year as the evolutionary rate of five VOCs.
We observed extensive mutational changes in the spike structural protein of the Omicron variant.
A total of 20% of 7230 amino acid and structural changes exclusive to Omicron’s spike protein
were detected in the receptor binding domain (RBD), suggesting differential selection pressures
exerted during evolution. Analyzing key drug targets revealed mutation-derived differential binding
affinities between Delta and Omicron variants. Nine single-RBD substitutions were detected within
the binding site of approved therapeutic monoclonal antibodies. T-cell epitope prediction revealed
eight immunologically important functional hotspots in three conserved non-structural proteins. A
universal vaccine based on these regions may likely protect against all these SARS-CoV-2 variants. We
observed key structural changes in the spike protein, which decreased binding affinities, indicating
that these changes may help the virus escape host cellular immunity. These findings emphasize the
need for continuous genomic surveillance of SARS-CoV-2 to better understand how novel mutations
may impact viral spread and disease outcome.

Keywords: SARS-CoV-2; Omicron; COVID-19; evolution; receptor binding domain; T-cell epitope;
spike protein; drug

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a positive-sense,
single-stranded RNA virus with approximately 30 kilobases of genome coding for 29 pro-
teins from 15 open reading frames. SARS-CoV-2, which shows zoonotic origination from
bats, was first detected in Wuhan, China in 2019 [1–3]. The causative virus of coronavirus
disease 2019 (COVID-19), SARS-CoV-2 has infected over 596 million people worldwide,
prompting a massive human health crisis [4]. As the pandemic progresses, new variants
of SARS-CoV-2 continue to emerge with amplified virulence or transmission rates. Host
immunological responses, viral adaptation to human hosts, lack of global vaccine cov-
erage, and failure to follow the preventive procedures (e.g., wearing a well-fitting mask,
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keeping hands clean, and maintaining physical distance) have contributed to the continu-
ous emergence of novel SARS-CoV-2 variants. To date, Alpha, Beta, Gamma, Delta, and
Omicron variants of concern (VOCs) have been identified. Like other RNA viruses, SARS-
CoV-2 has been continuously evolving through genetic mutations or viral recombination
and structural changes, including insertions and deletions in different viral genes. These
genetic changes have impacted physical and biological properties of SARS-CoV-2, result-
ing in increased viral spread, reinfection rates, and clinical severity, as reported among
recent VOCs.

Lineages of SARS-CoV-2, such as B.1.1.7 (Alpha variant) in the United Kingdom,
B.1.351 (Beta variant) in South Africa, P.1 (Gamma variant) in Brazil, and B.1.617.2 (Delta
variant) in India, were purported based on mutations at various genes [5–12]. The Delta
variant is responsible for more infections and spreads faster than the previously reported
Alpha and Beta VOCs, thus attaining much international attention [13]. On 26 November
2021, the World Health Organization (WHO) designated the novel variant B.1.1.529 (Omi-
cron variant), initially reported from South Africa, as a VOC based on the evidence that
several mutations, particularly in the Spike protein, may have an impact on viral behavior
such as transmissibility, infectivity, clinical severity, risk of reinfection, and the potential
impact on diagnostics, prevention, and treatments [13]. Initial reports illustrated that
Omicron has increased potential for faster viral spread than Delta and reinfection of fully
vaccinated, boosted, and previously infected individuals [14]. The Omicron variant has also
shown increased potential to evade pre-existing antibodies, T-cell immunity, and overall
human immune action [14]. Thus, this variant has become more prevalent worldwide,
overtaking Delta and other VOCs and quickly spreading to all continents [15]. With the
Omicron variant being the leading cause of mortality and morbidity in the current phase
of the COVID-19 pandemic, we analyzed the genome of VOCs, including the Omicron
variant, with the aim of gaining insights into geographical distributions, evolutionary
relationships, and the potential impact of key mutations identified in Omicron variants in
altering therapeutics and immunity.

2. Materials and Methods

2.1. SARS-CoV-2 Data Analyses

The metadata and genomic and amino acid sequences of SARS-CoV-2 were retrieved
from the Global Initiative on Sharing All Influenza Database (GISAID) (https://www.gisaid.
org/, accessed on 10 October 2022). The VOC metadata was used to analyze the distri-
bution of SARS-CoV-2 infection among different age groups and genders globally and
those specific to the Omicron variant. All existing SARS-CoV-2 sequences submitted
(6,104,697 Omicron sequences and 5,897,516 sequences for other VOCs) in the GISAID were
utilized for this study. The number of VOC sequences reported in GISAID across the world
was shown on a world map using packages geojsonio v0.10.0 and ggplot2 v3.3.6 in R v3.6.3.
A density plot was generated for comparing the probability distributions of five VOC
sequences based on age using ggplot2 v3.3.6 in R v3.6.3. The mutation metadata were orga-
nized into groups with respect to VOCs, with non-VOC data filtered out for further analysis.
VOC mutations were mapped to the four structural proteins: envelope (E), membrane
(M), nucleocapsid (N) and spike (S) and non-structural proteins nsp1–16, ns3, ns6, ns7a,
ns7b, and ns8. We compared the structural protein mutational landscape of the five VOCs
(Alpha, Beta, Gamma, Delta, and Omicron) to identify unique and common mutations.
Mutations in different functional domains of spike were further analyzed. To illustrate the
mutations in the context of 3D protein structure, the protein’s tertiary monomeric structure
for the reference Wuhan-strain spike protein was modelled based on the template structure
(PDB ID: 6VXX) in the SWISS-MODEL server [16]. The PyMol (https://pymol.org/2/,
accessed on 2 January 2022) program was used to visualize the protein 3D structures. For
the phylogenetic analysis, the subset of globally circulating VOCs’ sequences, created by
Nextstrain (accessed on 22 October 2022), was used (Table S1) [17]. The molecular clock
tree option was used to visualize the phylogenetic tree.
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2.2. SARS-CoV-2 Target Protein and Drug Interaction Analysis

A total of eight representative inhibitors—namely parecoxib, chlortetracycline, iver-
mectin B1a, ivermectin B1b, sulfasalazine, remdesivir, atovaquone, and nirmatrelvir (a
component of Paxlovid (Pfizer))—were selected as described in the previous reports [18,19]
for a molecular docking study. To investigate the impact of novel mutations in Omicron
proteins on the potency of the above-mentioned inhibitors, we first modelled the spike
structural protein and three non-structural proteins nsp3, nsp5, and nsp12 using known
protein structures (PDB ID: 7CWN, 6Y2E, 6LU7, and 6M71, respectively) as a template
in the SWISS-MODEL server. For additional comparison, we modelled the structures of
these four proteins from a reference EPI_ISL_402124 and a representative Delta variant
(EPI_ISL_1470937, EPI_ISL_4577393). Subsequently, these predicted structures were used
for molecular docking with their respective drugs in AutoDock Vina v1.1.2 [20]. The drug-
binding cavities in the protein structures were determined based on a previous study [21].
The interacting residues of the target protein and the nature of their interactions were
identified using LigPlot+ v2.2.4 [22]. A lower binding affinity score indicates higher affinity
of the drug to the given protein. Hence, we only considered the best docking model for
each protein exhibiting the high binding affinity score to the drug, as they are more likely
to bind and inhibit the virus.

2.3. Prediction of T-Cell Epitopes (TCEs) and Their Binding Affinity to Predominant HLA Alleles

To identify the potential impact of Omicron strain mutations in human host immunity,
amino acid sequences for the nsp3, nsp5, nsp12, and spike proteins of the reference strain
and two variants, i.e., Delta and Omicron, were used to predict the 15-mer CD4 TCEs using
the Immune Epitope Database and Analysis Resource (IEDB) MHC-II binding prediction
tool under the IEDB-recommended prediction method (v2.22) [23]. In order to identify the
most immunodominant CD4 epitopes among the predicted potential 15 mer peptides from
these four proteins, the binding affinity was predicted using the six most prevalent Human
Leukocyte Antigen (HLA; MHC Class-II) alleles (http://allelefrequencies.net/, accessed
on 8 January 2022) reported from global populations [24]. The epitope binding prediction
results are given in units of IC 50 nM, where a lower number indicates high binding affinity.
Thus, we considered the peptides having high binding affinity score (score IC ≤ 10 nM) as
having the potential to bind to T-cell receptors and stimulate an effective adaptive T-cell
immune response [2]. We also identified the mean binding affinity score (IC ≤ 10 nM) of
the predicted peptides with HLA alleles of the global population to evaluate the generality
of those predicted epitopes.

3. Results and Discussion

3.1. Geographical Distribution of Omicron Variant

The metadata analysis of 12,002,213 genome sequences (including Alpha: 1,192,900;
Beta: 43,874; Gamma: 129,871; Delta: 4,530,871; Omicron: 6,104,697) revealed that a
greater number of sequences were reported from Europe, followed by North America
(Figure 1A–C). This sequence data also show that the number of Omicron sequences
deposited in GISAID elevated the total number of the remaining four VOC sequences. The
comparison of the distributions of five SARS-CoV-2 VOC sequences revealed that people
within the age group of 26–35 years were predominantly infected with the Omicron variant,
which is consistent with the overall pattern observed across SARS-CoV-2 VOC infections
(Figure 1D). While 60% of all VOC sequences have no gender information, the demographic
data from the remaining 4,796,586 (21.1% female; 18.9% male) sequences revealed that
there is a propensity for females to be susceptible to COVID-19) (Figure 1E). This genomic
epidemiological data shows a correlation between the gender and age composition of
the under-studied COVID-19 patients. This further illustrates the necessity of thorough
genomic surveillance with more completed demographic data to assess the emerging and
circulating SARS-CoV-2 variants and prevalence of COVID-19 worldwide.
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Figure 1. Global distribution of SARS-CoV-2 VOCs as reported in GISAID. (A) Number of Omicron
and (B) all VOC genome sequences reported in GISAID. (C) Number of four VOCs and Omicron
genome sequences (continent-wise) are presented. (D) Density plot shows the probability density
distribution of five VOC genomic sequences based on age of COVID-19 cases. Only 38% (4.55 million)
of the VOC sequences described the patient’s age (0–100 years) were considered. (E) Density plot
displays the distribution of the consolidated number of all five VOC genomic sequences based on
gender. (F) Phylogenetic tree based on a subset of globally circulating VOCs sequences created by
Nextstrain (accessed on 22 October 2022).

To study phylogenetic relationships, the subset data of globally circulating five VOCs
sequences were analyzed in Nextstrain (Figure 1F). The molecular clock phylogeny re-
vealed that (i) nearly all five VOCs emerged independently during late 2020 to late 2021,
(ii) genome sequences of the same VOCs were more closely related, and (iii) the Omicron
variant is the most commonly circulating variant currently found to have more than ~40 mu-
tational differences relative to a reference strain, confirming that evolutionary pressures

80



Viruses 2022, 14, 2461

shaped the novel Omicron variant to distinguish itself from other variants. The evolu-
tionary rate of five VOCs has been estimated to be 29.56 substitutions per year. Notably,
pairwise comparison of a genome sequence of the Omicron variant (EPI_ISL_7547731) with
other variants (Alpha EPI_ISL_7856427; Beta EPI_ISL_7814263; Gamma EPI_ISL_7846411;
and Delta EPI_ISL_7861981) showed 95.6–96.1% genetic similarity. The Omicron variant
shares 96% genome similarity with the reference strain. Interestingly, the reference strain
shares a similar percent homology (though not identical changes) with bat coronavirus
(bat/Yunnan/RaTG13/2013) [2], indicating the impact of genetic changes and structural
variations in driving the evolution of SARS-CoV-2 variants.

3.2. Potential Effect of Omicron Mutations on Host Immune Response

The comparison of the whole mutational profiles of proteome of five SARS-CoV-2
VOCs identified 33,075 signature mutations and structural changes exclusive to the Omi-
cron variant (Figure 2A), in which 10,280 amino acid substitutions and structural changes
were uniquely identified in the Omicron structural proteins (Figure 2B; Tables S2 and S3).
These were not detected in the other four VOCs. If more than one amino acid or structural
changes were identified in one position, then each change was considered individually
for the analysis. We also identified that 74,359 mutational/structural changes commonly
occurred in Omicron and Alpha variants, which is a larger number than common changes
shared between Omicron and Beta (18,135) or Gamma (28,805) but a lesser number than
those shared with Delta (105,454) (Figure 2A). All five VOCs shared a total of 10,471 com-
mon changes, suggesting these more evolutionarily conserved sites can be targeted for
making novel disease control strategies. Among the 10,471 common changes, 1741 were
identified in the spike protein (Figure 2A,B; Table S4), with three high-prevalence mutations
(D614G, 99.50%; T478K, 83.28%; G142D, 73.15%) occurring in more than 70% of all VOC
sequences studied (Figure 2C), whereas 7230 of 33,075 Omicron-specific signature changes
were localized in the spike protein (Figure 2D; Tables S2 and S5). Remarkably, 1459 of
7230 changes identified in the spike were exclusively detected in the receptor binding
domain (RBD) of the Omicron variant (Table S2). While all RBD mutations appear to be
important to the behavior of SARS-CoV-2, identifying the precise pathobiological effects of
these unique Omicron signature mutations, especially high-prevalence changes on ACE2
binding affinity, will facilitate our understanding of the variant’s rapid transmissibility,
infectivity, and disease severity. A recent affinity and kinetics study reported that S477N
and N501Y amino acid changes in other VOCs enhance transmission mainly by increasing
binding to the ACE2 receptor, while the K417N mutation aids immune escape [25], sug-
gesting that these changes in Omicron may also be involved in the same function. Nine
single amino acid substitutions in the RBD (S373P, frequency 46.91%; K417N, 41.9%; N440K,
40.47%; G446S, 14.95%; S477N, 46.72%; T478K, 83.28%; G496S, 18.08%; Q498R, 45.62%;
N501Y, 56.85%) (Table S4) were detected commonly within the binding site of the mono-
clonal antibodies, providing a potential reason for the observed loss of antibody binding
or neutralization. However, further detailed studies are required to verify the impact of
amino acid changes in the spike protein, particularly on RBD and available monoclonal
antibody therapeutics [13].

A comparison of three other structural proteins—M, E, and N—among the five vari-
ants revealed that 194, 66, and 677 changes are commonly shared, respectively. However,
in the Omicron variant, there were 1011 (M), 204 (E), and 1835 (N) changes exclusively
identified in other three structural proteins (Tables S3 and S5). Similarly, analysis of the
mutations in the non-structural proteins of Omicron showed 83,965 amino acid substitu-
tions, 6877 deletions, and 7310 insertions in nsp1–16 polyproteins, whereas 8438 amino acid
substitutions, 1902 insertion, and 585 deletions were found in the rest of the proteins ns3,
ns6, ns7a, ns7b, and ns8 (Table S6). Overall, our analysis showed that, among the Omicron’s
structural and non-structural proteins, the spike and polyproteins have undergone major
genetic changes [26,27]. Moreover, further studies are required to verify the impact of these
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amino acid and structural changes in the currently circulating novel Omicron lineages,
such as BA.4, BA.5, and BQ.1.

Figure 2. The common and exclusive mutations as well as structural changes in the proteome of
Omicron variants. (A) Comparison of mutational profile data between 5 VOCs. In total, 12,002,213
sequences retrieved from GISAID’s EpiCoV database were used for this analysis. (B) Comparison of
spike mutational profile data between 5 VOCs. (C) Illustration of the top 10 high-prevalence common
spike glycoprotein mutations (D614G, frequency 99.50%; T478K, 83.28%; G142D, 73.15%; P681H,
60.31%; N501Y, 56.86%; H655Y, 51.69%; N679K, 50.54%; D796Y, 49.77%; N969K, 49.65%; Q954H,
49.54%) shared by 5 VOCs. (D) Illustration of the top 10 high-prevalence mutation and structural
changes (G339N, 0.145%; ins216XS, 0.060%; ins212Astop; 0.373%; ins214EPDEPE, 0.021%; V213T,
0.020%; L212E, 0.020%; ins213VGGG, 0.016%; ins214EPK, 0.014%; G496stop, 0.010%; S494V, 0.010%)
that are exclusive to Omicron variants on the monomer’s tertiary structure. Amino acid substitutions
and structural changes in Omicron variants relative to the reference strain are represented in red stick
models. Four domains in spike are highlighted as follows: (i) green for receptor binding domain
(RBD), (ii) purple for N-terminal domain (NTD), (iii) brown for fusion peptide (FP) domain, and (iv)
cyan for the heptad repeats-1 (HR1) domain. Grey is for inter-domain regions.

Further, we analyzed the influence of Omicron’s spike mutations on neuropilin 1 (NRP-
1) host receptor binding. It is known that three amino acid changes in the furin cleavage
site (H655Y, N679K, P681H) of the spike protein could aid viral transmission. For instance,
the P681H mutation in the Alpha variant has been found to be involved in enhancing
spike cleavage, resulting in increased viral transmission. Our analysis showed that these
three mutations are identified in the Omicron variant, suggesting a possible increase in
viral transmission. We also interpret that the proline-681 to histidine change in Omicron
spike, resulting in a hydrophobic side chain substituted by a charged side chain, alters
the interaction between the neuropilin 1 (NRP-1)-B1 domain with spike CendR peptide
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(furin cleavage site), similar to that observed in the Alpha variant [28]. This mutation
shortens the distance between H681 residue and the interacting surface residues of NRP1
by 2 Å (reference with P681 = 16 Å; variant with H681 = 14 Å) [28], suggesting a strong
interaction between the Omicron spike protein and NRP1, which may result in enhanced
penetration of the virus into the central nervous system (CNS). Altogether, these amino
acid changes in the spike protein reveal that infection by the Omicron variant is possibly
enhanced by invasion of the CNS and potentially increased transmission compared to the
early SARS-CoV-2 variant.

3.3. Molecular Docking Analysis of Omicron Proteins with Known Antiviral Drugs

COVID-19 patient management can be improved by complementing current approved
treatments with repurposing existing drugs as an imperative option. While the spike protein
is a primary target for vaccine and neutralizing antibody-based therapeutic development,
recent studies have demonstrated alternative promising antiviral targets, including nsp3
(papain-like protease), nsp5 (main protease), and nsp12 (RNA-dependent RNA polymerase,
RdRp) [29–31]. Thus, we performed molecular docking analysis for eight antiviral drugs
against these four target proteins (Spike, nsp3, nsp5, and nsp12) to identify if mutations
in the Omicron variant alter the binding efficiency of the drugs. We also compared the
overall patterns with respective proteins of reference and the Delta variant. The binding
efficiency of inhibitors were characterized based on a scoring function output of AutoDock
Vina v1.1.2 [20]. The ligands with the lowest binding affinity (lowest docking score) were
considered potential inhibitors of SARS-CoV-2. The mutations in Omicron proteins that
change drug binding affinity are illustrated in Figure 3, and the interacting residues and
scoring outputs of the drugs are itemized in Table 1 and Figure S1.

Figure 3. Surface model of binding of inhibitors to the active sites of nsp3, nsp5, nsp12, and spike
(models with green color, left). Illustration of docking models (reference = grey; Delta = salmon;
Omicron = goldenrod) for binding energy conformations are provided for (A) parecoxib and chlorte-
tracycline bound to nsp3, (B) nirmatrelvir and ivermectin B1b bound to nsp5, (C) sulfasalazine and
remdesivir bound to nsp12, and (D) ivermectin B1a and atovaquone bound to spike.
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Table 1. Molecular docking analysis of eight antiviral compounds (parecoxib, chlortetracycline,
ivermectin B1a, ivermectin B1b, sulfasalazine, remdesivir, atovaquone, and nirmatrelvir) against their
respective SARS-CoV-2 target proteins (nsp3, nsp5, nsp12, and spike). The 3D structure of four target
proteins of the reference strain and the two variants Delta and Omicron were modeled before docking
with inhibitors. The hydrogen bond-forming residues from the pool of interacting residues of each
target protein are highlighted in bold. While we display all interacting residues from the reference
strain, the interacting residues that were different from the reference are displayed for two variants
for better readability. Refer to Figure S1 for visualization of inhibitors and target interactions.

Protein Drug Variant
Binding Affinity

(kcal/mol)
Residues Involved in Interactions

nsp3

Parecoxib

Reference −8.4 Ala242, Gly250, Gly251, Gly252, Val253, Ala333, Gly334, Ile335, Phe336,
Ala358, Phe360, Leu364, Val539

Delta −8.4 Val359

Omicron −8.2 Asp226, Ile227, Ala256, Pro329, Leu330, Val359, Asp361

Chlortetracycline

Reference −8.5 Asp226, Ile227, Val228, Val253, Ala256, Pro329, Leu330, Ala333, Gly334,
Val359, Phe360, Asp361, Leu364

Delta −8.5 No unique residues identified

Omicron −8.5 No unique residues identified

nsp5

Nirmatrelvir

Reference −7.7 Phe140, Leu141, Asn142, Cys145, His163, Met165, Glu166, His172, Arg188,
Gln189, Thr190, Gln192

Delta −7.6 His41, Met49, Leu167, Pro168, Asp187

Omicron −7.8 His41, Met49, Asp187

Ivermectin B1b

Reference −10.2 Thr26, His41, Ser46, Met49, Asn119, Gly143, Cys145, Met165, Glu166,
Pro168, Arg188, Gln189, Thr190, Gln192

Delta −9.8 Thr24, Thr25, Asn142, Ala191

Omicron −10.2 No unique residues identified

nsp12

Sulfasalazine

Reference −9.6 Arg583, Gly584, Gly597, Ser592, His599, Asn600, Met601, Lys603, Thr604

Delta −9.6 No unique residues identified

Omicron −9.3 No unique residues identified

Remdesivir

Reference −6.4 Arg553, Asp618, Tyr619, Pro620, Lys621, Cys622, Asp623, Asn691, Ser759,
Asp760, Asp761, Glu811, Ser814

Delta −7.4 Tyr455, Arg624, Ser682, Thr687

Omicron −8 Tyr455, Arg533, Lys545, Arg555, Thr556, Trp617, Arg624, Ser682

Spike

Ivermectin B1a

Reference −10 Lys811, Pro812, Ser813, Arg815, Asp820, Phe823, Gly832, Phe833, Ile834,
Lys854, Val860, Thr866, Glu868

Delta −10 No unique residues identified

Omicron −10 No unique residues identified

Atovaquone

Reference −7.3 Thr732, Leu828, Ala831, Gly832, Phe833, Ile834, Val860, Pro862

Delta −7.3 No unique residues identified

Omicron −7.3 No unique residues identified

Our analysis showed that remdesivir exhibited lower binding affinity with the Delta
variant’s nsp12 (−7.4 kcal/mol delta; −6.4 kcal/mol reference strain) but exhibited higher
binding affinity with Omicron’s nsp12 (binding energy: −8.0 kcal/mol) by interact-
ing with fifteen residues, in which two (Cys622, Asn691) interact via hydrogen bonds
(Figures 3 and S1; Table 1). This suggests that the active site of the Omicron RdRp could
be considered further to combat the COVID-19 pandemic. Similarly, nirmatrelvir showed
a high binding affinity with Omicron’s nsp3 (−7.8 kcal/mol) by interacting with eleven
residues, of which one (Glu166) formed a hydrogen bond. Interestingly, this drug exhibited
similar binding affinity with the Delta variant and reference strain, suggesting that this
drug may be an ideal candidate to treat multiple variants. However, upon widespread
use of these drugs, there may be a possibility for emergence of drug-resistant viral strains.
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The binding affinities of all other six drugs (chlortetracycline, parecoxib, ivermectin B1b,
sulfasalazine, ivermectin B1a, and atovaquone) were similar against each of the assessed
viral proteins from the two variants and reference strain, suggesting nearly-conserved
features of interacting residues from these proteins and the uniformity of these drugs
in inhibiting SARS-CoV-2 strains. Only atovaquone uniformly interacted with the least
number of residues (eight) of the spike protein (binding energy: −7.3 kcal/mol) across
all three variants. However, no residues in the binding cavities interacted via hydrogen
bonds. Notably, ivermectin B1a (−10 kcal/mol), ivermectin B1b (−10.2 to −9.8 kcal/mol),
and sulfasalazine (−9.6 to −9.3 kcal/mol) exhibited high binding affinity with spike, nsp5,
and nsp12 proteins, respectively. Altogether, the docking analysis revealed that: (i) the
potential active cavities of the proteins studied are nearly conserved in different variants of
SARS-CoV-2 and exhibit similar binding affinities, and (ii) remdesivir and nirmatrelvir may
serve as active therapeutic drugs targeting the highly conserved nsp12 and nsp5 proteins,
respectively, in the Omicron variant.

3.4. Impact of Key Amino Acid and Structural Changes in T-Cell Epitopes in Modulating the Host
Cellular Immune Response

Immunologically targeting SARS-CoV-2 proteins, especially the full-length spike
protein and its RBD, using a vaccine can result in the generation of viral variants with
immune-evasive mutations. The presentation of viral epitopes by class II MHC (HLA) iso-
forms plays a vital role in stimulating CD4+ Th1 and Th2 cell-mediated immune responses.
As the binding affinity of HLA factors with SARS-CoV-2 CD4 epitopes determine host
immune responses and the outcome of COVID-19, we analyzed the impact of Omicron’s
mutations in modulating the host cellular immune response in silico. With respect to this
immunity hypothesis, we predicted the peptides from the Omicron spike, nsp3, nsp5, and
nsp12 proteins to identify the impact of these mutations on epitope binding affinity with
the HLA alleles. Binding affinity of the peptides from these four proteins were compared
with those of the Delta variant and a reference strain based on the predominant HLA
alleles reported in the global population [2,18]. Complete analyses of peptides from four
proteins of a reference strain and two variants showed that 20.5–32% of the predicted
15-mer peptides exhibited high binding affinity (HBA) to at least one of the global HLA
types analyzed. Among these, most of the HBA T-cell epitopes (TCEs) were identified
from nsp12 (32%) (Figure 4A). Because defining common epitopes from different variants
is crucial for designing a universally potent subunit vaccine, we conducted a comparative
assessment of HBA TCEs of the four proteins. Our analysis revealed that almost all HBA
TCEs (63–529) of three non-structural proteins were commonly shared by the three strains
assessed (Figures 4B and S2). While these HBA TCEs of nsp3, nsp5, and nsp12 proteins are
highly conserved among the reference and two VOCs, the spike displayed 2–68 HBA TCEs
that are exclusive to reference and two VOCs (Figure 4B). Remarkably, the Omicron spike
protein was predicted to contain a maximum of 68 HBA TCEs resulting from extensive
novel mutations. The HBA T-cell epitopes identified in the functionally important regions
of spike and non-structural proteins may critically modulate host immune responses to
circulating SARS-CoV-2 variants. While many of the weak binding affinity regions in these
proteins may favor viral evasion of host antiviral immunity, the HBA TCEs possibly induce
protective immune response.
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Figure 4. Prediction of high binding affinity CD4 TCEs of SARS-CoV-2 variants. (A) Overall dis-
tribution of HBA T-cell epitopes predicted from all nsp3, nsp5, nsp12, and spike proteins of three
SARS-CoV-2 variants: reference, Delta, and Omicron. For each protein, the total number of predicted
unique peptides (red) and the number of these peptides identified with HBA (grey) to at-least one
prevalent global HLA allele is shown. (B) Comparison of high binding affinity TCEs from reference,
Delta, and Omicron spike proteins. (C) The average binding affinity was calculated from the binding
affinity score of each predicted fifteen amino acids peptides from four proteins with six prevalent
HLA types studied. The functional hotspots in conserved nsp3, nsp5, and nsp12 proteins and spike
are highlighted. Functional hotspots in spike predicted from reference (R) and two variants (D, Delta;
O, Omicron) are shown. (D) The range and density of the median average binding affinity scores
of the peptides predicted from the spike of the reference and two VOCs. For the comparison, the
corresponding mean HBA TCEs in the reference and two variants (HBA score IC <= 10 nM or more in
some peptides) are included. (E) The expanded version of panel D. The mean binding affinity score
of each predicted peptide from the spike of three variants are plotted. Peptide coordinates provided
in the X-axis are based on their locus in the reference protein. Mean HBA TCEs identified in NTD
domain (orange), RBD domain (blue), and HR1 domain (plum) are highlighted. The key mutations
that alter the binding affinity of the TCEs of Omicron and Delta variants are shown in the alignment
of the predicted peptides.

Since our preliminary epitope analyses identified the majority of HBA TCEs in the
conserved nsp3, nsp5, and nsp12 proteins, we considered that these proteins may be more
important in cell-mediated immune responses to SARS-CoV-2 infection than previously
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appreciated. Thus, we further analyzed the epitopes of these proteins along with the spike
protein to understand the immunologically significant regions or functional hotspots within
these proteins. Thus, to identify the functional hotspots in the four proteins that could
potentially interact with predominant HLA alleles, the mean binding affinity was calculated
for each of the predicted peptides of these proteins. We considered only CD4 TCEs with
a high-confidence mean binding affinity score of IC ≤ 10 nM for further analysis. The
data indicated 2–15 hotspots across the non-structural proteins from all three variants, in
which the maximum number of hotspots were identified in nsp3 (Figure 4C). We identified
7–8 functional hotspots in the spike protein, in which the N-terminal domain (NTD; posi-
tion aa 13-305) covered a maximum of 15 HBA TCEs (sliding window approach), while
the receptor binding domain (RBD; aa 319-541) and heptad repeat region 1 (HR1; aa
912–984) secured the lowest number (aa 2-3) of HBA TCEs. Seven total HBA TCEs cov-
ering the Omicron spike domain spanning region from aa 890-970 (includes partial HR1)
were identified to be a longer and immunologically important hotspot. Altogether, these
findings indicate that added novel mutations in TCEs of the Omicron spike protein may
have biological significance in SARS-CoV-2 immune evasion from T-cell response elicited
by either natural infection or vaccination. While peptide regions in non-structural pro-
teins may actively stimulate host immunity, much of the spike protein may favor host
immune evasion.

Key amino acid changes in viral proteins have significant impact on epitope binding
affinity, which changes viral behavior. With this hypothesis, we compared the epitopes
with high mean HBA in four proteins across two variants and a reference strain. Since no
amino acid changes in the mean HBA epitopes of non-structural proteins were observed,
we focused on the highly mutated spike protein for further analysis. The range and
density of the median average binding affinity scores of the peptides predicted from
the spike protein of the three SARS-CoV-2 viruses showed that all mean HBA TCEs of
Omicron exhibited high binding affinity (Figure 4D). For comparison, the corresponding
mean HBA TCEs in the other strains (HBA score IC <= 10 nM or more in some peptides)
were included. We identified two key mutations in the Omicron spike protein, namely
hydrophilic/amphipathic changes N856K and N969K, leading to improved HBA for the
TCEs carrying lysine (Figure 4E; Table S7), indicating that these changes may actively
stimulate host immune response. While the former mutation was present in one HBA
TCE (853–867), the latter was present in three HBA epitopes (957–971, 958–972, 959–973).
The spike protein of the Delta strain had hydrophobic to hydrophilic amino acid change
(L452R), which led to low binding affinity. In comparison, no amino acid changes were
observed in the Omicron variant at this position relative to the reference strain, implying
that these changes appear to favor the ability of the Delta variant to evade host immunity.

We also identified key structural changes in the Omicron spike protein, leading to de-
creased binding affinity (higher score), implying that these changes may facilitate viral eva-
sion of host immunity. For instance, hydrophilic amino acid changes R19T in the Omicron
spike protein (5-LVLLPLVSSQCVNLTTRTQL-24) relative to that of Delta, covering six 15
mer epitopes, led to reduced HBA binding affinity for the TCEs carrying threonine (average
of mean HBA changes from 23.8 to 30.7). Similarly, two mutations in the Omicron spike pro-
tein, i.e., hydrophilic changes N348D and Q352H (Delta 936-LSSTASALGKLQNVVNQNA
QALNTLV-961; Omicron 935-LSSTASALGKLQDVVNHNAQALNTLV-960), also led to
decreased HBA (average of mean HBA from 35.2 to 49.5) for the TCEs carrying aspartic acid
and histidine. The combined amino acid changes G142D in the Omicron and Delta spike
proteins compared to reference and three-amino-acid deletion 143-YYH-145 in the Omicron
spike protein relative to Delta/reference (Delta 136-CNDPFLDVYYHKNNKSWMES-155;
Omicron 134-CNDPFLD—HKNNKSWMESEFR-153) decreased the binding affinity enor-
mously (38.3/46.1 to 69.9), indicating that these structural changes may help virus to escape
from the host cellular immunity.
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4. Conclusions

Our analysis based on about 12 million SARS-CoV-2 genomic sequences belonging
to five VOCs showed that structural changes, including point mutations and indels occur-
ring among different proteins, probably contribute significantly to SARS-CoV-2 genetic
diversification and the generation of new variants. However, we discovered some immuno-
logically important point mutations that are probably driven by selection by the human
immune system, while the remaining mutations likely occurred due to adaptation to the
host organism. The eight drugs we studied interacted with nearly-conserved residues in
the binding cavities of four proteins from different SARS-CoV-2 variants, suggesting the
potential of inhibitory action against the Omicron variant. Our exploration identified the
eight functional hotspots in the three conserved non-structural proteins nsp3, nsp5, and
nsp12, which were predicted to be functionally more important in immune responses to
SARS-CoV-2 infections than previously appreciated, as the universal vaccine based on these
conserved regions can effectively induce cellular immune responses to all the SARS-CoV-2
variants. Key structural changes in the Omicron spike protein at the epitope level may
contribute to the wide range of immune evasion and high level of transmissibility of this
novel SARS-CoV-2 variant among humans. Our analysis suggests that development of a
novel vaccine may need to consider including epitopes from non-structural proteins and
the 37 immunodominant CD4 epitopes of spike protein that we identified to induce an
efficient T-cell response (Table S7). Further wet-lab experiments are required to confirm the
immunological implications and the potential contribution of immunodominant epitopes
in T-cell functional assays as well as their role in SARS-CoV-2 clearance from infected hosts.
Together, our findings provide insights into the impact of novel mutations in the Omicron
variant on drug interactions and CD4 epitope binding affinity to predominant HLA alleles.
Our study also affirms the requirement for continuous global genomic surveillance of
circulating SARS-CoV-2 variants, such as BA.4, BA.5, and BQ.1, to better understand the
spread of emerging novel variants. As the virus evolves to become seasonally endemic, it
is fundamentally important to continually evaluate the SARS-CoV-2 genomic surveillance
and COVID-19-control strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14112461/s1, Figure S1: Interactions between inhibitors and
target proteins of reference, Delta, and Omicron variants (column 1–3, respectively). The name
of the target protein’s residues taking part in hydrophobic interactions are represented in black,
whereas those taking part in hydrogen bonds are represented in green. Hydrophobic interactions are
represented as red, continuous lines on a semicircle, whereas the hydrogen bonds are represented as
a broken green line extending between the interacting atoms of residues and the inhibitor. (A) The
interactions of nsp3 with parecoxib or chlortetracycline and nsp5 with nirmatrelvir or ivermectin B1b
are shown. (B) The interactions of nsp12 with sulfasalazine or remdesivir and spike with ivermectin
B1a or atovaquone are shown; Figure S2: Comparison of high binding affinity TCEs from reference,
Delta, and Omicron nsp3, nsp5, and nsp12; Table S1: Virus nomenclature and metadata details of
the sub-dataset of globally circulating SARS-CoV-2 belonging to five VOCs; Table S2: Common
and unique mutations of spike protein among the VOC, with emphasis on Omicron variant. The
nature of the mutations in each VOC are identified in comparison with a reference strain sequence
(EPI_ISL_402124). This table summarizes common and unique mutations to their respective domains
(NTD, N-terminal domain; RBD, receptor binding domain; HR1 and HR-2, heptad repeats-1 and -2; FP,
fusion peptide; TM, transmembrane; CT, cytoplasmic tail) in the tertiary monomeric structure of the
spike protein. Uncharacterized amino acids are represented as “X”. Insertions (prefix “ins”), deletions
(suffix “del”), and point mutations are represented in this table by a single-letter abbreviation of amino
acids followed by their position in the reference protein; Table S3: Common and unique mutations
of envelope (E), membrane (M), and nucleocapsid (N) protein among the VOCs, with an emphasis
to Omicron variant. The nature of the mutations in each VOC are identified in comparison with a
reference strain sequence (EPI_ISL_402124). This table summarizes common and unique mutations to
their respective domains in the tertiary monomeric structure of E, M, and N. Uncharacterized amino
acids are represented as “X”. Insertions (prefix “ins”), deletions (suffix “del”), and point mutations
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are represented in the table by a single-letter abbreviation of amino acids followed by their position
in the reference protein; Table S4: Mutations, insertions, and deletions that are commonly present in
the structural proteins (spike, envelope, membrane, and nucleocapsid) of the five VOCs provided
along with the frequency (%) of each change in 12,002,213 VOC sequences; Table S5: Mutations,
insertions, and deletions that are exclusively present in the structural proteins (spike, envelope,
membrane, and nucleocapsid) of the Omicron variant provided along with the frequency (%) of
each change in 6,104,697 Omicron sequences; Table S6: Mutations found in various proteins (spike,
envelope, membrane, nucleocapsid, nsp1–16, ns3, ns6, ns7a, ns7b, and ns8) of the Omicron variant.
The mutations are identified in comparison with a reference strain sequence (EPI_ISL_402124). This
table characterizes the mutations as insertions, deletions, or point mutations. All the mutations of
structural proteins (spike, envelope, membrane, and nucleocapsid) are represented by a single-letter
abbreviation of amino acids followed by their position in the reference. All the mutations of non-
structural proteins (nsp1–16, ns3, ns6, ns7a, ns7b, and ns8) are represented by a prefix of the protein
name followed by the single-letter abbreviation of amino acids and their position in the respective
amino acid sequence of the reference; Table S7: Mean high binding affinity score of TCEs predicted
from the spike of all three viral variants. The starting and ending positions of the epitopes in the
spike, mean HBA score, and amino acid sequences of the epitopes are provided.
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Abstract: The spike (S) protein of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
facilitates viral entry into host cells and is the key target for neutralizing antibodies. The SARS-CoV-2
lineage B.1.620 carries fifteen mutations in the S protein and is spread in Africa, the US and Europe,
while lineage R.1 harbors four mutations in S and infections were observed in several countries,
particularly Japan and the US. However, the impact of the mutations in B.1.620 and R.1 S proteins on
antibody-mediated neutralization and host cell entry are largely unknown. Here, we report that these
mutations are compatible with robust ACE2 binding and entry into cell lines, and they markedly
reduce neutralization by vaccine-induced antibodies. Our results reveal evasion of neutralizing
antibodies by B.1.620 and R.1, which might have contributed to the spread of these lineages.

Keywords: SARS-CoV-2; spike protein; B.1.620; R.1; cell entry; neutralization; antibody evasion;
ACE2 binding

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible
for the coronavirus disease 2019 (COVID-19) pandemic. Vaccines protect against severe
COVID-19, and vaccine-induced neutralizing antibodies are believed to be important for
protection [1–3]. Furthermore, recombinant, monoclonal neutralizing antibodies are used
for COVID-19 treatment [4,5]. The viral spike (S) protein employs the cellular receptor
ACE2 [6,7] and an S protein-activating cellular protease (TMPRSS2 or cathepsin L) for host
cell entry. Importantly, the S protein interface with ACE2 is a key target for neutralizing
antibodies [8]. Mutations in the S proteins of emerging SARS-CoV-2 lineages can allow
evasion of neutralizing antibodies and may alter virus–host cell interactions during viral
entry, thereby potentially modulating viral transmissibility. However, the S proteins of
several SARS-CoV-2 lineages remain to be analyzed for their capacity to mediate viral entry
and their neutralization sensitivity. Here, we analyzed the S proteins of lineages B.1.620
and R.1.
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2. Materials and Methods

2.1. Cell Culture

HEK-293T (human, female, kidney; ACC-635, DSMZ; RRID: CVCL_0063), Vero
(African green monkey kidney, female, kidney; CRL-1586, ATCC; RRID: CVCL_0574,
kindly provided by Andrea Maisner) and Huh-7 cells (human, male, liver; JCRB Cat#
JCRB0403; RRID: CVCL_0336, kindly provided by Thomas Pietschmann) were maintained
in Dulbecco’s modified Eagle medium (DMEM, PAN-Biotech, Aidenbach, Germany). Calu-
3 (human, male, lung; HTB-55, ATCC; RRID: CVCL_0609, kindly provided by Stephan
Ludwig) and Caco-2 cells (human, male, colon; HTB-37, ATCC, RRID: CVCL_0025) were
maintained in minimum essential medium (Thermo Fisher Scientific, Waltham, MA, USA).
All media were supplemented with 10% fetal bovine serum (Biochrom, Berlin, Germany)
and 100 U/mL penicillin and 0.1 mg/mL streptomycin (PAA Laboratories GmbH, Cölbe,
Germany). Furthermore, Calu-3 and Caco-2 cells received 1× non-essential amino acid
solution (from 100× stock, PAA Laboratories GmbH) and 1 mM sodium pyruvate (Thermo
Fisher Scientific). All cell lines were incubated at 37 ◦C in a humidified atmosphere contain-
ing 5% CO2. Cell lines were validated by STR-typing, amplification and sequencing of a
fragment of the cytochrome c oxidase gene, and/or microscopic examination with respect
to their growth characteristics. In addition, cell lines were regularly tested for mycoplasma
contamination. Transfection of cells was carried out by calcium-phosphate precipitation.

2.2. Plasmids

Plasmids encoding DsRed, VSV-G (vesicular stomatitis virus glycoprotein), SARS-
CoV-2 S B.1 (codon optimized, contains C-terminal truncation of 18 amino acid), SARS-
CoV-2 S B.1.617.2, and soluble human ACE2 (angiotensin-converting enzyme 2) have been
previously described [9–12]. Spike (S) mutations of SARS-CoV-2 lineage B.1.620 (GISAID
Accession ID: EPI_ISL_1540680) and R.1 (GISAID Accession ID: EPI_ISL_3183767) were
introduced into the expression plasmid for the S protein of SARS-CoV-2 B.1 by hybrid PCR
using overlapping primers. PCR products purified from an agarose gel (NucleoSpin Gel
and PCR Clean-up, Macherey-Nagel, Düren, Germany) were mixed and subjected to PCR
with primers corresponding to the 3′ and 5′ ends full-length S protein sequence. Generated
open reading frames were ligated with linearized pCG1 plasmid (kindly provided by
Roberto Cattaneo, Mayo Clinic College of Medicine, Rochester, MN, USA). All S protein
sequences were verified by sequencing (Microsynth SeqLab, Göttingen, Germany).

2.3. Production of Pseudotype Particles

Production of rhabdoviral pseudotypes bearing SARS-CoV-2 spike protein has been
previously described [13]. In brief, 293T cells were transfected with expression plasmid for
SARS-CoV-2 S protein, VSV-G or control plasmid by calcium-phosphate precipitation. At
24 h posttransfection, cells were inoculated with VSV*ΔG-FLuc [14], a replication-deficient
vesicular stomatitis virus that lacks the genetic information for VSV-G and instead codes
for two reporter proteins, enhanced green fluorescent protein (eGFP) and firefly luciferase
(FLuc) (kindly provided by Gert Zimmer) at a multiplicity of infection of 3. Following 1 h
incubation, the inoculum was removed, and cells were washed with phosphate-buffered
saline (PBS). Subsequently, cells received culture medium containing anti-VSV-G antibody
(culture supernatant from I1-hybridoma cells; ATCC no. CRL-2700; except for cells express-
ing VSV-G, which received only medium) to neutralize residual input virus. After 16–18 h,
the culture supernatant was harvested, separated from cellular debris by centrifugation
for 10 min at 4000× g at room temperature, and the clarified supernatants were stored
at −80 ◦C.

2.4. Analysis of Spike Protein-Mediated Cell Entry

For cell entry study, target cells were seeded in 96-well plates. At 20 h post seeding, the
cells were inoculated with equal volumes of pseudotype particles. At 18 h postinoculation,
pseudotype entry efficiency was quantified by measuring the activity of virus-encoded
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luciferase. For this, cells were lysed using PBS containing 0.5% triton X-100 (Carl Roth,
Karlsruhe, Germany) for 30 min at RT. Afterwards, cell lysates were transferred into white
96-well plates and mixed with luciferase substrate (Beetle-Juice, PJK, Kleinblittersdorf,
Germany) before luminescence was measured using a Hidex Sense Plate luminometer
(Hidex, Turku, Finland).

2.5. Production of Soluble ACE2

The production of soluble human ACE2 equipped with the Fc-portion of human
immunoglobulin G at the C-terminus (solACE2-Fc) has been described in detail previ-
ously [15]. Briefly, 293T cells were seeded and transfected with expression plasmid for
soluble hACE2. After overnight incubation, the medium was replaced, and the cells further
incubated for 38 h before the supernatant was collected and centrifuged. The clarified
supernatant was concentrated (100×) using a Vivaspin protein concentrator column (molec-
ular weight cut-off of 30 kDa; Sartorius, Göttingen, Germany). The concentrated soluble
ACE2 was stored at −80 ◦C.

2.6. Analysis of ACE2 Binding by Flow Cytometry

In order to test the binding of the different S proteins to ACE2, 293T cells were seeded
in 6-well plates and transfected with expression plasmid for the respective SARS-CoV-2 S
protein by calcium-phosphate precipitation. Cells transfected with empty plasmid served
as a negative control. At 24 h posttransfection, the medium was replaced. At 48 h post-
transfection, the culture medium was removed, cells were resuspended in PBS, transferred
into 1.5 mL reaction tubes and pelleted by centrifugation. All centrifugation steps were
carried out at room temperature at 600× g for 5 min. Subsequently, the supernatant was
aspirated and the cells were washed with PBS containing 1% bovine serum albumin (BSA,
PBS-B) and pelleted by centrifugation. Next, cell pellets were resuspended in 250 μL PBS-B
containing soluble hACE2-Fc (1:200) and rotated at 4 ◦C for 60 min using a Rotospin rotator
disk (IKA). Then, cells were pelleted, washed and resuspended in 250 μL PBS-B containing
anti-human AlexaFlour-488-conjugated antibody (1:200; Thermo Fisher Scientific) and
rotated again for 60 min at 4 ◦C. Finally, the cells were washed with PBS-B, resuspended
in 100 μL PBS-B and subjected to flow cytometric analysis using an ID7000 Spectral Cell
Analyzer (Sony Biotechnology, San Jose, CA, USA). Median channel fluorescence data were
further analyzed using the ID7000 software.

2.7. Collection of Serum and Plasma Samples

Healthcare professionals vaccinated with either two doses of the mRNA vaccine
BNT162b2 (BNT) or a first dose of the vectored vaccine AZD1222 (AZ) followed by a sec-
ond dose of BNT were recruited as part of prospective studies investigating seroconversion
within the healthcare system (e.g., CoCo (COVID-19 Contact) study,
https://www.cocostudie.de/, accessed on 1 October 2022). Specific details on the samples
can be found in Table S1. Serum samples were heat-inactivated at 56 ◦C for 30 min prior to
neutralization experiments.

2.8. Neutralization Assay

For neutralization assay, S protein bearing pseudotype particles were pre-incubated at
37 ◦C for 30 min in the presence of different concentrations of monoclonal antibody (Casiriv-
imab, Imdevimab, Bamlanivimab, Etesevimab, Sotrovimab or an unrelated human control
IgG) (concentration spectrum: from 10 to 10–5 μg/mL). Alternatively, pseudotype particles
were pre-incubated in the presence of different concentrations of plasma or serum from
vaccinated individuals (diluted from 1:25 to 1:6400). Following incubation, mixtures were
inoculated onto Vero cells. Pseudotype particles incubated with medium served as controls.
Transduction efficiency was determined at 16–18 h postinoculation as described above.
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2.9. Data Analysis

Data analysis was carried out using Microsoft Excel (as part of Microsoft Office
Professional Plus, version 2016, Microsoft Corporation) and GraphPad Prism version 8.3.0
(GraphPad Software). Statistical significance was assessed using either one-way ANOVA
with Dunnett’s post hoc test (data on S protein particle incorporation and cleavage, ACE2
binding, and S protein-driven cell entry) or the Friedman test with Dunn’s comparisons test
(neutralization data). Only p-values of 0.05 or lower were considered statistically significant
(p > 0.05, not significant (ns); p ≤ 0.05, *; p ≤ 0.01, **; p ≤ 0.001, ***). In order to calculate
the serum/plasma dilutions that result in half-maximal inhibition of S protein-driven cell
entry (neutralizing titer 50, NT50), a non-linear regression model was used.

3. Results

3.1. The Spike Proteins of SARS-CoV-2 Lineages B.1.620 and R.1 Differ Greatly with Respect to
the Number of Mutations

The SARS-CoV-2 lineage B.1.620 was first observed in western and central Africa (earli-
est sequences in the GISAID (Global Initiative on Sharing All Influenza Data) database were
reported from Senegal, Cameroon and the Central African Republic) and dispersed into
neighboring countries, Asia, Europe, and North and Central America in early to mid-2021
(Figure S1A). It carries a unique combination of mutations in the S protein [16] (Figure 1A),
some of which have also been observed in the variants of concern (VOC) B.1.1.7 (Alpha),
B.1.351 (Beta), P.1 (Gamma) and B.1.1.529 (Omicron). The N-terminal domain (NTD) of
the S protein, which contains an antigenic supersite [17–20], is heavily mutated in the
B.1.620 lineage, and the mutations may reduce binding of neutralizing antibodies. Fur-
thermore, mutations S477N and E484K, which are located in the receptor binding domain
(RBD) (Figure 1A), might modulate ACE2 interactions [21,22] and reduce neutralization
sensitivity to RBD-specific antibodies [23–26]. Finally the B.1.620 spike protein contains
mutation D614G, which is associated with increased transmissibility [27,28], and mutation
P681H, which is located at the N-terminus of the S1/S2 cleavage site but does not increase
spike protein cleavage by furin [29,30]. In the first half of 2021, the SARS-CoV-2 lineage R.1
(sublineage of B.1.1.316) spread to at least 30 countries, with the majority of cases observed
in Japan and the US [31,32] (Figure S1A). In Japan, its prevalence reached 40% [33], but
after a short period of expansion, infections declined and R.1 was replaced by the B.1.1.7
and B.1.617.2 lineages [31,32,34]. In contrast to the B.1.620 S protein, its counterpart in R.1
is not heavily mutated. It harbors the E484K and D614G mutations described above, as
well as one mutation in the NTD (W152L), which is believed to be associated with eva-
sion of neutralizing antibodies [35,36], and one mutation in the in the S2 subunit (G769V)
(Figure 1A).

3.2. The Spike Proteins of SARS-CoV-2 Lineages B.1.620 and R.1 Differ Regarding Cleavability,
Particle Incorporation and ACE2 Binding Compared to the Spike Protein of the SARS-CoV-2
B.1 Lineage

We investigated host cell entry of B.1.620 and R.1 and its inhibition using rhabdoviral
reporter particles pseudotyped with the respective S proteins, which are an adequate and
well-established model for SARS-CoV-2 entry into cells and is inhibition by neutralizing
antibodies [37]. The S proteins of B.1 (identical to the S protein of the Wuhan-Hu-1 isolate,
except for the presence of mutation D614G), which circulated early in the pandemic, and
B.1.617.2 (Delta variant) served as controls. Immunoblot analyses revealed that the S
proteins of B.1.620 and R.1 were robustly incorporated into particles (Figure 1B), although
incorporation of R.1 S protein was reduced as compared to the other S proteins studied.
All S proteins were cleaved at the S1/S2 site, as expected. Cleavage efficiency of B.1.6120
and particularly R.1 S proteins was reduced, while cleavage of B.1.617.2 S protein was
augmented (although this effect was not statistically significant) relative to B.1. spike
(Figure 1B), in keeping with the published data [11]. Further, the S2 band of B.1.620
migrated slightly faster as compared to the other S2 bands (Figure 1B) and the underlying
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reasons are at present unclear. Binding of S protein expressing cells to ACE2 fused to the
Fc portion of human immunoglobulin G revealed strong ACE2 binding to R.1 S protein,
while binding to B.1.620 and B.1.617.2 S proteins was reduced as compared to B.1 S protein
(Figure 1C). Next, we analyzed host cell entry mediated by the B.1.620 and R.1 S proteins.
For this, we employed the human cell lines 293T (kidney), Huh-7 (liver), Caco-2 (colon) and
Calu-3 (lung) and the African green monkey cell line Vero (kidney) as targets. The B.1.620
and R.1 S proteins mediated entry into 293T, Huh-7, Caco-2 and Calu-3 cells with similar
efficiency as the B.1 S protein, while entry into Vero cells was significantly less efficient
(Figure 1D and Figure S1B). Further, Calu-3 cell entry driven by the B.1.617.2 S protein was
enhanced relative to B.1 S protein, in agreement with published data [11,38,39] (Figure 1D).

Figure 1. Spike proteins of SARS-CoV-2 lineages B.1.620 and R.1 differ regarding cleavability, particle
incorporation and ACE2 binding compared to the spike protein of the SARS-CoV-2 B.1 lineage.
(A) Schematic overview of the S protein domain organization of SARS-CoV-2 lineages B.1, B.1.620,
R.1 and B.1.617.2. The location of mutations compared to the S protein of the original virus (Wuhan-
Hu-01 isolate) is shown. RBD, receptor-binding domain; TD, transmembrane domain; S1/S2 and S2′,
cleavage sites for host cell proteases. (B) Particle incorporation of SARS-CoV-2 S proteins. The incor-
poration of S proteins into VSV (vesicular stomatitis virus) pseudotypes was analyzed by immunoblot
using an antibody against a C-terminal hemagglutinin (HA) tag (left panel). Bands corresponding to
uncleaved precursor SARS-CoV-2 S protein (S0) and S2 subunit are labeled. Detection of VSV-M was
used as loading control. A representative blot is shown, and similar results were obtained in four
independent experiments. Total (mean) levels of SARS-CoV-2 S protein in particles were quantified
with respect to the corresponding VSV-M signals and subsequently normalized (B.1 = 1, middle
panel). Further, cleavage efficiency for each S protein was quantified (right panel). For this, total S
protein signals were set as 100% and the relative percentage of S0 and S2 signals was determined. The
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mean from four independent experiments is shown. Error bars indicate the standard error of the
mean (SEM). Statistical significance of differences between WT and variant S proteins was analyzed
by one-way analysis of variance (ANOVA) with Dunnett’s post hoc test (p > 0.05, not significant
(ns); p ≤ 0.05, *; p ≤ 0.01, **). (C) Strong ACE2 binding of R.1 S protein. Transfected 293T cells
expressing the indicated S proteins were incubated with soluble ACE2 containing a C-terminal Fc-tag.
Subsequently, the cells were stained with anti-human AlexaFlour-488-conjugated secondary antibody
and subjected to flow cytometric analysis. Cells transfected with empty plasmid served as negative
control and ACE2 binding was normalized against B.1 (=1). The mean data of three biological
replicates is shown, error bars represent the SEM. The statistical significance of differences between
WT and variant S proteins was analyzed by one-way ANOVA with Dunnett’s post hoc test (p > 0.05,
ns; p ≤ 0.001, ***). (D) B.1.620 and R.1 S proteins drive efficient entry into human cell lines. Particles
pseudotyped with the indicated S proteins were inoculated onto four different human cell lines (293T,
Huh-7, Caco-2, Calu-3) and one African green monkey cell line (Vero). Transduction efficiency was
quantified by measuring virus-encoded luciferase activity in cell lysates at 16–18 h post transduction.
Presented are the mean data from three to six biological replicates (each conducted with technical
quadruplicates) for which transduction was normalized against B.1 (=1). Error bars indicate the SEM.
Statistical significance of differences between was analyzed by one-way ANOVA with Dunnett’s post
hoc test (p > 0.05, ns; p ≤ 0.05, *; p ≤ 0.01, **; p ≤ 0.001, ***; please see also Figure S1B).

3.3. The Spike Proteins of SARS-CoV-2 Lineages B.1.620 and R.1 Display Reduced Sensitivity to
Neutralization by Antibodies Induced upon Vaccination and Clinically-Used
Monoclonal Antibodies

We next studied susceptibility of the B.1.620 and R.1 S proteins to antibody-mediated
neutralization, employing plasma and/or serum from individuals who had either received
two immunizations with the mRNA vaccine BNT162b2 (BNT), or a first dose of the vectored
vaccine AZD1222 (AZ) followed by a second dose of BNT (Table S1), which represented
widely used vaccination regimens in Germany at the time when B.1.620 and R.1 circulated.
Neutralization of particles bearing the B.1.620 and R.1 S proteins was 3.1- and 2.1-fold,
respectively, less efficient than that of particles bearing the B.1 S protein, and was compara-
ble to that measured for particles bearing the B.1.617.2 S protein (Figure 2A). Finally, we
analyzed inhibition of the B.1.620 and R.1 S proteins by monoclonal antibodies used for
COVID-19 therapy (Figure 2B). Four out of five antibodies inhibited all S proteins tested
efficiently and to roughly comparable levels. In contrast, all S proteins with the exception
of the B.1 S protein were largely fully resistant against Bamlanivimab (Figure 2B), which
is line with previous reports on B.1.617.2 [40,41] or the presence of mutation E484K in the
case of B.1.620 and R.1 [42].
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Figure 2. SARS-CoV-2 lineages B.1.620 and R.1 evade antibody-mediated neutralization. (A,B) The S
proteins of SARS-CoV-2 B.1.620 and R.1 evade neutralization by antibodies induced by vaccination
or employed for COVID-19 therapy. S protein-bearing particles were incubated at 37 ◦C for 30 min in
the presence of the indicated plasma samples from BNT/BNT or AZ/BNT vaccinated individuals
(panel (A)) or therapeutic monoclonal antibodies (panel (B)) before being inoculated onto Vero cells.
Transduction efficiency was quantified as stated for Figure 1D and used to calculate the plasma
dilution factor that leads to a 50% reduction in transduction (NT50, panel (A)). Data for ten serum
samples from vaccinated donors are presented. Black lines indicate the median and numbers on
the right represent the fold change in NT50 compared to B.1. Statistical significance of differences
between individual groups was analyzed by Friedman test with Dunn’s multiple comparisons test
(panel (A); p > 0.05, ns; p ≤ 0.05, *; p ≤ 0.001, ***; please see also Figure S1C).

4. Discussion

We observed that the S proteins of B.1.620 and R.1 drive robust cell entry into various
cell lines and evade antibody-mediated neutralization with similar efficiency as the B.1.617.2
S protein. Some of our observations are noteworthy:

Cleavage of the B.1.620 and particularly R.1 S proteins was less efficient, while cleavage
of the B.1.617.2 S protein was slightly more efficient (not statistically significant) than
the B.1. S protein. The latter phenotype might result from the presence of the P681R
mutation in the B.1.617.2 S protein, which is located within the S1/S2 site and increases
cleavability, transmissibility and pathogenicity [38,39]. Why the S2 band of B.1.620 S
protein migrated faster during gel electrophoresis is at present unclear. However, the faster
migration might reflect cleavage at a site different from the canonical S1/S2 site or altered
posttranslational modifications.

The finding that binding of B.1.620 S protein to soluble ACE2 was less efficient as
compared to B.1 S protein is somewhat surprising as it has been previously reported that
RBD mutation S477N strengthens ACE2 binding [21], whereas RBD mutation E484K slightly
reduces ACE2 interaction [43]. However, in the context of the Omicron S protein, it has also
been shown that the combination of several RBD mutations that reduce ACE2 interaction
with some RBD mutations that strengthen ACE2 interaction can result in an overall increase
of ACE2 binding [44], and the opposite trend might be true for the combination of RBD
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mutations S477N and E484K. The R.1 S protein bound to ACE2 with higher efficiency as
compared to the B.1 S protein, despite harboring RBD mutation E484K that is associated
with a subtle reduction in ACE2 interaction efficiency [43]. Here, one can speculate that
the reduced cleavage phenotype of the R.1 S protein compared to the B.1 S protein might
restrict the conformational flexibility of the R.1 S protein and thus may favor a conformation
required for efficient ACE2 binding. While we did not specifically test this hypothesis,
it should be noted that Zhang and colleagues made a similar observation when they
compared ACE2 binding of the S protein of an early SARS-CoV-2 isolate (without D614G
mutation) and a mutant version thereof that contained an altered S1/S2 cleavage site
and therefore was not cleaved by furin [45]. In addition, we note that ACE2 binding to
B.1.617.2 S protein was less efficient than the B.1 S protein, although in a previous study
we detected comparable binding [11]; subtle differences in experimental conditions might
be responsible. Finally, it should be stated that staining with the neutralizing antibody
Imdevimab and subsequent FACS analysis revealed robust expression of all S proteins at
the cell surface (Figure S2), indicating that differences in ACE2 binding were not due to
differences in S protein surface expression.

Regarding host cell entry, B.1.620 and R.1 S proteins did not mediate increased entry
into any of the cell lines tested as compared to B.1 spike. In contrast, the B.1.617.2 S protein
facilitated entry into Calu-3 lung cells with higher efficiency than the B.1 S protein, in
keeping with our published data [11], and this phenotype was most likely due to mutation
P681R. Thus, P681R increases S protein cleavage at the S1/S2 site [38,39], which is a
prerequisite for S protein activation by TMPRSS2 and Calu-3 cell entry [46].

The observation that the S proteins of B.1.620 and R.1 were resistant against the
therapeutic antibody Bamlanivimab is not surprising given that mutation E484K, which is
present in the RBDs of both S proteins, is located in the Bamlanivimab epitope and confers
Bamlanivimab resistance [47]. Further, the evasion of vaccination-induced neutralizing
antibodies by B.1.620 does not come as a surprise, considering that this lineage harbors
several mutations in the NTD and RBD, some of which are known to reduce antibody-
mediated neutralization. In contrast, the observation that R.1 S protein evaded antibody-
mediated neutralization with similar efficiency as B.1.617.2 S protein was surprising since
R.1 S harbors only two additional mutations in the S1 subunit of the S protein, W152L
and E484K, compared to B.1 S. The role of E484K in evasion of neutralizing antibodies
is well established [26]. However, the robust evasion of neutralization by antibodies
induced by BNT/BNT or AZ/BNT vaccination suggests a substantial contribution of
W152L, which has also been suggested by other studies [35,36], although functional data
are so far missing. Collection of serum/plasma from BNT/BNT-vaccinated individuals was
carried out within one month after the second vaccination, while samples from AZ/BNT-
vaccinated individuals were taken within two to four months after the second vaccination.
While the discrepancy in sampling time between BNT/BNT- and AZ/BNT-vaccinated
groups constitutes a limitation of this study, we did not observe differences in the extent of
immune evasion by B.1.617.2, B.1.620 and R.1 for the two vaccination groups.

Collectively, our results, which await confirmation with authentic virus, suggest that
B.1.620 and R.1 evade neutralizing antibodies with similar efficiency as B.1.617.2, and
should thus be able to spread in an immunologically non-naïve target population.
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Abstract: SARS-CoV-2 virus pathogenicity and transmissibility are correlated with the mutations
acquired over time, giving rise to variants of concern (VOCs). Mutations can significantly influence
the genetic make-up of the virus. Herein, we analyzed the SARS-CoV-2 genomes and sub-genomic
nucleotide composition in relation to the mutation rate. Nucleotide percentage distributions of 1397
in-house-sequenced SARS-CoV-2 genomes were enumerated, and comparative analyses (i) within
the VOCs and of (ii) recovered and mortality patients were performed. Fisher’s test was carried
out to highlight the significant mutations, followed by RNA secondary structure prediction and
protein modeling for their functional impacts. Subsequently, a uniform dinucleotide composition
of AT and GC was found across study cohorts. Notably, the N gene was observed to have a high
GC percentage coupled with a relatively higher mutation rate. Functional analysis demonstrated
the N gene mutations, C29144T and G29332T, to induce structural changes at the RNA level. Protein
secondary structure prediction with N gene missense mutations revealed a differential composition
of alpha helices, beta sheets, and coils, whereas the tertiary structure displayed no significant changes.
Additionally, the N gene CTD region displayed no mutations. The analysis highlighted the importance
of N protein in viral evolution with CTD as a possible target for antiviral drugs.

Keywords: molecular modeling; mutation analysis; nucleotide diversity; RNA secondary
structure; VOCs

1. Introduction

The origin of new RNA viral quasispecies pathogenic to humans, particularly severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has made the research community
come together and put massive collective efforts towards a better understanding of the
viral RNA genome dynamics [1]. Despite great heterogeneity displayed by the RNA
viruses within their population, higher mutation rates are not always reflected in the rapid
evolution. There are conditions in which viruses replicate efficiently and yet accumulate a
few viable mutations through which they can attain genome stability [2]. For instance, the
1918 H1N1 virus had evolved to suppress the CpG presence in their genome, showing a
positive selection for the UpA motifs. Later, it was found that the CpG motifs can potentially
trigger an antiviral response through interaction with the pattern recognition receptors
(PRRs). Therefore, the selective reduction in the CpG motifs could be a viral strategy to
escape the immune recognition by the host. Thus, it is important to investigate, understand,
and elucidate the driving force of RNA virus heterogeneity caused by the mutations that
could alter the viral genetic content [3,4]. Hence, it is vital to address questions such as what
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configuration of A, T/U, G, and C makes the viral genome stable? Does it vary among the
different variants of a virus? What is the characteristic pattern of mutations that drives the
viral RNA genome plasticity? Are these findings important for other RNA virus infections
for disease severity?

The corona virus disease 2019 (COVID-19) outbreak caused by SARS-CoV-2 has been
one of the most rogue pandemics in modern times, which led to unexpected infections
and mortality worldwide [5]. However, the number of infected cases and mortality rates
vary from country to country [6]. It is important to note that the first available genome
sequence of SARS-CoV-2 placed it in the Sarbecovirus subgenus of the Coronaviridae [7].
With the genome sequence availability, it enabled an immediate analysis of its ancestry,
and consequently, Zhou et al. reported a probable bat origin for the COVID-19 outbreak
due to the high genetic relatedness of SARS-CoV-2 to RaTG13 [8]. Later, Makarenkov et.al
suggested that the SARS-CoV-2 was a chimera of RaTG13 and pangolin coronaviruses,
which reasserted that the pangolins might be an intermediate host of SARS-CoV-2 [9].
Moreover, in addition to the suggested zoonotic origin of SARS-CoV-2, several scientists
proposed a potential laboratory origin of COVID-19 [10]. Although the zoonotic origin
hypothesis is considered more likely, it is still not clearly defined. Hence, it is significant
to study the SARS-CoV-2 genome variations due to mutations, which may help us to
understand the origin of the virus.

Fortunately, worldwide sequencing and tracking of SARS-CoV-2 during the current
pandemic have given us the opportunity to delve deeper into the RNA genome archi-
tecture of the virus. Consequently, the emergence of SARS-CoV-2 variants of concern
(VOCs) has led to the natural selection of mutations with distinct functional consequences,
which has globally augmented the propagation of the virus over the course of time [11,12].
Subsequently, the Delta variant (B.1.617.2) was observed to be more contagious, with
heightened reinfections and mortality rates [13]. Furthermore, the Omicron variant was
often attributed to causing a milder disease manifestation [14], but it simultaneously led to
increased cases of hospital admissions in children compared to the previous waves of infec-
tions [15]. Recently, a study by Saifi et.al highlighted that the mutations associated with
COVID-19 mortality patients potentially reduced the drug-binding efficiency of remdesivir
in comparison with the recovered of both Delta and Omicron variant-infected patients [16].
Additionally, it is important to note that despite mass immunization of populations against
the virus at an unprecedented rate, several vaccine breakthrough infection cases are being
reported globally. Consequently, the spike mutations L425R,Y453F [17], and N439K [18] in
the receptor-binding motif have been shown to evade the human host immune response
and potentially reduce antibody neutralization.

Although intensive efforts have been made to study the spike region dynamics, the
mutations outside of the spike region are also likely to contribute to the viral evolution
and adaptation. In this regard, a study by Thorne et. al. reported that the Alpha variant
has increased sub-genomic RNA and protein levels of the N, ORF9b, and ORF6—the
genes which are known to facilitate the virus escaping the human host’s innate immune
response [19]. Therefore, it is essential (i) to understand the seemingly independent but
interrelated genome architecture of the SARS-CoV-2 VOCs; (ii) study the evolution of the
RNA genomes, which contributes to differential mutation rates; and (iii) perform evaluation
of disease severity caused by different variants, which can help in understanding the
variants’ impacts on public health and decision making [20].

To gain insights into the viral genome architecture that can differentially distinguish
the SARS-CoV-2 VOCs combined with their clinical outcomes, we comprehensively ana-
lyzed the distinct nucleotide composition that provides stability to the genome and alters
the transmission rate and disease severity over the course of time. Herein, we enumerated
the AT and GC composition of the SARS-CoV-2 genome at the lineage level—Alpha, Delta,
and Omicron; and for the clinical outcomes—Delta recovered (DR), Delta mortality (DM),
Omicron recovered (OR), and Omicron mortality (OM). Subsequently, we investigated the
mutation profile of these groups and integrated it with the nucleotide composition of the
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SARS-CoV-2 genome as well as different genomic regions. Further, two-tailed Fisher’s test
was performed to highlight the statistically significant mutations, and their functional im-
pacts were elucidated through RNA secondary structure prediction and protein modeling.
The findings highlighted the importance of the SARS-CoV-2 N gene that could serve as a
potential target for antiviral drugs, which can aid us in better management of COVID-19
with future VOCs on the anvil.

2. Materials and Methods

2.1. Genome Sequencing of SARS-CoV-2

Whole genome sequencing of 1397 SARS-CoV-2 samples was performed using the
Oxford Nanopore Technology (ONT, Oxford, UK) and Illumina sequencing platforms
(Illumina, San Diego, CA, USA).

2.1.1. Nanopore Sequencing

A total of 310 samples were sequenced using ONT library preparation protocol—PCR
tiling of SARS-CoV-2 virus with rapid barcoding (version: PCTR_9125_v110_revB_24Mar2021,
ONT, Oxford, UK). In brief, 50 ng of total RNA was taken to synthesize single-stranded
cDNA using LunaScript RT SuperMix (New England Biolabs, Cat. No. E3010L, Ipswich,
MA, USA)). The cDNA–RNA hybrid was used to amplify the SARS-CoV-2 genome with
its specific primer sets (IDT product number: 10007184) and Q5® High-Fidelity 2X master
mix (New England Biolabs, Cat. No. M0494S). For sequencing library preparation, the
amplified products were ligated with rapid barcode sequences (SQK-RBK110.96) followed
by SPRI bead purification. The purified library was then ligated with an adapter protein
and loaded on the MinION Mk1B or MinION Mk1C platform.

2.1.2. Illumina Sequencing

Sequencing library preparation was performed using Illumina COVIDSeq for the
1087 samples (Cat. No. 20043675 and reference guide: 1000000126053 v04). The total
RNA was utilized to synthesize cDNA, and the viral genome was further amplified using
two separate PCR reactions. The pooled amplicons then underwent tagmentation to frag-
ment and tag amplicons with adapter sequences. This was followed by post-tagmentation
cleanup, a second round of PCR amplification, and ligation of index adapters. The indexed
amplicons were pooled and cleaned using the purification beads. The pooled library was
then quantified using Qubit dsDNA HS Assay kit (Cat. No. Q32854). A loading concentra-
tion of 11 pM was prepared by denaturing and diluting the libraries in accordance with
the MiSeq System Denature and Dilute Libraries Guide (Illumina, Document no. 15039740
v10). Sequencing was performed on the MiSeq system using the MiSeq Reagent Kit v3
(150 cycles) and 2 × 75 bps read length.

2.2. Sequencing Data Analysis
2.2.1. Nanopore Sequencing

The ARTIC end-to-end pipeline [21] (2021) was used for the analysis of MinION raw
fast5 files up to the variant calling. Raw fast5 files of the samples were base-called and
demultiplexed using Guppy basecaller, which uses the base-calling algorithms of Oxford
Nanopore Technologies with a Phred quality cutoff score > 7 on a GPU-Linux accelerated
computing machine. Reads with a Phred quality score of less than 7 were discarded to
filter the low-quality reads. The resultant demultiplexed fastq files were normalized by a
read length of 1200 (approximate size of amplicons) for further downstream analysis and
aligned to the SARS-CoV-2 reference (MN908947.3) using the aligner Minimap2 v2.17 [22].
Nanopolish was used to index the raw fast5 files for variant calling from the minimap
output files. To create the consensus fasta, bcftools v1.8 [23] was used over the normalized
minimap2 output.
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2.2.2. Illumina Sequencing

Fastqc [24] was performed for all the raw fastq files generated from the Illumina
sequencing in order to check the Phred quality scores of all the sequences. A Phred quality
score threshold of >20 was used for filtering reads from all the samples. Subsequently,
adapter trimming was performed using the Trim Galore tool [25], and alignment of the se-
quences with the SARS-CoV-2 genome was performed using the HISAT2 algorithm [26,27].
BEDTools was used to generate the consensus fasta using the unaligned/filtered reads, and
variant calling was performed using the high-quality reads. The sequencing depth and
genome coverage for all the samples are available in the Table S1.

2.3. Data Collection and Patient Categorization

A total of 1397 SARS-CoV-2 positive nasopharyngeal RNA samples included in the
study were anonymized. Moreover, all the samples had ≥80% genome coverage and an
average sequencing depth of >100X (Supplementary File S1: Table S1). Further, the samples
were stratified at two levels based on the lineage infected and the clinical outcome of the
COVID-19 patients, recovered and mortality. Random sampling was performed at the
second level of classification using python packages to avoid any sample size bias.

2.4. Nucleotide Composition Analysis

The percentage distribution of A, T/U, G, and C were calculated using the aligned
Fasta sequence of the study groups: (i) VOCs—Alpha, Delta, and Omicron, and (ii) Delta
recovered (DR), Delta mortality (DM), Omicron recovered (OR), and Omicron mortality
(OM). Furthermore, the distributions of AT/U and GC dinucleotides were also calculated
for the sample cohorts. All the calculations were performed for the whole genome of
SARS-CoV-2 as well as for the different genomic regions within the SARS-CoV-2 genome
(Supplementary File S2: Table S2).

2.5. Mutation and Statistical Analysis

To obtain the mutation spectra of our cohort, the VCFs of Alpha, Delta, and Omicron as
well as DR, DM, OR, and OM subgroups were merged separately using bcftools [23]. Sub-
sequently, the relative frequency of each mutation was calculated (Supplementary File S3:
Table S3). To highlight the statistically significant mutations, Fisher’s exact test was per-
formed for lineage-based and clinical-outcome-based groups separately using python
programming. Furthermore, the Phi correlation coefficient test using R programming
was carried out to examine the associations of the significant mutations with the clinical
outcomes—recovered and mortality (Supplementary File S4: Table S4).

2.6. RNA Secondary Structure Prediction

To elucidate the functional consequence of mutations, RNA secondary structure pre-
diction was performed using the RNAfold program [28], one of the core programs of the
Vienna RNA package that can predict the minimum free energy (MFE) using the dynamic
programming algorithm [29]. Selective statistically significant synonymous mutations were
used to determine their impact on RNA structure as compared to the wild-type SARS-
CoV-2 by taking the 250 nucleotides upstream and downstream of the mutation sites. The
minimum free energy (MFE) was obtained for both wild type and mutant, which is an
important indicator to highlight whether the mutations affect the folding stability of the
respective RNA structure (Supplementary File S5: Table S5).

2.7. Molecular Modeling and Optimization

To determine the effects of mutations on the protein structure, molecular modeling was
performed for selected significant mutations. We retracted the protein Fasta sequence from
Uniprot (accession id: P0DTC9.1) and modeled the protein using the Phyre Server [30].
The modeled structure was further optimized using the WHAT IF web interface [31]
and validated through Ramachandran plot analysis (Supplementary File S6: Table S6).
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Subsequently, the modeled protein was used for secondary structure prediction using the
PDBsum online server [32]. Key mutations were incorporated in the modeled protein using
PyMOL software [33]. Energy minimization is a key computational step for obtaining a
minimized stable structure of the modeled protein. In this study, GROMACS software [34]
was used to minimize the wild-type and mutated proteins. AMBER force field [35] was
used to optimize the geometry of the modeled/generated N proteins, and the steepest
descent method was used for energy minimization.

3. Results

3.1. Sample Segregation

The lineage-level stratification of our cohort (n = 1397) yielded a total of three groups—
Alpha (n = 34), Delta (n = 320), and Omicron (n = 1043). Subsequently, the secondary
categorization based on clinical outcome level resulted in four groups—Delta recovered
(DR; n = 100), Delta mortality (DM; n = 100), Omicron recovered (OR; n = 17), and Omicron
mortality (OM; n = 17) (Supplementary File S1: Table S1). It is important to mention that
the selection of 17 OR samples was based on random sampling for clinical outcome-driven
stratification taking gender and age into consideration (Figure 1A).

3.2. Nucleotide Composition Analysis
3.2.1. Nucleotide Distribution across the Whole Genome

The nucleotide composition analysis performed both at the lineage and outcome levels
revealed a uniform distribution of A, T/U, G, and C across all the VOCs groups in com-
parison with the Wuhan reference genome, with T/U having the highest representation
amongst all the nucleotides (~32%) (Supplementary File S2: Table S2), which was consistent
with the other reported studies. Further, looking into the dinucleotide distribution, we
found a uniform distribution of AT/U (61.9–62%) and GC (35.88–35.96%) within the VOCs
and in comparison to the reference Wuhan strain (62.03% and 37.97%, respectively), both at
the lineage and outcome levels (Figure 1B,C). Notably, though the nucleotide distribution
was uniform and similar, we found a small percentage difference between the AT/GC com-
positions, which in terms of numbers is a handful of nucleotides that may have functional
role across the VOCs, genomic regions, and clinical outcomes (Supplementary File S2).
Even the microscale difference in the nucleotide abundance is important, as it could possi-
bly be present in the specific domains of the SARS-CoV-2 genome, which can affect RNA
structure and the protein domains.

3.2.2. Nucleotide Distribution across Different Genomic Regions

Furthermore, delineating from the whole genome level to different sub-genomic
regions of SARS-CoV-2, the analysis highlighted a distinct composition of AT/GC across
the genomic regions in the respective groups (Supplementary File S2: Table S2). Intriguingly,
we found the structural gene, N, to have the highest GC content across the lineage-based
groups, followed by the M and ORF3a genes. On the other hand, ORF6 had the lowest GC
percentage in Alpha and Delta, whereas ORF7b was the lowest in Omicron, followed by
ORF10 across all the VOCs (Figure 2A,B). The same characteristics were reflected in the
recovered and mortality patients of Delta and Omicron (Figure 2C). This possibly highlights
the significance of other structural genes during viral evolution in addition to the widely
studied genes, ORF1ab and spike.
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Figure 1. Study design and the Dinucleotide distribution across VOCs at the lineage and clinical
outcome level. (A) the steps highlight the sample distribution across Alpha, Delta, and Omicron,
sequencing data processing, and downstream analysis of the significant mutations. (B) AT/U and
GC distribution in the genomes of the Alpha, Delta, and Omicron samples included in the study.
(C) AT/U and GC distribution across the clinical outcomes with VOCs infection—DR, DM, OR,
and OM.
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Figure 2. Dinucleotide distribution across the genomic regions of lineage- and clinical-outcome-based
sub-groups. (A) AT/U percentage across distinct sub-genomic regions of Alpha, Delta, and Omicron.
(B) GC percentage across different sub-genomic regions of Alpha, Delta, and Omicron. (C) Average
GC distribution in the clinical outcome groups of Delta—Recovered and Mortality. (D) Average GC
distribution in the clinical outcome group of Omicron—Recovered and Mortality.

3.3. Mutation Analysis Revealed High Mutation Rate in the N Gene with Highest GC Percentage

To examine the mutational diversity in our cohort, individual mutation analysis
was carried out across all 1397 samples. The analysis revealed a total of 1777 muta-
tions, of which 1718 were SNPs, 37 were deletions, and the remaining 3 were insertions
(Supplementary File S3). Upon further classification of mutations as synonymous and
nonsynonymous, we observed a total of 694 and 950 mutations, respectively (Figure 3A
and Supplementary File S3: Table S3). To comprehend the effects of mutations vis-a-vis nu-
cleotide distribution within genomes and the different sub-genomic regions, we classified
the variations into (i) mutations that increase the GC content (GC-up) and (ii) decrease the
GC content (GC-down). GC-up mutations consisted of A > G, A > C, T > C, and T > G,
whereas GC-down mutations were G > A, G > T, C > A, and C > T. Here, we observed an
overall higher number of GC-down mutations across the genomes, and notably, the C > T
variation was present in a higher number (Figure 3B). Further examination of GC-up and
GC-down mutations across the different sub-genomic regions also revealed a dominant
representation of GC-down mutations compared to the GC-up mutations.

Further, to investigate the relative abundance of mutations present in different genomic
regions across the lineage- and clinical-outcome-based categories, the mutations were
normalized with respect to their corresponding gene length. Subsequently, these genomic
regions were correlated with their average GC %age distribution. The analysis revealed
two genes, N and ORF3a, to have a higher GC percentage (46.9% and 39.3%) and mutation
rate (9.29% and 10.51%), respectively. Strikingly, we observed a very high mutation rate in
ORF6 (10.22) even though it had the lowest GC percentage amongst all the sub-genomic
regions (Figure 3C). This characteristic mutation pattern was consistent in the genomic
regions of outcome-based patient categories—Delta (recovered and mortality) and Omicron
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(recovered and mortality) (Figure 3D). This seems to highlight that the selection pressure in
the coding regions is higher at the amino acid level [36].

Figure 3. Mutation spectra of the samples and their correlation with GC percentage. (A) Synony-
mous and nonsynonymous mutation distribution across all the samples. (B) GC-up and GC-down
mutations in the SARS-CoV-2 genomes. (C) Correlation of GC percentage and the mutation rate at
the lineage level—Alpha, Delta, and Omicron. (D) Correlation of GC percentage and mutation rate in
the clinical outcome groups—DR, DM, OR, and OM.

3.4. Statistically Significant Mutations within the Different Categories

To gain further insights into the mutation associations with different VOCs and clin-
ical outcomes, Fisher’s test was carried out along with Phi coefficient analysis to under-
stand the direction of association of the mutations. Resultantly, we obtained a total of
432 mutations at the lineage level (Figure 4A), where Delta had the highest percentage
of mutation distributions at 46%, followed by Alpha at 29.6% and Omicron at 24.3%
(Figure 4B and Supplementary File S4: Table S4). Moreover, a higher number of mutations
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was predominantly seen in the ORF1ab, spike, and nucleocapsid region overall as well
as within each VOC—Alpha, Delta, and Omicron. Herein, notably, we observed that
three mutations, G28881A, G28882A, and G28883C, in the N gene co-occurred and were
present at a high frequency in Alpha and Omicron, whereas they were missing from the
Delta lineage. Though these mutations were seen in Alpha and Omicron at a considerable fre-
quency, they were significantly associated with the Omicron lineage (p value = 7.7 × 10−225;
6.41 × 10−202; 1.47 × 10−204). Interestingly, we also observed the occurrence of two differ-
ent mutations at the same position 28881 in the N gene, where G28881A was significantly
associated with Omicron (p value = 7.7 × 10−225) and G28881T was significantly associated
with Delta (p value = 1.53 × 10−271).

Figure 4. Significant mutations across the study cohorts in the whole genome and different sub-
genomic regions. (A) Significant mutations associated with Alpha, Delta, and Omicron. (B) Mutation
count across the sub-genomic regions of SARS-CoV-2. (C) Significant mutations associated with the
clinical outcome groups of DR, DM, OR, and OM. (D) Mutation count in the clinical outcome groups
correlated with the distinct genomic regions of SARS-CoV-2. (E) Lollipop plot displaying significant
mutations of N gene across the study cohorts.

Although the mutation G28881A was present in Alpha at a high frequency (82.35%),
it is interesting to note that it became a clade-defining mutation in the Omicron lineage
with an observed mutation skip in Delta during its evolution. In contrast, the frequency of
the mutation G28881T was much higher (96.25%) in Delta, whereas it was zero in Alpha
and 1.24% in Omicron, thus showing a significant predominant association with the Delta
lineage only. Additionally, we also noticed the co-occurrence of three other mutations—
G28280C, A28281T, and T28282A—with equal high-frequency presence (91.17%) in Alpha
but which became deselected in Delta and Omicron during their evolution.
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Fisher’s test performed at the outcome level in the Delta cohort revealed a total of
61 mutations, of which 14 mutations were significantly associated with the recovered
group and 47 mutations were significantly associated with the mortality group. On the
other hand, we observed 10 mutations in the Omicron recovered and 31 mutations in the
Omicron mortality group (Figure 4C). Intriguingly, a higher number of mutations was
associated with mortality cases in both Delta and the Omicron (Figure 4D). Additionally,
the genomic regions of ORF1ab, spike, and N genes were observed to have a higher number
of mutations. With the highest GC percentage and a high mutation rate in the N gene, the
mutations significantly associated with the N gene were further delineated to study the
functional impacts on the RNA structure and the protein. Figure 4D depicts the significant
mutations in the N gene.

3.5. RNA Secondary Structure Modulated by the Specific Mutations

To elucidate the impact of mutations on the RNA secondary structure, we selected
five synonymous mutations from the N gene (Figure 5A). While the mutation G28882A
was significantly associated with Omicron, the rest of the four mutations were significantly
associated with Delta (Figure 5A). From the analysis, we found that the RNA secondary
structure is changed when C to U and G to U occur at positions 29144 and 29332, respec-
tively. Subsequently, we observed that both G29332U mutations formed a stem instead
of hairpin loop in the mutant with distinct minimum free energy (MFE) (Figure 5). In-
triguingly, the mutation C29144U resulted in more negative MFE, which enhanced the
RNA thermodynamic stability, while the mutation G29332U gave rise to less negative
MFE, which showed a destabilizing effect on the RNA (Figure 5A). Additionally, secondary
structure prediction for all the N gene synonymous mutations was performed, and MFEs
were observed in the RNA secondary structures (Supplementary File S5: Table S5).

Figure 5. Synonymous mutations in the N gene and their effect on the RNA structural changes.
(A) Table depicting the synonymous mutations of the N gene with two mutations (Orange color
text) reflecting the RNA structure modulation. (B) RNA secondary structure of C29144T mutation,
the wild type and the mutant with red arrows depicting the site of mutation. (C) RNA secondary
structure of G29332T mutation, the wild type and the mutant with red arrows depicting the site
of mutation.
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3.6. Structural Modification in the N Protein

The statistically significant missense mutations from the N gene of the lineage- and the
outcome-level groups (Table 1) were used for protein secondary structure prediction, using
PDBsum with the default parameters. Notably, there were no significant N gene mutations
in the OR group. The result showed that the wild-type N protein was made up of 16.7%
helix, 7.9% beta-sheet, and 75.4% coil region. Similarly, the secondary structures of the
other variants (Alpha, Delta, Omicron, DR, DM, and OM) were observed in the ranges of
16.7–18.1% (helix), 6.9–7.9% (beta-sheet), and 74–75.8% (coil region) (Figure 6A and Table 1).
To understand a protein’s biological function, the three-dimensional structure (arrangement
of atoms of amino acids in 3D) plays an important role. Further, for tertiary structure
prediction, the mutations were incorporated into the structure of the N protein (wild
type), which generated six structures of different variants (Figure 6B). The structures were
validated via Ramachandran plots (Supplementary File S6: Table S6) and were found to
have more than 97% residues in the allowed regions. After validation, energy minimization
(using GROMACS) of the modeled and the generated structures was performed and
achieved the most stable conformation of the protein. The minimized N protein structures
(variants) were superimposed with the wild type and were found to have RMSD in the
range of 0.066–0.209 Å, which suggests that wild-type and the variants of N protein are
structurally similar.

Table 1. Secondary structure changes in overall N Protein.

N Protein Mutations Incorporated Helix (%) Beta Strand (%) Coil Region (%)

Wild type - 16.7 7.9 75.4

Alpha D3H/V/E, G34W, I84V, A156S, P168S,
S235F, Q409R, and Q148H 17.9 7.9 74.2

Delta Q9L, D63G, A173V, S180N, R203M, P207S,
G215C, A251V, D377Y, and R385K 17.4 7.9 74.7

Omicron P13L, R203K, G204R, D343G, and S413R 18.1 7.9 74
DR G215C 17.2 6.9 75.8
DM D63G, D377Y, and R385K 17.2 6.9 75.8
OM S413R 17.2 6.9 75.8

3.7. Validation of the Findings in Independent Cohorts

We carried out the same analysis using two datasets of different origins, (i) Indian
but non-CSIR-IGIB, with India being a very vast country with a diverse population and
geographical regions, and (ii) from the USA. A total of 1007 SARS-CoV-2 genome sequence
data were retrieved from GISAID with a filter of the mentioned origins (500 sequences
from India and 507 from the USA) and the timeline of December 2021 to February 2022
(Supplementary File S8: Table S8). Since our study focused on only the protein-coding genes,
the same was considered to interpret the results of the USA and the Indian origin samples.

The analysis across the USA sample cohort showed the N gene to have the highest GC%
(46.97%) followed by the M (42%) and ORF3a (39.32%) genes. Subsequently, the normalized
mutation rate comparison analysis showed the ORF3a to have a 14.86% mutation rate,
followed by the N (8.41%) and the M (6.58%) genes. A similar trend was observed in the
Indian sample cohort as well, where the N gene had the highest GC content of 47.01%,
followed by the M (42%) and ORF3a (39.27%) genes (Supplementary File S9: Table S9). The
mutation analysis revealed a higher mutation rate in the M gene with 7.32%, followed by the
N and ORF3a (6.98 and 6.76%) genes, respectively (Supplementary File S10: Table S10a–d).
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Figure 6. 2D and 3D structural changes in the N protein with respect to the variants and their clinical
outcomes. (A) Secondary structure representation of the targeted N protein and its variants, along
with the “�” represents the mutated amino acid(s). (B) Molecular modeling of the N protein wild
type (a) (Red circle represents the NTD domain and the dark blue color represents the CTD domain),
Alpha (b), Delta (c), Omicron (d), DM (e), and DR (f).
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Combinedly, correlating the GC% of the respective genes and the normalized mutation
rates, the N gene shows the highest GC content coupled with a high mutation rate in the
SARS-CoV-2 genomes, which is consistent with the findings drawn from our in-house sam-
ple dataset of 1397 samples. Supplementary File S8 contains the metadata, Supplementary
File S9 shows the average AT and GC percentage of the sample cohorts, and Supplementary
File S10 shows the mutations with their normalized rates.

4. Discussion

RNA viruses exist as dynamic and diverse populations shaped by constant mutation(s)
and selection for better adaptability to different micro-environments in the multitude of
hosts [37]. One such RNA virus, SARS-CoV-2, caused the worldwide COVID-19 pandemic
and has had devastating impacts on public health and the economy. At the same time,
undoubtedly, the control measures that were taken to contain the infection, with vaccine
development being the primary measure to immunize the population against the virus, pro-
gressed at an unprecedented rate as an immediate response to COVID-19. [38]. Yet, several
vaccination breakthrough cases were reported and became less common with time globally,
which potentially raises questions about the efficacy of the developed vaccines [39–42].
This reinforces the need to explore the multi-dimensionalities of the underlying observation,
wherein it is imperative to study the pathogen characteristics leading to different disease
trajectories [43–45]. With the emergence of several variants of SARS-CoV-2, which led to a
big surge of infections in different populations, the central question concerns whether the
viral sequences have evolved to differentially optimize genome stability through mutations
that could affect the genome nucleotide composition or vice versa [1]. To gain insights
into this issue, we comprehensively studied if there could be a differential nucleotide
composition that provides stability to the genome to alter the transmission rate and disease
severity over the course of time.

The nucleotide composition analysis across all the VOC groups at the lineage and
outcome level demonstrated a higher presence of the nucleotide U, which is consistent with
other reported studies [46–48]. This could be a result of natural selection because higher U
content and smaller genome size can make the virus replicate more efficiently. Moreover,
less host energy is required to disrupt the viral RNA secondary structures with relatively
higher U content, which can make the virus more infectious, thus essentially increasing the
transmission rate [49]. Consequently, we also observed that the mutations C > T and G > T
were much higher in number, reflecting the SARS-CoV-2 genome bias towards a higher U
content. Particularly, the C > T variation was observed in the highest number among all
the study samples, possibly because C to T changes require a mere deamination of the C
nucleotide. Consequently, the lower abundance of the GC dinucleotide has been widely
seen in SARS-CoV-2 virus genomes and is also correlated with its moderate virulence
as compared to MERS-CoV and SARS-CoV-1 [46]. Though the comparative nucleotide
composition analysis demonstrated an average minimal sequence divergence across the
VOC groups at the lineage and clinical outcome levels, it is imperative to explore the
functional importance of the differential nucleotide numbers seen across the same groups.

Upon examining the nucleotide diversity across the distinct SARS-CoV-2 sub-genomic
regions, the N gene showed the highest GC percent of around 47%, which is higher
than the average GC percentage of the entire genome. The N gene is reported to be one
of the important structural proteins in a virus particle that can modulate the genome
transcription and the virulence [50]. Moreover, the SARS-CoV-2 N gene was observed to be
highly conserved [51]. Interestingly, in our study, we found the N gene to have a higher
mutation ratio after the ORF3a gene, combined with the highest GC percentage across all the
groups. Furthermore, Fisher’s test was performed to see the statistical significance of these
mutations, which also revealed a high number of mutations in the N region of the SARS-
CoV-2 genome after ORF1ab and spike—at the lineage level (Alpha, Delta, and Omicron)
and the clinical outcome level (Delta—recovered and mortality; Omicron—recovered and
mortality). Notably, the N gene mutations that are almost exclusive to Delta—D63G (95.6%)
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and D377Y (92.05%)—were significantly associated with mortality and were also reported
in breakthrough infections [52]. Strikingly, the mutation D63G was reported to be present
in the recombinant strain of Delta and Omicron [53].

Elucidating the functional impact of mutations is very important in order to determine
the stability of virus propagation over the course of time. In our study, we found that in
the N gene, the RNA secondary structure was changed when C to T and G to T mutations
occurred at positions 29144 and 29332, respectively. While the mutation C29144U stabilized
the RNA structure, G29332U resulted in a comparatively unstable structure with lower
negative MFE than the wild type. Interestingly, there is evidence from the previous study
that the most frequent mutations to occur in the SARS-CoV-2 genomes are C to T and G to A.
These mutations are related to the role of the cell-derived apolipoprotein B mRNA-editing
enzyme, which leads to C-to-U deamination of a single cytidine base in the nuclear apoB
transcript, introducing a translational termination. Besides that, the G29332U mutation
reduced the folding stability of the RNA secondary structure, which could affect the
polypeptide translation and folding. The previous studies suggested that stable RNA
structures play a key role in reducing the translation speed to prevent “ribosomal traffic
jams” so that the newly translated polypeptides can fold properly [54].

Furthermore, we studied the N gene missense mutations’ effects on protein stability.
SARS-CoV-2’s N protein is a 419 AA, 45.6 kDa, positively charged, unstable hydrophobic,
and poorly heat-resistant protein that is essential for virus survival [55]. In this study, the
secondary and tertiary structure of the N protein (wild type and mutants) were predicated
computationally, and we found that they are structurally similar. Few variations observed
in the secondary structures, such as the helix (15–18 AA), were found in Delta, Omicron,
DR, DM, and OM, whereas they were absent (converted into coil) in the wild type and
Alpha. A beta-sheet structure (93–94 AA) was present in the wild type, Alpha, and Delta,
whereas it was missing (converted into coil) in Omicron, DM, DR, and OM. Similarly,
the coil region (220–222 AA and 353–356 AA) was converted into a helix in the Alpha
variant. Moreover, Alpha, Delta, and Omicron had helix regions at 398–414 AA, whereas
the wild type at 401–402 AA and OM, DR, and DM at 401–403 AA had coil regions between
the helix structures. In three-dimensional structures, a lower deviation was observed
after the superimposition of the variant’s N protein structure with the wild type. Most of
the mutations were found in the RNA-binding domain or NTD and intrinsically domain
regions (IDRs) of the SARS-CoV-2’s N protein. Interestingly, no mutations were reported in
the C-terminal domain except D343G in the Omicron variant, which suggests that CTD of
the N protein could be used as a potential drug-binding site. Several researchers reported
that the CTD of the N protein plays an essential role in viral RNA binding, packaging of
the SARS-CoV-2 viral RNA, and transcriptional regulations [56,57]. A drug repurposing
approach or novel lead design technique may be used to identify/design drug molecules
for the treatment of COVID-19 by targeting CTD of the N protein for the betterment of
the disease. This is especially important as we foresee the continued evolution of the new
SARS-CoV-2 sub-lineages with a regional and global footprint.

To understand this further, we additionally carried out recombination analysis for the
1397 whole genome sequences of in-house samples used in our study using RDP4 software
(Supplementary File S7: Table S7). Resultantly, a total of two recombinant events were
observed in a consensus between at least three detection methods, with 36% of the total
genome sequences being detected as recombinant. For these recombination events, we
noted the breakpoint positions to be in the 5’ region of the ORF1ab gene. However, it is
important to note that the recombinant events observed were flagged by RDP4 as being pos-
sibly driven by other processes despite the support of at least three recombination detection
methods. Furthermore, the recombinant sequences in the second recombinant event were
labeled as possibly misidentified recombinant sequences by RDP4 (Supplementary File S7).
It seems promising, but we did not detect any high-confidence recombination signals in
the SARS-CoV-2 genomes of the VOCs—Alpha, Delta, and Omicron.
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In conclusion, the results reported here show our efforts to comprehensively investi-
gate the viral RNA dynamics vis-a-vis the mutations and their functional impacts on the
virus. This can aid us in understanding the emergence and tracking of new variants along
with the elucidation of different disease trajectories. Moreover, examining the immune
escape mutations could possibly guide us in better designing of vaccinations and antiviral
drugs to ameliorate the observed COVID-19 severity.
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Abstract: Hong Kong SAR has adopted universal masking, social distancing, testing of all symp-
tomatic and high-risk groups for isolation of confirmed cases in healthcare facilities, and quarantine
of contacts as epidemiological control measures without city lockdown or border closure. These
measures successfully suppressed the community transmission of pre-Omicron SARS-CoV-2 variants
or lineages during the first to the fourth wave. No nosocomial SARS-CoV-2 infection was documented
among healthcare workers in the first 300 days. The strategy of COVID-19 containment was adopted
to provide additional time to achieve population immunity by vaccination. The near-zero COVID-19
situation for about 8 months in 2021 did not enable adequate immunization of the eligible population.
A combination of factors was identified, especially population complacency associated with the low
local COVID-19 activity, together with vaccine hesitancy. The importation of the highly transmissible
Omicron variant kickstarted the fifth wave of COVID-19, which could no longer be controlled by
our initial measures. The explosive fifth wave, which was partially contributed by vertical airborne
transmission in high-rise residential buildings, resulted in over one million cases of infection. In this
review, we summarize the epidemiology of COVID-19 and the infection control and public health
measures against the importation and dissemination of SARS-CoV-2 until day 1000.

Keywords: COVID-19; SARS-CoV-2; variants; infection control

1. Introduction

Throughout the history of mankind, we have been constantly challenged by emerging
infectious diseases, some of which caused devastating pandemics. Over the past 1500 years,
we have experienced plague, tuberculosis, influenza, and acquired immunodeficiency
syndrome [1]. The Justinian plague in the Old World and the medieval plague, caused
by Yersinia pestis transmitted by fleas, aerosols, and contaminated food, killed half and
one-third of world population, respectively [2,3]. Emerging viral infections became the
predominant threat in the last century. The 1918–1919 influenza pandemic caused an
estimated 50 million deaths worldwide [4]. Historical records reveal that a range of
interventions was attempted to control the spread of influenza in 1918, including closure of
schools and churches, banning of mass gatherings, mandated mask wearing, case isolation,
and use of disinfection and hygiene measures [5]. The improvement of public health
interventions and responses resulted in a marked reduction in the global number of deaths
to between one and four million during the influenza pandemics in 1957 and 1968 [6,7].
With further introduction of therapeutics on top of infection control and public health
measures during the influenza pandemic in 2009 [8], the estimated global number of deaths
associated within the first 12 months was less than 0.3 million [9], which was apparently
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not particularly excessive compared with seasonal influenza viruses [10]. Moreover, the
residual immunity of those above 60 years of age against the previous influenza H1 strain
circulating prior to 1957 might have contributed to the relatively low mortality of the 2009
pandemic as well [11].

Coronavirus, a positive-sense, single-stranded RNA virus, is an important emerg-
ing pathogen in addition to influenza virus. Human coronavirus 229E and OC43 were
consecutively identified as previously unrecognized etiological agents for the common
cold in 1965 [12]. Human coronavirus NL63 and HKU-1 were subsequently discovered as
respiratory pathogens in 2004 and 2005, respectively [13,14]. The occurrence of severe acute
respiratory syndrome coronavirus 1 (SARS-CoV-1) in 2003 [15] and sporadic outbreaks of
Middle East respiratory syndrome coronavirus since 2012 [16] in limited geographic areas
had already alerted the world to the potential occurrence of devastating infectious diseases
in the 21st century. In 2018, the World Health Organization (WHO) promulgated a list of
priority diseases requiring urgent research and development attention [17], with the inclu-
sion of Disease X, representing pathogens currently unknown that cause human disease
and requiring cross-cutting preparedness [18,19]. Coronavirus disease 2019 (COVID-19),
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was described
as the first Disease X [20]. The official announcement of the community-acquired pneumo-
nia outbreak in Wuhan, Hubei Province, was made by the Health Commission of Hubei
Province of the People’s Republic of China on 31 December 2019 (day 1) [21]. Compared
with the outbreak of SARS-CoV-1 in 2003, the time to discovery of the etiological agent of
this novel coronavirus, SARS-CoV-2, was shorter [22]. The genome sequences of SARS-
CoV-2 obtained from infected patients were closely related to two bat-derived SARS-like
coronaviruses [23–26], analogous to the finding of SARS-like coronavirus in Chinese horse-
shoe bats in 2005, suggesting that bats may be the ultimate origin of coronaviruses posing a
threat to humans [27,28].

The WHO declared a Public Health Emergency of International Concern on 30 January
2020 and proclaimed the outbreak a pandemic on 11 March 2020 (day 72) [29]. By then,
COVID-19 had already been detected in 113 countries or territories on 5 continents, resulting
in 118,319 confirmed cases all over the world [30]. As of 25 September 2022 (day 1000),
612 million confirmed cases and 6.5 million deaths had been reported globally [31]. During
the early phase of the COVID-19 pandemic, various forms of lockdown on a global basis [32]
led to far-reaching socioeconomic and health effects in different strata of life [33]. In the
cosmopolitan city of Hong Kong, where the population density was 7126 persons per
square kilometer, among the top four worldwide [34], the strategy was precise and dynamic
infection control and public health measures without lockdown of the city or complete
border closure. We summarized our experience in the control of COVID-19 during the
evolution of SARS-CoV-2 variants [35], from the wild-type virus to Omicron sub-lineages
(BA.1 and BA.2 to BA.4 and BA.5), in Hong Kong.

2. Global Epidemiology of COVID-19

Soon after the first reported case of COVID-19, the WHO was monitoring the global
epidemiology of COVID-19 by regularly updating the situation report since 21 January
2020 [36]. In addition, data on the number of COVID-19 cases and deaths was also available
in the public domains of the European Centre for Disease Prevention and Control [37],
academic institutions [38], and public media [39–42]. On 11 March 2022 (two years after the
start of the COVID-19 pandemic), there were 447 million confirmed cases, constituting 6%
of the global population, about the combined population size of the 27 countries making
up the European Union, with 6 million (0.075% of the world population) deaths [43].
As of 25 September 2022 (day 1000), 14 (6.3%) of 222 countries or areas had recorded
over 10 million cumulative confirmed cases (Table 1). These 14 countries accounted for
407 million cases, which constituted 67% of the COVID-19 infections in the world.
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Table 1. Global epidemiology of COVID-19 in terms of countries with a cumulative number of
confirmed cases of more than 10 million as of 25 September 2022 (day 1000).

Countries
Cumulative
Number of

Confirmed Cases

Cumulative Number
of Deaths among All

Confirmed Cases

Incidence per
1000 Population a

Death per 1000
Population a

Case Fatality
Rate (%)

United States of
America 95,795,378 1,050,631 289.4 3.2 1.1

India 44,560,749 528,487 32.3 0.4 1.2

France 35,056,032 154,854 518.2 2.3 0.4

Brazil 34,624,427 685,750 162.9 3.2 2.0

Germany 32,905,086 149,368 395.7 1.8 0.5

Korea 24,620,128 28,213 480.2 0.6 0.1

United Kingdom 23,621,956 189,919 347.1 2.8 0.8

Italy 22,241,369 176,775 375.5 3.0 0.8

Japan 20,992,896 44,262 166.0 0.4 0.2

Russia 20,694,894 386,551 141.8 2.7 1.9

Turkey 16,852,382 101,068 201.6 1.2 0.6

Spain 13,393,196 113,845 282.6 2.4 0.9

Vietnam 11,467,619 43,146 117.8 0.5 0.4

Australia 10,191,312 14,853 399.7 0.6 0.2
a Population figures were retrieved from the European Centre for Disease Prevention and Control [37].

During the evolution of the COVID-19 pandemic, mutations of SARS-CoV-2 generated
many variants. The WHO used letters of the Greek alphabet to define variants of concern
(VOC) for better communication and discussion by the general public. VOCs are viruses
associated with one or more of the following attributes at a degree of global public health
significance, including (i) an increase in transmissibility or detrimental change in COVID-19
epidemiology, (ii) an increase in virulence or change in clinical disease presentation, and
(iii) a decrease in effectiveness of public health and social measures or available diagnostics,
vaccines, or therapeutics [35]. Currently and previously circulating VOCs are summarized
in Table 2.

Table 2. Chronology of SARS-CoV-2 variants of concern during the COVID-19 pandemic a.

Nomenclature by
the World Health

Organization

Earliest Documented
Samples (Place and

Date)
Duration Pango Lineage GISAID Clade Nextstrain Clade

Alpha United Kingdom,
September 2020

18 December 2020 to
9 March 2022 B.1.1.7 GRY 20I (V1)

Beta South Africa,
May 2020

18 December 2020 to
9 March 2022 B.1.351 GH/501Y.V2 20H (V2)

Gamma Brazil,
November 2020

11 January 2021 to
9 March 2022 P.1 GR/501Y.V3 20J (V3)

Delta India,
October 2020

11 May 2021 to
7 June 2022 B.1.617.2 G/478K.V1 21A, 21I, 21J

Omicron Multiple countries,
November 2021

26 November 2021
onwards B.1.1.529 GR/484A 21K, 21L, 21M,

22A, 22B, 22C, 22D
a The table was adopted and modified from the World Health Organization [35].
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The emergence of SARS-CoV-2 VOCs has resulted in a progressive increase in trans-
missibility. The Alpha variant had a 43 to 90% higher reproduction rate than pre-existing
variants [44], which caused a rapid expansion of the variant during autumn 2020 in the UK,
especially among patients under 20 years of age [45]. The Delta variant was on average
63–167% more transmissible than the Alpha variant [46]. The effective reproduction num-
ber of the Omicron variant was 3.19 times greater than that of the Delta variant under the
same epidemiological conditions [47]. The secondary attack rate of the Omicron variant
was higher than Delta among household contacts, with a relative risk of 1.41 [48]. The
evolution of SARS-CoV-2 VOCs led to a continuing rise in case numbers. The trend of
COVID-19 cases in relation to the emergence of SARS-CoV-2 VOCs is illustrated in Figure 1.

Figure 1. Cumulative number of COVID-19 cases in 14 countries reporting more than 10 million
cases as of 25 September 2022 (day 1000).

3. Epidemiology of COVID-19 in Hong Kong

Since the outbreak of community-acquired pneumonia in Wuhan, Hubei Province,
announced on 31 December 2019 (day 1), the Centre for Health Protection, Department
of Health, Government of Hong Kong Special Administrative Region, China, had been
closely monitoring the situation. A website was established for the public to access updated
information, including epidemiological information of each laboratory-confirmed COVID-
19 case [49]. The first COVID-19 case was a traveler from Wuhan who arrived in Hong
Kong on 21 January 2020 (day 22), and was confirmed on 23 January 2020 (day 24), whereas
the first locally acquired COVID-19 case was reported on 30 January 2020 (day 31). Within
the first 1000 days, there were five waves of COVID-19 with a total of 1,745,505 cases
recorded in Hong Kong (Table 3). Prior to the fifth wave, there were 12,636 confirmed
COVID-19 cases in Hong Kong with an incidence of 1685 cases per million population.
The median age was 43 years (range: 12 days to 100 years). The overall case fatality rate
was 1.7% (213/12,636). The epidemiological information of 54 outbreaks in the first to the
fourth waves has been reported previously [50]. During the fifth wave (primary Omicron
wave), 1,200,068 COVID-19 cases were reported. The incidence of COVID-19 during the
primary Omicron wave was 95 times higher than the total incidence from the first to the
fourth wave in Hong Kong, with the daily number of new cases reaching a peak of >50,000
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on 3 March 2022 (day 794). As of 31 May 2022 (day 883), there were 9318 deaths within
the primary Omicron wave, of which 6632 (71.2%) and 2312 (24.8%) were aged ≥80 and
60–79 years, respectively. Among the deaths in the elderly population, 4934 (74.4%) and
1543 (66.7%) aged 80 and 60–79 years, respectively, were unvaccinated. A secondary wave
of Omicron COVID-19 cases was observed when the BA.5 emerged in June 2022, which
became the predominant virus strain in August 2022. The epidemic curves of COVID-19
in the first to the fourth wave as well as from the fifth wave onwards are illustrated in
Figures 2 and 3, respectively.

Table 3. Epidemiological and virological characteristics in different waves of COVID-19 in
Hong Kong.

Wave of
COVID-19

Period (Duration of Each
Wave, Day) a

Total Number of
Cases b (Death,

Case Fatality rate)

Number (%) of
Cases in

(Episodes of)
Community
Outbreaks c

Number (%) of
Imported Cases

(Remark)

Predominant
Virus Strain

1st
23 January 2020 (day 24) to

14 March 2020 (day 75)
(51 days)

142
(4, 2.8%) 53 (37.3%) (4) 56 (39.4%) (mainly

from China) NA

2nd
15 March 2020 (day 76) to

30 June 2020 (day 183)
(108 days)

1064
(4, 0.38%) 130 (12.2%) (3) 739 (69.4%) NA

3rd
1 July 2020 (day 184) to

31 October 2020 (day 306)
(123 days)

4118
(103, 2.5%) 681 (16.5%) (23) 678 (16.5%) B.1.1.63

4th
1 November 2020 (day 307) to

30 April 2021 (day 487)
(181 days)

6451
(101, 1.6%) 1480 (22.9%) (24) 960 (14.9%) B.1.36.27

Window
phase d

1 May 2021 (day 488) to
30 December 2021 (day 731)

(244 days)

861 e

(1, 0.12%) No

854 (99.2%)
(without

community
outbreak

NA

5th (primary
Omicron)

31 December 2021 (day 732) to
31 May 2022 (day 883)

(152 days)

1,200,068
(9318, 0.78%) f NA g 2292 (0.19%) Omicron

BA.2

5th
(secondary
Omicron)

1 June 2022 (day 884) to
25 September 2022 (day 1000)

(117 days)

532,801
(585, 0.11%) f NA g 20,519 (3.9%) Omicron

BA.5

a The waves of COVID-19 were defined according to an epidemiological investigation of community outbreaks or
the predominant virus strain; b From 7 March 2022 (day 798), individuals declaring positive results of rapid antigen
detection by self-testing were counted as confirmed cases, in addition to nucleic acid testing by laboratories;
c Outbreaks involving more than 10 cases were reported; d No COVID-19 outbreaks were reported in the
community; e All COVID-19 cases were diagnosed upon arrival in Hong Kong or during quarantine after arrival
in Hong Kong; f On 23 September 2022, the Centre for Health Protection Department of Health, Hong Kong,
announced an additional 153 fatal cases, which were retrospectively reported by the Hospital Authority. They
were all fatal cases during the peak months from February to April 2022; g Due to the huge increase in cases, the
epidemiological information of individual outbreak was no longer announced on the website of the Centre for
Health Protection, after 6 February 2022 (day 769). NA, not applicable.
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Figure 2. Epidemic curve of the first to the fourth wave of COVID-19 in Hong Kong. An imported
case is defined as a case having traveled to a country or area with community transmission of
COVID-19 during the incubation period (IP) (i.e., operationally defined as 7 days before symptom
onset or a positive test for an asymptomatic case) or tested positive during compulsory quarantine
without having any activity in the local community. A local case is defined as a case without travel
history during the IP. A possibly local case is defined as those having traveled to a country or area
not known to have community transmission within the IP (this category was historically used in the
first two waves in early 2020 only). Imported cases, local cases, and cases epidemiologically linked
with local cases constituted the main burden of COVID-19 cases.

Figure 3. Epidemic curve of the fifth wave of COVID-19 in Hong Kong. RT-PCR, reverse-transcription–
real-time polymerase chain reaction; RAT, rapid antigen test.
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4. Evolving SARS-CoV-2 VOCs in Hong Kong

Diverse SARS-CoV-2 genomes were identified among imported infections during
the first to the fourth wave [51]. The importation of different lineages, variants, and
subvariants resulted in transmission chains in the local community even before declaration
of the COVID-19 pandemic [52]. Except for the first and second waves, local infections
were dominated by a single lineage during each wave. Based on whole-genome sequencing
analysis of virus strains, 96.6% (259/268) in the third wave and 100% (73/73) in the fourth
wave were B.1.1.63 and B.1.36.27 lineages, respectively. Although B.1.1.63 lineage was first
detected in an imported case 2 weeks before the beginning of the third wave, B.1.36.27
lineage had circulated in Hong Kong for 2 months prior to the fourth wave [53]. During the
window phase in which there was no evidence of local transmission of COVID-19 (near-
zero situation), 212 virus strains from imported cases were subjected to next-generation
sequencing, which revealed 42 Kappa and 70 Delta variant cases [54]. By February 2022, the
Omicron variant had become the predominant virus strain, causing explosive community
transmission and outbreaks in high-rise residential buildings during the fifth wave [50,55].
In addition, probable animal-to-human transmission of SARS-CoV-2 Delta variant AY.127
was documented to cause a pet shop-related COVID-19 outbreak in Hong Kong during the
early phase of the fifth wave [56]. This hamster-related outbreak led to a cluster of at least
88 cases in our epidemiological investigation [57]. The evolution of the epidemic due to
SARS-CoV-2 VOCs in Hong Kong is illustrated in Figure 4.

Figure 4. Time-resolved phylogenetic tree of 1168 viral genomes from January 2020 to March 2022
in Hong Kong. The tree was constructed using the Nextstrain command-line interface. The color
of the dots represents the outbreak wave of a particular strain. The branch length was determined
by the collection date of a sample. Wuhan-Hu-1 was used as the reference sequence during the
tree construction.

5. Infection Control and Preparedness for COVID-19 in Hong Kong

5.1. Background

In Hong Kong, the SARS-CoV-1 outbreak took place in 2003. A total of 1755 persons
were infected and 299 (17.0%) persons died [58]. Among the infected, 386 (22.0%) were
healthcare workers, with eight fatalities, including four doctors, one nurse, and three
healthcare assistants. In addition to reviewing the lessons learned from the scientific
perspective [15], an independent commission of inquiry, namely, the “Select Committee
to inquire into the handling of the Severe Acute Respiratory Syndrome outbreak by the
Government and the Hospital Authority,” was set up by the Legislative Council of the
Hong Kong Special Administrative Region, China, in order to investigate the performance
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and accountability of the government and the Hospital Authority (the governing body of
all 43 public hospitals responsible for 90% of inpatient service in Hong Kong) and their
officers at the policy-making and management levels [59]. The Chief Executive of the Hong
Kong Special Administrative Region also announced on 28 May 2003 the setting up of a
SARS Expert Committee to (i) review the work of the government, including the Hospital
Authority, in the management and the control of the outbreak; (ii) examine and review the
capabilities and structure of the healthcare system in Hong Kong and the organization and
operation of the Department of Health and the Hospital Authority in the prevention and
management of infectious diseases such as SARS; and (iii) identify lessons to be learned
and make recommendations on areas of improvements in order to better prepare our
system for any future outbreaks [60,61]. Members of the committee were selected for their
wide range of experience in their respective fields, which included health systems, public
health, epidemiology and communicable disease control, medical expertise, and hospital
management and operation.

There were 44 main recommendations by the SARS Expert Committee, as a result
of which the Centre for Health Protection was established in June 2004 to protect the
community from emerging or evolving public health threats [62]. Preparedness plans for
emerging infectious diseases have been formulated over the years. When the outbreak
of SARS-CoV-2 occurred in Hong Kong, various control measures could be implemented
in a timely manner, including epidemiological investigation for the potential source of
acquisition by contact tracing, regardless of symptomatic or asymptomatic cases. Risk
communication to the public during the COVID-19 pandemic included daily press confer-
ences on the latest situation and public health control measures and uploading the data
and education materials to the website.

A hospital-based approach was adopted to isolate all suspected or confirmed COVID-
19 patients in healthcare facilities, including airborne infection isolation rooms (AIIRs) in
hospitals or community isolation and treatment facilities, during the first to the fourth
wave of COVID-19 in Hong Kong. This approach of institutional containment likely
minimized community transmission of COVID-19. The strategy was effective in protecting
the healthcare system from being overwhelmed by uncontrolled transmission of the virus
in the community. With 5% of COVID-19 patients eventually becoming critically ill, the
healthcare system might have become paralyzed if the burden of infection in the community
were high [63]. Prevention of nosocomial transmission of COVID-19 and protection of
healthcare workers from SARS-CoV-2 remained the top priority, which dictated regular
review and escalation of infection control measures during the evolution of the COVID-
19 pandemic.

5.2. Infection Control for COVID-19 in the Hospitals
5.2.1. Active Surveillance

Active surveillance for patients upon admission was progressively stepped up from
risk-based screening to universal admission screening, aiming at early identification and
isolation of COVID-19 patients in AIIRs (Table 4). Patients fulfilling clinical and epi-
demiological criteria were isolated in the AIIRs and screened for SARS-CoV-2 by reverse-
transcription–real-time polymerase chain reaction (RT-PCR) using nasopharyngeal speci-
mens or saliva [64,65].
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Table 4. Stepwise enhancement of active surveillance for early isolation of COVID-19 patients in
airborne infection isolation rooms (AIIRs).

A Clinical Criteria (Time of Implementation) a Remark

1. Presented with fever and acute respiratory illness or pneumonia
(from day 1 to day 23)

Prepare for the importation of index
patient to Hong Kong

2. Presented with fever or acute respiratory illness or pneumonia
(with effect from day 24)

In response to the importation of
index patient to Hong Kong

B Epidemiological criteria (time of implementation) a

1.
Travel history to Wuhan, Hubei province, People’s Republic of China, within
14 days before onset of symptoms, irrespective of any exposure to wet market or
seafood market (from day 1 to day 16)

Prepare for the importation of index
patient to Hong Kong

2.

Patient met with one of the following within 14 days prior to the onset of
symptoms: (a) had visited Wuhan (regardless of whether the individual had
visited wet markets or seafood markets there), (b) had visited a medical hospital in
Mainland China, or (c) had had close contact with a confirmed case of the novel
coronavirus while that patient was symptomatic (from day 17 to day 20)

In response to the evolving epidemic
with increasing number of confirmed
cases in Wuhan

3.

Patient met with one of the following within 14 days prior to the onset of
symptoms: (a) had visited Hubei Province (regardless of whether the individual
had visited wet markets or seafood markets there) or 2(b) or 2(c) listed above (with
effect from day 21)

In response to spread of SARS-CoV-2
beyond Wuhan

4. Universal admission screening for asymptomatic patients
(with effect from 9 September 2020 (day 265) onwards)

In response to widespread
transmission of SARS-CoV-2 locally

a Active surveillance for patients upon admission according to the clinical and epidemiological criteria was
performed from 31 December 2019 (day 1).

Saliva was adopted as one of the diagnostic specimens for the detection of SARS-CoV-2
RNA in Hong Kong during the early phase of COVID-19. SARS-CoV-2 RNA was detected
in self-collected saliva specimens in 91.7% (11/12) of our early COVID-19 cases [66]. Using
saliva specimens, the temporal profile of viral load during the clinical course could also be
demonstrated [67]. The diagnostic sensitivity of saliva is comparable to nasopharyngeal
specimens using an automated point-of-care molecular assay in a local evaluation [68], as
subsequently confirmed in a meta-analysis [69]. With diurnal variation in viral shedding
from the upper respiratory tract, saliva was recommended to be taken preferably in the
early morning to maximize the yield for screening purposes in the community [70]. Saliva
was considered a promising noninvasive specimen for diagnosis and monitoring of COVID-
19 patients. More importantly, it reduced the risk of exposure among healthcare workers in
collecting nasopharyngeal and other respiratory specimens.

5.2.2. Training of Healthcare Workers

Provision of just-in-time education of infection control training was organized by
the hospital infection control team. Staff forum and department visits were organized to
update infection control knowledge, enforce hand hygiene practice using alcohol-based
hand rub, and promote the use of surgical masks for both patients and healthcare workers.
Furthermore, every healthcare worker who was rotated to care for COVID-19 patients
in AIIRs was required to receive mandatory training by infection control nurses. The
training program included the donning and doffing of personal protective equipment
(PPE), the collection of respiratory specimens, proper handling and packing of clinical
specimens inside the AIIR, and performing aerosol-generating procedures in accordance
with the evolving infection control guidelines [71,72]. After receiving the training, each
healthcare worker was required to demonstrate competence on donning and doffing of PPE,
including surgical respirator, cap, face shield, gown, and gloves. The concept of directly
observed donning and doffing of PPE was introduced, where the supervisor in the ward
would ensure compliance with proper PPE procedures upon entering and leaving the AIIR.
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Infection control nurses also performed regular and ad hoc audits to enforce compliance
with infection control practices. Hand hygiene and mask compliance among healthcare
workers were found to be highly satisfactory during the COVID-19 pandemic [73,74].

5.2.3. Environmental Control

Environmental control was another important aspect to reduce nosocomial transmis-
sion of COVID-19. Training of cleaning staff, especially those responsible for environmental
disinfection of AIIRs, with respect to proper procedures and the use of appropriate disinfec-
tants, was conducted by infection control nurses. A total of 377 environmental samples from
AIIRs housing 21 RT-PCR-confirmed COVID-19 patients were collected during 76 episodes
of room visits before daily environmental disinfection. Only 19 (5.0%) of 377 samples
were RT-PCR positive from the environment [75], which was comparatively lower than
isolation rooms in China (25%) and South Korea (14% to 18%) [76,77]. The use of surgical
masks by COVID-19 patients, even though they were isolated in the AIIRs, might have
reduced the extent of environmental contamination. Patient transfer between wards could
potentially have increased the risk COVID-19 transmission within the hospital [78]. How-
ever, intra-hospital transfer of COVID-19 patients was unavoidable if the case required
certain procedures, including radiological examination such as computerized tomography
scanning. In addition to routine preparations made by the radiology department, the radi-
ological examination was preferably arranged after office hours. Senior infection control
nurses would provide on-site support and coordination for the entire process of patient
transfer, including provision of a designated path, supervision of the donning and doffing
of PPE among healthcare workers and security personnel, and monitoring the process of
environmental disinfection along the path of patient transfer and in the examination room
of the radiology department.

5.2.4. Air Sampling for SARS-CoV-2 RNA

To assess the risk of COVID-19 transmission in the hospital, air sampling for SARS-
CoV-2 RNA was conducted in AIIRs with 12 air changes per hour during the evolution of
the COVID-19 pandemic. The first imported COVID-19 case admitted into an AIIR had a
moderate level of viral load of 3.3 × 106 copies/mL in pooled nasopharyngeal and throat
swabs and 5.9 × 106 copies/mL in saliva. Air samples for SARS-CoV-2 RNA were collected
from the AIIR using air sampler SAS Super ISO 180 model 86834 (VWR International PBI
Srl, Milan, Italy). The air sampler was perpendicularly positioned at a distance of 10 cm at
the level of the patient’s chin, and 1000 L of air at a rate of 180 L per minute were collected
for each plate containing 3 mL of viral transport medium (VTM). The patient was instructed
to perform four different maneuvers (i.e., normal breathing, deep breathing, speaking “1,
2, 3” continuously, and coughing continuously) while wearing or not wearing a surgical
mask with the ASTM F2100 level 1 standard. The VTM was transferred to the laboratory
within 2 h for RT-PCR test. All eight air samples were negative for SARS-CoV-2 RNA [64].

Subsequently, the protocol of air sampling was modified for another six patients
singly isolated in an AIIR during the first and second waves of COVID-19 by using an
umbrella fitted with a transparent plastic curtain as an air shelter to cover the patient
during sample collection in order to increase the proportion of exhaled air sampled and
to reduce the amount of dilution by environmental air from the air ventilation system
with 12 air changes per hour. Air samples of patients inside this air shelter were collected
using the Sartorius MD8 air-scan sampling device (Sartorius AG, Göttingen, Germany)
with sterile gelatin filters 80 mm in diameter and a pore size of 3 μm (type 17528-80-
ACD) (Sartorius AG). All air samples were negative for SARS-CoV-2 RNA using the same
maneuvers as described above [75]. The negative findings of air samples in the initial phase
of the COVID-19 pandemic reassured our healthcare workers that the risk of airborne
transmission of SARS-CoV-2 from patient to staff was negligible in AIIRs where healthcare
workers donned appropriate PPE. Our finding contrasts with previous air sampling results
for patients infected with the ancestral strain [79–81]. Most negative studies had <3000 L of
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air collection [64,75,79–81], whereas a few studies with detectable viral RNA had >5000 L
of air collection [82,83]. The results of air sampling appear to be determined by the volume
of air collection, which might be limited by the intrinsic characteristic of the air samplers.

Therefore, AerosolSense Sampler (Thermo Fisher Scientific Inc., Waltham, MA, USA)
was applied because a larger volume of air could be collected at a flow rate of 200 L per min.
In fact, air dispersal of other respiratory viruses such as parainfluenza virus, respiratory
syncytial virus, adenovirus, and rhinovirus have been demonstrated in the AIIR using
AerosolSense Sampler [84]. We further investigated an asymptomatic COVID-19 patient
infected with a PANGO lineage B.1.525 virus, singly isolated in an AIIR, before the onset of
the fifth wave. The patient had a moderate level of viral load (6.8 × 106 copies/mL in a
nasopharyngeal swab sample). SARS-CoV-2 RNA was detected by air sampling (96,000 L
air collected over 8 h) at a concentration of 0.005 and 0.009 copies/L, respectively, while the
patient was and was not wearing a surgical mask [85]. Given the low level of air dispersal of
SARS-CoV-2 RNA, the risk of inhalation of SARS-CoV-2 by healthcare workers in hospital
AIIRs was considered extremely low.

During the fifth wave, general wards were temporarily converted into negative-
pressure wards (NPWs) by installing mobile modular high-efficiency particulate arrestance
filter units and exhaust fans in each cubicle to increase air changes per hour from 6 to 10 to
accommodate COVID-19 patients. We collected air samples in the center of these NPWs
for 1 to 6 h, with a total volume of 12,000 L to 72,000 L of air. Air dispersal of SARS-CoV-2
RNA was evidenced by almost 80% of air samples being positive while the patients in these
NPWs were infected with the Omicron sub-lineage BA.2.2 [86]. Our serial monitoring of air
sampling during the evolution of the COVID-19 pandemic demonstrates that SARS-CoV-2
variants had progressively increasing capability for airborne transmission. In addition,
air dispersal of other respiratory viruses and multiple-drug-resistant bacteria were also
evaluated during the COVID-19 pandemic [84,87,88]. The findings of air dispersal of SARS-
CoV-2 as well as other pathogens facilitated risk assessment to guide implementation of
infection prevention and control measures.

5.3. Relieving the Burden of COVID-19 Patients in the Hospitals
5.3.1. Proactive Screening of High-Risk Groups in Quarantine Centers

The hospital-based approach to admit all suspected and confirmed COVID-19 patients
into AIIRs in hospitals posed great pressure on the bed occupancy, especially during the
early phase of the COVID-19 outbreak when Hong Kong residents returned from overseas.
Quarantine centers were set up by the government for quarantine of close contacts of
confirmed cases and high-risk returnees, including one set up in a newly completed public
housing estate, Chun Yeung Estate (CYE), which could provide 3121 residential units
for the purpose of quarantine. Returning travelers from high-risk locations such as the
Diamond Princess cruise ship and Hubei province, China, were accommodated in CYE. On
21 February 2020 (day 53), 215 SARS-CoV-2 RT-PCR-negative passengers of the Diamond
Princess cruise ship, returning to Hong Kong from Yokohama, Japan, on two chartered
flights arranged by the Hong Kong Government, were quarantined for 14 days in CYE.
The quarantined persons underwent serial SARS-CoV-2 RT-PCR and serology testing on
day 0 (baseline), day 4, day 8, and day 12, and were discharged from the quarantine
center on day 14 if all the test results were negative for SARS-CoV-2. The clinical and
virological characteristics of this cohort have been reported previously [89]. Since 4%
(4/215) of quarantined persons were eventually positive for SARS-CoV-2 by RT-PCR, it
was decided that 469 Hong Kong residents evacuated from Hubei province, China, on four
different chartered flights on 4 and 5 March 2020 would be admitted to the quarantine
center in CYE for 14 days. Seventeen (4%) of 452 persons who consented to blood testing
were seropositive with the enzyme immunoassay or microneutralization test [90]. Our
healthcare workers provided outreach service to screen for COVID-19 patients among these
returning travelers. Only persons who had positive RT-PCR results during the quarantine
period were referred to the hospital for further isolation and management.
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5.3.2. Setting Up Temporary Test Centers for Suspected COVID-19 Patients

Symptomatic inbound travelers fulfilling the reporting criteria (Table 4) would be
referred to hospitals for isolation and testing. The innovative idea of setting up a temporary
test center at the exhibition hall of the AsiaWorld-Expo (AWE) within the Hong Kong
International Airport complex aimed at detecting COVID-19 infection among returning
travelers aged 12 to 60 years who were clinically stable but had respiratory symptoms upon
arrival. The logistics and workflow were based on the infection control principle that the
hall was divided into two zones, a clean zone and a patient zone, with clear demarcation
by double-fencing. The clean zone included a staff area, a gowning area, and a central
command center. The patient zone included areas for patient registration, assessment,
collection of clinical specimens, and waiting for diagnostic test results. Unidirectional work-
flow was assigned for both patients and healthcare workers. Patients who tested positive
for SARS-CoV-2 were referred to the hospital for further management. The temporary
test center for symptomatic travelers was under the governance of the Hospital Authority,
operated by healthcare workers given just-in-time infection refresher training on site. This
test center commenced service within 48 h of preparation on 20 March 2020 (day 81) [91].
During the second wave, from 20 March 2020 to 19 April 2020 (day 111), 1210 symptomatic
cases that met the criteria for hospitalization under the hospital-based approach were tested
at the temporary test center. Eighty-eight (7.3%) of these 1210 patients tested positive for
SARS-CoV-2 [92].

5.3.3. Setting Up Community Isolation and Treatment Facilities for COVID-19 Patients

With the further surge in cases during the third wave of COVID-19 as a result of
increasing community outbreaks, community isolation and treatment facilities were set
up to divert clinically stable patients from hospitals. The community isolation facility was
opened at Lei Yue Mun Park and Holiday Village on 24 July 2020 (day 207) [93]. Bungalows
were temporarily built on two basketball courts to accommodate 120 and 250 patients in
two wings at sites A and B, respectively. Patients could be transferred from hospitals to the
bungalow if they were aged <50 years, were independent for activities of daily living, had
no major comorbidity, were afebrile for 48 h, had no diarrhea, had normal or improving
trends of hematology and biochemistry test profiles, and were not on antiviral or oxygen
therapy. As for the community treatment facility, it was established at AWE and commenced
operation on 1 August 2020 (day 215). Two halls at the AWE, hall 1 (500 beds; floor area
10,880 m2 and ceiling 19 m) and hall 2 (400 beds; floor area 10,100 m2 and ceiling 10 m), were
converted into open-cubicle bays. Newly diagnosed COVID-19 patients aged 18 to 60 years
were triaged for admission to the community treatment facility after medical and nursing
assessment, blood tests, and chest radiography. Medically fit patients with clear chest
radiography and oxygen saturation ≥ 96% of room air were managed in the community
treatment facility until discharge [93]. This facility was built in a convention center, similar
to the setup of temporary or shelter hospitals in Wuhan, China [94,95]; Singapore [96]; the
United Kingdom [97,98]; and the United States of America [99]. Although the community
isolation facility at Lei Yue Mun Park and Holiday Village was closed on 17 August 2020
(day 231), the community treatment facility at AWE relieved the occupancy of AIIRs by
diverting COVID-19 patients from the hospitals during the third wave (1 August 2020 to 18
September 2020, serving for 49 days) and the fourth wave (25 November 2020 to 12 March
2021, serving for 108 days).

During the fifth wave (primary Omicron wave) of COVID-19 due to Omicron BA.2,
there were more than 10,000 new cases per day in late February 2022. In addition to the AWE
(2 January 2022 to 4 May 2022, serving 123 days), public rental buildings (~3000 residential
flats), Fangcang shelters (~20,000 beds), and the Kai-Tak cruise terminal (~1000 beds) were
recruited as community treatment facilities, in view of the explosive COVID-19 outbreaks in
the community [50,55,100]. In anticipation of ongoing transmission of COVID-19, commu-
nity isolation facilities were built in Penny’s Bay (around 7000 units and 14,000 beds) [101]
and Kai Tak (around 2700 units) [102], whereas the community treatment facility at AWE
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was re-opened for the secondary Omicron wave (22 August 2022 to 29 September 2022,
serving 39 days).

5.4. COVID-19 Infection among Healthcare Workers

Infection and death among healthcare workers due to COVID-19 was reported in
the early phase of the pandemic [103]. As of 8 May 2020 (day 130), a total of 152,888
infections and 14,113 deaths were reported among healthcare workers globally. Healthcare
workers constituted 0.52% of COVID-19 deaths in a systematic review [104]. The WHO
further estimated that between 80,000 and 180,000 healthcare workers could have died from
COVID-19 in the period between January 2020 and May 2021, converging in a scenario
of 115,500 deaths [105]. Although healthcare workers may acquire SARS-CoV-2 in both
hospitals and the community [106], Hong Kong aimed at minimizing nosocomial infection
of COVID-19 among healthcare workers [107]. Zero nosocomial COVID-19 infection
among healthcare workers in the public system was achieved in the first 300 days, with
a total of 78,834 COVID-19 patient days, through the implementation of a multipronged
infection control strategy, including active surveillance, universal masking for patients and
healthcare workers, provision of just-in-time infection control training, practicing directly
observed donning and doffing of PPE, and diverting COVID-19 patients from hospitals to
quarantine camps, community isolation and treatment facilities, as described above [65]. By
day 300 (25 October 2020), a total of 38 healthcare workers had acquired SARS-CoV-2 in the
community. The proportion of healthcare worker infection in our public healthcare system
was significantly lower than that of the general population (0.04%, 38/88,960 vs. 0.07%,
5296/7403,100; p < 0.001), suggesting high infection control alertness among our healthcare
workers during the first to third wave of COVID-19 in Hong Kong. The first nosocomial
outbreak of COVID-19 was reported on 22 December 2020 (day 358) in a regional hospital,
with a superspreading event due to possible airborne transmission involving 12 patients
and nine healthcare workers. Whole-genome sequencing revealed that the nosocomial
outbreak was attributed to SARS-CoV-2 lineage B.1.36.27 (GISAID clade GH), which was
predominant in the fourth wave of COVID-19 in Hong Kong [108].

During the fifth wave, it was reported that 12,554 healthcare workers had been infected
with COVID-19, overwhelming the public healthcare system as of 11 March 2022 (day
802) [109]. The proportion of healthcare worker infection was paradoxically higher than
that of the general population during the corresponding period (14.1%, 12,554/88,960 vs.
8.7%, 646,800/7403,100; p < 0.001). The discrepancy may be related to the mandatory
daily COVID-19 rapid antigen testing among healthcare workers, such that asymptomatic
cases were also detected [110]. Frontline healthcare workers were more likely to report a
positive COVID-19 test compared with community individuals in the United Kingdom and
the United States [111]. For our infected healthcare workers, it was difficult to determine
whether they had been infected in the hospital or in the community, because our staff was
not working under closed-loop management like in mainland China [112]. There were no
reported deaths among our healthcare workers during the COVID-19 pandemic.

6. Public Health Measures for COVID-19 in Hong Kong

6.1. Background

To quantify the public health measures, a stringency index, namely, the Oxford COVID-
19 Government Response Tracker, was established for COVID-19 [113]. This index is a
composite measure based on the policy responses that governments have implemented to
tackle COVID-19. The data captured government policies related to closure and contain-
ment, and health and economic policy for more than 180 countries from 1 January 2020
(day 2) onwards and are accessible in the public domain [114]. The detailed methodology
has been published [115]. At the time of declaration of the COVID-19 pandemic by the
WHO on 11 March 2020 (day 72), the incidence of infection per 10,000 population and the
number of COVID-19 deaths in Hong Kong were comparatively lower than those of the
other countries in the Western Pacific, European, and American regions [107]. Hong Kong
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appeared to have fared better in controlling COVID-19 with public health measures [116].
The COVID-19 stringency index of Hong Kong and other countries during the evolution of
the pandemic is illustrated in Figure 5.

Figure 5. The evolution of the COVID-19 Stringency Index in the first 1000 days. The official
announcement of the outbreak of community-acquired pneumonia in Wuhan, Hubei Province, China,
was defined as day 1. The figure was generated from the website of the COVID-19 Government
Response Tracker [114] and formatted for presentation.

6.2. Universal Masking and Social Distancing for COVID-19

Community-wide masking was practiced by the Hong Kong population at an early
stage of the epidemic. The compliance of face mask usage was 96.6% (range: 95.7% to 97.2%)
in all 18 administrative districts in Hong Kong [117]. This may be one of the reasons why
the incidence of COVID-19 in Hong Kong (129.0 per million population) was significantly
lower than that of Spain (2983.2), Italy (2250.8), Germany (1241.5), France (1151.6), the
US (1102.8), the UK (831.5), Singapore (259.8), and South Korea (200.5) within the first
100 days [117]. Mandatory wearing of masks in public areas was further enacted by the law
“Cap. 599I Prevention and Control of Disease (Wearing of Mask) Regulation,” which went
into effect on 15 July 2020 [118]. Without a total lockdown of the city or complete border
closure, the aim was the implementation of precise social distancing to reduce community
transmission of COVID-19. School was suspended and gradually converted to virtual
class during most of the time during the first to the fourth wave of COVID-19. Work-
from-home for non-essential services of civil servants was intermittently implemented.
Temporary closure of community facilities such as libraries, sports centers, and leisure
facilities such as cinemas, karaokes, and bars, as well as restrictions on operational hours of
restaurants, was implemented during the surge of COVID-19 cases in the community [119].
Multivariate analysis of computational simulation results using the Morris Elementary
Effects Method suggested that if a sufficient proportion of the population used surgical
masks and followed social distancing regulations, COVID-19 could be controlled without
requiring a lockdown [120].

6.3. Quarantine Measures for Inbound Travelers

A key component of an elimination strategy for COVID-19 was the prevention of the
importation of COVID-19 cases. The quarantine measures for inbound travelers evolved to
accommodate emerging SARS-CoV-2 VOCs. From the beginning, persons returning from
mainland China had to undergo compulsory home quarantine for 14 days after 8 February
2020 (day 40) [121]. With the evolving pandemic, inbound travelers arriving from the
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specific high-risk overseas areas in the past 14 days were required to stay in a quarantine
center from 1 March 2020 (day 62) [122,123] or subjected to compulsory home quarantine
on 14 March 2020 (day 75) [124]. Subsequently, inbound travelers arriving from more
high-risk areas were required to be quarantined for 14 days in quarantine centers after 11
May 2020 (day 133) or hotels after 25 July 2020 (day 208) [125]. On 13 November 2020 (day
319), all travelers to Hong Kong were mandated to quarantine in designated quarantine
hotels for 14 days [126], and the quarantine period was further extended to 21 days on 25
December 2020 (day 361) [127]. The duration of hotel quarantine was shortened from 21
days to 14 days on 5 February 2022 (day 768) [128] and further shortened to 7 days on 1
April 2022 (day 823) for travelers vaccinated with two doses [129]. On 12 August 2022 (day
956), quarantine for inbound persons was relaxed with the implementation of the “3 + 4”
model, i.e., compulsory quarantine in designated hotels for three days, followed by medical
surveillance for four days, with multiple tests during the period and the monitoring period
thereafter [130]. With effect from 26 September 2022 (day 1001), inbound persons were
no longer required to undergo compulsory quarantine at designated quarantine hotels
under the “0 + 3” model, i.e., three days of medical surveillance, followed by a four-day
self-monitoring period [131]. The number of passenger arrivals at Hong Kong International
Airport during the evolving quarantine policy is shown in Figure 6.

Figure 6. The number of inbound travelers, including Hong Kong residents and visitors from
mainland China, arriving at Hong Kong International Airport. DQHs, designated quarantine hotels.

The designated quarantine hotels were not equipped with the standard of air ventila-
tion systems adopted in the AIIRs of hospitals. With the increasing potential of airborne
transmission of SARS-CoV-2 VOCs, recurrent episodes of cross-infection among residents
in designated quarantine hotels were reported [132,133], leading to the spread of the Beta
variant in the community [134]. In fact, the explosive outbreak in the fifth wave of COVID-
19 in the community could also be traced to cross-infection in a designated quarantine
hotel [55].

6.4. Extensive COVID-19 Testing in the Community

In addition to the progressive enhancement of COVID-19 testing in the hospitals from
a risk-based approach to universal admission screening, widespread utilization of the RT-
PCR test for SARS-CoV-2 was implemented in stages at the airport for inbound travelers,
in government outpatient clinics for symptomatic cases, and in community testing centers
for the general population with risk of exposure to COVID-19 [134]. Early recognition of
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asymptomatic or mildly symptomatic patients for isolation might have reduced the risk of
community transmission. Compulsory testing for COVID-19 in the community was enacted
by law, The Prevention and Control of Disease (Compulsory Testing for Certain Persons)
Regulation, Cap. 599J, in Hong Kong [135]. Any persons who had visited public or private
premises and resided in buildings where there was outbreak or transmission of COVID-19
as evidenced by epidemiological investigations or sewage surveillance were informed
of the need to undergo COVID-19 testing by a compulsory testing notice. Compulsory
testing operations in specified restricted geographic areas were also implemented for the
control of COVID-19, as provided by restriction-testing declaration under Hong Kong
legislation [136]. With the implementation of compulsory testing notices and restriction-
testing declarations, mass testing of 0.81 million members of the population, along with
phylogeographic analysis of positive cases, successfully controlled the community outbreak
of the Beta variant in Hong Kong [134]. The number of COVID-19 tests performed in
different categories during the COVID-19 pandemic is illustrated in Figure 7.

Figure 7. The number of COVID-19 tests under different categories of requests. Community testing
centers provided self-paid services (from 15 November 2020, day 321) and free testing for persons
under compulsory testing (from 22 November 2020, day 328). The Targeted Group Testing Scheme
refers to essential staff providing services to critical infrastructure (from 14 July 2020, day 197). The
Hospital Authority and Department of Health were responsible for testing hospitalized patients and
out-patients during the COVID-19 pandemic.

Restriction-testing declaration for COVID-19 testing, particularly targeting residential
buildings, was implemented during the fifth wave (primary and secondary Omicron waves)
of COVID-19. From 31 December 2021 (day 732) to 25 September 2022 (day 1000), a total
of 606,822 residents in 473 residential buildings were tested, of whom 27,726 (4.6%) tested
positive for SARS-CoV-2 (Figure 8). Confirmed COVID-19 cases were required to isolate at
community isolation and treatment facilities or in hospitals. The positive detection rate of
SARS-CoV-2 in each high-rise residential building was as high as 30% during the peak of
the fifth wave [50]. Vertical airborne transmission of SARS-CoV-2 was suspected among
residents, as evidenced by the clustering of cases along vertically aligned flats with a shared
drainage stack and lightwell [50].
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Figure 8. COVID-19 testing in the community under restriction-testing declaration for residents in
residential buildings during the fifth wave (primary and secondary Omicron waves) of COVID-19 in
Hong Kong.

However, no air sampling was performed to demonstrate the presence of SARS-CoV-2
RNA in high-rise residential buildings to confirm the postulation of airborne transmission.
On the other hand, air dispersal of SARS-CoV-2 RNA was confirmed in the hospital
setting during the handling of recurrent blockages of sewage pipes in an isolation facility
designated for COVID-19 patients. During replacement of sewage pipes, infection control
nurses supervised the work process and collected air samples on cutting the sewage pipes,
which was considered a mechanical aerosol-generating procedure. The air sampler was
placed 50 cm away from the pipe cutter. One thousand liters of air (rate 40 L/min) were
collected by a gelatin filter for the first 25 min of work (air sample 1), and another 1000 L of
air were collected by another gelatin filter for the next 25 min of work (air sample 2). Air
dispersal of SARS-CoV-2 RNA was detected in both air sample 1 (17.5 copies/mL) and air
sample 2 (16.5 copies/mL) [137].

6.5. COVID-19 Vaccination in the Community

The COVID-19 vaccination program was officially launched on 26 February 2021 (day
424) by the Government of the Hong Kong Special Administrative Region. Two formula-
tions of COVID-19 vaccines were available: CoronaVac, an inactivated whole-cell vaccine,
Sinovac Biotech (Hong Kong) Limited, and Comirnaty, a BNT162b2 mRNA vaccine, BioN-
Tech, Fosun Pharma, in collaboration with the German drug manufacturer. Vaccination was
provided for free to all eligible persons, who could be vaccinated in community vaccination
centers, private clinics of medical practitioners, and public outpatient clinics and hospitals.
To increase the uptake of COVID-19 vaccination, promotion to healthcare workers as well
as the general population was implemented. The strategy of personal coaching was un-
dertaken to enhance vaccination update among healthcare workers, similar to the strategy
for the promotion of influenza vaccination [138]. An official website was set up to deliver
updated information related to COVID-19 vaccination in multiple languages [139]. The
daily number of COVID-19 vaccine doses administered was made available in the public
domain of “Our World in Data” [140], and subsequently analyzed by the Centre for Health
Protection for daily reporting from 5 March 2022 (day 796) [141].
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Vaccine hesitancy is a major challenge in promoting the COVID-19 vaccination cam-
paign in the locality. In a cross-sectional survey of a random sample of 1501 Hong Kong
residents aged 18 years or older in April 2020, only 45.3% of the participants intended to
vaccinate against SARS-CoV-2 when available [142]. Subsequently, an online survey was
conducted during an early stage of a community-based COVID-19 vaccination campaign in
Hong Kong. Among the 883 participants (67.5% females, 54.5% aged 18–39), 30.6% had low
vaccine hesitancy, 27.4% had high vaccine hesitancy, and 27.5% had vaccine rejection [143].
Vaccine hesitancy is not an uncommon phenomenon in the general population of developed
and developing countries [144–146]. Vaccine hesitancy was also observed in healthcare
workers as well as medical students [147–149]. The most predominant predictors of vaccine
hesitancy were a lower perceived risk of getting infected, a lower level of institutional trust,
not being vaccinated against influenza, lower levels of perceived severity of COVID-19, or
stronger beliefs that the vaccination would cause side effects or be unsafe, as illustrated in a
systemic review on the global predictors of COVID-19 vaccine hesitancy [150]. Institutional
trust is an important factor that may increase vaccine willingness and uptake. Trust in
the government and civil societies tended to strengthen the positive effect of information
overload and reduce the negative impact of misinformation on vaccine willingness and
uptake [151]. Vaccine complacency, an unintended side effect of successful control of
COVID-19, is another important factor that adversely affects the intention to receive the
vaccine in Hong Kong [152]. In a cross-sectional online survey of 1205 nurses, less than two-
thirds of nurses intended to take the COVID-19 vaccine when available. Stronger COVID-19
vaccination intention was associated with less complacency, together with younger age,
more confidence, and more collective responsibility [153]. Similarly, lower complacency,
greater anxiety, confidence in the vaccine, and collective responsibility contributed to a
greater likelihood of intended vaccination in a population-based online survey in Hong
Kong [154]. Other regions using strategies to suppress and almost eliminate COVID-19
including Taiwan, Macau, the Chinese mainland, Tonga, and Western Australia have also
experienced vaccine complacency [155].

Therefore, an administrative measure, the Vaccine Pass, was implemented to overcome
vaccine hesitancy in Hong Kong. The Vaccine Pass was incorporated in a mobile app
known as LeaveHomeSafe, which could be downloaded from the App Store, Google Play,
AppGallery, and APK File [156]. To protect the unvaccinated and to boost vaccination
coverage in the community, the Vaccine Pass arrangement was implemented for entry into
all catering business and scheduled premises from 24 February 2022 (day 422) [157,158].
The Vaccine Pass was introduced for local residents in stages (Table 5). The daily number
of COVID-19 vaccines administrated in relation to the implementation of the Vaccine Pass
is illustrated in Figure 9.

Up to 25 September 2022 (day 1000), 6,683,654 (90.3%) and 5,351,219 (72.3%) of the
general population had received the second and third doses of the COVID-19 vaccine,
respectively, in Hong Kong. Regarding the population with two doses of vaccination,
the age-specific vaccination rate remained low at the extremes of age (Figure 10), which
led to over 9000 deaths during the primary Omicron wave. As for vaccine efficacy, in a
study covering the period between 31 December 2020 and 16 March 2022, during which
13.2 million vaccine doses had been administered, two doses of either vaccine formulation
were shown to protect against severe disease and death within 28 days after confirmation
of infection by a positive test. Higher effectiveness was demonstrated among the subgroup
of adults aged 60 years or older who had received BNT162b2 (vaccine effectiveness 89.3%)
when compared with CoronaVac (69.9%). Three doses of either vaccine offered very high
levels of protection against severe or fatal outcomes (97.9%) [159]. COVID-19 vaccines have
been shown to be safe in patients with cancer and chronic diseases and in people aged
60 years or older in Hong Kong [160–163].
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Table 5. Implementation of the Vaccine Pass to enter specified premises in order to enhance COVID-19
vaccination coverage in Hong Kong up to 25 September 2022 (day 1000) a.

Stage Time Period Requirement

First 24 February 2022 (day 422) to
29 April 2022 (day 851)

Persons ≥ 12 years are required to receive at least one dose of COVID-19
vaccine in order to use the Vaccine Pass to enter specified premises.

Second 30 April 2022 (day 852)
to 30 May 2022 (day 882)

For persons ≥ 18 years:
Two doses of COVID-19 vaccine.
For persons aged 12 to 17 years:
1st dose, if within 6 months of 1st dose, or
2nd dose, if after 6 months from 1st dose.

Third 31 May 2022 (day 883)
onwards b

For persons ≥ 18 years:
2nd dose, if within 6 months of 2nd dose, or
3rd dose, if after 6 months from 2nd dose.
For persons aged 12 to 17 years:
2nd dose, if within 6 months of 2nd dose, or
3rd dose, if after 6 months from 2nd dose.

a Specified premises: all catering business premises (including bars or pubs), amusement game centers, bathhouses,
fitness centers, places of amusement, places of public entertainment, party rooms, beauty parlors and massage
establishments, clubs or nightclubs, karaoke establishments, mahjong-tin kau premises, club houses, sports
premises, swimming pools, cruise ships, event premises, religious premises, barber shops or hair salons, shopping
malls, department stores, supermarkets, markets, and hotels or guesthouses. b The government further extended
the Vaccine Pass to cover children aged 5–11 years after 30 September 2022 (1st dose if within 3 months, 2nd dose
if after 3 months from 1st dose).

 
Figure 9. Daily doses of COVID-19 vaccine administrated in Hong Kong from 26 February 2021 (day
424) to 25 September 2022 (day 1000). The figure was generated from the website of “Our World in
Data” [140] and formatted for presentation.
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Figure 10. Monthly trend of COVID-19 vaccination rate among the general population until 25
September 2022 (day 1000) in Hong Kong. On 1 August 2022 (day 945), the Scientific Committee on
Emerging and Zoonotic Diseases and the Scientific Committee on Vaccine Preventable Diseases of
the Centre for Health Protection recommended using CoronaVac for those aged 6 months to under
3 years.

6.6. Other Non-Pharmaceutical Intervention in the Community

As mask-off activities such as dining and drinking in restaurants are associated with
COVID-19 transmission [117], legislation was implemented on air-change requirements or
utilization of air purifiers in dine-in catering premises [164]. Specifically, catering business
operators were required to ensure six or more air changes per hour in the seating area.
Otherwise, air purifiers were to be installed as an alternative measure to reduce the risk of
airborne transmission of SARS-CoV-2 [165].

7. The Way Forward

Although the stringent control measures of universal masking, social distancing, test-
ing for isolation and quarantine, contact tracing, and border testing with quarantine worked
well for 2 years with previous SARS-CoV-2 variants or lineages, such measures failed to
control the Omicron variant in Hong Kong. The global spread of the more benign Omicron
variant might be the beginning of the end for the COVID-19 pandemic [166,167], given
that a high proportion of the global population has some immunity from natural infection,
vaccination, or hybrid immunity. The risk of COVID-19 related death associated with Omi-
cron was comparatively lower than that of the Delta variant [168,169] and was also lower
than the previous variants [170], even during the pre-vaccination era [171]. Paradoxically,
the crude population mortality rate for COVID-19 in Hong Kong (37.7 per million) during
the peak level of the fifth wave, caused by the BA.2 sub-lineage, was among the highest
reported worldwide because of the low COVID-19 vaccination coverage in the elderly
population [172]. The severe community outbreak of Omicron BA.2 could be attributed
to the far higher airborne transmissibility as well as the lower population immunity [173].
The overall seropositive rate of IgG against the receptor-binding domain of SARS-CoV-2
increased from 52% in December 2021 to 89% in May 2022, at the end of the fifth wave
of COVID-19 in Hong Kong [174]. Hybrid immunity has been established locally and
the case fatality rate of COVID-19 during the secondary Omicron wave, predominantly
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caused by Omicron BA.5, was about 0.1%, which was comparable to the case fatality rate
of seasonal influenza. This could be attributable to the marked increase in vaccination rate
and early antiviral treatment. However, the case fatality rate among unvaccinated persons
still remained higher at 0.6% overall and 9% among elderly aged 80 years or above. After
analyzing scientific data and striking a balance among factors such as transmission risks,
the public health policy of compulsory quarantine in designated quarantine hotels for all
inbound travelers was no longer required from 26 September 2022 (day 1001), facilitating
international travel and recovery of the economy while being able to contain the spread of
infection. In Hong Kong, the healthcare services have gradually resumed normalcy. Health-
care workers were fully vaccinated and are well trained for COVID-19. The modalities of
pharmaceutical intervention, including remdesivir, nirmatrelvir/ritonavir, molnupiravir,
baricitinib, tocilizumab, and tixagevimab co-packaged with cilgavimab were made avail-
able to patients according to local studies [175–180] and in accordance with the evolving
treatment guidelines [181,182]. The government will continue to adjust the anti-pandemic
strategy based on scientific data and evidence [183].

Analogous to the influenza virus with the phenomenon of antigenic drift and shift [184],
new variants of SARS-CoV-2 are expected to develop with time. Since September 2022,
Omicron sub-lineages BA.2.75, BF.7, and BA.4.6 have been reported to be increasing in Asia
(India, Nepal, Singapore), Europe (Belgium, France, German), and the United States, respec-
tively [185]. These three sub-lineages could substantially escape neutralizing antibodies
induced by vaccination or previous infection, or both [186]. International collaboration
is required to closely monitor the evolving SARS-CoV-2 variants and see whether the T
lymphocyte response induced by infection, vaccination, or hybrid immunity will continue
to turn this virulent pandemic virus into an endemic benign respiratory virus. Infec-
tion control and public health measures remain the most important non-pharmaceutical
interventions against COVID-19 and any other emerging infectious diseases.
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Abstract: The now prevalent Omicron variant and its subvariants/sub-lineages have led to a sig-
nificant increase in COVID-19 cases and raised serious concerns about increased risk of infectivity,
immune evasion, and reinfection. Heparan sulfate (HS), located on the surface of host cells, plays
an important role as a co-receptor for virus–host cell interaction. The ability of heparin and HS to
compete for binding of the SARS-CoV-2 spike (S) protein to cell surface HS illustrates the therapeutic
potential of agents targeting protein–glycan interactions. In the current study, phylogenetic tree of
variants and mutations in S protein receptor-binding domain (RBD) of Omicron BA.2.12.1, BA.4 and
BA.5 were described. The binding affinity of Omicron S protein RBD to heparin was further investi-
gated by surface plasmon resonance (SPR). Solution competition studies on the inhibitory activity
of heparin oligosaccharides and desulfated heparins at different sites on S protein RBD–heparin
interactions revealed that different sub-lineages tend to bind heparin with different chain lengths
and sulfation patterns. Furthermore, blind docking experiments showed the contribution of basic
amino acid residues in RBD and sulfo groups and carboxyl groups on heparin to the interaction.
Finally, pentosan polysulfate and mucopolysaccharide polysulfate were evaluated for inhibition on
the interaction of heparin and S protein RBD of Omicron BA.2.12.1, BA.4/BA.5, and both showed
much stronger inhibition than heparin.

Keywords: SARS-CoV-2; Omicron; spike protein RBD; heparin; pentosan polysulfate; mucopolysac-
charide polysulfate

1. Introduction

Since the beginning of the COVID-19 pandemic, numerous mutations of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) have been identified and shared on
GISAID (Global Initiative on Sharing Avian Influenza Data). A variant is recognized as
a Variant of concern (VOC) by the World Health Organization (WHO) if it demonstrates:
(i) increased transmissibility; (ii) detrimental change; (iii) increased in virulence; (iv) change
in clinical disease presentation; (v) decreased effectiveness of public health and social
measures of available diagnostics, vaccines and therapeutics. Previously circulating VOCs
include Alpha, Beta, Gamma and Delta, while Omicron is currently the dominant variant
circulating globally with greatly increased transmissibility [1]. Emergence of the Omicron
variant has raised serious concerns about the increased risk of infectivity, immune evasion
and reinfection.

The Omicron variants include BA.1, BA.2, BA.3, BA.4, BA.5 and descendent lineages,
but also BA.1/BA.2 circulating recombinant forms such as XE [1]. The genome of SARS-
CoV-2 (~30 kb) encodes 16 non-structural proteins (NSPs) and 4 main structural proteins,
including spike (S), envelope (E), core membrane (M), and nucleocapsid (N), and other
accessory proteins [2]. Genome sequenced data of the Omicron variant demonstrated
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that the Omicron variant was the most highly mutated strain compared with the other
VOCs, with 50 mutations accumulated throughout the genome and 26–32 mutations in
the S protein [3]. Analysis of the mutations data shows that Omicron also carries sev-
eral mutations found before, which were associated with increased infectivity and the
chance of transmission by evading the immune response [4]. The current used COVID-19
vaccines mainly target the S protein [5]. Although several vaccines offering protection
for COVID-19, studies showed a marked reduction the neutralizing capacity of vaccine
induced immunity against the Omicron variant, especially the sub-lineages BA.4, and
BA.5 [4]. Other therapeutics, including various monoclonal antibodies [6], remdesivir [7,8],
tocilizumab [9], favipiravir [10], nirmatrelvir plus ritonavir (Paxlovid™) [11], molnupiravir
and other approved drugs [12] have been used with different treatments [13]. With the
virus mutation occurring so rapidly, alternative, or complementary approaches, need to
be considered that require durable therapeutic effects and reduced adverse events and
facilitate rapid development and large-scale production.

Glycosaminoglycans (GAGs) are a class of linear polysaccharides, including heparin/
heparan sulfate (HS), keratan sulfate (KS), chondroitin sulfate (CS)/dermatan sulfate
(DS), and hyaluronan (HA), and commonly expressed in the interior, cell surface, and
extracellular environment of many cell types [14]. Pathogens exploit fundamental biological
activities of GAGs, such as serving as cell adhesion and internalization receptors, inducing
conformational changes, activating signaling pathways, to promote their attachment and
invasion of host cells and to protect themselves from immune attack [15,16]. These activities
suggest that GAGs are potential targets for the development of specific and effective
antipathogen therapies. Studies have confirmed that SARS-CoV-2 interacts with both
cellular HS and angiotensin-converting enzyme 2 (ACE2) through its receptor-binding
domain (RBD) in the S1 subunit of the S protein. Binding of HS to S protein shifts the
structure to favor the RBD open conformation that binds ACE2 [17,18]. Cellular HS acts as
a co-factor for SARS-CoV-2 infection, this emphasizes the new therapeutic opportunities for
targeting S protein–HS interactions. Studies have also shown that heparin may inhibit the
activity of SARS-CoV-2 Mpro protein, thereby inhibiting virus replication and transcription,
and heparin also reduces the activity of excessive heparanase, thereby inhibiting glycocalyx
shedding and redox balance disturbance [19].

In previous work, we and others have shown that sulfated glycans, including hep-
arin/HS, heparin derivatives, fucoidans, fucosylated chondroitin sulfate, and rhamnan
sulfate inhibit the interaction between HS and the S protein RBD of wild type (WT), Delta
variant and Omicron (B.1.1.529) [17,18,20–24]. Mutations occur in the RBD region of S
protein may influence the binding to ACE2 or HS, for example, nine of the 15 RBD mu-
tations in the Omicron (BA.1.1.529) Spike region belong to the binding footprint of the
virus’ primary entry receptor [25]. Therefore, comparation of mutations in the emerging
Omicron sub-lineages and the binding between their RBD and HS requires further analysis.
It cannot be ignored that despite the positive effect of heparin on reducing the risk of
venous thromboembolism and coagulopathy in COVID-19 patients, the risk of bleeding is
increased [19]. In clinical use, heparin also has other side effect, such as heparin-induced
thrombocytopenia [26]. Therefore, discovering the structural characteristic of heparin
binding to the S-protein is critical for the development of therapeutics targeting S-protein–
heparin interaction while reducing adverse effects. In this work, we examined the binding
of the S protein RBD in Omicron sub-lineages BA.2.12.1, BA.4 and BA.5 with heparin,
heparin oligosaccharides of different lengths, and chemically modified heparins using
surface plasmon resonance (SPR) to elucidate the importance of size and sulfo group
position for heparin/HS binding. We also performed blind docking experiments to ob-
jectively identify the preferred binding residues of heparin/HS and the associated amino
acids on RBD region. Finally, highly negative compounds, including pentosan polysulfate
(PPS) and mucopolysaccharide polysulfate (MPS) were evaluated for their inhibition of the
RBD–heparin interaction.

152



Viruses 2022, 14, 2696

2. Materials and Methods

2.1. Materials

S protein RBD of Omicron sub-lineages BA.2.12.1 (Cat: 40592-V08H132), BA.4/BA.5
(Cat: 40592-V08H130) were purchased from Sino Biological Inc. (Beijing, China).The
proteins were constructed as follows: (1) a DNA sequence encoding the SARS-CoV-2
(BA.2.12.1) Spike RBD (YP_009724390.1, with mutations G339D, S371F, S373P, S375F, T376A,
D405N, R408S, K417N, N440K, L452Q, S477N, T478K, E484A, Q493R, Q498R, N501Y,
Y505H) (Arg319–Phe541) was expressed with a polyhistidine tag at the C-terminus; and
(2) a DNA sequence encoding the SARS-CoV-2 (BA.4/BA.5) Spike RBD (YP_009724390.1,
with mutations G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452R,
S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H) (Arg319–Phe541) was expressed with
a polyhistidine tag at the C-terminus. Unfractionated heparin (15 kDa) was purchased from
Celsus Laboratories (Cincinnati, OH, USA). Desulfated heparins including N-desulfated
heparin (14 kDa), 2-O-desulfated IdoA heparin (13 kDa), 6-O-desulfated heparin (13 kDa)
and heparin oligosaccharides from tetrasaccharide (dp4) to octadecasaccharide (dp18) were
purchased from Iduron (Manchester, UK). Pentosan polysulfate (PPS; 6.5 kDa) was from
Bene Pharma (Munich, Germany). Mucopolysaccharide polysulfate (MPS; 14.5 kDa) was
from Luitpold Pharma (Munich, Germany). Sensor SA chips were from Cytiva (Uppsala,
Sweden). SPR experiments were performed using a BIAcore 3000 or T200 SPR (Cytiva, Up-
psala, Sweden) with Biaevaluation software (version 4.0.1 or 3.2, Cytiva, Uppsala, Sweden).

2.2. Preparation of Heparin Biochips

The preparation of biotinylated heparin was as follows: heparin (2 mg) and amine-
PEG3-Biotin (2 mg, Thermo Scientific, Waltham, MA, USA) were dissolved in 200 μL H2O
added with 10 mg NaCNBH3, and reacted at 70 ◦C for 24 h, followed by additional 10 mg
NaCNBH3 and reacted for another 24 h. The desalted biotinylated heparin was immo-
bilized onto streptavidin (SA) chips based on the manufacturer’s protocol, as previously
described [27].

2.3. Binding Kinetics and Affinity Measurement

S protein RBD of BA.2.12.1 and BA.4/BA.5 were diluted into HBS-EP+ buffer at
concentrations of 1000, 500, 250, 125, and 63 nM, respectively. Diluted protein samples
were injected at a flow rate of 30 μL/min for 3 min at 25 ◦C, followed by dissociation with
HBS-EP+ buffer for 3 min. The sensor surface was regenerated by 2 M NaCl (30 μL) after
each binding measurement.

2.4. Evaluation of the Inhibition Activity of Heparin Oligosaccharides and Chemically Modified
Heparins on S Protein RBD–Heparin Interaction Using Solution Competition SPR

Competition studies between surface-immobilized heparin and heparin analogues
(heparin oligosaccharides and desulfated heparins) in solution mixed with S protein RBD,
were performed as previously described [24]. S protein RBD samples (250 nM) were pre-
mixed individually with 1000 nM oligosaccharides (dp4–dp18) or desulfated heparins and
injected at a flow rate of 30 μL/min for 3 min at 25 ◦C. After dissociation, the sensor was
regenerated by 2 M NaCl (30 μL). A control experiment (only S protein RBD) was used to
test the complete regeneration.

2.5. Model Building and Molecular Docking

Molecular docking and modeling of the S protein RBD with heparin dodecasac-
charide were performed using AutoDock Vina. S protein RBD of Omicron (BA.2.12.1)
was derived from the PDB library under code 7XNS, and the structure of dodecasac-
charide, IdoA2S-GlcNS6S-IdoA2S-GlcNS6S-IdoA2S-GlcNS6S-IdoA2S-GlcNS6S-IdoA2S-
GlcNS6S-IdoA2S-GlcNS6S, was derived from the NMR structure (PDB:1HPN). The struc-
ture of BA.4/BA.5 S protein RBD was derived from the mutation of BA.2.12.1 (PDB:7XNS)
and optimized by the CHARMm force field. All hydrogen atoms were added to S
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protein RBD and charged using Gasteiger. A box of size (100,77,122) and grid center
(42.110,182.058,131.292) was built for ligand docking. The RBD was in the center of the
box and covered completely. The dodecaccharide was allowed to move freely in the box.
During blind docking, all monosaccharide rings can rotate freely, and ring substituents
(such as the sulfonic acid group) are defined as flexible and free to rotate. After molecular
docking simulations, the binding poses were assessed based on binding energy in kcal/mol,
and the low energy binding pose (more stable conformer) was chosen.

2.6. Evaluation of the Inhibition Activity of PPS and MPS on S Protein RBD–Heparin Interaction
Using Solution Competition SPR

Likewise, SARS-CoV-2 S protein RBD samples (250 nM) pre-mixed with 1000 nM
PPS or MPS were injected at a flow rate of 30 μL/min. The signal (RU) decreased when
the binding sites on the S protein RBD were occupied by PPS or MPS instead of the
surface-immobilized heparin.

3. Results and Discussion

3.1. SARS-CoV-2 Variants and Omicron S Protein RBD Mutations

On November 2021, the WHO defined B.1.1.529 as the fifth VOC and named it Omicron.
Multiple new subvariants/sub-lineages of Omicron have now emerged causing a significant
increase in COVID-19 cases. High-throughput sequencing technologies enabled rapid
identification of SARS-CoV-2 variants. The overall relationships of SARS-CoV-2 variants
over time and the VOCs are shown in Figure 1A. Orange and red nodes are Omicron and its
sub-lineages, where the red nodes are the three sub-lineages studied in this work, BA.2.12.1,
BA.4 and BA.5. Sequence comparison showed that mutations in Omicron were mostly
restricted to the S and N proteins, while other viral proteins were generally conserved [28].
The sequence alignment of the S protein RBD (Arg319–Phe541) of Omicron sub-lineages
is shown in Figure 1B. An * (asterisk) represents shared mutations, and all the three sub-
lineages have 13 amino acid mutations in RBD compared to WT, although the mutation
positions are not identical. Notably, the mutations in BA4 and BA5 RBD are the same.
The positively charged mutations in BA.2.12.1 RBD are N440K, T478K, Q493R, Q498R and
Y505H, while in BA.4/BA.5 RBD are N440K, L452R, T478K, Q498R and Y505H. Persistent
amino acid mutations will make it more difficult to provide rapid and reliable diagnosis
and treatment.

Figure 1. Cont.

154



Viruses 2022, 14, 2696

Figure 1. Phylogenetic tree and multiple sequence alignment. (A) Phylogenetic relationships
of Nextstrain SARS-CoV-2 clades. The phylogenetic tree was adapted from figure provided by
Nextstrain and CoVariants [29]. VOCs are represented by colored nodes. (B) Mutation profile of S
protein RBD of Omicron BA.2.12.1, BA.4/BA.5 compared with WT. Multiple sequence alignment was
performed by Clustal Omega (1.2.4). An * (asterisk) indicates positions which have a single, fully
conserved residue.

3.2. Binding Affinity and Kinetics Measurement on S Protein RBD–Heparin Interactions

Heparin/HS has variable repeating units, L-iduronic acid (IdoA) or D-glucuronic
acid (GlcA) linked to N-sulfoglucosamine (GlcNS) or N-acetylglucosamine (GlcNAc), with
different sulfo group modification [30]. Heparin/HS and other GAGs interact with proteins
mainly through their highly negatively charged groups (sulfo groups and carboxyl groups)
in polysaccharide chains binding to basic amino acid residues of proteins, for which a
limited number of specific binding cases have, thus far, been discovered [31]. HS interacts
with SARS-CoV-2 S protein and facilitates host cell entry of SARS-CoV-2 as a co-receptor of
ACE2 [17]. Destabilizing and stabilizing mutations may have a large impact on the structure
and pathogenesis of the virus. Since the Omicron S protein RBD have a more positive
electrostatic potential than both WT and Delta [32], the binding of Omicron BA.2.12.1 and
BA.4/BA.5 to heparin/HS is further investigated in the current study.

SPR was used to measure the kinetics and binding affinity of SARS-CoV-2 S protein
RBD interaction with heparin, a highly sulfated version of HS. Sensorgrams of S-protein
RBD (BA.2.12.1 and BA.4/BA.5) interactions with immobilized heparin are shown in
Figure 2. The sensorgrams were used to determine kinetics and binding affinity (i.e., associ-
ation rate constant, ka; dissociation rate constant, kd; and binding equilibrium dissociation
constant, KD, where KD = kd/ka) by globally fitting the entire association and dissociation
phases using a 1:1 Langmuir-binding model (Table 1). The binding affinities of S protein
RBDs (BA.2.12.1 and BA.4/BA.5) were all nanomolar, which were slightly stronger than
that of WT measured in our previous work (KD = 400 nM) and comparable to that of
Delta (KD = 140 nM) and Omicron B.1.1.529 (KD = 100 nM) [24]. Interestingly, Omicron
BA.4/BA.4 RBD had a lower affinity (KD = 230 nM) for heparin than Omicron BA.2.12.1
RBD (KD = 140 nM), although they carry the same number of basic amino acids, albeit in
different sequences.

155



Viruses 2022, 14, 2696

Figure 2. SPR sensorgrams of S protein RBD of BA.2.12.1 and BA.4/BA.5 binding with heparin.
(A) SPR sensorgrams of S protein RBD of BA.2.12.1 binding with heparin. Concentrations of RBD
(from top to bottom) are 1000, 500, 250, 125, and 63 nM, respectively. (B) SPR sensorgrams of S protein
RBD of BA.4/BA.5 binding with heparin. Concentrations of RBD (from top to bottom) are 1000, 500,
250, 125, and 63 nM, respectively.

Table 1. Summary of kinetic data of S protein RBD of BA.2.12.1 and BA.4/BA.5 binding with heparin.

ka (M−1s−1) kd (s−1) KD (M)

BA.2.12.1 3.4 × 104

( ± 270) *
4.7 × 10−3

( ± 2.1 × 10−5) *
1.4 × 10−7

( ± 5.8 × 10−9) **

BA.4/BA.5 3.4 × 104

( ± 630)
7.9 × 10−3

( ± 8.7 × 10−5)
2.3 × 10−7

( ± 2.6 × 10−8)
* The data with (±) in parentheses are the standard deviations (SD) from global fitting of five injections. ** Standard
deviation (SD) on triplicated experiments.

3.3. Solution Competition Study on the Inhibition Activity of Heparin Oligosaccharides and
Chemically Modified Heparins on S Protein RBD–Heparin Interaction

The molecular and biophysical properties of S protein–GAG binding is currently being
investigated. For previous SARS-CoV-2 variants, either the sulfation pattern or chain length
of HS/heparin showed an effect on binding affinity. HS with a higher degree of sulfation
showed a higher affinity toward SARS-CoV-2 S protein subunits, a full-length molecule
and its trimer, and the binding was also positively related to the 6-O-sulfation level [33].
Kim et al. showed the level of sulfation had critical impact on the SARS-CoV-2–GAG
interaction, and the binding preferred long, highly sulfated structures [18]. For Omicron
(BA.1.1.529), heparin showed size-dependent inhibition on the binding to S protein RBD,
while higher sulfation level in heparin may not be that important for binding Omicron S
protein RBD [24].

Solution competition was applied to test the effect of the chain length and sulfation
pattern of heparin on the heparin interactions with RBD of Omicron BA.2.12.1, BA.4/BA.5
S proteins. S protein RBD was pre-mixed with different concentrations of heparin oligosac-
charides or chemically desulfated heparins, and then injected onto the heparin chip. The
signal (RU) decreased when the binding sites on the S protein RBD were occupied by PPS
or MPS instead of the surface-immobilized heparin. Different heparin oligosaccharides at
1000 nM were applied in the competition analysis (Figures 3A,B and 4A,B). For Omicron
BA.2.12.1 S protein RBD, heparin oligosaccharides (from dp4 to dp18) showed a weak
(2–27% reduction) and size-dependent inhibition on the binding. In the case of Omicron
BA.4/BA.5, heparin oligosaccharides in solution competed more effectively (9–35% reduc-
tion) against S protein RBD binding to the heparin chip and was independent of chain
length. The ability of different chemically desulfated heparins to inhibit the interaction
of S protein with surface-immobilized heparin was also measured. All three chemically
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desulfated heparins reduced the binding of all three S-protein RBDs to surface-immobilized
heparin (Figures 3C,D and 4C,D). To our surprise, the binding biases of BA.2.12.1 and
BA.4/BA.5 for sulfation patterns were quite different, with BA.4/BA.5 showed stronger
charge-dependent and preference for 6-O-sulfation groups, possibly due to three amino
acids differ in the RBD.

Figure 3. S protein RBD (BA.2.12.1)–heparin interaction inhibited by heparin oligosaccha-
rides/desulfated heparins using solution competition. (A) SPR sensorgrams of S protein RBD
(BA.2.12.1)–heparin interaction competing with different heparin oligosaccharides. Concentration of
S-protein RBD (BA.2.12.1) is 250 nM mixed with 1 μM of different heparin oligosaccharides. (B) Bar
graphs (based on triplicate experiments with standard deviation) of normalized S-protein RBD
(BA.2.12.1) binding preference to surface heparin by competing with different heparin oligosaccha-
rides. (C) SPR sensorgrams of S protein RBD (BA.2.12.1)–heparin interaction competing with different
desulfated heparins. Concentration of S-protein RBD (BA.2.12.1) is 250 nM mixed with 1 μM of differ-
ent desulfated heparins. (D) Bar graphs (based on triplicate experiments with standard deviation)
of normalized S-protein RBD (BA.2.12.1) binding preference to surface heparin by competing with
different desulfated heparins. Statistical analysis was performed using unpaired two-tailed t-test (ns:
p > 0.05 compared to the control, *: p ≤ 0.05 compared to the control, **: p ≤ 0.01 compared to the
control, ***: p ≤ 0.001 compared to the control).

3.4. Molecular Modeling of the SARS-CoV-2 Spike RBD Interaction with Heparin

AutoDock Vina was used to construct a theoretical binding model of the Omicron S
protein RBD and heparin oligosaccharides. Omicron BA.4 variant S protein, derived from
the PDB library (PDB:7XNS), was shown in Figure 5A, with RBD domain in red. The RBD
in Omicron BA.2.12.1 S protein was derived from the structure of Omicron BA.4/BA.5
RBD (PDB: 7XNS) and the dodecasaccharide, IdoA2S-GlcNS6S-IdoA2S-GlcNS6S-IdoA2S-
GlcNS6S-IdoA2S-GlcNS6S-IdoA2S-GlcNS6S-IdoA2S-GlcNS6S, was derived from the NMR
structure (PDB: 1HPN). The ranking of the binding poses was based on affinity energy,
and the conformation with the lowest energy was selected for subsequent analysis of the S-
protein RBD–heparin interaction. We report the best binding pose for BA.2.12.1 based upon
lowest binding energy value (affinity energy = −4.2 kcal/mol, RMSD u.b. = 10.879), and the
best binding pose for BA.4/BA5 was also selected by the same principle
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(affinity energy = −5.8 kcal/mol, RMSD u. b. = 31.459). The optimal binding model
of the dodecasaccharide binding to BA.2.12.1 or BA.4/BA.5 S protein RBD was displayed
using Pymol, and the electrostatic potential map of the binding conformation is shown
in Figure 5B. The binding sites of heparin dodecasaccharide to BA.2.12.1 and BA.4/BA.5
were both located at or near the basic amino acid-rich domain, although different amino
acid sites were chosen for binding. As shown in Figure 5C, the interaction of dodecasac-
charide with BA.2.12.1 is dominated by electrostatic forces, assisted by hydrogen bonds,
and both 6-O-sulfation and carboxyl groups on heparin chain contribute to the binding.
The interaction of the dodecasaccharide and BA.4/BA.5 is governed by a combination of
electrostatic forces and hydrogen bonding. The sulfate groups and carboxyl groups on
heparin strengthen the interaction. The amino acid residues, such as R355, R577 and R357
in BA.2.12.1 RBD and R346, K440, K444 in BA.4/BA.5 RBD, make up a potential binding
site for heparin and heparan sulfate, and other amino acids residues shown in Figure 5C
also further strengthen the interaction.

Figure 4. S protein RBD (BA.4/BA.5)–heparin interaction inhibited by heparin oligosaccha-
rides/desulfated heparins using solution competition. (A) SPR sensorgrams of S protein RBD
(BA.4/BA.5)–heparin interaction competing with different heparin oligosaccharides. Concentration
of S-protein RBD (BA.4/BA.5) is 250 nM mixed with 1 μM of different heparin oligosaccharides.
(B) Bar graphs (based on triplicate experiments with standard deviation) of normalized S-protein
RBD (BA.4/BA.5) binding preference to surface heparin by competing with different heparin oligosac-
charides. (C) SPR sensorgrams of S protein RBD (BA.4/BA.5)–heparin interaction competing with
different desulfated heparins. Concentration of S-protein RBD (BA.4/BA.5) is 250 nM mixed with
1 μM of different desulfated heparins. (D) Bar graphs (based on triplicate experiments with stan-
dard deviation) of normalized S-protein RBD (BA.4/BA.5) binding preference to surface heparin by
competing with different desulfated heparins. Statistical analysis was performed using unpaired
two-tailed t-test (ns: p > 0.05 compared to the control, *: p ≤ 0.05 compared to the control, **: p ≤ 0.01
compared to the control, ***: p ≤ 0.001 compared to the control).
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Figure 5. Molecular Docking and modeling simulation. (A) Structure of Omicron S protein (PDB:
7XNS) with the RBD domain in red. (B) Model electrostatic potential map for docking binding of
BA.2.12.1 and BA.4/BA.5 S protein RBD to heparin dodecasaccharide (PDB:1HPN). (C) 2D diagram
of the interaction of BA.2.12.1 and BA.4/BA.5 S protein RBDs with heparin dodecasaccharide.

3.5. Potential Anti-SARS-CoV-2 Activity of Pentosan Polysulfate and
Mucopolysaccharide Polysulfate

Previously work showed that the structural heparin analogues, PPS and MPS, showed
strong binding affinities to S protein in isothermal fluorescence titration and surface plas-
mon resonance (SPR) experiments [27,34,35]. PPS exhibits reduced anticoagulant poten-
tial [35] and is less likely to induce bleeding complications for long-term and high-dose use.
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Based on these, we investigated the ability of PPS and MPS to inhibit Omicron S protein
RBD–heparin binding. The structure of PPS and MPS are shown in Figure 6A, the high level
of sulfo groups enable strong interaction with S protein RBD. Both PPS and MPS in solution
showed remarkable inhibition activity against surface-immobilized heparin binding with
the Omicron S-protein RBD, stronger than that of heparin in solution (positive control). PPS
and MPS potently inhibited the S protein RBD (BA.2.12.1)–heparin interaction by 99% and
89% (Figure 6B,C), respectively, while inhibiting the S protein RBD (BA.4/BA.5)–heparin
interaction by 92% and 80% (Figure 6D,E), respectively. PPS and MPS showed promise for
potential therapeutic or preventive agents against COVID-19.

Figure 6. Solution competition between heparin and PPS or MPS. (A) Structure of PPS and MPS.
(B) SPR sensorgrams of S protein RBD (BA.2.12.1)–heparin interaction competing with PPS or MPS.
Concentration of S-protein RBD (BA.2.12.1) is 250 nM mixed with 1 μM of PPS or MPS. (C) Bar graphs
(based on triplicate experiments with standard deviation) of normalized S-protein RBD (BA.2.12.1)
binding preference to surface heparin by competing with PPS or MPS. (D) SPR sensorgrams of S
protein RBD (BA.4/BA.5)–heparin interaction competing with PPS or MPS. Concentration of S-protein
RBD (BA.4/BA.5) is 250 nM mixed with 1 μM of PPS or MPS. (E) Bar graphs (based on triplicate
experiments with standard deviation) of normalized S-protein RBD (BA.4/BA.5) binding preference
to surface heparin by competing with PPS or MPS. Statistical analysis was performed using unpaired
two-tailed t-test (***: p ≤ 0.001 compared to the control, ###: p < 0.001 compared to the heparin).

Solution competition dose response analysis was performed to calculate IC50 values to
examine the ability of PPS and MPS to inhibit the interaction between surface-immobilized
heparin with the S-protein RBD of Omicron variants. Once the active binding site on the
S-protein RBD is occupied by glycan in solution, its binding to the surface-immobilized
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heparin is reduced, resulting in a concentration-dependent decrease in signal. IC50 mea-
surement of the inhibition of S-protein RBD of Omicron BA.2.12.1 binding to surface-
immobilized heparin using solution competition SPR by PPS and MPS were shown in
Figure 7. Measured IC50 (concentration of competing analyte resulting in a 50% decrease
in RU) = 228.9 nM, 19.3 nM, and 9.7 nM for heparin, PPS, and MPS, respectively. The
IC50 values of the inhibition of S-protein RBD of Omicron BA.4/BA.5 binding to surface-
immobilized heparin were also measured using solution competition SPR by PPS and
MPS (Figure 8). The IC50 values of heparin, PPS and MPS were 680.1 nM, 84.4 nM, and
124.9 nM, respectively. Although both BA2.12.1 and BA.4/BA.5 were strongly inhibited by
PPS and MPS, the activity of BA.4/BA.5 appeared to be more difficult to be inhibited by
sulfated glycans.

Figure 7. IC50 measurement of the inhibition of S-protein RBD (BA.2.12.1) binding to heparin using
solution competition SPR by sulfated glycans (heparin, PPS, and MPS). S-protein RBD concentra-
tion was 250 nM. Error bars represent standard deviations from triplicate tests. (A,B) = heparin;
(C,D) = PPS; (E,F) = MPS.
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Figure 8. IC50 measurement of the inhibition of S-protein RBD (BA.4/BA.5) binding to heparin using
solution competition SPR by sulfated glycans (heparin, PPS, and MPS). S-protein RBD concentra-
tion was 250 nM. Error bars represent standard deviations from triplicate tests. (A,B) = heparin;
(C,D) = PPS; (E,F) = MPS.

4. Conclusions

Mutations occurring in the RBD region of SARS-CoV-2 S protein may influence the
binding to HS/heparin. SPR analysis revealed that the binding affinity (KD) of Omi-
cron BA.2.12.1 and BA.4/BA.5 were all at nanomolar concentrations, which were slightly
stronger than that of WT and comparable to that of Delta and Omicron B.1.1.529. Solu-
tion competition studies indicated that efficient binding of Omicron BA.2.12.1 requires
longer chain length, which is not that necessary for BA.4/BA.5. Competition assays also
demonstrated that all the sulfation sites are important for interaction between the S protein
RBDs and heparin, although higher sulfation level of HS/heparin are required for binding
to BA.4/BA.5. The three sub-lineages showed differences in binding models for heparin
dodecasaccharide, suggesting that mutations in RBD have an important effect on viral
attachment, possibly explaining differences in the SARS-CoV-2 infection. Binding of human
ACE2 to S protein RBD from Omicron and Delta was studied by Han and co-workers,
showing that Omicron, Delta, and WT SARS-CoV-2 RBDs have similar binding strengths to
hACE2 [32]. Therefore, it is also promising to investigate the effect of different glycans on
the binding of ACE2 to different RBDs. Although, persistent amino acid mutations will
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make it more difficult to provide rapid and reliable diagnosis and treatment, PPS and MPS
show promise as therapeutic and/or preventative antiviral drugs against COVID-19.
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Severity of COVID-19 among Hospitalized Patients: Omicron
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Abstract: The Omicron variant of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerged in the general population in the context of a relatively high immunity gained through
the early waves of coronavirus disease 19 (COVID-19), and vaccination campaigns. Despite this
context, a significant number of patients were hospitalized, and identifying the risk factors associated
with severe disease in the Omicron era is critical for targeting further preventive, and curative
interventions. We retrospectively analyzed the individual medical records of 1501 SARS-CoV-2
positive hospitalized patients between 13 December 2021, and 13 February 2022, in Belgium, of which
187 (12.5%) were infected with Delta, and 1036 (69.0%) with Omicron. Unvaccinated adults showed
an increased risk of moderate/severe/critical/fatal COVID-19 (crude OR 1.54; 95% CI 1.09–2.16)
compared to vaccinated patients, whether infected with Omicron or Delta. In adults infected with
Omicron and moderate/severe/critical/fatal COVID-19 (n = 323), immunocompromised patients
showed an increased risk of in-hospital mortality related to COVID-19 (adjusted OR 2.42; 95% CI
1.39–4.22), compared to non-immunocompromised patients. The upcoming impact of the pandemic
will be defined by evolving viral variants, and the immune system status of the population. The
observations support that, in the context of an intrinsically less virulent variant, vaccination and
underlying patient immunity remain the main drivers of severe disease.

Keywords: COVID-19; omicron; delta; immunocompromised host; hospitalization
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1. Introduction

Compared to the ancestral severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) Wuhan-Hu-1 strain and to the SARS-CoV-2 lineage B.1.617.2 (Delta variant), the
SARS-CoV-2 lineage B.1.1.529 (Omicron variant) is characterized by an antigenic drift of
30, respectively, 28 mutations in the viral spike protein [1]. As a result, Omicron showed
more ability than Delta to cause infections in individuals with acquired immunity from
either prior infection or vaccination [2]. Omicron outcompeted the Delta variant almost
completely in only four weeks in the area of detected emergence, South Africa [3], and
caused a nearly complete viral population replacement in a matter of weeks with >3 million
daily new confirmed cases worldwide by mid-January 2022 [4]. Initially, the Omicron
variant was divided into sub-lineages aliased BA.1 (the main clade), BA.2, and BA.3 [2].
Two distinct sub-lineages BA.4 and BA.5 were designated later on [5].

Increased transmissibility had already been observed with previous variants in the
two-year coronavirus disease 2019 (COVID-19) pandemic. The emergence of the SARS-CoV-
2 lineage B.1.1.7 (Alpha variant), first detected in the United Kingdom (UK) in September
2020, was associated with a higher transmissibility, but also with an increased severity
of disease [6] and risk of death [7], compared to the first COVID-19 pandemic wave. In
March 2021, the Delta variant rapidly spread in the UK and showed an even higher risk
of hospital admission due to COVID-19 in the unvaccinated population, compared to the
patients infected with the Alpha variant [8]. The higher intrinsic severity of the preceding
SARS-CoV-2 variants with enhanced transmissibility, compared to the previous ancestor or
previous dominant variant, urged studies to investigate the severity of COVID-19 caused
by the even more infective Omicron variant [9].

However, early data from South Africa were encouraging. Patients infected with the
Omicron variant showed a reduced risk of hospitalization, a shorter length of hospital
stay [10], and reduced risk of severe disease compared to patients infected with the Delta
variant [3], but also compared to patients infected with the ancestral strain (with D614G
mutation), and patients infected with the SARS-CoV-2 lineage B.1.351 (Beta variant) [11,12].
This less severe disease remained after adjusting for both vaccination and prior diagnosed
infection indicating a possible intrinsically reduced virulence of Omicron [13].

Extrapolations of the South African studies to other populations should be carried out
with caution. Indeed, the age distribution may be different, with a predominantly younger
population in South Africa. The vaccination status may also differ, with +/− 35% of the
adult population in South Africa having received a basic COVID-19 vaccination (messenger
RNA (mRNA) or viral vector vaccine) at the time of Omicron’s first detection. In addition,
South Africa had high levels of prior infections, with about 70% unvaccinated patients in
the province of Gauteng showing SARS-CoV-2 anti-S or anti-N IgG seropositivity at that
time [11,12]. Yet, preliminary data retrieved the during the first Omicron emergence from
Europe [14,15], the UK [16] and North America [17–20] confirmed these early observations
of reduced risk of hospitalization, shorter duration of hospital stay, and fewer severe
outcomes, despite an increased incidence rate of Omicron infections.

Despite the overall lower virulence of Omicron, the identification of patient groups
remaining vulnerable to severe COVID-19 and prolonged hospitalizations is important to
guide health policies when new waves of infections emerge. Data on COVID-19 outcomes,
obtained during previous waves in mainly unvaccinated and unexposed patients, showed
an association between severity of COVID-19 and increasing age, masculine gender, and
a wide range of pre-existing medical conditions, such as diabetes, obesity, heart failure,
renal disease, chronic obstructive pulmonary disease (COPD), and immunocompromised
status [21]. However, with the emergence of Omicron, evaluating COVID-19 severity is
more challenging, given vaccination coverage and a global exposition to previous variants.

It, therefore, seemed interesting to look at the situation in Belgium, characterized by
a high vaccination coverage at the time of Omicron’s first infection: 88% of adults were
fully vaccinated, and 17% of adults had already received a first booster dose [22]. In this
multicenter retrospective study, we compared hospitalized patients infected with the Delta
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variant and with the Omicron variant looking at COVID-19 severity and short-term clinical
outcome, taking vaccination status and immune status into account.

2. Materials and Methods

All hospitalized patients with a PCR confirmed SARS-CoV-2 infection from four
university and four general hospitals in Belgium were included retrospectively, if admitted
between 13 December 2021, and 13 February 2022 (n = 9 weeks). During this period,
all newly hospitalized patients were screened for SARS-CoV-2 positivity, regardless of
COVID-19 symptoms, in all participating centers in accordance with national testing
guidelines at that time. This period was characterized by the full viral replacement of
Delta by Omicron BA.1, followed by the emergence of Omicron BA.2, causing a fifth wave
of COVID-19 hospital admissions in Belgium, with the highest new number of hospital
admissions on 2 February 2022 (n = 2576) [4,23]. Exclusion criteria were admission to
the emergency department solely; to a psychiatric or rehabilitation ward; admission to
ambulatory care/day surgery; or a positive SARS-CoV-2 screening result, interpreted as
a viral remnant of a previous infection (based on viral load <3.0 log copies/mL and/or
clinical context).

The following demographic and clinical information were collected: age at admission,
sex, date of hospitalization, ward of hospitalization (intensive care unit (ICU) or non-ICU
including potential date of transfer to ICU), and mortality during hospitalization (patients
still hospitalized on 3 May 2022 were considered non-deceased). COVID-19 symptoms at
time of hospital admission (based on National Institutes of Health (NIH) classification [24]
(Supplemental Material and Methods A)) were registered, as well as the most severe
COVID-19 symptoms during hospitalization. If available, SARS-CoV-2 serology data before
or during the first days of admission were collected (SARS-CoV-2 IgG anti-S and/or anti-N).
The immune status of patients at time of admission, according to CDC criteria [25], were
registered, and immunocompromised status was defined as (1) receiving active cancer
treatment for tumors or cancers of the blood; (2) receiving immunosuppressants after
organ transplant; (3) recipient of a stem cell transplant within the last 2 years or taking
immunosuppressants; (4) moderate or severe primary immunodeficiency; (5) advanced or
untreated HIV infection; (6) receiving high-dose corticosteroids (Supplemental Material
and Methods B). COVID-19 vaccination status (including date of last vaccine) of the patient
on admission was registered, further [25] described in Supplemental Material and Methods
C. Regarding SARS-CoV-2 screening results, both the viral load and the variant-of-concern
(VOC) were registered, with typing of the VOC being based on whole-genome sequencing
results (divided into Delta variant, Omicron BA.1 variant, Omicron BA.1.1 variant, Omicron
BA.2 variant, Omicron BA.3 variant, other variant or untypable) or based on a genotyping
PCR when WGS could not be performed. Previous SARS-CoV-2 infections were registered
if detected in the same hospital as the current admission. An overview of the SARS-CoV-2
serology, PCR and WGS assays, and analyzers is available in Supplemental Material and
Methods D.

This study was approved by the Ethics Committee Research UZ/KU Leuven (reference
S66037, date of approval 28 February 2022). After signing a Data Transfer Agreement for
non-commercial studies, the participating centers sent pseudonymized patients’ data to the
principal investigator via a secured Excel file. Data were processed using Microsoft® Excel®

Version 2204 (Microsoft, Redmond, WA, USA) and R 4.1.3 (RStudio version 2022.02.1) [26].
Statistical analyses comprised bivariate analyses, and multivariate logistic regres-

sion analyses. Bivariate analyses were performed by using a Chi-squared test in case of
categorical data (reported as absolute number, n, and relative frequency, %). Continu-
ous variables (reported as median and interquartile range (IQR)) were compared using
Wilcoxon rank-sum test (sample size ≤ 30 and non-paired non-normally distributed data),
or two-sample, unpaired t-test (sample size ≤ 30 and normally distributed data or sample
size > 30). Multivariable logistic regression analysis was performed to assess the effect of
independent variables on binary outcomes, such as severity of disease during hospitaliza-
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tion (asymptomatic or mild versus moderate, severe, critical or fatal COVID-19), mortality
(discharged or deceased not due to COVID-19 versus deceased due to COVID-19), and
need for ICU admission (admission to a non-ICU ward or admission to ICU not due to
COVID-19 versus ICU admission due to COVID-19). Independent variables included age
at admission, sex, VOC (Delta versus Omicron), immune status at admission (immuno-
compromised versus non-immunocompromised), vaccination status (unvaccinated versus
vaccinated; non-boosted versus boosted; viral vector versus mRNA vaccines) and time
since last vaccination (<2/4/6 months before admission versus >2/4/6 months before
admission). Because of the multicenter nature of the study, the variable ‘hospital’ was
included as a random effect, using a mixed-effects logistic regression model (lme4 package
in R). However, due to high numbers of missing data regarding vaccination data, neither
multivariable nor mixed-effects models could be run; a bivariate regression model was
used instead for these variables. All p-values <0.05 were considered statistically significant.

3. Results

3.1. Patient Demographics

Between 13 December 2021, and 13 February 2022, 1501 newly hospitalized patients
with positive SARS-CoV-2 test result were included. In total, 187 patients (12.5%) were
infected with Delta, 1036 patients (69.0%) with Omicron, in 278 patients (18.5%) no VOC
could be typed (Supplemental Figure S1). Clinical characteristics of all patients are shown
in Supplemental Tables S1 and S2. No or mild COVID-19 symptoms were developed in
160/210 (76.2%) children and 753/1291 (58.3%) adults during hospitalization (Supplemental
Figure S2). ICU hospitalization accounted for 20/210 (9.5%) children and 178/1291 (13.8%)
adults of which, respectively, 8/20 (40.0%) and 49/178 (27.5%) had no or mild COVID-19
symptoms. No children, and 139/1291 (10.8%) adult patients died during hospitalization,
however, 40/139 (29%) of them from non-COVID-19 related causes.

3.2. Hospitalized Adults Infected with Omicron Showed a Reduced Intrinsic COVID-19 Severity
Compared to Those Infected with Delta

Looking at adult patients with known VOC (Delta and Omicron together, n = 1071/1291,
83.0%), 449/1071 (41.9%) suffered from moderate/severe/critical/fatal COVID-19. Patients
infected with Omicron had reduced odds to suffer from these symptoms, compared to
patients infected with Delta, after correcting for age, sex, and immune status (odds ratio
(OR) 0.14; 95% confidence interval (CI) 0.09–0.22; p < 0.001) (Table 1, Figure 1A). Next, the
risk of ICU admission due to COVID-19 (total on ICU, n = 112/1071, 10.5%) was reduced
for patients with Omicron infection, compared to patients infected with Delta, corrected for
using the same variables as above (OR 0.26, 95% CI 0.17–0.40; p < 0.001). Finally, regarding
the risk of in-hospital mortality related to COVID-19 (total mortality, n = 89/1071, 8.3%),
patients infected with Omicron showed reduced odds, compared to patients infected with
Delta, corrected for the same variables as above (OR 0.24; 95% CI 0.14–0.40; p < 0.001).

Using bivariate logistic regression, unvaccinated patients were more likely than vacci-
nated patients ([1/2] basic or boosted vaccination scheme) to develop moderate/severe/
critical/fatal COVID-19 (crude OR 1.54; 95% CI 1.09–2.16; p = 0.01). Similarly, recently vac-
cinated (<2 months before admission) were less likely than patients vaccinated >2 months
before admission to develop moderate/severe/critical/fatal COVID-19 (crude OR 0.55;
95% CI 0.38–0.78; p = 0.001). Moreover, unvaccinated patients showed increased odds,
compared to vaccinated patients, for admission to ICU due to COVID-19 (crude OR 1.80;
95% CI 1.10–2.87; p = 0.02). No significant differences were noticed in vaccination status
between patients deceased due to COVID-19 and patients discharged or deceased not
due to COVID-19 (crude OR 1.15; 95% CI 0.56–2.19; p = 0.68, unadjusted for age, sex, and
immune status) (Table 1).

A similar comparative analysis in children with known VOC (n = 152/210, 72.4%) was
not possible due to a low number of Delta-infected patients (Supplemental Table S2).
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Table 1. Mixed-model logistic regression analysis comparing severity of COVID-19 outcomes between
hospitalized adult patients infected with Delta (n = 166) and Omicron (n = 905) (excluding patients
with untyped VOC, n = 210). Covariates: 1. versus Delta; 2. odds increase per year; 3. versus female;
4. versus non-immunocompromised; 5. versus any vaccination; 6. versus unvaccinated or vaccinated
>2 months before admission; 7. versus unvaccinated or (1/2) basic vaccination; 8. versus vaccinated
with mRNA solely. Abbreviations: OR; odds ratio; CI; confidence interval.

Crude OR 95% CI p value Adjusted OR 95% CI p Value

Outcome 1—disease severity: odds of moderate/severe/critical/fatal COVID-19 (n = 449/1071, 41.9%)
Omicron 1 0.17 0.11–0.26 <0.001 0.14 0.09–0.22 <0.001
Age at admission 2 1.01 1.01–1.02 <0.001 1.02 1.01–1.03 <0.001
Male 3 2.07 1.60–2.67 <0.001 1.92 1.47–2.53 <0.001
Immunocompromised 4 2.12 1.57–2.88 <0.001 2.06 1.48–2.86 <0.001
Unvaccinated 5 1.54 1.09–2.16 0.01 - - -
Vaccinated <2 months before admission 6 0.55 0.38–0.78 0.001 - - -
Boosted 7 0.82 0.64–1.07 0.14 - - -
Viral vector vaccination 8 1.35 0.99–1.85 0.06 - - -

Outcome 2—ICU admission: admission or transferred to ICU due to COVID-19 (n = 112/1071, 10.5%)
Omicron 1 0.22 0.14–0.34 <0.001 0.26 0.17–0.40 <0.001
Age at admission 2 0.99 0.98–1.00 0.01 0.99 0.98–1.00 0.02
Male 3 1.97 1.32–2.98 0.001 1.99 1.31–3.05 0.001
Immunocompromised 4 2.59 1.68–3.89 <0.01 2.34 1.50–3.56 <0.001
Unvaccinated 5 1.80 1.10–2.87 0.02 - - -
Vaccinated <2 months before admission 6 0.75 0.38–1.36 0.36 - - -

Outcome 3—mortality: odds of in-hospital mortality related to COVID-19 (n = 89/1071, 8.3%)
Omicron 1 0.30 0.19–0.48 <0.001 0.24 0.14–0.40 <0.001
Age at admission 2 1.03 1.02–1.04 <0.001 1.05 1.03–1.07 <0.001
Male 3 2.02 1.30–3.20 0.002 1.85 1.16–2.99 0.01
Immunocompromised 4 2.80 1.75–4.47 <0.001 3.02 1.82–5.05 <0.001
Unvaccinated 5 1.15 0.56–2.19 0.68 - - -
Vaccinated <2 months before admission 6 0.51 0.15–1.34 0.22 - - -

3.3. Immunocompromised Adults HOSPITALIZED with Omicron Infections Had an Increased
Risk of Severe COVID-19 Outcomes

Looking at the clinical course of Delta-infected adults separately (n = 166), immuno-
compromised status was not significantly associated with the development of moder-
ate/severe/critical/fatal COVID-19, after correcting for age and sex; nor the need for
ICU admission; nor in-hospital mortality related to COVID-19 (Supplemental Table S3).
However, in Omicron-infected adults (n = 905), both an older age, male sex, and im-
munocompromised status were associated with significantly increased odds for moder-
ate/severe/critical/fatal COVID-19, and in-hospital mortality related to COVID-19 (Sup-
plemental Table S4). Within the Omicron subgroup, recent vaccination (<2 months before
admission) was associated with lower odds for moderate/severe/critical/fatal COVID-
19 symptoms (crude OR 0.57; 95% CI 0.38–0.82; p = 0.003; unadjusted for age, sex, im-
mune status). Neither ICU admission nor in-hospital mortality related to COVID-19 were
significantly associated with vaccination in bivariate analysis in the Omicron subgroup
(Supplemental Table S4).

Next, COVID-19 outcomes were investigated in Omicron-infected adults with mod-
erate/severe/critical/fatal COVID-19 only (n = 323) i.e., excluding patients with asymp-
tomatic/mild symptoms. As shown in Figure 1B and Supplemental Table S5, immunocom-
promised patients had a significantly increased risk of all defined outcomes, i.e., risk of
critical/fatal COVID-19 (OR 2.42; 95% CI 1.39–4.22; p = 0.002); risk of admission to ICU
due to COVID-19 (OR 1.96; 95% CI 1.06–3.57; p = 0.03); and risk of in-hospital mortal-
ity related to COVID-19 (OR 3.13; 95% CI 1.52–6.62; p = 0.002), all corrected for age and
sex. Neither the vaccination status—unadjusted for age, sex, immune status (vaccinated
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versus unvaccinated, boosted versus non-boosted, mRNA vaccination versus viral vector
vaccination)—nor the time since last vaccination (<2, <4 or <6 months before admission)
showed a significant effect on the defined outcomes using bivariate analysis (Supplemental
Table S5).

A. Risk for moderate/severe/critical/fatal COVID-19 in hospitalized adults with typed VOC

B. Risk for COVID-19 related mortality in hospitalized adults with symptomatic Omicron infection

**

***

NS

***

***

***
NS

**

**
NS

***
NS

***

***
NS

***

*
NS
NS

Covariate p value

Covariate p value

Figure 1. Forest plots of mixed-model logistic regression analysis (A). comparing severity of COVID-
19 symptoms between hospitalized adult patients infected with Delta (n = 166) and Omicron (n = 905)
(excluding patients with untyped VOC, n = 210) and (B). identifying risk factors for in-hospital mortal-
ity related to COVID-19 in adult patients infected with Omicron and moderate/severe/critical/fatal
COVID-19 (n = 323) (i.e., excluding patients with asymptomatic/mild symptoms). Covariates: Omi-
cron versus Delta; age odds increase per year; male versus female; immunocompromised versus
non-immunocompromised; unvaccinated versus any vaccination; vaccinated <2 months before
admission versus unvaccinated or vaccinated >2 months before admission. Abbreviations: NS,
non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.4. Neither Vaccination Status Nor Immune Status Determine Total Hospital Length-of-Stay in
Omicron-Infected Adults

Within the subgroup of Omicron-infected adults with moderate/severe/critical/fatal
COVID-19 solely i.e., excluding patients with asymptomatic/mild symptoms, no significant
association was found between the patients’ vaccination status or immune status, and the
total hospital length-of-stay. Moreover, when comparing total hospital length-of-stay
between patients with different vaccination status or immune status, regardless of the
category of symptoms, no difference was noticed (Supplemental Table S6).

4. Discussion

In this multicenter observational cohort study, we investigated the clinical differences
between patients infected with the SARS-CoV-2 Delta variant and patients infected with the
SARS-CoV-2 Omicron variant in hospitalized patients. We showed that patients infected with
Omicron had significantly reduced odds (1) to develop moderate/severe/critical/fatal COVID-
19, (2) for COVID-19 associated ICU admission, and (3) for in-hospital mortality related to
COVID-19, compared to patients infected with Delta (corrected for age, sex, and immune
status at admission). These data confirm previous reports of an inherently lower severity of
Omicron, compared to Delta, resulting in a reduced risk of hospitalization [3,14,16,27,28], less
severe illness [11,17,18,20,29], and a lower case-fatality ratio [11,19].

However, as the Delta variant is no longer circulating [23], the important considera-
tions for potential COVID-19 waves in the future—with Omicron or another VOC—are
the identification of groups requiring additional protection against infection, and severe
outcomes. First, our data confirmed the crucial importance of vaccination. With sub-
stantially higher vaccination rates in the West, compared to South Africa, at the time of
emergence of Omicron (+/− 60% in European and North American versus +/− 30% in
South African adults [4]), it has been clearly shown that unvaccinated Omicron-infected
patients have a higher risk of hospitalization compared to patients who received two
or three vaccine doses [27]. Although our study did not investigate the actual risk of
hospitalization, we could show that unvaccinated adult patients have a higher risk of
moderate/severe/critical/fatal COVID-19 (OR 1.54; 95% CI 1.09–2.16) and of COVID-19
associated mortality (OR 1.80; 95% CI 1.10–2.87) compared to vaccinated patients (Table 1).
Additionally, looking at the subgroup of Omicron-infected adult patients (Supplemental
Table S3), we found a reduced risk of moderate/severe/critical/fatal COVID-19 of recently
vaccinated patients (<2 months before admission) (crude OR 0.57; 95% CI 0.38–0.82). How-
ever, in bivariate analysis, no difference in need for ICU admission nor risk of in-hospital
mortality was found between vaccinated and unvaccinated patients in the Omicron sub-
group. This could be explained by the lack of adjustment for age—due to low sample
size—but also by the lack of reinfection data, since unvaccinated patients with earlier
documented SARS-CoV-2 infection gain moderate protection against COVID-19 associated
hospitalization [28].

Secondly, immunocompromised adult patients showed an increased risk of moder-
ate/severe/critical/fatal COVID-19, ICU admission, and in-hospital mortality related to
COVID-19, compared to non-immunocompromised patients (Table 1). This risk factor
was only significant in Omicron-infected adults, not in Delta-infected adults (however, the
statistical power in Delta-infected adults was limited due to a smaller sample size). In
addition, excluding asymptomatic/mild infections caused by Omicron, immunocompro-
mised adult patients showed an increased risk of critical/fatal COVID-19 (Supplemental
Tables S3–S5). A possible underreporting of immunocompromised patients infected with
Delta cannot be ruled out, since data were collected during a higher circulation of Omi-
cron in the general community, causing an increased exposure of the virus in this specific
patient group. Additionally, considering the higher intrinsic virulence of Delta, more non-
immunocompromised patients were at risk of severe outcomes during these Delta waves.
Studies on the hospitalization course of COVID-19 in immunocompromised patients are
scarce. Mahale et al. [30] showed a high requirement of hospital admission (20%) with
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substantial morbidity in 114 immunocompromised patients, despite a high vaccination
coverage in these patients. Our data confirm that despite a decreased intrinsic virulence
of Omicron, humoral and cellular immune responses after vaccination in these patients
offer insufficient protection against the most severe COVID-19 outcomes, requiring ad-
ditional protection measurements (e.g., monoclonal antibodies, directly acting antiviral
drugs, modified COVID-19 vaccines) [30–33].

Considering the apparent decrease in virulence of the most recent SARS-CoV-2 VOC,
it remains of utmost importance to continue monitoring clinical outcomes in different pa-
tient populations, especially when new VOCs emerge. The combination of high incidence
rates and lower virulence of Omicron highlights the importance of distinctive reporting of
incidental detection of asymptomatic SARS-CoV-2 infections, and symptomatic COVID-19
infections. Our data showed that 160/210 (76.2%) hospitalized children and 753/1291
(58.3%) hospitalized adults experienced no or only mild COVID-19 symptoms; thus con-
cluding that these patients were admitted for other pathologies that were not COVID-19
(nearly identical numbers as reported in South Africa [10]). When looking at patients ad-
mitted to ICU, 8/20 (40%) children and 49/178 (28%) adults were not admitted to ICU for
COVID-19 symptoms. In the current situation of the pandemic, simultaneous registration
of hospital occupancy, and of concise clinical information, is warranted to organize hospital
wards adequately (need for exclusive COVID-19 wards versus admitting SARS-CoV-2
positive patients to other pathology-specific wards) [29,34].

By reviewing clinical data using individual patient records, strengths of our study
include an accurate classification of a large cohort of patients (n = 1501) according to
COVID-19 symptoms. In addition, this is one of the largest studies showing the increased
vulnerability of immunocompromised hospitalized patients when infected with Omicron.
The limitations of this multicenter study must be addressed too.

First, some crucial clinical information was lacking during data collection. Docu-
mented previous infections were highly underreported caused by an inaccessibility to
the national SARS-CoV-2 sampling database. However, the emergence of Omicron was
associated with a significant increase in reinfection cases [29,35]. Therefore, the effects
of acquired immunity due to previous infection could not be included in the multivari-
ate analyses. Other important missing data were due to inaccessibility of the national
vaccination database of deceased patients, leading to unknown vaccination status for de-
ceased patients when the vaccination data were not explicitly mentioned in the medical
files (i.e., in 30/99 (30.3%) patients deceased from COVID-19, vaccination status was un-
known). Additionally, data on general comorbidities (e.g., diabetes, renal insufficiency)
were not collected. However, immunocompromised patients very often have additional
comorbidities (e.g., steroids-induced diabetes, chronic kidney disease in nonrenal organ
transplant recipients), so the exact attributable risk of being immunocompromised could
potentially be outweighed in the current analysis. Next, data on the specific subgroup of
immunocompromised status (according to CDC criteria [25]) were not collected, hamper-
ing additional sub-analyses in these patient groups. It should be noted that CDC criteria
defining immunocompromised patients are very broad, as it has been recently reported
that seroconversion after a booster vaccine is not equal between patients with solid organ
malignancies receiving recent systemic anticancer therapy, and patients with hematological
malignancies receiving B-cell depleting therapies [36].

Second, assigning COVID-19 patients into the classification of symptoms we used was
not always straightforward. For example, a geriatric patient admitted with general deterio-
ration with positive SARS-CoV-2 screening but no clinical nor radiological evidence of a
lower respiratory infection was classified in the ‘mild symptoms’ category, even if residual
viral infection might have contributed to her hospitalization. In contrast, in SARS-CoV-2
positive children with severe respiratory symptoms and concomitant respiratory syncytial
virus (RSV) infection, the causative role for SARS-CoV-2 is questionable. In general, the
lack of clinical information about potential respiratory co-infections, in both adults and
children, could have resulted in a biased classification of symptoms. Additionally, the
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number of children infected with Omicron and with severe COVID-19 outcomes was too
low for further analyses.

Third, data collection started at a time of decreasing viral circulation of the Delta
variant, at the ‘tail’ of infections and hospitalization of patients infected with the Delta
variant, compared to the Omicron variant. However, this was also a deliberate choice
to minimize differences in vaccination status between the two patient groups. Indeed, a
lower vaccination coverage of hospitalized patients in the previous Delta waves could
potentially introduce bias, when comparing their outcomes with those of a higher vacci-
nated population during the Omicron wave. Lastly, the use of monoclonal antibodies was
not registered in the database, and this may be of importance when comparing clinical
outcomes in immunocompromised patients, with or without previous treatment with
monoclonal antibodies.

5. Conclusions

The antibody-evasive nature of the Omicron SARS-CoV-2 variant has led to a world-
wide increased incidence of COVID-19, and rapid displacement of the Delta variant. In
this multicenter study, the lower intrinsic virulence of Omicron was demonstrated by
reduced odds of moderate/severe/critical/fatal COVID-19, need for ICU admission, and
COVID-19 associated in-hospital mortality in Omicron-infected patients, compared to pa-
tients infected with Delta. Additionally, of importance was the high number of hospitalized
children and adults with no or solely mild COVID-19 symptoms (respectively, 76.2% and
58.3%). This highlights the need for a symptomatic registration of hospitalized COVID-19
patients to plan healthcare capacity needs adequately, and more efficiently. In symptomatic
Omicron-infected patients, immunocompromised patients had a significantly increased
risk of suffering from the most severe COVID-19 outcomes. Despite the lower intrinsic
virulence of Omicron, additional precautions are still warranted to protect the vulnera-
ble immunocompromised patients especially when viral transmission in the community
is high.
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Abstract: RNA viruses are characterised by extremely high genetic variability due to fast replication,
large population size, low fidelity, and (usually) a lack of proofreading mechanisms of RNA poly-
merases leading to high mutation rates. Furthermore, viral recombination and reassortment may
act as a significant evolutionary force among viruses contributing to greater genetic diversity than
obtainable by mutation alone. The above-mentioned properties allow for the rapid evolution of RNA
viruses, which may result in difficulties in viral eradication, changes in virulence and pathogenic-
ity, and lead to events such as cross-species transmissions, which are matters of great interest in
the light of current severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemics. In
this review, we aim to explore the molecular mechanisms of the variability of viral RNA genomes,
emphasising the evolutionary trajectory of SARS-CoV-2 and its variants. Furthermore, the causes
and consequences of coronavirus variation are explored, along with theories on the origin of human
coronaviruses and features of emergent RNA viruses in general. Finally, we summarise the current
knowledge on the circulating variants of concern and highlight the many unknowns regarding
SARS-CoV-2 pathogenesis.

Keywords: RNA virus; evolution; quasispecies; mutation; recombination; coronavirus; SARS-CoV-2

1. Introduction

RNA viruses are obligate intracellular parasites characterised by extremely high
genetic variability and phenotypic diversity, facilitating infection of an extensive range
of hosts [1–3]. Significantly different genome structures and replication strategies allow
for great adaptability and exploitation of various host cellular mechanisms [4–7]. One of
the prerequisites of successful adaptation to various hosts and environments is the ability
to efficiently introduce genetic change in a short amount of time [8,9]. Alterations in the
virus’s genetic material may result in changes in the virus phenotype and population
dynamics, leading to events such as a change in virulence or host tropism, potentially
resulting in new emergent pathogens [10–12].

The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
2019 and the ongoing pandemics once again emphasised the importance of elucidating
molecular mechanisms of RNA genome evolution and potential viral emergence [13–15].
Coronaviruses, which constitute the subfamily Orthocoronaviridae among the Coronaviridae
family, were shown to be distributed among various animals and capable of causing
diseases with a broad range of symptoms and degrees of pathology [16–18]. However,
many of the evolutionary, structural, and functional features are shared and sometimes
intertwined among the coronaviruses, enabling the analysis of the genetic structure change
in entire populations [12,19–21].

The first part of this review article aims to summarise the main RNA virus character-
istics necessary for understanding the mechanisms and causal agents that govern RNA
virus variation. The second part applies the above-mentioned concepts to the evolution
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of human coronaviruses with an emphasis on the emergence of SARS-CoV-2. Finally, the
unresolved questions and long-term consequences of the rapid RNA virus evolution are
discussed as we witness the aftermath of one of the largest globally known pandemics.

2. RNA Virus Classification

2.1. Baltimore Classification

In 1971 David Baltimore published an article titled Expression of Animal Virus Genomes,
suggesting a division of viruses into six classes according to the method of transmission of
their genetic information from one generation to another (mRNA synthesis) and the style of
expression of their genetic information (structure of nucleic acid) [4]. The original Baltimore
classification placed viruses into one of six classes—class I (double-stranded DNA genome,
(+/−) dsDNA), class II (single-stranded DNA genome, (+) ssDNA), class III (double-
stranded RNA genome, (+/−) dsRNA), class IV (positive sense single-stranded RNA
genome, (+) ssRNA), class V (negative-sense single-stranded RNA genome, (−) ssRNA),
and class VI (reverse-transcribing single-stranded RNA genome, (+) ssRNA-RT). The
polarity of the genome is designated as “+” and “−” strands, or strands of both polarities
(“+/−”) [4]. This classification was later updated with class VII to accommodate the viruses
with a double-stranded DNA genome with an RNA intermediate in its replication cycle
((+/−) dsDNA-RT) [22] (Figure 1).

Figure 1. Baltimore classification of viruses. Seven classes of viruses are depicted based on the
genome structure and mRNA synthesis strategy. The polarity of the genome is designated as “+” and
“−” strands, or strands of both polarities (“+/−”), reverse transcribing characteristic is abbreviated
as “RT”, while “ds” and “ss” indicate double-stranded and single-stranded genomes, respectively.
Data are based on the original and updated Baltimore classification [4,22].

This simple yet functional and intuitive classification system is still used today since
it nicely complements virus taxonomy [18]. Unlike cellular life forms, which are strictly
dependent on the replication of the dsDNA genome, the abundance of viral RNA and DNA
replication–expression strategies enables their stark genetic and phenotypic diversity [4,23].
True RNA viruses with no DNA intermediate in their replication cycle comprise 3 out of
7 Baltimore classes (III, IV, and V) and could be considered one of the earliest descendants
from the primordial genetic pool [24,25]. All three of the above-mentioned Baltimore classes
include viruses with non-segmented and segmented genomes. A segmented genome can
be packed into single virions resulting in true segmented viruses, or into multiple virions,
resulting in multipartite viruses [26,27]. It is important to note that recent advances in
evolutionary dynamics analyses confirmed that Baltimore classes do not accurately reflect
evolutionary relationships among viruses, discerning the implicit presumption that each
class is of monophyletic origin [28].
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2.2. The International Committee on Taxonomy of Viruses Classification

In 2019 and 2020, the International Committee on Taxonomy of Viruses (ICTV), a global
organisation responsible for developing virus taxonomy and nomenclature, introduced
a new fifteen-rank classification hierarchy of virus taxonomy to replace the previously
used five-rank hierarchy of species, genus, subfamily, family, and order. The 15-rank
classification includes eight primary ranks (realm, kingdom, phylum, class, order, family,
genus, and species) and seven secondary ranks, which resemble those used in Linnean
systems [18]. Realm Riboviria was established as a likely monophyletic clade of RNA
viruses that use RNA-directed RNA polymerase for genome replication, which includes
viruses from 3 out of 7 Baltimore classes (III, IV, and V) [18,29]. The realm Riboviria was later
extended to include nearly all RNA viruses and reverse-transcribing viruses, with a total of
six realms recognised up to this day [30,31]. Even though some of the Baltimore classes
do seem to be strictly monophyletic (such as class V, (−) ssRNA viruses) and others are
clearly polyphyletic (such as class I, (+/−) dsDNA viruses), some form paraphyletic taxons
with respect to other classes and therefore cannot be considered traditionally either (such
as class III, dsRNA, with respect to class V, (−) ssRNA) [28]. With time, new discoveries
obtained by metaviromics will inevitably change the hierarchical taxonomy of viruses. It
is important to note that even though it was shown that Baltimore classes could not be
considered taxonomic categories, both classification systems are helpful and complement
each other well, especially for deciphering the means of viral evolution.

3. RNA Virus Characteristics

3.1. Host Range

RNA viruses are primarily infectious agents of Eukarya [32]. No known RNA viruses
that infect Archaea were known until the last decade. At the same time, recent findings
suggest that RNA viruses detected in archaeal hosts could be direct ancestors of eukaryotic
RNA viruses [1]. RNA viruses of bacteria most commonly have a dsRNA genome; however,
the taxonomy of bacteria-infecting ssRNA viruses was recently expanded [2]. Nevertheless,
the majority of the viruses infecting prokaryotes have DNA genomes, particularly Baltimore
class I ((+/−) dsDNA), with RNA viruses accounting for a minority of virome diversity [33].
In contrast to Archaea and Bacteria, eukaryotes are a host for the vast majority of RNA
viruses, particularly of Baltimore class IV ((+) ssRNA) [3].

3.2. Structural Genome Features

Even though RNA viruses are known for their large structural and functional diversity,
their genome sizes exhibit relatively small variations with differences within only one order
of magnitude. While the smallest RNA viruses measure around 2 kb in size, the maximum
observed genome length of 30–40 kb is reached among the Coronaviridae family [34,35].
This is primarily due to physical and structural constraints on RNA genome stability and
RNA polymerase fidelity limitations with larger genomes consisting exclusively of class
I dsDNA viruses [22,23,34,36,37]. One of the consequences of the small genome size is
genome compression, which commonly manifests as gene overlap [38,39]. A universally
shared structural characteristic of RNA viruses is the presence of untranslated regions
(UTR) surrounding one or more open reading frames (ORF) at both 5′ and 3′ ends, usually
containing sequences or conserved structures needed for replication regulation [40].

3.3. RNA Regulatory Processes

RNA-dependent RNA polymerase is an essential enzyme for viral RNA replication
because it catalyses RNA replication from an RNA template. It is a process generally not
typical in eukaryotic cells, except in events such as RNA-mediated silencing pathways
and telomere formation [41]. Therefore, RNA viruses from Baltimore classes III and V
encode their own RNA-dependent RNA polymerase and incorporate it into virions. The
exception is viruses from class IV, which carry a positive single-stranded RNA genome
that cellular machinery can directly transcribe upon viral entry [22]. Regulation of RNA
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replication, a fundamental step in the virus replication cycle, primarily depends on the
structure of the viral RNA genome. Viruses with dsRNA genomes must synthesise both
mRNA (which can occur as a direct transcription of the viral genome) and viral RNA
(which is generated via (−) RNA strand intermediate). Similarly, (+) ssRNA genomes may
already act as mRNA but still require (−) ssRNA intermediate for generating viral RNA.
On the other hand, viruses with (−) ssRNA genomes, which are complementary in base
sequence to the mRNA, first require its transcription to produce the (+) ssRNA, which may
act as both mRNA and a template for genome replication. A delicate regulation balance
between replication and transcription processes is vital for the successful synthesis of new
viral progeny [4,22,42].

Canonical posttranscriptional processing necessary for the maturation of the primary
transcript in cellular organisms includes obtaining a 5’-cap, splicing, and generation of a
3’ poly-A tail [43]. By mimicking the mechanisms mentioned above, viruses could increase
the probability of perseverance of their genetic information during replication. Some
RNA viruses use cap-snatching or ‘stealing’ of the cap from cellular mRNA; some use
viral replication machinery to synthesise cap equivalent, while others disregard the use of
5’-cap completely, as reviewed in Decroly et al. (2012) [44]. Alternative polyadenylation
signals, such as short poly-U or poly-A stretches, or the presence of highly conserved
secondary structures, were observed [45–47]. The occurrence of splicing is generally
not common in RNA viruses whose genome rarely contains introns [48]. The above-
mentioned modifications may be applied to both whole-genome transcripts and nested sets
of subgenomic mRNAs, which result from discontinuous transcription characteristic for
members of the Coronaviridae family [49,50].

While the degree of independence of transcription and posttranscriptional processing
in RNA viruses is a result of the intrinsic viral characteristics, translation is ultimately
dependent on the host cell translation machinery. No matter if their genome may be
used directly as mRNA or if the transcription of the minus strand must occur first, the
translation of the resulting viral mRNA is completely dependent on cellular ribosomes.
Since the cellular translation machinery is rather complex, viruses exhibit numerous tactics
of manipulation, from an attack on regulatory signalling pathways to targeting specific
steps of the translation process itself, comprehensively reviewed by Jaafar et al. (2018) and
Jan et al. (2016) [51,52]. Furthermore, many viruses developed specific mechanisms in
order to bypass the canonical phases of translation, such as the utilisation of the internal
ribosome entry sites (IRES), the use of ribosomal frameshifting signals, and leaky scanning,
which simultaneously contribute to the increase in the coding capacity of the rather small
RNA virus genomes [53,54]. All of the properties and strategies mentioned above result
in the successful hijacking of host cell machinery for the optimisation of the production
of a large amount of viral progeny in a very short time, which is another hallmark of
virus replication [55].

3.4. Quasispecies Concept

The concept of quasispecies was first developed by Manfred Eigen and Peter Schuster
in the search of an adequate model for the origin and evolution of early life forms, defining
quasispecies as a distribution of closely related replicative units centred around one or sev-
eral (degenerate) master copies [56–58]. Before the introduction of the quasispecies concept,
the main target of the (genetic) selection was considered to be the ‘wild type’ population.
The quasispecies concept emphasises that selection does not apply to a single individual
‘wild type’ genome but rather within the ‘wild type’ distribution of closely related mutant
genomes [59]. The error threshold seems to be a consequence of quasispecies existence and
simultaneously the constraint of quasispecies evolution [59,60]. Viruses operate closely to
their error threshold, which enables the greatest genetic variation; however, a slight change,
such as a decrease in replication fidelity, can push the whole viral population beyond the
error threshold into extinction [59–61]. The concept of quasispecies was further developed
in recent years, emphasising real quasispecies in contrast to the theoretical model. The first
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experimental evidence of quasispecies was observed by analysing nucleotide sequences
of bacteriophage Qβ. It was concluded that no unique structure of the ‘wild type’ bacte-
riophage Qβ genome existed, but rather, a large number of individual mutant sequences
in dynamic equilibrium [62]. Furthermore, since the scope of viral pathogenesis could
hardly be predicted due to the everchanging and fleeting quasispecies dynamics, possible
medical implications of quasispecies existence were proposed [63]. The quasispecies nature
of the virus population was soon demonstrated for various RNA virus populations, such as
vesicular stomatitis virus and hepatitis C virus [63–65]. The scope of quasispecies was later
broadened to refer to “dynamic distributions of non-identical but closely related mutant
and recombinant viral genomes subjected to a continuous process of genetic variation,
competition and selection, and which act as a unit of selection” [66].

4. Mechanisms of RNA Virus Variation

The most important mechanisms responsible for genetic change and, therefore, the
rapid evolution and quasispecies nature of RNA viruses are mutations, recombination, and
gene segment reassortment [67–69]. In addition to the enhancement of viral diversity by
introducing genetic change on a greater level than by mutation alone, viral recombination
and reassortment can also be one of the mechanisms of repair of genomic molecules [70].
However, for both viral recombination and reassortment to occur successfully, several
predispositions have to be met: at least two different viral genomes must be present in
the same intracellular area, the resulting recombinant or reassortant must be replication-
competent and form infectious viral particles, and finally, the recombinant and reassortant
virions must have features that favour their selection among the viral population [71,72].
Other less commonly observed genetic change mechanisms among RNA viruses are gene
duplication and gene transfers [73].

4.1. Mutation

RNA-dependent RNA polymerase was identified as one of the viral hallmark genes
responsible for critical functions in virion structure and genome replication, but is missing
from the cellular genome [3,24,74,75]. The origin of RNA-dependent polymerase is intrinsi-
cally associated with the origin and evolution of life in general because RNA molecules
were considered self-sufficient in the primordial RNA world, with elements such as self-
splicing introns speeding up the evolution of hypothetical ribozymes [76]. It is important
to note that one of the most conserved protein domains in RNA biogenesis in all kingdoms
of life—the RNA recognition motif—is related to the structural fold of the catalytic domain
of RNA-dependent RNA polymerase [77]. Eukaryotic RNA-dependent RNA polymerases,
however, do not share an evolutionary relationship with viral enzymes [78]. Viral RNA
polymerases exhibit a relatively low fidelity of 10−3 to 10−5 per nucleotide polymerised,
leading to the introduction of many mutations at every replication cycle due to the absence
of 3’ to 5’ exonucleolytic proofreading activity [66]. However, new revelations suggest that
early RNA polymerases had a feature of both proofreading and repair due to the need
for extensive information contained within the relatively small genome size of the last
universal common ancestor (LUCA) [37]. Low replication fidelity is thought to be one of
the factors contributing to the RNA virus’s vast diversity. It is worth mentioning that both
an increase and decrease in replication fidelity greater than 4-fold have a negative impact
on viral phenotype [79].

4.2. Recombination

Recombination is a process of exchange of genetic material between different non-
segmented genomes, which is one of the main drivers of RNA virus heterogeneity [66]. The
role of recombination in RNA viruses was first observed among the Picornaviridae family
(such as the poliovirus) as an ‘exception’, but it was soon found to be relatively common,
especially among Baltimore class IV (+) ssRNA viruses [80–83]. Recombination may act
as a significant evolutionary force among viruses by creating new potential genome com-
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binations [66]. However, the threshold for the selection of recombinants seems relatively
high, with the majority of recombinant viruses being pruned away due to unfavourable
properties [84]. Two mechanisms of recombination observed among RNA viruses are
replicative recombination, which occurs during RNA synthesis via template switching
of the viral polymerase according to the widely accepted copy-choice mechanism, and
nonreplicative recombination by breaking and rejoining of the RNA molecules [68,82,85].

On the other hand, homologous recombination occurs between two similar RNA
molecules with substantial sequence homology at the same or comparable sites on the
paternal strains, while nonhomologous recombination is used to refer to genetic crossover
between RNA molecules with no sequence homology [68]. It should be emphasised that
even though replicative and nonreplicative recombination mechanisms can theoretically
result in both homologous and nonhomologous recombinants, which are ultimately in-
distinguishable as end products, the vast majority of homologous RNA recombination
occurs due to replicative mechanisms because sequence similarity acts as a guideline for
the copy-choice mechanism [71,72,85,86]. The fidelity of RNA-dependent RNA polymerase
was shown to be a determining factor inversely correlated with replicative recombination
frequency [87,88]. Secondary structures of the RNA template, such as hairpins and loops,
were also linked to the frequency of replicative recombination; however, data regarding var-
ious viruses are conflicting, and no universal control mechanism was established [89–91].
The frequency of recombination varies greatly among RNA viruses, with no apparent
relation to genome type or replication strategy [83,92].

4.3. Reassortment

Another form of genetic exchange sometimes referred to as pseudo-recombination,
a feature of all segmented RNA viruses, is gene segment reassortment. Reassortment is
a consequence of the co-infection of a single host with two or more segmented viruses,
which may result in progeny that contains novel genome combinations derived from
both parental genomes [69,93]. Early reassortment models favour random packaging of
segments into virions, with the probability of the generation of viable reassortants being
determined entirely by chance [94]. Further research suggested that, while this stochastic
model probably accurately describes reassortment among multipartite viruses who pack
their segmented genome into multiple virus particles, genome segment exchange among
viruses who pack their segmented genome into single virions is most likely guided by
specific packaging signals [26,95,96]. Unlike recombination, which can in theory occur on
any given genome segment and lead to the production of deleterious or nonfunctional
proteins, the exchange of entire segments during reassortment ensures the maintenance of
functional gene products [26,68]. The frequency of reassortment varies among segmented
viruses—while it is relatively common in some viruses, such as influenza A, in other viruses,
such as hantaviruses, it seems to occur less frequently [93,97]. It is worth mentioning that
non-multipartite segmented viruses usually have meagre recombination rates, making
reassortment particularly important for exploring available sequence space [98,99].

5. Causes and Consequences of RNA Virus Variation

High mutation rates observed in RNA viruses can be considered pillars of fast RNA
virus evolution [66]. However, it should be emphasised that high mutation rates may
simultaneously hinder virus emergence and adaptability by not allowing genotypes with
potentially advantageous mutations to linger long enough to become fixed in a viral popu-
lation due to strong selection against deleterious changes [100,101]. Therefore, the notion
that a high mutation rate unequivocally enables faster viral adaptation was questioned,
and other causes for high mutation rates were explored, such as selection for the robust-
ness of the viral population and selection for fast replication [102]. On the other hand,
several theories were proposed to explain the evolutionary reasons for recombination
occurrence in RNA viruses. Even though recombination may serve a role in the repair of
defective genomes, it does not seem likely that recombination evolved purely for purging
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detrimental mutations [103]. One theory suggests that recombination is a consequence of
genome organisation and the means of RNA replication. Rarely observed recombination
events in (−) ssRNA viruses could be attributed to the existence of the ribonucleoprotein
complex as a unit of replication, lowering the probability of template switching required
for recombination [104,105]. On the other hand, some transcription strategies observed
among (+) ssRNA viruses, such as subgenomic RNA transcription, may be responsible
for high recombination rates due to the more frequent occurrence of template switching
events [79]. However, significant differences in recombination frequency were observed in
many viruses with similar genome organisation, such as members of the Flaviviridae fam-
ily [86,106,107]. Nevertheless, the ability to recombine provides many RNA viruses with
rapid phenotype change, which can potentially enable further alterations in host tropism,
evasion of host immune response, development of resistance to antiviral drugs, or changes
in virulence and pathogenicity potentially leading to cross-species transmission [7,12,108].

6. Evolution of Human Coronaviruses

6.1. Classification of Coronaviruses

Coronaviruses are a group of viruses with the (+) ssRNA genome of Baltimore class
IV under the realm of Riboviria, which belong to the order Nidovirales, family Coronaviridae,
and subfamily Orthocoronavirine [18]. Phylogenetic analyses showed the division of
the Orthocoronavirinae subfamily into four major genera (Alphacoronavirus, Alpha-CoV;
Betacoronavirus, Beta-CoV, Gammacoronavirus, Gamma-CoV, and Deltacoronavirus, Delta-
CoV) and 26 subgenera, with 52 currently recognised species [109]. Coronaviruses infect
a wide variety of vertebrates, with bats and birds being notable reservoirs for Alpha-
CoV to Beta-CoV and Gamma-CoV to Delta-CoV, respectively [16]. Even though coro-
naviruses in animals may cause a wide variety of symptoms, most infections typically
result in respiratory or gastrointestinal illnesses [17]. However, due to the sometimes
severe and lethal consequences, coronaviruses were more of interest in veterinary medicine,
whereas recent epidemics in the 21st century shifted the focus to human coronaviruses
(HCoV) [110]. There are currently seven known species or strains of coronaviruses which
infect humans, all from Alpha-CoV or Beta-CoV genera, including Human coronavirus 229E
(HCoV-229E), human coronavirus OC43 (HCoV-OC43), Human coronavirus NL63 (HCoV-
NL63), Human coronavirus HKU1 (HCoV-HKU1), Middle East respiratory syndrome-related
coronavirus (MERS-CoV), severe acute respiratory syndrome coronavirus (SARS-CoV) and,
as of most recently, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [32,109].
Major epidemics of novel human coronaviruses in the last two decades resulted in multiple
changes in Coronaviridae taxonomy to accommodate emergent viruses (Figure 2).
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The first identified human coronaviruses were HCoV-229E from the genus Alpha-
CoV and HCoV-OC43 from the genus Beta-CoV isolated during the 1960s, which were
later found to be distributed globally and manifest primarily with respiratory symptoms,
such as a common cold [111,112]. An outbreak of severe acute respiratory syndrome
(SARS) was reported in 2002–2003, originating in Guangdong province in China and later
spreading to other Asian countries, Europe, and North America, with the causative agent
identified to be SARS-CoV having more than 8000 confirmed cases and mortality of around
10% [113–115]. Subsequent research on coronaviruses led to the discovery of HCoV-NL63
from the genus Alpha-CoV in 2004 and HCoV-HKU1 Beta-CoV in 2005 in patients with
respiratory illnesses [116,117]. Both viruses are distributed globally and, together with
HCoV-229E and HCoV-OC43, are responsible for 10–29% of common colds [118]. Another
ongoing coronavirus outbreak started in 2012 in the Arabian Peninsula and was found to be
caused by MERS-CoV, with more than 2600 cases reported as of November 2022 and high
mortality exceeding 30% [119–121]. However, none of the previous outbreaks were even
remotely comparable in scale, as was the third epidemic introduction of coronavirus in the
human population, which started in late 2019 in Wuhan, China, and was later attributed to
the novel SARS-CoV-2 [14,16]. SARS-CoV-2 is now the seventh coronavirus known to infect
humans and was designated as a sister strain of SARS-CoVs of the species Severe acute
respiratory syndrome-related coronavirus (Figure 2) [122]. As of November 2022, more than
630,000,000 confirmed cases of SARS-CoV-2, including more than 6,600,000 deaths, were
observed with enormous socioeconomic consequences [123].

6.2. Structure and Genome of Coronaviruses

Coronaviruses have one of the largest genomes among RNA viruses, ranging from 26 to
32 kb, which is almost double the size of the other RNA viruses with large genomes [20,124].
The highly conserved genomic organisation is characteristic of all coronaviruses whose
(+) ssRNA genomes end with 5’-cap and 3’ poly-A tail and consist of multiple ORFs
often preceded by transcriptional regulatory sequences (TRS). ORFs are surrounded by
terminal untranslated regions (UTR) rich in secondary structures with critical regulatory
functions necessary for viral replication and transcription [19]. The first two-thirds of
the coronavirus genome consist of two major ORFs, ORF1a, and ORF1b, and encode for
large replicase polyproteins 1a (PP1a) and C-terminally extended 1b (PP1ab), which are
processed into 16 nonstructural proteins (nsp) crucial for coordinating various intercellular
aspects of coronavirus replication, including cleavage of polyproteins, vesicle membrane
formation, excision of misincorporated nucleotides, mRNA processing, and modulation of
host responses [125,126]. The final third of the coronavirus genome encodes for (depending
on the coronavirus species) at least four structural proteins (spike, envelope, membrane, and
nucleocapsid), which are a part of the infectious viral particle, interspersed with a various
number of ORFs encoding for accessory proteins [19,125]. Translation of nonstructural
proteins is enabled by ribosome frameshifting, while the expression of structural and
accessory proteins is initiated after the generation of 3’ nested subgenomic mRNAs, which
all contain a typical leader sequence on the 5’ end by discontinuous transcription guided
by TRS [49,50].

6.3. Mutation in Coronaviruses

Replication fidelity is one of the main constraints on RNA virus genome size since large
genomes generally introduce more mutations in each replication cycle, which threatens to
push the virus over the error threshold [59,60]. One of the unique features of coronaviruses
is the presence of 3’–5’ exonuclease (ExoN) in nsp14, which was shown to be indispensable
for their RNA synthesis [21,126–128]. It was suggested that ExoN function was acquired by
an ancestral virus that already had a means of successfully replicating the above-average
size genome and was critical for its maintenance and eventual enlargement [115,124]. Engi-
neering of CoV nsp14-ExoN viable mutants by substitutions at the ExoN motifs I, II, and III
of the nsp14 demonstrated more than a 20× increase in mutation frequency during replica-
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tion in vitro and a drastic reduction in the accumulation of viral RNA along with defects in
sgRNA synthesis [126,127,129]. Exon I motifs (DE), II (D), and III (D) are conserved in the
DEDD family of 3’–5’ exonuclease, named after four invariant acidic residues present in
cellular organisms that catalyse DNA proofreading [130]. The contribution of nsp14-ExoN
to the increase in coronavirus replication fidelity and faithful genome replication is un-
deniable; however, precise mechanisms still need to be completely elucidated. Several
models were proposed, such as direct 3’–5’ proofreading of the nsp14-exoN analogous
to cellular DNA mechanisms, direct or indirect stimulation of the intrinsic 3’–5’ activity
of RdRp, or potential regulation of RNA recombination [79]. Several studies showed a
significant variation in the missense mutation rate along the SARS-CoV-2 genome, with
the minimum mutation rate observed in essential regions of SARS-CoV-2 proteins, such as
RNA replication machinery and with higher rates of mutation corresponding to structurally
more relaxed regions such as spike protein, which was found to be a target of both puri-
fying and positive selection [131,132]. Mutations in the receptor binding domain of spike
proteins may lead to the emergence of new variants with changes in fitness, transmission
efficacy, or influence on host response and virus neutralisation [133]. The mutation rate for
SARS-CoV-2 was found to be between 1 and 5 × 10−6 per nucleotide polymerised or of the
order of 0.1 per genome per infection cycle [134].

6.4. Recombination in Coronaviruses

One of the first occurrences of RNA recombination in viruses with non-segmented
RNA genomes was observed on murine coronaviruses. A high frequency of recombination
(up to 25%) among RNA genomes of different strains of coronaviruses was shown during
mixed infection of susceptible cells, with some of the recombinants appearing to go through
multiple crossover events [68,135,136]. Even though mechanisms of coronavirus recom-
bination were not fully understood at the time, it was evident that RNA recombination
must have an essential role in virus evolution. It was shown that some recombinants
could have evolutionary advantages allowing them to survive or even become dominant
in a mixed virus population [68,136]. Early studies also showed that some coronavirus
genome regions could be more prone to recombination than others, the so-called recom-
bination ‘hot-spots’ [89]. The large genome size of coronaviruses prone to accumulation
of deleterious mutations was considered one of the main reasons for the observed RNA
recombination frequency as a means of genome diversification and repair [68,137].

On the other hand, the discontinuous transcription and generation of subgenomic
mRNAs by RNA-dependent RNA polymerase used by coronaviruses as a strategy of gene
expression resembles the mechanism of copy-choice RNA recombination via template
switching and creates a predisposition for such events to occur [49,72]. Therefore, the rate
of recombination observed among coronaviruses was found to be the highest among non-
segmented (+) ssRNA viruses, with the frequency of mutants being 25% or more during
mixed infection with different strains [136,138]. Such high recombination frequency could
be partially attributed to the mutational constraint imposed by the proofreading capacity of
nsp14-ExoN and the consequentially lower mutation rate, making recombination one of the
main mechanisms of exploring available sequence space [139]. Spike glycoprotein gene, one
of the main determinants of coronavirus host range and principal factors in viral entry, was
identified as a ‘hot-spot’ for recombination among Alpha-CoV and Beta-CoV, allowing for
the robust interchange of protein-coding sequences without the loss of infectivity [12,139].
Such changes in spike protein may alter spike–receptor interaction and influence host range,
leading to cross-species transmission. The highly recombinogenic nature of coronaviruses
from different hosts seems to be one of the critical factors in the origin of SARS-CoV-2, the
mechanisms of which are further described in the following chapter [140].

6.5. Origin of Human Coronaviruses

With current evidence supporting the hypothesis that bat coronaviruses are gene
sources for Alpha-CoV and Beta-CoV, while bird coronaviruses are gene sources for Gamma-
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CoV and Delta-CoV, recent studies showed that the most recent common ancestor of all
coronaviruses dates to around 8100 BC, with no concluding proof of whether it first
occurred in bats and later jumped to birds or vice versa [16,141]. All seven coronaviruses
currently present in humans emerged from animal reservoirs; however, it is clear that some
of the common human coronaviruses, such as HCoV-229E, HCoV-OC43, HCoV-NL63, and
HCoV-HKU1 adapted to their new host quite successfully [118,142]. Screening of bats
showed the presence of closely related sequences to HCoV-NL63 and HCoV-229E, which
suggests they have a bat origin [143,144]. Furthermore, zoonotic recombination of African
bat NL63-like viruses and 229E-like viruses in spike protein genes most likely resulted
in the ancestor of the HCoV-NL63, while it seems the ancestor of HCoV-229E infected
camelids as intermediate hosts [144,145]. Phylogenetic analyses showed the role of rodents
in the emergence of HCoV-OC43 and HCov-HKU1 [146]. On the other hand, SARS-CoV,
MERS-CoV, and SARS-CoV-2 do not seem to be that well adapted to humans, but rather
their animal hosts with the occasional spillover to the human population [147]. It was
also shown that MERS-CoV originated in bats, with dromedary camels being the main
intermediate reservoir hosts [148,149]. Similarly, SARS-CoV and SARS-CoV-2 were shown
to be of probable bat origin, with other wild animals acting as intermediate hosts, such
as masked palm civets and pangolins, respectively [15,150,151]. However, these animals
most likely represent only transient and accidental hosts, while the circulation of MERS
in dromedary camels seems to be long-term, with cross-species transmission occurring
>30 years ago [152,153].

The most likely natural reservoirs of sarbecoviruses are various horseshoe bats from
the Rhinolophidae family, which are hosts to bat SARS-CoV [15,141,144]. However, none of
the bat SARS-CoVs seem to be a direct ancestor of the SARS-CoV and SARS-CoV-2 due
to relatively distant phylogenetic relationships [154,155]. It should be emphasised that
both SARS-CoV and SARS-CoV-2 use angiotensin-converting enzyme II (ACE2) as a cell
entry receptor [15,156]. Even though this is not a universal characteristic of the Sarbecovirus
subgenus, several of the bat SARS-like coronaviruses, such as WIV1 and WIV16, can bind
human and bat ACE2 alike [157,158]. While there is no consensus on whether the ACE2
binding ability of bat-CoV was a loss- or gain-of-function mutation, the use of this receptor
seems to be a highly evolvable characteristic with single mutations in receptor binding
domains of spike gene leading to severe differences in binding efficiency [140,159]. One of
the closest animal viral genomes to SARS-CoV-2 was initially shown to be Bat-CoV-RaTG13,
with the second closest relative being Pangolin-CoV [147,151]. The sequence identity be-
tween Bat-CoV-RaTG13 and SARS-CoV-2 is 96.2% in the overall genome and 93.1% in
the S gene region [15]. On the other hand, Pangolin-CoV genome comparison showed
high sequence identity with both SARS-CoV-2 (91.0%) and Bat-CoV-RaTG13 (90.6%), along
even higher amino acid sequence identity with SARS-CoV-2 S protein genes (97.5%) than
Bat-CoV-RaTG13 S protein genes (95.4%) [151]. Therefore, one of the putative evolution-
ary patterns of SARS-CoV-2 origin could be the integration of the RNA fragment of the
Pangolin-CoV-2019-related strain into the Bat-CoV-RaTG13 spike protein gene [147,154].
Furthermore, even though gene transfer is rarely observed in RNA viruses, gene-by-gene
horizontal transfer and recombinational analysis of SARS-CoV-2-related viruses suggest
that SARS-CoV-2 could also be a close relative of the bat-CoV ZC45 and ZXC21 strains [160].
A unique feature of SARS-CoV-2, which distinguishes it from other sarbecoviruses, is the
presence of a furin cleavage site between S1 and S2 subunits of spike protein beneficial for
its priming and increasing the affinity for the ACE2 receptor, most likely acquired during
the frequent recombination events between SARS-CoV-2 and SARS-related CoV in bat
co-infection, followed by a spillover to the human population [161–163].

6.6. SARS-CoV-2 Variant Evolution

The emergence of SARS-CoV-2 in December 2019 was followed by its swift spread
in the human population and continuously increasing transmissibility leading to the evo-
lution of newly evolved variants. Mutations causing single amino acid change, such as
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D614G in spike protein gene and P323L in RNA-dependent RNA polymerase protein
nsp12, were shown early on to be associated with higher viral loads and higher infectivity
of the haplotypes that harbour them, leading to enhanced viral fitness but no change in
pathogenesis [164,165]. Therefore, the evolution of SARS-CoV-2 during the first 11 months
(the so-called first wave) of the pandemic was nearly neutral, requiring minimal adapta-
tion of SARS-CoV-2 to humans [166]. However, by late 2020, a rapidly growing genomic
cluster with a larger than the usual number of genetic changes was observed in the UK
and labelled as the first variant of concern (VOC), Alpha (B.1.1.7), starting the second wave
of the pandemic [167]. Variants of concern are defined as SARS-CoV-2 variants shown to
be associated with one of the following: increase in transmissibility, increase in virulence,
change in clinical disease presentation, detrimental change in epidemiology or reduced
effectiveness in available therapeutics, vaccines, or diagnostics [168]. VOC Alpha was
associated with multiple mutations in the spike protein gene, the most significant being
N501Y within the receptor binding domain associated with the increased binding ability to
ACE2 receptor, deletion H69, responsible for immune response evasion, and P681H in the
furin cleavage site, which enhances spike cleavage [167,169]. Almost simultaneously, two
more lineages with characteristic N501Y mutation were identified as VOC, Beta (B.1.351),
and Gamma (P.1), first reported in South Africa and Brazil, respectively [170,171]. The third
pandemic wave, initiated by the Delta variant (B.1.617.2), was first identified in India in late
2020 and was declared VOC in May 2021 [172]. The Delta variant seemed to lack the N501Y
mutation observed in previous variants; however, multiple other mutations in spike protein
resulted in a variant characterised by higher transmissibility and mortality [173,174]. The
currently circulating variant of concern is Omicron (B.1.1.529), which was designated as
such in November 2021 due to more than 30 mutations in the spike protein that were rarely
seen in previous SARS-CoV-2 genomes. These mutations were shown to act as highly
adaptive mutations and cooperatively interact, leading to an additional increase in viral
infectivity and driving the fourth wave of the pandemic [175,176]. Omicron subvariants,
such as BA.1, BA.2, BA.3, BA.4, and BA.5, were since identified [177,178]. It should be
emphasised that all VOC originated from the initial SARS-CoV-2 genotype [179]. Visual-
isation of SARS-CoV-2 evolution and spread since the start of the pandemic, performed
using Nextstrain, a publicly accessible bioinformatic tool for real-life tracking of pathogen
evolution, shows global dominance of Omicron strains that almost completely replaced
Delta and all previous variants (Figure 3) [180,181].
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Figure 3. Global genomic epidemiology of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) since the start of the coronavirus disease 2019 (COVID-19) pandemic. Visualisation
of SARS-CoV-2 evolution and spread since the start of the pandemic was performed using Nextstrain
(nextstrain.org), a publicly accessible bioinformatic tool for real-life tracking of pathogen evolution.
A depiction of a subsample of 3059 genomes obtained between December 2019 and November 2022
from the GISAID database, with currently recognised SARS-CoV-2 variants indicated by different
coloured branches on (a) a time-resolved phylogenetic tree. (b) Frequency visualisation by clade.
Isolate Wuhan-Hu-1 (accession number: MN908947.3) was used as a reference. Vector images and live
display can be found at: https://nextstrain.org/ncov/gisaid/global/all-time?d=tree,frequencies&
p=full&showBranchLabels=all (accessed on 29 November 2022). In addition, a complete list of
3059 sequence authors was downloaded and shown in Table S1 as a tabs-separated value (TSV) file.
Vector images are licensed with Attribution 4.0. International (CC BY 4.0) license [180,181].

7. Conclusions and Future Perspectives

Even though evolutionary processes are generally rather slow and long-lasting when
observed on a level of cellular organisms, characteristics of the RNA viruses described in
this review article enable real-time monitoring of some of the key evolutionary mechanisms.
The increase in genetic variability could be considered one of the prerequisites for exploring
new niches, while the plasticity of RNA viruses is best described by the multitude of
ways utilised for processes such as genetic recombination and mutation. The emergence
of three highly pathogenic RNA viruses from the Coronaviridae family showed that there
are still many unknowns regarding viral pathogenesis, especially events leading up to
potential cross-species transmission. Furthermore, the evolution of SARS-CoV-2 and its
variants demonstrated the importance of the quasispecies concept and the need to revise
rather old-fashioned constructs, such as the existence of the ‘wild type’ genome, when it
comes to RNA viruses. There are many unknowns regarding the further trajectory of the
ongoing SARS-CoV-2 pandemic. Despite the relative success of the SARS-CoV-2 vaccines
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(which is out of the scope of this review), it must be emphasised that the expectations for
vaccine efficiency were a lot higher during 2020 based on then-observed limited diversity
between viral genomes [182]. On the other hand, a considerable boost in transmissivity and
host adaptation led to a drop in infection severity distinctive for Omicron variants [183].
The highly recombinogenic nature of coronaviruses emphasises the importance of surveil-
lance of both intermediate and reservoir host animals. Furthermore, elucidating the exact
mechanisms of cross-species transfer along with deciphering the complete mutational
profile of the significant VOC could be highly beneficial in predicting the trajectory of the
SARS-CoV-2 pandemic and preparing for the inevitable occurrence of the next one.
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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is currently causing an
unprecedented pandemic. Although vaccines and antivirals are limiting the spread, SARS-CoV-2 is
still under selective pressure in human and animal populations, as demonstrated by the emergence of
variants of concern. To better understand the driving forces leading to new subtypes of SARS-CoV-2,
we infected an ex vivo cell model of the human upper respiratory tract with Alpha and Omicron BA.1
variants for one month. Although viral RNA was detected during the entire course of the infection,
infectious virus production decreased over time. Sequencing analysis did not show any adaptation
in the spike protein, suggesting a key role for the adaptive immune response or adaptation to other
anatomical sites for the evolution of SARS-CoV-2.

Keywords: SARS-CoV-2; virus adaptation; persistent infection

1. Introduction

Almost three years after the identification of a novel virus which causes pneumonia,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), more than 600 million people
have been infected [1–3]. Probably originating from bat coronaviruses, SARS-CoV-2 adapted
to infect humans [1,4–7]. The first human infections likely occurred in a Wuhan market in
China in December 2019 [1,8–10]. From the beginning of 2020, the virus spread worldwide,
leading to huge efforts to better understand this new virus and to keep it under control.

One of the major issues in the spread of SARS-CoV-2 is the multiple waves of infections,
linked to the continuous emergence of variants (such as Alpha, Beta, Delta, and Omicron)
and subvariants. For instance, the Alpha variant appeared in September 2020 and possibly
emerged from a chronic infection, although these patients were generally unlikely to spread
the infection [11,12]. The emergence of the Omicron variant, in November 2021, is still
under investigation. A passage to animals and back to humans, or the infection of a hidden
population, are possibilities under scrutiny [13–15].

SARS-CoV-2 variants differ primarily due to mutations in the spike protein, resulting
in either increased binding for angiotensin-converting enzyme 2 (ACE-2), the entry receptor,
or immune evasion. For instance, the mutation D614G, which became dominant in February
2020 [4,16], confers enhanced binding to ACE-2 and increased transmissibility [17]. Multiple
mutations (e.g., K417N, E484A, and N501Y) were shown to lead to decreased antibody
neutralization, as demonstrated by the augmented risk of re-infection with the Omicron
variant [4,14,17–22]. However, mutations can also occur in other structural and non-
structural proteins, resulting in innate immune evasion and increased viral replication:
R203K and G204R in the nucleocapsid enhanced viral fitness [23] and Δ500−532 in the
non-structural protein 1 (NSP1) are associated with decrease in interferon type I [24].

Importantly, SARS-CoV-2 was also reported to adapt rapidly to cell lines and different
hosts, with the appearance of some mutations currently present in circulating variants. For
instance, in Vero E6 cell lines, the furin cleavage site is lost, whereas it has been shown
to be re-acquired in cells expressing TMPRSS2 or in vivo [25,26]. Studies in primates and
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mice with isolates from 2020 observed the apparition of the H665Y mutation now present
in Omicron subvariants [26,27]. Moreover, mouse-adapted SARS-CoV-2 harbored N501Y
which was then associated with almost all variants of concern [27]. However, animal models
present important differences with humans, such as difference in receptors, leading to a
need for viral adaptation in mice, or the lack of severe symptoms in non-human primates.

Therefore, we focused on suitable human surrogate models to study SARS-CoV-2
evolution. Nevertheless, cell lines were not suitable because SARS-CoV-2 enters through
different routes in cell lines in vitro and in vivo [17].

To overcome this limitation, we used MucilAir tissues, which are human-derived
pseudostratified epithelia, derived from human donor biopsies, mimicking the human upper
respiratory tract. These tissues are composed of secretory, ciliated, and basal cells [28,29],
although we do not have detailed information about the presence of rare cell types present in
the natural landscape of respiratory tract such as the pulmonary neuroendocrine, suprabasal,
ionocyte, tuft, or even deuterosomal cells [30]. Unfortunately, these types of cells have
similar gene expression to other cells, and their presence has not been evaluated in previous
characterizations [30,31]. However, the main difference between the human respiratory tract
and MucilAir is the lack of immune cells. In previous experiments with respiratory viruses,
it was demonstrated that the tissues were unable to clear infections [32]. For instance, the
addition of macrophages to the system has been shown to limit the propagation of the
virus [33]. Although the adaptive immune system is not present, this respiratory tract
model can still produce cytokines and chemokines [32–34]. In addition to immune cells
and rare cell types previously cited, neurons, smooth muscles, and fibroblasts are missing
compared with the natural human respiratory tract and could somehow play a role during
viral infection [30]. However, to the best of our knowledge, this model is still one of the best
in vitro options to study viral growth in the upper respiratory tract.

In our study, we investigated whether the human respiratory tract per se can drive
adaptations of SARS-CoV-2. We infected human-derived respiratory tissues with
two variants of concern (Alpha and Omicron BA.1) for one month. During the infec-
tion, we monitored the level of RNA and the infectiousness of apically released viruses. At
the end of this long infection, SARS-CoV-2 viruses were sequenced to reveal any adaptation.

2. Materials and Methods

2.1. Cells and Viruses

Vero E6 given by Prof. Gary Kobinger originally derived from ATCC CRL-1586 were
maintained in Dulbecco’s modified Eagle medium (DMEM), high glucose, and Glutamax
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented by 10% fetal bovine serum
(FBS) (Pan Biotech, Aidenbach, Germany) and 1% penicillin/streptavidin (Sigma, St. Louis,
MI, USA). MucilAir (human upper respiratory tissues) were purchased from Epithelix
(Plan-les-Ouates, Switzerland). They were maintained according to the manufacturer’s
protocol. The specimens of the two variants of concern were collected at the University
Hospital of Lausanne (CHUV). Their consensus genome sequences and raw reads were
submitted to GISAID (B.1.1.7: EPI_ISL_2359887, BA.1: EPI_ISL_7681695) and the ENA
(B.1.1.7: ERR6094646, BA.1: ERR8526519).

2.2. Infection of MucilAir

PBS with calcium and magnesium (Thermo Fisher Scientific, Waltham, MA, USA) was
added to the apical side of MucilAir before infection with SARS-CoV-2. Of the nasopharyn-
geal sample, 50 μL testing positive for SARS-CoV-2 (B.1.1.7 or BA.1) was used to infect the
apical side of the respiratory tissue. After infection, MucilAir was washed with MucilAir
medium. Respiratory tissues were maintained at 33 ◦C. In the first week of infection,
SARS-CoV-2 viruses apically released were collected every day. The following week, until
the 25 days post-infection, they were collected twice per week. For the collection, 200 μL
MucilAir medium was added on the apical side for 20 min at 33 ◦C and then stored at
−80 ◦C for further analysis. The basal medium was changed twice per week. Viral RNAs
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were quantified by RT-qPCR and plaque assay of the apical wash were performed on Vero
E6 (see below). On the last day of infection, MucilAir was fixed with 4% formaldehyde.
The last apical washes collected were sequenced by next-generation sequencing.

2.3. Infection of Vero E6

Infection of Vero E6 with several passages was performed as described previously [35].
Briefly, Vero E6 cells (3.5 × 105 cells per well) were seeded on a 6-well plate. Cells were
infected with B.1.1.7 SARS-CoV-2 (MOI 0.01) for 1 h at 37 ◦C. The inoculum was removed,
and DMEM with 2.5% FBS was added. Three days post-infection, viruses were collected
and titred by plaque assay. For the following passage, viruses collected in the previous
passage were used for the infection (MOI 0.01). After 11 passages, viruses were sequenced
by next-generation sequencing.

2.4. Plaque Assay

Plaque assays on Vero E6 cells were performed as described by Mathez and Cagno,
2021 [36]. Briefly, Vero E6 (104 cells per well) was seeded in a 24-well plate. The apical
washes of MucilAir were serially diluted and used to infect Vero E6 cells. After one hour
of incubation at 37 ◦C, an overlay of 0.6% avicel gp3515 (SelectChemie, DuPont, Zurich,
Switzerland) in 2.5% FBS DMEM was added. Three days post-infection, cells were fixed
with 4% formaldehyde and crystal violet. Plaques were counted manually.

2.5. Immunofluorescence

MucilAir tissues were stained as described previously [32,34], with minor modifica-
tions. Tissues were blocked with 5% FBS and Tween 0.5% for 30 min at room temperature.
J2 (1:500) (Nordic-MUbio, BC Susteren, The Netherlands) and β-tubulin IV (1:250) (Abcam,
Cambridge, United Kingdom) were added for 1 h at 37 ◦C. After three washes with PBS
Tween 0.05%, tissues were incubated with 1:2000 Alexa Fluor 488 anti-mouse and Alexa
Fluor 594 anti-rabbit (Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at 37 ◦C. Then,
4,6′-diamidino-2-phenylindole (DAPI) (0.5 μg/mL) was added for 5 min. Tissues were
mounted on a slide with Fluoromount g (Thermo Fisher Scientific, Waltham, MA, USA). A
Zeiss LSM-900 confocal microscope was used to visualize the tissue with a Plan-Apochromat
63×/1.40 objective.

2.6. RT-qPCR and Next-Generation Sequencing

Supernatants were lysed with TRK lysis and RNA was extracted with the E.Z.N.A Total
RNA kit (Omega Biotech, Norcross, GA, USA). RT-qPCRs of SARS-CoV-2 were performed
with TaqPath 1-Step RT-qPCR (Thermo Fisher Scientific, Waltham, MA, USA) with primers
and probe targeting the E gene (Fwd: 5′-ACAGGTACGTTAATAGTTAATAGCGT-3′, Rev:
5′-ATATTGCAGCAGTACGCACACA-3′, probe: 5′-ACACTAGCCATCCTTACTGCGCTTCG-
3′) [37]. Next-generation sequencing was performed as described previously [35,38]. The
consensus sequences represent mutations observed in more than 70% of the reads. Due to a
technical issue, BA.1 sequencing was not performed between 22,916 and 23,012 (according
to the reference sequence of Wuhan).

2.7. Statistics and Analysis

Experiments were performed with two or three MucilAir samples for each variant and
in duplicate for in vitro experiments. Results are shown as the mean and SEM. The area
under the curve analysis followed by an unpaired t-test was performed to compare curves.
GraphPad Prism version 9.1 (San Diego, CA, USA) and Geneious Prime (San Diego, CA,
USA) version 2022.01 software were used for the analyses.

3. Results and Discussion

Viruses, including SARS-CoV-2, continuously adapt themselves to their environment,
including new hosting organisms, cells, and their surroundings. To observe the respiratory

201



Viruses 2023, 15, 13

tissue adaptations of SARS-CoV-2, we infected human-derived upper respiratory tract tis-
sue with two nasopharyngeal samples that tested positive for SARS-CoV-2 for one month.
Samples were never grown on cells or in tissues and were fully sequenced before experiments.

The first phase of the infection showed an increase in viral RNA released that peaked
on the third day of infection (Figure 1A). The Alpha variant (B.1.1.7) had a higher fold
change (3.58 log increase) during the same period compared with Omicron (BA.1) (1.12 log
increase). After this initial phase of infection, viral RNA slightly decreased and stabilized.
After 25 days of infection, 9.73 × 108 RNA copies were detected for B.1.1.7 compared with
3.96 × 107 for BA.1.

Figure 1. Evolution of SARS-CoV-2 variants ex vivo and in vitro after 25 days of infection. MucilAir
tissues were infected with Alpha (B.1.1.7) or Omicron (BA.1) SARS-CoV-2. For 25 days, tissues were
maintained at 33 ◦C and apical washes were performed to collect released SARS-CoV-2 viruses,
quantified by RT-qPCR (A) and plaque assay (B). (C) Tissues were fixed and stained with J2 (dsRNA:
green), β-tubulin IV (ciliated cells: red), and DAPI (nuclei: blue) at the end of infection. (D) Viruses
were deep-sequenced at the end of infection ex vivo or after 11 passages in Vero E6. Mutations that
were not present in the original sample are shown (created with biorender.com). (E) Nucleotide
changes and percentage of reads present in the different samples. The results are the mean and SEM
of two (B.1.1.7) or three (BA.1) MucilAir. p-value < 0.0001 (****).

Omicron presented lower viral RNA copies and produced fewer infectious viruses
than Alpha (Figure 1B), but the difference was not statistically significant. Previous results
showed a better fitness of Omicron in the bronchi if compared with Delta and an opposite
trend in the lung [39–41]. The results in nasal cell lines, however, were more ambiguous.
In one study, Omicron was shown to have a faster replication but lower viral peak [42],
whereas in another, higher replication with comparable viral peak has been observed [41].
In the comparison of infectivity, it is important to take into consideration the possible under
estimation of Omicron due to its reduced plaque-forming ability [41,43].

The discrepancy between the high RNA level and the low level of infectious virus is
in line with reports of human infections, which highlighted the presence of viral RNA in
nasopharyngeal samples, although there was a lack of viral isolation one week after the first
positive PCR test [44–46]. In our case, infectious viruses could be detected until the end of
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infection, but a drop (2.04 log and 0.64 log decrease for B.1.1.7 and BA.1, respectively) was
observed in the same period.

After 25 days of infection, through immunostaining, we evidenced that both variants
caused a reduction in the number of ciliated cells and damaged the tissues (Figure 1C). This
finding is in line with previous reports showing that SARS-CoV-2 principally infects this
type of cells [47,48]. We could identify, for both variants, cells with active viral replication
(through double-stranded RNA staining), although in larger numbers for Omicron than
for Alpha (Figure 1C). If combined with the infectivity and genome quantification, these
results could suggest a higher replication per cell for Alpha compared with Omicron;
however, no single-cell measurements of the two variants are available to further confirm
this hypothesis.

We then performed next-generation sequencing on the virus collected 25 days post-
infection in the apical wash to identify any potential adaptations to our ex vivo model
and compared the consensus sequences with the initial sequence of the original clinical
sample. Surprisingly, BA.1 did not harbor additional fixed mutations, whereas after B.1.1.7
infection, a single mutation, R724K, was observed in all the replicates (Figure 1D,E). No
minority variants were observed for both BA.1 and BA.1.1.7.

The R724K mutation located in the NSP2 was previously reported to be characteristic
of a Beta variant detected in Brazil [49]. Although the function of NSP2 is still unclear, it
was associated with inhibition of the antiviral state of cells [50,51]. The mutation of arginine
to lysine does not change the charge of the amino acid, with a probable minor impact on
NSP2; however, further research should clarify the role of this mutation.

We cannot exclude that mutations arose at shorter time points but were not selected, or
could arise with longer infections; however, the decreased amount of viruses released over
time and the altered architecture of the tissues are not suitable to evaluate this possibility.

In contrast, when we infected Vero E6 cells with B.1.1.7, five mutations were present
after several passages (Figure 1D,E): L1853F was predicted to affect the stability of NSP3 [52];
T95I was found in several variants including BA.1 and B.1.526 [53,54]; N149 is a possible
site of N-glycosylation that might be associated with increased sensitivity to antibodies [55];
R685H results in a loss of furin cleavage site and is a mark of in vitro adaptation [25,56].
These results further confirm the possible adaptation to the host cell as a driver of evolution
in the absence of adaptive immunity and emphasize that MucilAir models more faithfully
mimic natural infection conditions than Vero E6.

In conclusion, in our study, we infected a representative model of the upper respiratory
tract with two SARS-CoV-2 variants of concern (B.1.1.7 and BA.1) for one month. We
highlighted that the viral RNA can be still detected but with a decrease in infectivity of
viruses released over time, possibly linked to the loss of ciliated cells observed. Both
variants did not show adaptations to the upper respiratory tract model. Therefore, in our
experimental setting, the emergence of new variants was not due to the adaptation to
the upper respiratory tract. Further work could be performed to assess the adaptation of
clinical samples in different tissue models (e.g., brain, intestinal, etc.) or in the presence of
suboptimal concentrations of immune sera to assess the role of other tissue tropism and
adaptative immunity in SARS-CoV-2 evolution.
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Abstract: Evidence suggests that the N-terminal domain (NTD) of the SARS-CoV-2 spike protein
interacts with host coreceptors that participate in viral entry. Resolving the identity of coreceptors
has important clinical implications as it may provide the basis for the development of antiviral drugs
and vaccine candidates. The majority of characteristic mutations in variants of concern (VOCs) have
occurred in the NTD and receptor binding domain (RBD). Unlike the RBD, mutations in the NTD
have clustered in the most flexible parts of the spike protein. Many possible coreceptors have been
proposed, including various sugars such as gangliosides, sialosides, and heparan sulfate. Protein
coreceptors, including neuropilin-1 and leucine-rich repeat containing 15 (LRRC15), are also proposed
coreceptors that engage the NTD.

Keywords: SARS-CoV-2; COVID-19; N-terminal domain; receptor binding domain; LRRC15; leucine
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1. Introduction to Coronavirus Spike Proteins (Function, Structure, Receptors)

1.1. Function and Structure

The coronavirus spike (S) protein, comprised of S1 and S2 subunits, mediates the
entry of coronaviruses into host cells. Generally, in the viral attachment of coronaviruses,
the S1 subunit binds to a receptor on the host cell’s surface. This binding prompts a
conformational change in the spike protein that enables the S2 subunit to fuse together the
viral and host membranes [1].

Due to its fundamental role in initiating infection, the S protein is of high relevance to
natural immune response as well as clinical therapies. It follows that SARS-CoV-2 infection
elicits neutralizing antibodies that bind to the S protein, and that vaccines targeting the S
protein provide protection against infection.

Each spike protein monomer is comprised of approximately 1273 residues (depending
on deletions in certain variants) which trimerize upon assembly into a clove-shaped trimer
with three S1 heads and a trimeric S2 stalk [2]. There are characteristic domains present
in all coronavirus spike domains. In the SARS-CoV-2 S1, these include the N-terminal
domain (NTD, residues 14–305) and receptor-binding domain (RBD, residues 319–541). In
S2, these include the fusion peptide (FP, residues 788–806), heptad repeat sequences 1 (HR1,
residues 912–984) and 2 (HR2, residues 1163–1213), transmembrane domain (TM, residues
1213–1237), and intracellular domain (IC, residues 1237–1273) [2].

1.2. Receptors

Different coronaviruses exhibit a diverse range of tropism to different cells and tis-
sues, resulting in varying clinical manifestations ranging from mild to severe disease
(e.g., HCoV-229E results in the common cold while MERS-CoV results in approximately
35% mortality) [3]. S1 C-terminal domains (CTDs) are known to bind to protein recep-
tors, such as ACE2 in SARS-CoV and SARS-CoV-2 or dipeptidyl peptidase 4 (DPP4) in
MERS-CoV. The S1-NTD has been shown to bind host sugar moieties for the majority of
coronaviruses (e.g., TGEV and PEDV) [1]. A subset of coronaviruses exhibits NTDs that
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bind protein elements (e.g., the NTD of mouse hepatitis virus, MHV, binds carcinoem-
bryonic antigen-related cell adhesion molecule 1, CEACAM1) [1]. Recent studies have
suggested a dual-receptor mechanism for MERS-CoV, positing that it binds not only to
DPP4 at the CTD but also to host sugars (sialosides) at the NTD [4].

The host cell receptor for the NTD of SARS-CoV-2 is not yet known [5]. Resolving
the identity of such a ligand could have a large impact on drug development and COVID
treatment strategies. This unidentified ligand could either act as a coreceptor that helps
facilitate entry mediated by the primary receptor (e.g., CCR5 and CD4 for HIV) or a distinct
alternative receptor (e.g., CD147 for SARS-CoV-2) [6,7]. Since the putative ligands of the
SARS-CoV-2 S1-NTD are not clear, it is also not clear how mutations in the S1-NTD might
affect virus fitness.

1.3. Mutations in Variants of Concern (VOCs)

In variants of concern (VOC) of SARS-CoV-2, many distinguishing mutations of
the spike protein occur at the S1-NTD and S1-RBD (Figure 1). The majority of S1-NTD
mutations that distinguish VOCs occur on the solvent-accessible surface at a site available
for binding ligands (Figure 2). Additionally, SARS-CoV-2 elicits neutralizing antibodies
binding to multiple locations of the NTD [5,8]. These facts suggest that the NTD has
some important but unknown functions affecting virus fitness, such as coreceptor binding,
avoidance of restriction factors, or antibody-dependent enhancement [8]. Specifically, host
cell restriction factors might block virus entry by binding the S1-NTD, so mutations here
could help the virus evade this defense.

Figure 1. Mutations in the SARS-CoV-2 spike glycoprotein. NTD, N-terminal domain; RBD, receptor
binding domain; FCS, furin cleavage site; FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad
repeat 2; TM, transmembrane anchor; IC, intracellular tail. The Delta symbol indicates deletion.
Mutations as defined by the Centers for Disease Control and Prevention.
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Figure 2. The N-terminal domain (NTD) of the SARS-CoV-2 spike glycoprotein exhibits a high level
of flexibility. The cryo-EM structure of the prefusion spike protein is colored by B-factor; the thickness
of the wire corresponds to structural variability.

Importantly, these mutations in the NTD occur in the most flexible part of the spike
protein (Figures 2–4). The NTD has a far higher B-factor than other parts of the spike,
indicating its high structural variability. The functional consequence of mutations that
impact flexibility is likely to improve fitness since these mutations distinguish VOCs. For
example, increased flexibility of an epitope is likely to reduce antibody binding.

Figure 3. Mutations in the N-terminal domain (NTD) cluster in a manner that likely modulates
binding interactions. The spike glycoprotein is shown in gray with mutations present in variants of
concern (VOC) shown in red, NTD VOC mutations in red, RBD VOC mutations in green, interchain
contact VOC mutations in magenta, furin cleavage site mutations shown in yellow, ACE2 shown in
cyan, CEACAM1 shown in orange.
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Figure 4. SARS-CoV-2 variants of concern (VOC) acquire mutations in the N-terminal domain (NTD)
at the sites of the highest flexibility. The cryo-EM structure of the prefusion spike glycoprotein is
shown. Top panel, the NTD is shown in gray; mutations in variants of concern are shown in red;
bottom panel, the NTD is colored by B-factor, indicating structural variability.

A separate site of importance is the S1-RBD, which has also mutated extensively in
highly contagious variants of concern. Though it is known that the RBD binds to ACE2
to mediate host cell entry, several of these mutations have decreased the RBD’s affinity
for ACE2 in spite of the increased transmission of more recent variants [9]. Although the
functional consequence of mutations in the RBD likely contributes to immune evasion, it is
possible that the RBD takes part in other interactions that affect infectivity.

The furin cleavage site (FCS) is another key to infection, as its cleavage promotes or
enables virus-host cell fusion. The identity of host cell proteases that facilitate this cleavage
is also of interest and is discussed further in this review.

2. Sugars as SARS-CoV-2 Spike Protein Ligands

2.1. Sialosides

As mentioned before, a dual-receptor mechanism binding to DPP4 and host sialoside
sugars was proposed to be used by MERS-CoV for the infection of host cells. Awasthi
et al. noted that the SARS-CoV-2 S1-NTD has three divergent loop regions that structurally
resemble the MERS-CoV sialoside-binding pocket, as confirmed by a cryo-EM study [4,10].
Specifically, the β14–β15 loop of the NTD is implicated in sialoside binding [4].

Computational binding studies found that diverse sialosides interacted with and
localized to the proposed sialoside-binding pocket in the NTD of both MERS-CoV and
SARS-CoV-2. SARS-CoV was not found to interact similarly with sialosides, demonstrating
binding in various locations of the NTD, which was the expected result as SARS-CoV is not
known to bind to sialosides [4]. Further, Milanetti et al. also predicted a sialoside-binding
pocket in the SARS-CoV-2 NTD by surface iso-electron density mapping [11].
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Awasthi et al. also propose that the predicted ability of SARS-CoV-2 to engage diverse
sialosides could explain its high infectivity with broad tissue tropism [4]. The distribution
of sialosides in the respiratory tract could explain why SARS-CoV-2 exhibits high infectivity
for these cells despite their limited ACE2 expression.

Another proposed function of sialoside binding is the facilitation of viral surfing over
the host cell surface [11–14]. Viral surfing describes the movement of SARS-CoV-2 virions
across a cell surface’s sialic acid layer to find and attach to ACE2. Similarly, Milanetti et al.
proposed a dual or even triple binding of SARS-CoV-2 to ACE2 and gangliosides present in
lipid rafts [11]. A glycan-binding domain could bind to certain glycosphingolipids present
in lipid rafts. Lipid raft coalescence is proposed to lead to the recruitment of ACE2, and
ganglioside expression is higher in epithelial intestinal and brain cells, supporting the
potential role of gangliosides in SARS-CoV-2 infectivity.

Sialoglycan microarrays were used to test the spike protein’s sialic acid binding ca-
pacity. Hao et al. did not determine significant fluorescent signals when recombinant
SARS-CoV-2 S protein was incubated with sialic acid-containing oligosaccharides on an
array chip [15]. Though, these immobilized sialic acids may not model the native presen-
tation of sialic acids on the cell surface in vivo, where sialic acids cluster in the flexible
plasma membrane. Baker et al. used polymer-stabilized gold nanoparticle bearing sialic
acids to confirm the binding of single sialic acid to the S protein, but not sialyllactoses [16].

Yang et al. investigated the role of glycans containing sialic acids on the ACE2 receptor
for SARS-CoV-2 infection [17]. They found that glycans did not greatly contribute to the
binding of the S protein to ACE2 and that ACE2′s sialic acids actually shielded cells from
pseudovirus binding. Chu et al. then treated epithelial cells with neuraminidase to remove
cell surface sialic acids [18]. They found that this treatment reduced MERS-CoV entry by
86%, which was expected since MERS-CoV uses DPP4 and sialic acids as coreceptors to
facilitate binding. However, this sialic acid-removing treatment increased SARS-CoV and
SARS-CoV-2 infection by 492% and 80.3%, respectively [19]. These results indicate that
the presence of cell-surface sialic acids prevents ACE2-S protein binding, thus inhibiting
virus entry.

2.2. Gangliosides

Though Yang et al. and Chu et al. reveal a decreasing likelihood that sialic acids
potentiate SARS-CoV-2-cell binding, a preprint study by Nguyen et al. suggested that the
RBD had an affinity for monosialylated gangliosides [17,18,20]. Using an artificial mem-
brane embedded within gangliosides, they found that three monosialylated gangliosides
(GM1, GM2, and GM3) were recognized by the RBD [20]. The affinity was similar to that
of the glycan heparan sulfate, another proposed ligand of the RBD. Next, by depleting
cell surface sialic acids using sialyltransferase inhibition, genetic knockout of sialic acid
biosynthesis, and neuraminidase treatment of ACE2-expressing cells, they demonstrated
decreased binding and infection.

Functions of gangliosides supporting their theoretical implication in SARS-CoV-2
infection include their negatively charged flat surface that attracts the electropositive tip of
virus envelope proteins, ability to facilitate the recruitment of virus protein receptors from
lipid rafts, association with cholesterol to form lipid rafts that could enhance fusion and
activation of viral proteins through membrane chaperone properties [19].

Fantini et al. proposed a ganglioside binding domain at the top of the NTD, positing
that it allows the S protein to interact with lipid rafts independently of the RBD [21]. The
study found that neutralizing antibodies directed against the NTD’s tip did, in fact, prevent
access of the S protein to lipid rafts independently of RBD-ACE2 interactions [21]. Though,
Fantini et al.’s data led to the proposal that hydroxychloroquine and other antimalarials
could block the interaction between the S protein and cell surface gangliosides due to their
affinity for gangliosides. The long-term lack of clinical validation for this strategy is not
supportive of this theory [22].

211



Viruses 2023, 15, 67

2.3. Heparan Sulfate

Heparan sulfate is a highly conserved, negatively charged linear polysaccharide and
cellular receptor found in almost all mammalian cells. In its proteoglycan form, HS binds
to a variety of extracellular proteins, with wide-ranging functions related to development,
inflammation, coagulation, angiogenesis, and viral entry. Heparan sulfate proteoglycans
(HSPGs) are known to serve as coreceptors for many viruses [23].

Clausen et al. determined via molecular docking that the RBD likely contains a
positively charged site adjacent to the ACE2-binding site that binds negatively charged
heparan sulfate [24]. Subsequent competition studies, enzymatic removal of HS, and
genetic studies showed that recombinant and pseudoviral S proteins, as well as authentic
SARS-CoV-2 virions, bind to cell surface HS cooperatively with ACE2 [24].

A ternary complex of ACE2, heparin and the S protein using heparin as a scaffold
was observed by Clausen et al. in vitro. Kearns et al. demonstrated a polyanionic HS-
binding site that starts at the RBD and runs between the RBD and NTD down to the furin
cleavage site [25]. Electron micrographs suggested that binding to heparin enhances the
open conformation of the RBD, which supports ACE2 binding. Further, in vitro treatment
of cells with heparin lyases that degrade HS significantly reduced infection. Clausen et al.
concluded that HS not only supports infection but is an essential factor in infection that
enables the RBD to bind ACE2. This proposed role has since been supported by a few
studies (including Liu et al. [26]).

HSPGs have previously been proposed as coreceptors for HCoV-NL63 [27] and SARS-
CoV [28]. In both cases, HSPGs were also proposed as necessary adhesion molecules
for HCoV-NL63 and SARS-CoV infection. In fact, the basis of treatment of SARS with
lactoferrin, an innate immunity protein, is lactoferrin’s colocalization with HSPGs, blocking
S protein-HSPG binding, and thus infection [28,29]. Also, HS’s role in coagulation could be
responsible for thrombotic complications seen in critically ill COVID-19 patients since the S
protein could outcompete antithrombin and heparin cofactor II for HS binding [30].

2.4. Summary of Sugars as SARS-CoV-2 Spike Protein Receptors

Experimental data has yet to reveal anything conclusive regarding the role of sialosides
or gangliosides in SARS-CoV-2-cell binding. Studies offer conflicting data regarding the
enabling or prevention of virus entry due to these cell surface sugars. Due to the structural
basis for the spike protein’s proposed affinity for sialosides, including divergent loop
regions in the NTD resembling sialoside-binding pockets and locations with an affinity
for gangliosides in the NTD and RBD, more investigation into spike-sialoside interactions
is warranted. If sialosides or gangliosides do, in fact, play a role in coronavirus host-cell
binding, it is likely to use a novel mechanism yet unknown.

More likely is the possibility of heparan sulfate and its proteoglycan form as an
important coreceptor for SARS-CoV-2. Strong but limited experimental data supports its
role as a necessary or supporting factor for cell-virus adhesion, as its binding to the S
protein prompts the open conformation of the RBD to accommodate subsequent ACE2
binding and infection [17].

3. Other Molecules

3.1. LRRC15 as a SARS-CoV-2 Spike Protein Ligand

Leucine-rich repeat (LRR) proteins are a family of functionally unrelated α/β horseshoe-
shaped proteins that contain tandem repeats of 20–30 amino acids with an unusually
high composition of leucine [31]. Leucine-rich repeat-containing protein 15 (LRRC15) is
a member of the LRR family with many known functions, including innate immunity
and nervous system development [32]. LRRC15 is known to be involved in the negative
regulation of protein localization to the plasma membrane [33].

Multiple late-2021 preprints independently identified LRRC15 as a ligand of the SARS-
CoV-2 spike protein (Figure 5). Shilts et al. employed two strategies to determine possible
ligands of the spike protein [34]. First, HEK293 cells were individually transfected with one
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of 2363 genes encoding cell surface membrane proteins, measuring protein-spike binding
with flow cytometry. Second, a genome-wide CRISPR activation library was used in RPE1
cells to identify which genes, when upregulated, induced the binding of the spike protein.
Both systematic cell-based screens identified LRRC15 as SARS-CoV-2 spike protein ligands,
though structural details of this interaction were unclear [34].

Figure 5. Structural model of LRRC15 complexed to the NTD of the SARS-CoV-2 spike glycoprotein.
The cryo-EM structure of the spike protein is shown in gray complexed to LRRC15, shown in gold.
Spike mutations from the omicron variant are shown in blue.

Loo et al. also identified LRRC15 as a spike protein ligand using a CRISPR activation
strategy similar to Shilts et al. [34,35]. Further, LRRC15 sequestered virions and functioned
as a negative receptor that suppressed live SARS-CoV-2 infection in trans [35]. Since
LRRC15 and ACE2 expression are mutually exclusive (not expressed in the same cell
types) in lung cells, it follows that LRRC15′s virion sequestration may prevent virions from
reaching ACE2-expressing cells.

Additionally, LRRC15 expression could regulate the reaction of fibroblasts to infection.
It is found in collagen-producing myofibroblasts, where it regulates collagen production.
Since it is known to be upregulated by proinflammatory cytokines, including TNFα, IL-1β,
and IFNγ [36], LRRC15 could suppress lung fibrosis during virus-induced inflammation,
independent of virion sequestration and immobilization. LRRC15 could potentially help
fibroblasts transport virions to antigen-presenting cells.

A subsequent decrease in LRRC15 levels following inflammation could promote
collagen production to support lung repair. It is posited by Loo et al. that dysregulation of
this system caused by chronic lung infection could cause inappropriate collagen production,
contributing to lung fibrosis seen in “long-haul” COVID patients [35].

Interestingly, when compared to the earlier D614G variant of SARS-CoV-2, Loo et al.
found that the mutations in the Delta variant’s spike protein reduced LRRC15′s antiviral
activity. This indicates that the numerous mutations of the spike protein in highly conta-
gious variants could be attributed to an adaptation against the anti-SARS-CoV-2 activity
of LRRC15.

A third preprint, by Song et al., affirmed the trans-inhibition of viral entry of SARS-
CoV-2 by LRRC15 [37]. The interaction of LRRC15 with the RBD was not found to compete
with the interaction of ACE2 with the RBD. LRRC15 did, in fact, inhibit spike-mediated viral
entry in LRRC15-expressing ACE2-negative cells as well as neighboring ACE2-positive cells
in trans. LRRC15 had a specific inhibitory effect on multiple variants of SARS-CoV-2 and
SARS-CoV-1 but not MERS-CoV, which Song et al. noted as a suggestion of an evolutionary
arms race between humans and coronaviruses. Song et al. also confirmed by analysis of
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human lung single cell RNA sequencing that LRRC15 expression is primarily detected in
fibroblasts, including those pathologically enriched in COVID-19 patients.

3.2. Summary of LRRC15 Relating to SARS-CoV-2

These preprints display convincing experimental evidence that LRRC15 binds to the
spike protein, offering mechanistic theories with plausibility established by experimen-
tal observations. The role of LRRC15 is currently best explained as SARS-CoV-2-virion-
sequestering, protecting nearby ACE2-positive cells from infection. Further speculation
reveals a possible mechanism by which LRRC15′s role in collagen production regulation on
fibroblasts could contribute to “long-haul” COVID. These roles have earned the protein its
characterization as a “master regulator” of SARS-CoV-2 infection and collagen production
associated with “long-haul” COVID-related lung fibrosis.

More experimental investigation into the spike-LRRC15 interaction is warranted to
further establish the theories about its potential role in preventing infection. Resolving the
structure of the spike-LRRC15 complex could offer insight into the exact binding location
of LRRC15 on the spike protein.

3.3. Neuropilin-1 as a SARS-CoV-2 Spike Protein Ligand

Neuropilin-1 is a glycoprotein receptor found in neurons that have functions related
to angiogenesis, neuronal development, and immune response regulation [38].

Some studies have identified NRP-1 as a coreceptor for SARS-CoV-2 entry [38–40].
The presence of NRP-1 on the host cell membrane has been shown to increase infection
and spread of SARS-CoV-2, as shown by Cantuti-Castelvetri et al. [39]. Particularly, NRP-
1 is implicated in neurological manifestations of COVID-19, as it is thought to enable
SARS-CoV-2 to enter the central nervous system through the respiratory and olfactory
epithelia—where NRP-1 is highly expressed—including those of the nasal cavity.

Daly et al. explains that NRP-1 binds furin-cleaved substrates such as the one in
the spike protein (Figure 6) [40]. Daly et al. successfully demonstrated that the furin-
cleaved spike protein binds directly to cell surface NRP-1. Further, blocking the S1-NRP-
1 interaction with small-molecule inhibitors and monoclonal antibodies reduced viral
infection in vitro. This finding has significant implications for future antiviral therapeutics.

Figure 6. Structural model of Neuropilin-1 complexed to the NTD of the SARS-CoV-2 spike glycopro-
tein monomer. The cryo-EM structure of the spike protein monomer is shown in gray complex to
neuropilin-1, shown in magenta. Spike mutations from the omicron variant are shown in blue.
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4. Non-Receptor Spike-Host Cell Protein Interactions

4.1. SARS-CoV-2 Spike Protein Cleavage and Restriction Factors

The SARS-CoV-2 spike protein relies on cleavage by proteases on the cell surface to
transform into its infectious conformation that enables cell entry through plasma membrane
fusion [41]. Spike protein cleavage/fusion at (or in close proximity to) the cell surface is
crucial to successful infection. Spike protein fusion with host cell membranes near the cell
surface permits avoidance of restriction factors located in early and late endosomes within
the cell. The furin cleavage site where the spike is cleaved is thought to be an advantage of
SARS-CoV-2, as viruses that lack such a cleavage site generally must enter cells through
the restriction-factor-containing endosome [42].

Restriction factors are proteins that host cells use as the first line of defense against
viruses [42]. Some interfere with viral replication and propagation, while others are sensors
that trigger innate immune responses. They are generally induced by interferons.

Experimental evidence showed that SARS-CoV-2 is predominantly sensitive to IFITM2,
a restriction factor that inhibits virus-host cell fusion [43]. The same study observed
decreased infectivity when removing the furin cleavage site from pre-Omicron variants,
supporting the theory that this cleavage is an advantage of the virus. Additionally, SARS-
CoV-2 was found to be highly sensitive to IFN-β and IFN-γ. IFN-α and IFN-λ were less
effective but still demonstrated restrictive properties in various cell types. It is not yet
elucidated how changes in Omicron’s furin cleavage site (and consequently its protease-
based infection cascade) may affect its interactions with restriction factors.

4.2. Membrane-Associated Serine Proteases

The spike protein must undergo a conformational change at the RBD to interact with
ACE2. TMPRSS2 has been known as the first host cell-surface protease used by the spike
protein to cleave its furin cleavage site prompting the conformational changes necessary
to enter the cell [41]. Following cleavage by TMPRSS2, the spike is further cleaved and
processed by furin and cathepsin, then fusing with the cell and provoking viral replication.

Currently, Omicron variants inefficiently use TMPRSS2, causing the spike to rely
on cell entry through endocytosis [44]. This caused a change in the cellular tropism of
SARS-CoV-2, moving away from TMPRSS2-expressing cells. However, BA.5 has recently
shown efficient use of TMPRSS2, indicating a possible shift back to pre-Omicron tropism
and infectious mechanism [45].

5. Summary

The identity of a putative SARS-CoV-2 coreceptor has yet to be determined. Though,
few proposed candidates increasingly demonstrate activity as potential ligands of the
spike protein (Table 1). Further experimentation is warranted to elucidate the roles of
these candidates in the SARS-CoV-2 infection mechanism. Significant improvements in
the prevention and treatment of COVID-19 may be achieved by understanding how to
modulate the interactions between the S1-NTD/RBD and coreceptors, antibodies, and
restriction factors.

Table 1. Summary of potential coreceptor ligands of the SARS-CoV-2 spike protein.

Ligand Description Proposed Virological Function References

Sialic acid

Sugar chain with nine-carbon
backbone found on the surfaces of

all vertebrate cells.
Implicated in various functions

and diseases.

S1-NTD may bind sialic acids in a
sialosides-binding pocket that resembles

that of the MERS-CoV S1-NTD.
Sialic acid may act as a coreceptor to help
S1 reach ACE2 via viral surfing, or it may

inhibit ACE2-S1 binding.

[4,11,17,46]
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Table 1. Cont.

Ligand Description Proposed Virological Function References

Monosialylated gangliosides
(GM1, GM2, GM3)

Sialic acid-containing
glycosphingolipids widely

expressed in the nervous system.
As part of the plasma membrane’s

outer leaflet, these sugar chains
are key to cell-cell recognition,

adhesion, and signal
transduction.

Negatively charged flat surface may
attract the electropositive tip of virus

envelope proteins.
Association with cholesterol to form lipid

rafts could enhance fusion.
Membrane chaperone properties could

enhance activation of viral proteins.

[19,21,47]

Heparan sulfate
proteoglycans (HSPGs)

Glycoprotein with attached
heparan sulfate

polysaccharide chains.
Found as a cellular receptor in

almost all mammalian cells with
functions related to development,

inflammation, coagulation,
angiogenesis, and viral entry.

Binding between HSPGs/HS and a
polyanionic path along the S1-RBD, NTD,

and FCS may enhance the open
conformation of the RBD, supporting

RBD-ACE2 binding.

[23–26]

Leucine-rich repeat-
containing protein 15 (LRRC15)

Protein family with unrelated
functions and characteristic
α/β-horseshoe shape with

leucine-rich tandem repeats.
Functions of LRRC15 include

innate immunity, down
regulation of protein localization

to the plasma membrane, and
nervous system development.

LRRC15 may sequester and immobilize
SARS-CoV-2 virions.

Upregulated by proinflammatory
cytokines, LRRC15 could suppress lung

fibrosis during virus-induced
inflammation.

Demonstrated affinity for S1-NTD.

[31–35,37]

Neuropilin-1 (NRP-1)

Glycoprotein receptor found on
cell membranes of neurons with
functions related to angiogenesis,

neuronal development, and
immune response regulation.

Potentially enables SARS-CoV-2 virions
to enter the nervous system through
respiratory and olfactory epithelia.

Known to bind furin-cleaved substrates.

[38–40]

6. Methods

6.1. SARS-CoV-2 Mutations in Variants of Concern

Mutations in SARS-CoV-2 variants of concern are shown with the Wuhan-Hu-1 se-
quence as a reference (GENBANK accession number MN908947). The Centers for Disease
Control and Prevention classification and definitions of mutations that distinguish variants
of concern were used: https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-
classifications.html (accessed on 26 April 2022) [48].

6.2. Mapping Mutations and Structural Variability on Structure of the Spike Protein Monomer

The prefusion SARS-CoV-2 spike glycoprotein with a single receptor-binding domain
up (PDB 6VSB) [49] was used for mapping mutations and structural variability (B-factor)
in variants of concern.

6.3. Modeling Interactions between LRRC15, Neuropilin-1 and the SARS-CoV-2 Spike
Protein NTD

The crystal structure of Neuropilin-1 (PDB 7JJC) [40] was docked to the SARS-CoV-2
spike protein NTD using the program HDOCK [50]. A structural model of human LRRC15
was generated by SWISS-MODEL [51] and docked to the SARS-CoV-2 spike protein NTD
using the program HDOCK [50].
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Abstract: Host immunity can exert a complex array of selective pressures on a pathogen, which can
drive highly mutable RNA viruses towards viral escape. The plasticity of a virus depends on its rate
of mutation, as well as the balance of fitness cost and benefit of mutations, including viral adaptations
to the host’s immune response. Since its emergence, SARS-CoV-2 has diversified into genetically
distinct variants, which are characterised often by clusters of mutations that bolster its capacity to
escape human innate and adaptive immunity. Such viral escape is well documented in the context of
other pandemic RNA viruses such as the human immunodeficiency virus (HIV) and influenza virus.
This review describes the selection pressures the host’s antiviral immunity exerts on SARS-CoV-2
and other RNA viruses, resulting in divergence of viral strains into more adapted forms. As RNA
viruses obscure themselves from host immunity, they uncover weak points in their own armoury
that can inform more comprehensive, long-lasting, and potentially cross-protective vaccine coverage.

Keywords: RNA viruses; SARS-CoV-2 variants; host immunity; adaptation; viral escape

1. Introduction

The evolutionary trajectory of an organism is oriented toward the maximum likelihood
for it to survive encounters with external stressors. The evolution of RNA viruses is
influenced by their interaction with host immunity in much the same way. The fitness
of a virus depends in part on its ability to circumvent the full artillery of host innate and
adaptive immunity. A virus which reaches pandemic levels, such as SARS-CoV-2, does
so by evolving into distinct viral strains, or variants. These variants can be characterised
by specific mutations in the viral genome that may bolster evolutionary fitness—termed
viral adaptations [1]. The frequency at which new variants emerge depends on the capacity
of the virus to acquire adaptations [2,3]. RNA viruses are highly mutable and can quickly
adapt to evade immune defence [2,4–6], which has significant bearing on clinical outcome
and vaccine efficacy [7]. Mutation is sometimes associated with fitness cost [8], such that
the frequency of any given mutation is often skewed in favour of mutations that impart a
net fitness advantage. Understanding the pressures by which host immunity influences
viral adaptation provides critical insight into the pathways utilised by RNA viruses to
maximise replicative efficiency and immune evasion.

2. Viral Plasticity Is an Important Determinant of Fitness

Viral evolution can be thought of as a balancing act between genetic diversity and viral
extinction [5,8]. The error threshold of a virus is defined as its maximum rate of mutation,
beyond which mutations can result in viral failure [3,8]. This threshold is generally defined
by genome length and selective constraints and represents the upper limit for even the
most highly mutable viruses.
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RNA viruses tend to mutate at rates very close to this threshold [4,5,8] and replicate
with relatively low fidelity compared to DNA viruses. As such, RNA viruses can diverge
considerably even during a short infection [2–5,9] and generally exist in a host as a collection
of genetically similar variants, termed quasispecies [10,11]. The ability of RNA viruses to
diversify so rapidly represents a fitness advantage when infecting a biologically diverse
host population [12]. For example, the spherical virion of the influenza virus is decorated
by hemagglutinin glycoproteins (HA), which represent the major surface antigen. During
the flu season, mutations accumulate in HA, resulting in antigenic drift [13]. As a result,
the influenza vaccine is updated regularly to ensure continued protection [14]. The ability
of HIV to rapidly mutate is also of significant clinical concern. The HIV genome is highly
malleable and can accumulate mutation at alarming rates, such that it can rapidly develop
drug resistance [9].

Mutations often arise during replication, and the high mutation rate of RNA viruses
is generally attributable to the RNA-dependent RNA polymerase (RdRp), which is inca-
pable of proofreading [6,15]. Coronaviruses represent one of the few RNA viruses whose
viral replicase machinery has the capacity to proofread [15–17]. The proofreading ability
of coronaviruses limits the number of genetic changes that are introduced during each
round of replication, and protects its genome from excessive deleterious mutation. The
coronavirus genome is composed of two large transcription units. The larger of the two
units, ORF1ab, occupies more than two thirds of the genome and encodes a large polypro-
tein (PP1ab), which embeds 16 non-structural proteins (NSP). These proteins make up
the viral replicase machinery [15,18,19]. NSP 14 represents the 3’–5’ exonuclease domain
of the replicase machinery and is capable of cleaving mismatched nucleotides from the
end of the polynucleotide, significantly improving replication fidelity [15,16,18–21]. As a
consequence, coronaviruses have considerably larger genomes than other RNA viruses [15].
The remaining third of the coronavirus genome is mostly composed of structural proteins,
including its major surface antigen—the spike glycoprotein (S). The low rate at which
coronaviruses acquire mutations underscores those mutations that do rise to significant
frequencies because they may be adaptations that afford sufficient evolutionary advan-
tage. For example, the non-coding 5’ and 3’ terminal regions of betacoronaviruses contain
various housekeeping and regulatory genes, and mutations do not accumulate in this
region as they are likely to be deleterious [22,23]. Conversely, the highly immunogenic
S protein can quickly accumulate mutations that can diminish recognition by neutralizing
antibodies [24–27].

3. Selection Is an Indicator of Viral Evolution

Selection is an important indicator of genetic evolution and influences the frequency
of particular alleles dependent on the replicative fitness of specific genotypes [28]. Indeed,
the genomic landscape of SARS-CoV-2 is still actively being shaped by selection imposed
by immune pressure, which may reflect the immunogenicity of various components of
the virus [29]. While some parts of the genome, such as the replicase machinery, of SARS-
CoV-2 are under purifying selection and are relatively conserved, positive selection is
actively driving the evolution of certain regions of the viral genome [28,30]. The SARS-
CoV-2 genome shows signs of continued adaptation to human immunity after transmission
from the non-human reservoir, much like other zoonotic RNA viruses Middle Eastern
Respiratory Syndome Coronavirus (MERS-CoV) and influenza [29,31]. Furthermore, the
relative fitness of different SARS-CoV-2 variants is heterogenous across different geographic
regions, likely reflecting a changing immunological landscape influenced by genetics, as
well as infection and vaccination rates [30,32].

One way by which selection can be measured is by evaluating the relationship between
the rate of non-synonymous (dN; changes amino acid) to synonymous (dS; does not change
the amino acid) changes in a viral protein [1,29,33]. Shortly after the emergence of the
novel Alpha (B.1.1.7) variant, we conducted a whole-genome evolutionary analysis of the
SARS-CoV-2 viral genome to identify mutations occurring at ≥3% of 72,000 captured Alpha
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genomes from an outbreak period between 1 November 2020 and 1 February 2021 in the
UK. All genomes were accessed via the GISAID public SARS-CoV-2 sequence repository,
EpiCov (www.epicov.org). We used Single Likelihood Ancestry Counting (SLAC; [34])
to evaluate the dN and dS relationship at single sites across the coding regions of the
genome. Our results indicate that a number of these mutations are under the influence of
selection. In particular, we detected evidence of positively selected mutations in the coding
regions of NSP 4 and NSP 13. A similar study conducted by Hou et al. identified both
proteins as regions of strong positive selection [28]. Importantly, NSP13 embeds the viral
helicase and is involved in interferon (IFN) suppression [35] pointing to immune pressure
as a potential selection force. Further NSP4, in conjunction with ORF9B, is involved in
extensive mitochondrial restructuring associated with severe illness, though its role in
immune evasion is unclear [36].

4. Adaptation to Innate Interferon Signalling Can Result in Immune Suppression

The innate immune response is the initial call to arms, and type-I/III IFNs are the first
line of defence against viral infection [37,38] (Figure 1A). Following viral entry, certain viral
pathogen-associated molecular patterns (PAMPs) are recognised by host pattern recognition
receptors (PRRs)—termed immune sensing. Intracellular signalling triggered by activation
of PRRs leads to the transcription of type I IFNs, which go on to initiate the expression
of a network of IFN-stimulated genes (ISG) to induce an antiviral state [37,39,40]. Given
that this is a critical first stage of infection control, resistance to type-I IFNs provides a
significant fitness advantage for RNA viruses.

Figure 1. Summary of three sources of immune pressure during viral infection and viral proteins
that act is immune modulators: (A) viral dsRNA is detected by immune sensing PRRs, triggering
expression of IFN genes by phosphorylation and nuclear import of IRF-3. NS1 is a potent inhibitor of
IRF-3 activation by binding viral dsRNA and preventing recognition by RIG-I. SARS-CoV-2 NSP6/13
are capable of binding TBK1 to suppress phosphorylation and activation of IRF-3, whereas ORF6
blocks its nuclear import factors; (B) neutralization of viral surface antigens by host antibodies,
which is attenuated by adaptations in the surface antigen; (C) presentation of T cell epitopes by HLA
class I molecules on the surface of the infected cell, which can be undermined by adaptations in
HLA-restricted epitopes in a viral protein. (Created with BioRender.com).
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In donor-recipient HIV transmission pairs, recipient virions are uniformly more re-
sistant to type-I IFN, indicating that the net selective pressure, which determines the
transmitted founder virus, is at least partially represented by resistance to type-I IFNs [41].
This resistance is particularly important in the counteraction of IFN-β, which is a potent
inhibitor of HIV-1 [42–44]. Furthermore, HIV-1(M), a pandemic strain of HIV, contains a
number of amino acid substitutions in its capsid protein and is uniquely capable of evading
immune sensing by host innate immunity. Reversing the HIV-1(M) capsid mutations results
in induction of type-I IFN genes and suppression of viral replication to levels comparable to
non-pandemic HIV-1, suggesting that HIV-1(M) reaches pandemic levels as a consequence
of adaptations in its capsid that aid type-I IFN evasion [45].

Suppression of IFN production is a major strategy of immune evasion utilised by
SARS-CoV-2. Subjects with COVID-19 exhibit vastly delayed/reduced production of type-
I/III IFNs compared with individuals infected with influenza virus [46]. Furthermore, in
cells infected with SARS-CoV-2, expression of IFN-β and ISG56, a family of ISGs, peaks
much later compared to cells infected with Sendai virus [47]. This pattern of expression
may be a result of SARS-CoV-2 viral proteins antagonising IFN production. A number of
studies demonstrate that SARS-CoV-2 NSP 6 and 13, as well as ORF6, significantly inhibit
activation of the IFN-β gene [47,48]. Specifically, ORF6 blocks nuclear translocation of
IFN regulatory factor-3 (IRF3), a critical regulator of the IFN-β gene, by interaction with
its upstream nuclear import factors [47]. Similarly, NSP 6 and 13 bind to TANK binding
kinase 1 (TBK1) to inhibit phosphorylation of IRF-3 and its subsequent activation [48]
(Figure 1A, Table A1).

More recent variants of SARS-CoV-2 show evidence of evolution towards IFN evasion.
The Alpha variant is associated with even lower activation of IRF-3 compared to the
ancestral strain, as well as reduced activation of nuclear factor kappa B (NF-κB), which is
also involved in IFN-β transcription [49,50]. Upregulation of ORF6 in the Alpha variant
likely also contributes to its enhanced transmission and infectivity [51,52]. Interestingly, the
recently emerged Omicron subvariants BA.2 and BA.4 harbour a D61L mutation in ORF6,
which attenuates its capacity to interact with IRF-3 nuclear import factors, reducing IFN
evasion [52]. This mutation is no longer present in the currently circulating BA.5 subvariant.
Furthermore, a nine-nucleotide deletion in NSP6 has emerged independently in several
variants including Alpha, Beta (B.1.351), Gamma, and Iota (B.1.526), as well as in B lineages
B.1.620, B.1.1.318, B.1.525 which may enhance IFN antagonism [53–55].

The SARS-CoV-2 subgenome may also play a role in IFN suppression. We previously
reported that the Alpha variant produces much higher levels of SARS-CoV-2 ORF9b subge-
nomic RNA (sgRNA), potentially as a result of a rare triple nucleotide mutation in the
nucleocapsid protein (N), D3L, resulting in a novel transcription regulatory sequence (TRS)
upstream of the ORF9b gene [56]. ORF9b is an accessory protein, which is non-essential
for virus replication, but is involved in potent type-I IFN inhibition by interaction with
mitochondrial TOM70 [57]. Additionally, two adjacent R203K/G204R substitutions in the N
protein, another IFN antagonist, result in the introduction of a TRS-like sequence motif, gen-
erating a novel sgRNA transcript [58,59]. This novel sgRNA is also present in the Gamma
(P.1) and Omicron (BA.1) variants, though its precise function is unclear [51] (Table A1).

IRF-3 suppression is a common evasive manoeuvre utilised by other RNA viruses [60].
Influenza A’s non-structural protein NS1 is an important immunomodulatory protein that
is capable of inhibiting IRF-3 phosphorylation and subsequent activation [61] (Table A1).
The receptor binding domain (RBD) of NS1 binds to short 5’ triphosphate double stranded
RNA (dsRNA) produced during infection, preventing recognition by PRRs such as RIG-I
and suppressing production of IFN-β [61–65] (Figure 1A, Table A1). Adaptations in NS1
over time contribute to the emergence of highly virulent strains [61,66]. Isolates of the Avian
influenza strain H5N1 from the 1997 pandemic harbour a P42S substitution in the RBD of
NS1, which is shared with Swine influenza strain H1N1, and may enhance suppression of
IRF-3 and NF-κB [66–68].
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5. Repeated Exposure of Antigenic Sites to Host Adaptive Immune Memory Gives
Rise to Immune Evasion

Memory B cells are responsible for the production of specific antibodies during recall
of immunological memory via natural infection or vaccination. Mature memory B cells
are generated in the lymphoid tissue germinal centre, where the B cell receptor undergoes
immunoglobulin gene somatic hypermutation and selection in a process termed affinity
maturation [69]. During affinity maturation, antibodies are selected mostly based on the
strength of their affinity to the antigen, rather than their neutralizing capacity or ability to
recognise closely related antigens from different viral strains [70]. This renders antibody-
mediated immunity vulnerable to antigenic drift and new variants, which are sufficiently
distinct from the original infectious insult, can rapidly emerge [3,70,71]. Viruses associated
with acute infection are generally slow to escape adaptive immunity, because viral antigens
are only transiently exposed to host immune machinery which requires prolonged exposure
to influence the composition of the quasispecies [72,73]. As such, viral adaptations to the
immune response tend to emerge only as the host population generates immunity [74] or
during persistent infection [75].

Antibodies can prevent viral entry by steric hindrance of the surface glycoproteins,
which are involved in cell entry (Figure 1B). Influenza’s HA is a homotrimer responsible for
viral fusion via association with the sialic acid residues on host-cell membranes. The globu-
lar head of the protein (HA1) features a RBD surrounded by antigenic sites, which are tar-
geted by neutralizing antibodies and are highly diverse between viral
strains [76,77] (Table A1). This facilitates the need for regular vaccine renewal to con-
fer sufficient protection against drifted strains. Antigenic drift also underpins the need
for SARS-CoV-2 repeat vaccinations to bolster adaptive immunity against variants whose
S genes have diverged. The S protein accumulates adaptations as a result of a selec-
tive drive towards infectivity and transmissibility [78–80], but also towards immune eva-
sion [26]. In the early days of the SARS-CoV-2 pandemic, a prominent substitution in S,
D614G, quickly reached fixation in global sequence repositories, supplanting the wild-
type S (Table A1). This variant enhances infectivity but does not significantly alter disease
severity nor attenuate neutralization by host antibodies, suggesting that it is not antigeni-
cally distinct [27,79,80]—likely because amino acid 614 lies outside the highly antigenic
RBD [24,81].

Adaptations within the RBD can aid immune evasion but must do so without com-
promising the capacity of the virus for cell entry. As such, they are a result of competing
selective pressure [24,81]. One such mutation, N439K, has arisen independently in a num-
ber of distinct variants and confers enhanced receptor binding to human ACE2 while
affording protection against neutralizing monoclonal and convalescent polyclonal anti-
bodies [25] (Table A1). This variation was one of the most prevalent S mutations in the
global sequence repositories during 2020–2021 and is indicative of potential viral escape
pathways, which are associated with little to no cost to replicative fitness. Indeed, the
RBD of the Delta variant (B.1.617) exhibited considerable diversity compared to previous
strains such as Alpha and Kappa (B.1.617.1), resulting in higher affinity for ACE2 and
evasion of antibody neutralization; characteristics that were bolstered in the later Omicron
variant [82–84] whose 50 mutations include 30 S mutations, half of which occur in the
RBD [85]. Efficacy of convalescent and vaccine-induced antibodies against the Omicron
variant is markedly reduced, owing to four novel mutations in the RBD [86]. Omicron
sublineages BA.1.1 and BA.2, which are even more resistant to antibody neutralization,
each contain novel S mutations [87].

Many S adaptations have arisen independently in distinct SARS-CoV-2 variants. For
example, in late 2020, the S N501Y mutation emerged independently in a number of ge-
ographically distinct regions in several unrelated strains [53,82,88–90]. This mutation is
shown to increase affinity for human ACE2 and is a major determinant of infection and
transmission [78] (Table A1). Concerningly, the N501Y mutation emerged contemporane-
ously with a constellation of other mutations, including a number of additional mutations
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in the S RBD domain, which enhance receptor binding and reduce efficacy of neutralizing
antibodies [91–94].

A number of adaptations in the S gene occur in its N-terminal domain (NTD) [95,96].
While the NTD was originally thought to be non-immunogenic as a result of its extensive
glycan shielding [97], recent studies have identified a subset of ultrapotent monoclonal
antibodies, all of which target residues within the same stretch of amino acids in the NTD—
termed the NTD antigenic supersite [92,95,98]. Variants Alpha, Beta, and Delta all exhibit
mutations in this site [84,92,95].

6. The Cytotoxic T Cell Response Leads to HLA-Restricted Viral Adaptation

The cytotoxic T lymphocyte (CTL) immune response is associated with specific host
human leucocyte antigen (HLA) alleles and represents a major immune pressure. HLA
molecules are cell-surface proteins that present peptide fragments (epitopes) to CTLs to
initiate death of the infected cell (Figure 1C). The genes that encode human HLA molecules
are highly polymorphic, such that different hosts may not present the same viral targets
to CTL. Thus, the HLA type of the host restricts the repertoire of viral peptides that are
presented to the CTL.

HLA-restricted viral escape is a well-documented pathway for immune evasion of
RNA viruses such as HIV and expression of certain HLA class I alleles is associated with
lower viral load and other clinical outcomes [99,100]. During the acute phase, rapid elimi-
nation of vulnerable virus by the CTL-mediated antiviral response constitutes a selective
pressure, enriching for mutations in CTL epitopes which abrogate CTL recognition and
propagate over the course of chronic infection [101,102]. The Gag protein of HIV is known to
generate immunodominant peptides towards which the CTL-mediated immune response is
skewed [103] (Table A1). HLA-B*27 is a common allele in Caucasian populations (~8%) and
is overrepresented in long-term HIV non-progressors [104]. CTL escape mutations within
the HLAB*27-restricted KK10 epitope in Gag, which abrogate CTL recognition, are associ-
ated with progression to AIDS [104–106]. Similarly, the Hepatitis C virus (HCV) is often
associated with persistent infection. During chronic HCV infection, mutations accumulate
in viral T cell epitopes, which drastically attenuate T cell recognition in mutant peptides
compared to the initial transmitted sequence [107]. Such mutations occur in known CTL
epitopes and are associated with specific host HLA alleles [108]. For both HIV and HCV,
HLA allele-associated viral adaptations have been identified across the viral genomes and
account for a significant proportion of the overall diversity of these RNA viruses [109,110],
and have been shown to accumulate in a host population over time [111] to become in
some instances, the consensus sequence [110]. Importantly, the level of T cell-mediated
viral adaptation in the autologous virus to the host’s HLA repertoire is associated with
clinical outcomes [112].

In cases where viral fitness is undermined by CTL escape, mutations often co-occur
with separate compensatory mutations. The Gag KK10 mutations impair host DNA inte-
gration and compromise the integrity of the viral capsid, significantly reducing replicative
efficiency; however, this deleterious effect is rescued by a compensatory mutation in the cap-
sid, S173A [106,113,114]. Similarly, CTL escape variant R384G in the influenza nucleopro-
tein obscures two CTL epitopes, HLA-B*27-restricted NP383-391 and HLA-B*08-restricted
NP380-388, completely abolishing T cell recognition [115,116] (Table A1). Although this
mutation quickly reached fixation in influenza strains, it is associated with a detriment to
viral fitness and frequently co-occurs with a number of compensatory mutations [117,118].

The extent to which CTL-mediated immunity exerts an evolutionary force on SARS-
CoV-2 remains contentious. The SARS-CoV-2 ORF8 protein, which shares the least ho-
mology with other coronaviruses, is capable of down-regulating HLA class I molecules,
impairing CTL-mediated immunity [119], a characteristic shared by HIV’s Nef protein [120]
(Figure 1C, Table A1). Nevertheless, a number of CTL epitopes derived from SARS-CoV-2
viral proteins have been identified [121]. Motozono et al. describe a 9-mer peptide in
the RBD of the SARS-CoV-2 S protein, NF9, which is shown to be an immunodominant
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epitope presented by common HLA-A alleles [122]. The same study established that SARS-
CoV-2 variants such as variant Epsilon (B.1.427/429) and B lineage B.1.1.298 can evade
HLA-restricted CTL detection and show significantly enhanced infectivity and virulence.
Furthermore, SARS-CoV-2 variants Alpha, Beta, Gamma and Delta all harbour mutations in
four known HLA-A-restricted CTL epitopes in S and ORF1a, which significantly attenuate
CTL activation [123]. However, it is difficult to determine whether these mutations are the
result of CTL adaptation or other immune pressures acting on the S protein [124]. Many
SARS-CoV-2 CTL epitopes occur in internal proteins, which are more conserved and are
can consistently elicit a CTL response across several distinct variants [125,126]. CTL escape
may not be as extensive for SARS-CoV-2 as observed for the more mutable RNA viruses
such as HIV and HCV that are also associated with chronic infection [127].

7. Chronic Infection May Accelerate Viral Adaptation

The global SARS-CoV-2 pandemic can be characterised by the periodic emergence of
highly divergent viral variants. Such punctuated evolutionary shifts, termed saltational
evolution [128], are not characteristic of stepwise diversification expected from multiple
host-host transmissions. Most SARS-CoV-2 infections are acute, and de novo intrahost viral
diversity is relatively low [129]. The infection event constitutes a bottleneck, resulting in
the transmission of a small number of founding viruses from the donor viral pool. This
founding virus is usually a representative of the dominant viral strain from the infectious
donor, which frequently corresponds to the dominant circulating strain at the time [75].

Mounting immune pressure over the course of persistent infection can induce viral
adaptation—thus, intrahost viral diversity may be considered a function of infection time.
Accordingly, the likelihood of a transmitted founder virus harbouring de novo variation
increases as infection persists [75]. In cases of incomplete immunity experienced by sub-
jects with primary or acquired immunodeficiencies, or undergoing immunosuppressive
therapy, viral clearance is prevented as compared to immunocompetent subjects [130]. As
a consequence, replicating virus can persist in the host for longer periods of time. The
chronic infection hypothesis of SARS-CoV-2 viral divergence posits that highly divergent
viral variants evolve in such subjects before transmitting into the general population [131].
Such mutational jumps are relatively understudied in the context of human viral disease.
Nevertheless, several studies report cases of punctuated, extensive adaptation in viral
isolates from cases of persistent infection [128,131–137].

A case study published by Avanzato et al. documents persistent infection of a septua-
genarian female experiencing immune dysfunction as a result of acquired hypogammaglob-
ulinemia [136]. The subject was admitted in early 2020 with SARS-CoV-2 infection which
persisted for 105 days and was treated with two doses of convalescent plasma therapy.
Genomic sequencing of viral isolates from day 70 of infection uncovered a 12-nucleotide
deletion resulting in deletion of amino acids 141–144 in S in 100% of reads. This deletion
falls within the NTD antigenic supersite [96,98,136] and overlaps a 3-nucleotide deletion
(Δ143-145) observed in Omicron [137] (Table A1). A similar case study describes a septuage-
narian male who was experiencing severe combined immunodeficiency and was admitted
for persistent SARS-CoV-2 infection [134]. Treatment with convalescent plasma therapy
yielded dramatic punctuated shifts in viral diversity towards escape mutants, including
deletions in the NTD (Δ69/70), as well as a D796H substitution in the S2 subunit [134]
(Table A1). These variations were less sensitive to antibody neutralization. Of note, Δ69/70
has been documented in several distinct and independent lineages and may be an example
of evolutionary convergence [53,138,139].

A third study published by Cele et al. describes a subject experiencing persistent SARS-
CoV-2 infection as a result of immune suppression associated with HIV infection. This
study documents the de novo emergence of adaptations in the RBD, including adaptations
which reduce efficacy of Delta neutralizing antibodies despite infection time predating the
emergence of the Delta variant [137].
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The overall mutational patterns observed in chronic SARS-CoV-2 infection often
correspond to those observed in emerging variants of concern, however in many cases,
such intrahost viral evolution is host-specific and divergent virions often do not carry key
mutations observed in circulating variants. Harari et al. report that mutations associated
with higher transmissibility, that are documented in circulating variants, are not detected
in high numbers in chronically infected hosts [140]. The authors suggest that there may
be insufficient pressure from the chronically infected host to drive evolution of more
transmissible variants, rather intrahost viral adaptation is skewed in favour of replicative
fitness that is bolstered by immune evasion [140].

8. Cross Protective Immunity Highlights Conserved Targets for Immunisation

While broad immunity is often thwarted by antigenic drift, repeated exposure to the
same or similar viruses can provide valuable insight into those peptides that represent
a more suitable target; peptides that are antigenic and functionally indispensable. Anti-
bodies against these conserved peptides often impart a broad range of immunity against
drifted strains. Such viral cross reactivity can inform the development of putative universal
vaccines. The HA protein of the influenza virus is its most highly variable protein and repre-
sents a moving target for influenza immunisation, as such, prospective universal influenza
vaccines should also target more conserved regions [141]. The membrane proximal stalk
domain of HA, which is involved in several structural rearrangements to facilitate internali-
sation of the influenza virus into the host cell, is functionally indispensable and mutations in
this protein are usually not tolerated [142,143]. This region is therefore relatively resistant to
antigenic drift, representing an attractive target for universal influenza vaccine design [144].
In support of this approach, anti-stalk antibodies can provide protection against several
distinct influenza strains and accumulate after repeated infection [13,14,143].

The emerging SARS-CoV-2 Omicron variant and its sublineages harbour adaptations
in previously conserved RBD residues, which aid in evasion even of cross-protective
antibodies with broad neutralization capacity against other sarbecoviruses [145–147]. As
such, determining a suitable target for vaccination that can protect against emerging
variants is of significant interest. Pre-existing immunity for SARS-CoV-2 has been described
in human hosts naïve to SARS-CoV-2 [148]. Convalescent SARS-CoV subjects retain robust
cross-reactive memory CD4+ T cells against the SARS-CoV-2 N protein up to 11 years
after infection [149,150]. N is the most abundant protein in the SARS-CoV-2 proteome
and maintains a high degree of homology between a number of beta coronaviruses [149].
Furthermore, N contains an immunodominant T cell epitope recognised by SARS-CoV-
and MERS-CoV-infected HLA-DR2 and -DR3 transgenic mice, and provides protection
against bat CoVs, which may be an attractive target for pan-coronavirus heterologous
immunisation. Interestingly, when comparing CD4+ T cell reactivity in SARS-CoV-2 naïve
individuals with historic exposure to the common cold coronaviruses, cross-reactivity
against a number of SARS-CoV-2 specific peptides was observed, including NSP14, NSP4
and NSP6, but only marginally against N [148].

9. Conclusions

RNA viruses’ considerable capacity for adaptation represents the ever-present threat
of pandemic viral outbreak of which SARS-CoV-2 is an emphatic reminder. The emergence
of a pandemic RNA virus is followed by an evolutionary arms race wherein host immunity
must mount a successful defence faster than the virus can adapt. It is critical to understand
the vulnerabilities of the RNA virus, which are inevitably influenced by host immunity, in
order to mitigate its impact on the global community and inform comprehensive vaccine
coverage and pre-empt its evolutionary trajectory.

Adaptation to the innate IFN response represents a critical turning point for an in-
fecting virus. A number of RNA viruses have evolved the capacity to down regulate IFN
regulatory elements. Emerging SARS-CoV-2 variants have a similar effect on expression
of IFN-β through interaction with IRF-3 as do seasonal influenza viruses, effectively se-
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questering it and preventing transcription of its downstream genes. This capacity for IFN
evasion is renewed with the emergence of adaptations in new variants and highlights the
importance of IFN-β regulation in control of infection.

Adaptation to humoral immune memory represents a delicate balancing act wherein
the viral surface proteins are frequently the subject of immense selective pressure. In-
fluenza’s globular HA domain is its most antigenic asset and can acquire mutation at
little-to-no cost to replicative fitness. As such, it can quickly acquire antibody escape
characteristics. Similarly, mutations in a SARS-CoV-2 antigenic supersite are the result of
considerable immune pressure in a region which is highly exposed and dispensable to
function, resulting in escape mutations in this region, which rise in frequency as new vari-
ants emerge. Such adaptations can also emerge de novo during persistent infection. This
phenomenon is popularly cited as the evolutionary mechanism by which highly divergent
SARS-CoV-2 variants first emerged in the host population.

CTL immunity represents a host-specific selective force on many RNA viruses. Such
HLA-restricted viral escape is well documented in the context of HIV and HCV but remains
controversial in the case of SARS-CoV-2. While a number of variants harbour mutations
in known HLA-A restricted CTL epitopes, other epitopes lie within relatively conserved
proteins and CTL escape may be limited. However, the importance of CTL immune
responses against SARS-CoV-2 is highlighted by the downregulation of HLA class I by the
ORF8 protein.

As the viral genomic landscape changes, it becomes clear precisely which genomic
regions cannot tolerate extensive mutation. Such viral proteins as influenza’s membrane
proximal Hemagglutinin stalk or the N protein of SARS-CoV and SARS-CoV-2 are suitable
candidates for universal immunisation because they are antigenic but functionally indis-
pensable and demonstrate a resilience to evolutionary change that can be relied upon with
some degree of certainty.

As the global community begins to emerge from the SARS-CoV-2 pandemic, continued
monitoring of emerging variants is critical to better understand the weak-points of the
RNA virus and pre-empt future viral outbreaks.
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Appendix A

Table A1. Summary of viral proteins involved in defence against host immunity for various RNA
viruses, some of which show evidence of adaptation towards viral escape (examples provided).

SARS-CoV-2

Coding Region Role in Viral Defence Adaptations Consequence

NSP6/13
IFN antagonism (TBK1

inhibition) [48] 9 nucleotide deletion [53]

ORF6
IFN antagonism

(blocking of IRF-3 nuclear
import factors) [47]

D61L [52] IFN susceptibility

Nucleocapsid IFN antagonism
R203K/G204R [58] Novel subgenomic

transcript

D3L [56] Upregulation of
ORF9b
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Table A1. Cont.

SARS-CoV-2

Coding Region Role in Viral Defence Adaptations Consequence

Spike Surface antigen

D614G [27] Increased infectivity

N439K [25] Increased infectivity,
antibody evasion

N501Y [53] Increased infectivity,
antibody evasion

NTD Δ143-145 [136] Antibody evasion

NTD Δ141-144 [137] Antibody evasion

NTD Δ69/70 [134] Antibody evasion

S2 D796H [134] Antibody evasion

ORF8 HLA-I suppression CTL escape

Influenza

NS1
IFN antagonism

(sequestration of viral
dsRNA) [61]

P42S [67] IFN evasion

Nucleoprotein
Encapsulates viral

genome R384G [115]
HLA-*27/08

restricted CTL
escape

HA Surface antigen Antibody evasion

HIV

Gag
Immunodominant CTL

target
HLAB*27 restricted KK10
epitope mutations [106] CTL escape

Capsid
Encapsulates viral

genome S173A [106]
Compensatory to
Gag KK10 escape

mutations

Nef HLA-I suppression CTL escape
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Abstract: The COVID-19 pandemic has created significant concern for everyone. Recent data from
many worldwide reports suggest that most infections are caused by the Omicron variant and its
sub-lineages, dominating all the previously emerged variants. The numerous mutations in Omicron’s
viral genome and its sub-lineages attribute it a larger amount of viral fitness, owing to the alteration
of the transmission and pathophysiology of the virus. With a rapid change to the viral structure,
Omicron and its sub-variants, namely BA.1, BA.2, BA.3, BA.4, and BA.5, dominate the community
with an ability to escape the neutralization efficiency induced by prior vaccination or infections.
Similarly, several recombinant sub-variants of Omicron, namely XBB, XBD, and XBF, etc., have
emerged, which a better understanding. This review mainly entails the changes to Omicron and
its sub-lineages due to it having a higher number of mutations. The binding affinity, cellular entry,
disease severity, infection rates, and most importantly, the immune evading potential of them are
discussed in this review. A comparative analysis of the Delta variant and the other dominating
variants that evolved before Omicron gives the readers an in-depth understanding of the landscape of
Omicron’s transmission and infection. Furthermore, this review discusses the range of neutralization
abilities possessed by several approved antiviral therapeutic molecules and neutralizing antibodies
which are functional against Omicron and its sub-variants. The rapid evolution of the sub-variants
is causing infections, but the broader aspect of their transmission and neutralization has not been
explored. Thus, the scientific community should adopt an elucidative approach to obtain a clear
idea about the recently emerged sub-variants, including the recombinant variants, so that effective
neutralization with vaccines and drugs can be achieved. This, in turn, will lead to a drop in the
number of cases and, finally, an end to the pandemic.

Keywords: Omicron: sub-lineages; transmission and infection; disease severity

1. Introduction

The SARS-CoV-2 virus is highly infectious, and it was the causative agent of the
outbreak of the COVID disease in 2019. The WHO declared it to be a global pandemic [1,2].
More than 480 million cases have already been reported worldwide, with there having
been over 6 million deaths since late 2019 [3]. Most of the infected people develop mild-to-
moderate symptoms such as a cough, fever, the loss of smell and taste, a headache, sore
throat, diarrhea, body aches, and tiredness. The virus kept evolving, and APOBEC-induced
mutations contributed to SARS-CoV-2’s evolution and fitness, and different variants were
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identified during the pandemic [4,5]. The variants were classified as variants under moni-
toring (VUMs), variants of concern (VOCs), and variants of interest (VOIs). These variants
are Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and a novel or new
variant, Omicron (B.1.1.529), which has a much faster infection rate than the other four
variants do [6]. A new variant’s threat depends on three main factors and their interactions.
Those factors are its transmissibility, severity compared to other strain (fewer ICU hospi-
talizations), and immune evasion. The variants have evolved by multiple mutations in
inconsistent combinations, mainly in the spike protein (S1 and S2 subunits) of the virus,
which helps to initiate the coronavirus’ life cycle. The important mutations that play a
crucial role in the infectivity of the variants are Alpha, with an N501Y mutation in the RBD,
Beta with N501Y, K417N, and E484K mutations in the RBD regions, Gamma with N501Y,
K417T, and E484K mutations in the RBD regions, Delta with T478K, L452R mutations in
the RBD regions, and Omicron with S371L, G339D, S375F, S373P, K417N, N440K, S477N,
G446S, E484A, T478K, Q493K, Q498R, G496S, N501Y, and Y505H mutations in the RBD
regions [7–10]. The symptoms of the Omicron infection are less dangerous than those of
the other strains, but it is more transmissible and less susceptible to vaccines, even though
the mortality rate is lower than those of other strains [11–13].

Omicron was first spotted in South Africa and Botswana in November 2021 [14]
(Figure 1). More than 130 million cases including 500,000 deaths have been reported
worldwide since Omicron was declared as a VOC by the WHO, leading to a 44% rise
in the average number of COVID-19 cases. The basic reproduction number (R0) of the
Omicron variant was reported as being 8.2, showing an increased rate of transmissibility
compared to that of the Delta variant [15]. The R0 of the Delta variant was observed
as being between 3.2 and 8 [16]. It is estimated that Omicron infects 3–6 times more
people as compared to Delta during a given time frame [17]. During the period when
Omicron predominated, the rate of weekly hospitalization per 100,000 adults peaked at 38.4
compared to that of the Delta variant, which was 15.5 during predominant period in the
United States. The Omicron variant has generated a new wave, evidenced by high infection
rates worldwide [18]. The new wave is called the Omicron wave. The peak of the Omicron
wave is very high compared to the waves of the variants such as the Alpha and Beta,
etc., (Figure 2). Due to mutations in the genomic region of the variants, several subtypes
have emerged over time, which are named sub-variants. The noteworthy evolution of
the genomic regions of the Omicron variants has resulted in the emergence of several
sub-lineages or sub-variants, which are denoted as BA.1, BA.2, BA.3, BA.4, BA.5, and
recombinant BA.1/BA.2 [19]. Several researchers have tried to understand the Omicron
sub-variants in more detail [13,20]. The BA.1 sub-lineage was the most prevalent globally,
but BA.2 progressively replaced BA.1 in numerous countries, and the transmissibility of
BA.3 is very restricted, with it having the lowest number of cases [16] (Figure 1). The other
two new lineages detected in South Africa during January and February 2022 were BA.4
and BA.5, respectively [21] (Figure 1). These two lineages were predominant in the 5th
wave of COVID-19 pandemic that was initiated in South Africa, and it replaced BA.2, as
more than 50% of the cases were due to the dominance of BA.4 (35%) and BA.5 (20%) [9].
Omicron has more mutations than any other variant does. Omicron’s mutation helps it
to bind more strongly with the ACE2 host cell receptors than the other reported variants
can [22]. It also evades most of the virus-blocking antibodies or the ‘neutralizing’ antibodies
(but not all of them) produced by vaccinated individuals or individuals infected with the
other variants [23–25].
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Figure 1. A timeline describes the origin of SARS-CoV-2 Omicron and different times of origin of
Omicron’s sub-variants.

Figure 2. The new wave generated due to high infection worldwide due to Omicron’s infection. The
new wave is called the Omicron wave. The peak of the Omicron wave is very high compared to the
other waves, such as the Alpha wave and the Beta wave, etc.

The main hindrance in the generation of antibodies and the development of suitable
vaccines and therapeutic agents is due to the number of escape mutations generated in the
genome of the SARS-CoV-2 virus and the sudden appearance of new strains. It is resistant
to some existing vaccines and therapeutic agents. Studying the conformational dynamics
of different antibody neutralization escape mutants is thus very important [26–29]. Addi-
tionally, understanding the antibodies targeted to different regions (S1/S2) of the spike
protein which inhibit viral entry is essential for designing new antibodies. It can target the
spike protein’s local dynamics, decreasing the efficacy of viral inhibition by the antibodies.
Generating synthetic vaccines depending on the conformational dynamics of the variants
will also be economical and they will be easy to update as they contain parts that are easily
replaceable to act against the new strains of the pathogens.

In the present article, we have enlisted and summarized the different mutations
of the Omicron variant and its sub-variants, along with the pathophysiology, clinical
characteristics, and associated disease severity. Subsequently, we have highlighted the
infection, reinfection, and transmissibility of the Omicron variant and its sub-variants,
including the specific immunological features inside the host cells. Furthermore, a particular
emphasis is also placed on the proposed small molecules and antibody-based therapeutics
against Omicron and its sub-variants. This evidenced-based review will support future
researchers in formulating appropriate strategies to resist the infections caused by Omicron
and its sub-variants in the future.
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2. Sub-Variants of Omicron Variant

Omicron has many mutations in its viral genome. According to the reports published
on April 2022 by the WHO, five sub-variants of the Omicron variant have been detected.
They are BA.1, BA.2, BA.3, BA.4, and BA.5. These mutations have been prevalent worldwide
in different quantities (Figure 3A) [30]. Kumar et al. applied an elucidated approach using
certain computational tools to provide insight regarding the pathogenicity and infectivity of
the S-glycoprotein of BA.1 and the corresponding sub-lineages, BA.1.1, BA.2 and BA.3. The
BA.1 sub-lineage shares 39 substitutions in the genome, followed by 40 mutational changes
residing in the genome of BA.1.1 [31]. On the contrary, the BA.2 and BA.3 variants also
share 31 and 34 mutations in their genome. Significantly, 21 mutations are prevalent in all of
the evolved sub-lineages of the Omicron variant. Furthermore, 11 usual mutational changes
have been deciphered in the RBD of the Omicron variant and the evolved sub-variants. The
T95I, V213R, Y505H, N856K, N786K, and N211I mutations residing in Omicron and its sub-
variants are highly pathogenic (Figure 3B) [31]. Reports have highlighted that no substantial
mutations have been observed in the BA.3 variant’s spike glycoprotein. The mutations
in the spike protein of BA.1 and BA.2 are only observable in the lately emerged BA.3
sub-lineage [32]. The data retrieved from the following website, https://outbreak.info/
(accessed on 6 August, 2022), provide the ratio, which shows the dominance of the Omicron
sub-variants worldwide. The first sub-lineage, BA.1, accounts for 5% of the total number of
cases in 161 countries, which is followed by the BA.1.1 variant, possessing 17% of the cases
in the same countries. A steeper rise in the number of cases was prevalent for the BA.2
sub-variant, i.e., 9% of the reported cases across 163 different countries, with an extremely
low prevalence of BA.3 cases until May 2022 [31]. The most alarming insight is the ability
of these variants to escape the immune system and decrease the neutralization efficiency
of vaccines. It was observed that the BA.1 sub-variant is more transmissible than the
previously emerged Delta variant is, but the infected people rarely require hospital support.
Owing to the presence of the H78Y mutation, the BA.2 sub-variant is more severe than
the BA.1 sub-variant is [33]. The latest transmission rates account for the BA.3 sub-lineage
because they lack six mutations in the genome, namely, L981F, G496S, ins214EPE, N856K,
T547K, and S371L [32].

In early 2022, scientists also found two more sub-lineages of the Omicron variant
from South African, namely, BA.4 and BA.5. After its report in South Africa, this sub-
variant emerged in many areas across the globe. At the end of 2021, the BA.1 variant
replaced the Delta one, and it was considered to be the leading causative agent of the
fourth wave. Similarly, this BA.1 sub-variant was again replaced by BA.2, manifesting
its dominance by April 2022 [33,34]. These two newly emerged sub-variants are the key
factor responsible for the fifth wave of COVID-19. These variants are replacing all of the
previously emerged sub-lineages of Omicron. The spike proteins of these recently evolved
sub-lineages are somewhat similar. The BA.4 and BA.5 sub-variants possess certain extra
mutations in the viral genome, with a synonymous substitution that is similar to the
B.1.429 SARS-CoV-2 variant, which was also seen in BA.2 [35]. These two sub-lineages also
show potent activities in evading the host’s immune system. However, the appropriate
information regarding the hospitalization rates of the victims of BA.4 or BA.5 has remained
unexplored. One of the recently evolved sub-variants, BA.2.12.1, exhibits a key feature of
invalidating the antibodies present in the host due to vaccination or prior infection with
the Omicron variant [36]. In a nutshell, it can be concluded that the BA.4 and BA.5 sub-
lineages, along with the BA.2.12.1 one, are more robust and can evade the host’s humoral
immunity [37].

Apart from these sub-lineages, several hybrid combinations of these sub-variants are
also prevailing in the community, such as the XD, XE, and XF ones. The XE variant is
a combination of the BA.1 and BA.2 sub-lineages, which has significantly worse effects,
raising severe concerns for global health amidst the pandemic [38–41]. Similarly, XD is
considered to be a recombinant form of the BA.1 and Delta variants, while the XF one is a
product of the BA.1 sub-lineage and the Delta strains isolated from the United Kingdom.
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The WHO has termed the XE variant as “stealth Omicron,” possessing a ten times higher
infectivity rate than the BA.2 sub-lineage does [41]. Scientists are worried about the severity
of the infections caused by these recombinant variants. A closer look at the mutation profile
of the XE variants revealed three new mutations, namely, C14599T, V1069I, and C3241T,
which were not reported in the BA.1 and BA.2 sub-variants. The XD hybrid was first one to
be reported from France. It contains a new mutation in the nsp2 gene, i.e., E172D, whereas
the XF variant possesses a breakpoint at the end of the nsp3 gene, which is not common in
the other sub-variants [40].

Recently, scientists noted that numerous other recombinant sub-variants have evolved
during the post-Omicron period, such as the XBB, XBD, and XBF ones, etc., whose patho-
physiology are yet to be studied [42].

Figure 3. Cont.
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Figure 3. The figure illustrates different sub-variants of Omicron and their significant mutations
in S-glycoprotein. (A) The figure describes different sub-variants of Omicron and their features.
It describes the features of BA.1, BA.2, BA.3, BA.4, and BA.5. (B) The figure illustrates different
mutations in S-glycoprotein of different sub-variants of Omicron. It describes the S-glycoprotein
mutations of BA.1, BA.2, BA.3, BA.4, and BA.5.
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3. Different Mutations and Pathophysiology Condition

Omicron has more than 50 known mutations, 32 of which are in the spike protein
rather than the wild-type one [43]. The Delta strain, in comparison, has nine mutations
in the spike protein itself and thirteen mutations in the added regions. Out of the fifty
mutations, twenty-six of them are unique to Omicron, and it also has ten mutations that are
unique to Delta and six mutations that are unique to the Beta strain [44]. The mutations that
the Omicron lineage possesses are ORF1a-6 substitutions at K856R, A2710T, L2084I, P3395H,
T3255I, and I3758V, two deletions at positions 2083 and 3674–3676, ORF1b-2 substitutions
at P314L and I1566V, deletions at positions 27, 28, and 29, and a P10S substitution at
ORF9b. The mutations in the structural proteins are an envelope (E)-T9I substitution,
membrane (M)- D3G, Q19E, and A63T substitutions, a nucleocapsid (N)- a three residue
deletion, and three residue substitutions. The significant spike (S) mutations are A67V, T95I,
L212I, Y145D, G339D, S373P, S371L, K417N, S375F, N440K, G446S, S477N, E484A, T478K,
Q493R, N856K, Q498R, G496S, N501Y, Y505H, T547K, Q954H, P681H, D614G, H655Y,
N764K, N679K, N969K, and D796Y, etc., (Figure 4A). Some other mutations are an L981F
substitution, H69/V70, G142/V143/Y144, and N211 deletions, and an insertion of amino
acid EPE at position 214 [3,45].

The BA.2 lineage consists of 57 mutations, of which 31 are in the S protein, and the
N-terminus is exclusively different from that of the BA.1 lineage, whereas 12 mutations are
common in both the BA.1 and BA.2 lineages in the RBD region, which are G339D, K417N,
S373P, S375F, T478K, N440K, S477N, E484A, Q498R, N501Y, Q493R, and Y505H (Figure 4B).
G446S, S371L, and G496S are unique to the BA.1 lineage, and R346K is found in a member
of the BA.1 lineage, namely, BA.1.1.

Omicron and its variants have several unique mutations in the RBD region. The RBD
mutations might control the functionality of that specific RBD region. The BA.2 lineage
has two unique mutations in RBD, R408S, and S371F, and T376A and D405N mutations are
common with the BA.3 lineage. The newly evolved BA.4 and BA.5 lineages of Omicron
are similar to the BA.2 lineage, except for the deletion of an amino acid at positions 69 and
70 and F486V and R493Q mutations in the RBD of the spike protein compared to the BA.1
lineage [9]. The mutation F486V in the spike protein is the leading cause of the infection.
The BA.4 and BA.5 sub-lineages have substitution mutations in the RBD: L452R, F486V,
and R493Q, compared to BA.2, which does not (Table 1).

The strength of the binding affinity of the RBD region of the Omicron variant to
the receptor ACE2 is 1.5–2.8 times higher than that of the wild-type strain [46–49]. In
comparison with the Delta variant, the Omicron RBD part has a weaker or a similar binding
affinity to ACE2 [48–51]. However, the binding affinity of Omicron’s RBD to ACE2 is
weaker than that of the Alpha variant. The alpha variant has only one mutation (N501Y) in
the RBD region [46,50]. The strength of the binding affinity of the Omicron variant’s RBD to
ACE2 is in between those of the RBDs of the wild type and the Delta variant of SARS-CoV-2.
The mutations, namely, T478K, S477N, Q496S, Q493R, and Q498R, in addition to N501Y,
are thought to potentiate the interaction between the Omicron variant and human ACE2 by
forming new salt bridges or hydrogen bonds with the ACE2 receptor [46,48,52,53].

On the other hand, K417N and E484A can cause a loss of interaction between Omicron
and the ACE2 receptor part, which the other mutations may have enhanced [46,53,54]. The
N501Y mutation in Omicron was also seen in the Gamma, Alpha, and Beta variants, and
it augments the binding strength of the spike protein with ACE2. The transmissibility
increases further in the N501Y mutation with an added H69/V70 deletion [55,56]. The
N679K and P681H mutations incorporate essential amino acids near the furin cleavage
site. This facilitates spike protein cleavage in the S1 and S2 subunits, tighter binding, and
enhanced virus infectivity [29]. This enhances fusion and virus infection [57]. However,
the effects of most of the mutations in the Omicron variant are still unknown. Once all of
the roles the mutations play have been identified, the generation of effective vaccines, and
thus, the prevention of the disease becomes easier.
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Figure 4. The figure shows different significant mutations in a 3D model of the S-glycoprotein of
Omicron and its different sub-variants. (A) The figure shows different significant mutations in a 3D
model of the S-glycoprotein of Omicron. (B) The figure shows different significant mutations in a 3D
model of the S-glycoprotein of Omicron’s sub-variants, BA.1 and BA.2.

Table 1. Omicron and its variants have several unique mutations in the RBD region. The RBD
mutations might control the functionality of the RBD region.

Sl. No
Omicron

Sub-Variant Name

Mutations in S Protein

RBD Region Other Than RBD Region

1. BA.1
G339D, S373P, S375F, K417N, N440K, G446S,
S477N, T478K, E484A, Q493R, G496S, Q498R,

N501Y, Y505H

A67V, HV69-, T95I, G142D, VYY143-, NL211I,
215EPE, T547K, D614G, H655Y, N679K, P681H,
N764K, D796Y, N856K, Q954H, N969K, L981F
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Table 1. Cont.

Sl. No
Omicron

Sub-Variant Name

Mutations in S Protein

RBD Region Other Than RBD Region

2. BA.2
G339D, S373P, S375F, T376A, D405N, R408S,
K417N, N440K, G446S, S477N, T478K, E484A,

Q493R, Q498R, N501Y, Y505H

T19I, LPP24-26-/A27S, G142D, V213G, D614G,
H655Y, N679K, P681H, N764K, D796Y,

Q954H, N969K

3. BA.3
G339D, S373P, S375F, D405N, K417N, N440K,
G446S, S477N, T478K, E484A, Q493R, Q498R,

N501Y, Y505H

A67V, HV69-, T95I, G142D, VYY143-, NL211I,
D614G, H655Y, N679K, P681H, N764K, D796Y,

Q954H, N969K

4. BA.4
G339D, S371F, S373P, S375F, T376A, D405A,

R408S, K417N, N440K, L452R, S477N, T478K,
E484A, F486V, Q498R, N501Y, Y505H

T19I, L24_P26del, A27S, H69_V70del, G142D,
V213G, D614G, H655Y, N679K, P681H, N764K,

D796Y, Q954H, N969K

5. BA.5
G339, S371F, S373P, S375F, T376A, D405A,

R408S, K417N, N440K, L452Q, S477N, T478K,
E484A, Q493R, Q498R, N501Y, Y505H

T19I, L24_P26del, A27S, G142D, V213G,
D614G, H655Y, N679K, P681H, S704L, N764K,

D796Y, Q954H, N969K

4. Omicron Variant-Associated Disease Intensity

Omicron shows a disease severity that is lower than that of the other variants, which
may be because of its faster growth rate and transmissibility, detrimental changes in the
epidemiology of the previous variants, the more virulent nature of the virus or the clinical
presentation of the disease, the decreased effectiveness of the vaccines or other therapeutics,
or the decreased effectiveness of the social or public health measures. Of all of the Omicron
lineages, BA.4 and BA.5 are more transmissible than the others are, which could be because
of the higher growth rate of BA.4 and BA.5 than the that of the other sub-lineages. BA.5,
which is the most predominant one, was first identified in January, and it was detected by
the WHO in April. They can readily evade the immune system, induced by vaccination or
viral infections [58]. The original Omicron strain is less severe than the Delta strain is, but
the BA.5 variant, along with the BA.4 strain, is most the contagious one, causing more than
50% of the cases due to this variant. All of the Omicron variants, in general, also have a
much higher transmissibility rate than the Delta variant does [6]. Omicron is associated
with milder symptoms, decreased hospitalization and mortality, and the generation of more
asymptomatic carriers compared to infections with other variants [59–62]. By comparing
the Omicron lineages with the other SARS-CoV-2 variants such as the Alpha or Delta
ones, the data show that Delta is the most prevalent type in terms of severity. At the same
time, Omicron is noted as the most transmissible variant [63]. The effective reproductive
number of the Omicron variant (8.2) elicited a 3.8 times higher transmissibility rate than
the Delta variant did [15]. The Omicron variant significantly multiplied the number of
daily hospitalization cases by three the number of daily cases caused by the Delta variant.
However, the number of daily ICU cases was lower in the case of the Omicron variant. The
number of everyday hospitalizations during the peak of Omicron was around one time
higher in the US and UK than it was during the peak of the Delta variant. This is true for
both the minimum and the maximum number of cases. The maximum number of daily
ICU cases was similar for the Delta and Omicron variants during the peak outbreak, and
the number of daily ICU cases were reduced in every country. During the Delta outbreak,
Brazil’s maximum number of deaths was 1857.43 per million. In France, it was 11.86 per
million, while in India, it was 3387.71 per million. The number in other countries of interest
such as the UK it was 12 per million, and in the US, it was 432.29 per million. During the
Omicron outbreak, the maximum numbers of deaths in Brazil, France, India, the UK, and
the US are 831.14, 328.86, 1117.71, 86.86, and 2576.71 per million respectively. During the
Omicron outbreak, Brazil and India had a lower number of daily deaths than the other
countries did [15,64]. Similarly, the degree of the severity of the illness was much lower
than it was during the Delta outbreak [65]. The vaccine’s effectiveness also decreased much
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faster for the Omicron variant than it did for the pre-Omicron variants, and people infected
with pre-Omicron variants have only 15% protection against the BA.4 and BA.5 variants.

5. Clinical Characteristics and Symptom Prevalence

Several scientists have studied the Omicron variant’s disease intensity and found that
it has an increased transmissibility rate and a higher growth rate. However, the Omicron’s
higher growth and transmissibility rates might be associated with the viral load. Studies
have noted that the viral load is higher in the lungs during the infection of a wild strain
of SARS-CoV-2. They also reported that the viral load is higher during an infection with
Omicron in the upper airway, especially in the nose, windpipe, and throat, but not in the
lower respiratory system [66]. The higher growth and augmented viral load may cause the
virus particles to aggregate in the upper airway (Figure 5A).

Figure 5. The figure shows viral load in the respiratory tract and the lungs during an infection with
the wild strain of SARS-CoV-2 and Omicron. The figure also describes the common symptoms of
Omicron-infected patients. (A) It shows high viral load in the respiratory tract during Omicron
infection. It shows high viral load in lungs during an infection with the wild strain of SARS-CoV-2.
(B) The figure depicting the common clinical symptoms of Omicron-infected patients.
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Omicron is not worse than other coronavirus strains, and it is less severe (less ICU
hospitalization) than the Delta variant. The number of individuals with oxygen supports
was also smaller than it was during the previous waves due to other SARS-CoV-2 variants,
specifically Delta [67]. The clinical characteristics of the SARS-CoV-2 Omicron variant are
different from those of all of the previous variants [68–71]. The most common symptoms
are a cough, runny nose, congestion, and fatigue (Figure 5B) [71]. The loss of smell and
taste, fever, dizziness, headache, runny nose, hair loss, and blisters on the feet were more
adequately prevented during the Delta outbreak than they were during the Omicron
outbreak. A sore throat and a hoarse voice were more prevalent during the Omicron
outbreak. Individuals infected with Omicron are less likely to show at least one of the
three classic symptoms of COVID-19: the loss of smell, a fever, and a persistent cough,
which associated with individuals infected with the Delta variant [71]. A study showed
that acute symptoms prevailed for a more extended period in patients affected during the
Delta outbreak (average of 8.89 days) than they did during Omicron outbreak (average of
6.87 days). It also showed that 1.9% of the vaccinated individuals were admitted to hospitals
during the Omicron outbreak compared to 2.6% during the Delta outbreak [71–73]. A high
number of asymptomatic carriers were identified during the outbreak of the Omicron
variant, suggesting that it caused milder symptoms [59]. Respiratory distress is a common
symptom in all age groups. Among the gastroenterological symptoms, vomiting is the most
common one, and diarrhea and abdominal cramps are common in children aged 5–9 years
who are infected with Omicron. Children in the age group of 9–11 show less severe
symptoms than infants do, which is valid for both the Delta and the Omicron variants.
There have been reports of seizure-associated infections caused by the variant [74]. In vivo
studies showed that the Omicron variant did not cause a significant loss of body weight,
the viral load was lower, and the amount of lung damage was significantly smaller, and
the mortality rates were also lower compared to those of other variants [75–77]. Omicron
tends to stay in the upper respiratory tract, such as in the nose, throat, and bronchi, rather
than settling in the lungs [78,79]. However, in severe cases, pneumonia, respiratory failure,
and death can also occur [80,81]. Bronchitis, hypertension, and diabetes are significant
comorbidities in individuals infected with the Omicron variant. Another study showed
that 36.1% of the Omicron-infected individuals did not show any antibody response,
62.7% of them produced IgG, and 1.2% of them produced IgG and IgM. Many of the
Omicron-infected individuals showed abnormally high WBCs, lymphocytes, monocytes,
and neutrophils levels, which can lead to monocytosis, neutrophilia, lymphocytopenia, and
leukocytosis, while the RBCs and hemoglobin levels were in the normal range [82].

Regarding the transmissibility and effectiveness of the vaccines against the variants,
Alpha is 50% more transmissible than the original Wuhan strain is, and it is associated
with increased disease severity [83–85]. However, the vaccines and monoclonal antibodies
remain effective against the variant. The Beta strain is again 50% more transmissible than
the previous strains are, but it is not related a more severe disease. It has a reduced neutral-
ization efficiency by the antibodies, and people who have been previously infected are at a
greater risk of being reinfected. The Gamma variant is 1.7–2.4 times more transmissible
than the non-VOCs are, and patients who have been previously infected with COVID-19
have 54–79% protection against the variant, and the existing vaccines work well against the
variant [84]. The Delta variant is 40–60% more transmissible than the Alpha one is, and it
is twice as transmissible as the Wuhan strain. Vaccines are less effective against the Delta
variant [29,64,85,86]. The vaccines are least effective against the Omicron sub-lineages,
especially the BA.4 and BA.5 ones. Another new sub-lineage of Omicron, BA.2.75, which
was first found in India in June 2022 is spreading faster than the BA.5 variant did, and
it also evades the protection by the immune system caused by a previous infection or
antibody generation. However, there are no unique symptoms related to BA.2.75 infection,
with a mild fever in most cases, and sometimes, the patients are even asymptomatic. The
Omicron variant is the most transmissible one of all the other variants, but the severity
of the disease is comparatively lower. As the Omicron variant has mutations that lead to
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higher transmissibility and better immune escape, the combined mutations are responsible
for Omicron’s dominance over the other variants.

The COVID-19 pandemic is a global challenge, and it is necessary to improve health-
care systems, especially the vaccination rates in developing countries. Omicron is highly
transmissible, but it is less pathogenic than the other SARS-CoV-2 variants. Even double-
dose-vaccinated people with comorbidity are not protected against Omicron [87]. However,
immunity can prevent the severity of COVID-19. Increased immunity among the vacci-
nated population and them having been previously infected can reduce the severity of
COVID-19, and SARS-CoV-2 can become endemic, similar to other seasonal viral infections.
However, Omicron may still cause severe COVID-19 and death, especially in comorbid and
unvaccinated individuals.

6. Infection, Reinfection, and Transmissibility

Mutations in viruses is are widespread phenomena. The SARS-CoV-2 virus is not
exempt from this. The main question that is speculated by the entire scientific community
is the plentiful number of mutations residing in the genome of the Omicron variant, which
has significantly decreased the chances of the occurrence of primary infections, but it has
resulted in a more significant increase in the chances of reinfecting individuals [88]. It
uses the spike glycoprotein, which binds with the host ACE2 receptor and mediates the
membrane fusion by utilizing furin and cathepsin L or TMPRSS2 [89]. Most importantly,
this variant is more highly contagious than the previously evolved strains are [90]. Similar
to the other mutated variants of SARS-CoV-2, Omicron too shares the same procedure of
infecting the host cells. The infectivity rate of the Omicron variant is many folds greater
than that of the Delta variant [16]. Before November 2021, the rate of reinfection worldwide
was considerably low, around 2%, as implied by some international reports. After the
emergence of the Omicron variant, the scenario changed. A deeper look at the reinfection
rates of Omicron in a place in South Africa elucidated that this variant is more proficient
at reinfecting individuals due to its capability of escaping the immune system [91–93].
According to the GISAID data, the Omicron variant consists of 11 mutations in the N-
terminal domain with an insertion and six deletions. The ins214EPE and N211 mutations
present in Omicron have not been reported in any other mutant variants that has evolved
before this one [24]. Out of the five VOCs that have been declared to date, some of
the mutations responsible for other viral fitness are D614G, T478K, N501Y, and K417N.
Besides these mutations, Omicron possesses several more substitutions, which increases
the infectivity rate of these variants by many times [94].

The transmission rate of Omicron is approximately 3.2 folds higher than that of the
Delta variant, with a doubling time of ~3 days [95,96]. Among the evolving sub-lineages
of the Omicron variant, the BA.2 one is found to be more transmissible than the BA.1
sub-lineage is among household contacts [97]. An incident reported in Norway details
an alarming scenario about the transmission of the Omicron variant. Of 117 individuals
who went to a party, 76% of them were Omicron victims. Out of all of them, 96% of the
people who attended the party had been vaccinated. This alarming fact highlights the
high transmission rates of this variant, even in the fully vaccinated subjects [98]. Notably,
the elevated rates of Omicron transmission can also be due to its potent immune evading
capacity, nullifying the vaccinated subjects’ neutralization capabilities [99]. Apart from
this, altered cellular tropism and different pathways of infecting host cells may contribute
to the increased transmissibility of Omicron [100,101]. The infection landscape of the
Omicron variant describes the silent transmission of the virus from one individual to
another, as some victims of Omicron rarely show any symptoms [90]. Some of the ancillary
factors responsible for Omicron transmission is the binding of the RBD with the hACE2.
However, the exact facts about the viral loads after an infection with Omicron remain
undiscovered [102,103].
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7. Omicron Entry and Associated Immunological Features inside the Host Cells

The entry of the SARS-CoV-2 virus inside the host cells is mainly facilitated by the
S-glycoprotein [104]. Recent investigations elaborated that this Omicron variant follows an
altered cellular entry route. Instead of entering through the plasma membrane, the Omicron
variant follows the endosomal entry pathway, which is enhanced by the cathepsins instead
of TMPRSS2. Willett et al. also found that pseudotyped Omicron variant infection was
more prominent in the cells with a lower expression of TMPRSS2 than it was in those with a
high TMPRSS2 expression level. This, in turn, proves the affinity of Omicron’s entry inside
the cell through the endosomes [105]. Of several mutations, P681H, N679K, and H655Y
reside in the region adjacent to the furin cleavage site. In the case of the previously emerged
variants, Gamma and Alpha, the P681H mutation mediates the cleavage [106]. For Omicron,
the scenario is slightly different. This variant’s cleavage efficiency is lower than it is for
the others, suggesting that the N679K and H655Y mutations impede the cleavage [107].
Unlike the other variants, Omicron possesses additional mutations in all of the structural
proteins. The mutations in the N and S proteins escalate the cellular permeability of the
Omicron variant.

Additionally, this mutation favors a more robust capsid assembly, which is almost
three folds greater than that of the newly emerged Delta variant [108]. The Omicron variant
also uses similar protein receptors as the other emerged variants do. Experimental evidence
indicates that Omicron entry was predominant in cells with a higher number of ACE2
receptors [22]. Willet et al. elucidated that the changing of Omicron’s preferred entry route
indicates that it will have more replication fitness in the upper respiratory tract. Due to the
enormous amount of alterations in the spike protein, the recently emerged sub-lineages
of Omicron, especially the BA.1 and BA.2 ones, do not form syncytia, which are mainly
formed during the initial stages of the processing of the spike protein at the boundary of
the two subunits, namely, S1 and S2. These changes, along with the switched entry route,
alter cellular tropism [109].

Kared et al. have mentioned the immunological events associated with the entry of
Omicron variants inside the host cell, especially for vaccinated individuals. Omicron entry
triggers the production of both the cytotoxic and follicular T helper cells, along with a
massive surge of RBD and spike-related IgG+ B cells known as plasmablasts, along with
some memory B cells [110]. The B cells follow the exact mechanism of neutralization as
that which is seen in the wild-type SARS-CoV-2 variant. The B cells derived from the pool
of live memory cells has a similar interaction pattern with the S-glycoprotein of Omicron as
that of the wild-type variant [111].

8. Interaction of Host ACE2 and Capability of Binding with RBD

Compared to Delta, the Omicron variant exhibits an extreme affinity for the ACE2
receptor and accelerates the transmission rate of this variant by many folds. The mutations
that result in the extremely high affinity of the Omicron RBD with the human ACE2
receptor are Q493R, T478K, S373P, N501Y, Q498R, S371L, and S375F (Table 1). Additionally,
Omicron’s S protein and RBD harbors some amino acids such as leucine and phenylalanine,
which are naturally hydrophobic [112]. Some of the mutations in the Omicron variant even
contribute to the formation of salt bridges or several hydrogen bonds, which contribute
to the binding of the spike protein with hACE2. The polar contacts between Omicron
and ACE2 can be significantly lost by K417N and E484A, negating some of the improved
interactions created by other mutations [46,51,53].

A deeper look at the crystal structures of the RBD–ACE2 complex of Omicron indicates
that the surface area that the Omicron variant can access for interaction with the host is
much more prominent than it is for the Delta variant [51]. According to Jung et al., out
of the 31 alterations in the spike protein of the Omicron variant in comparison to those in
the wild-type variant from Wuhan, 12 changes are found in the S1 subunit of the spike
protein, which reside very near the N-terminal region. Fifteen changes can be seen in
the receptor-binding domain, with more than five mutations residing near the C terminal.
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Moreover, the RBD, which forms a direct connection with hACE2 for binding, harbors ten
significant mutations, thereby altering the affinity of the spike protein to bind with the
host receptor [113]. Among all of the emerging variants, Omicron is highly transmissible.
Computational studies regarding the RBD–hACE2 complex of Omicron evidence that it
is incredibly stable due to the replacement of some uncharged amino acid residues with
lysine and arginine [6]. T478K, Q498R, N440K, and Q493R are some of the mutations
present in the RBD of Omicron’s spike protein, where there are some replacements with
positively charged residues, thereby improving the binding of RBD to the human ACE2
receptor. Owing to the growth of the side chain, the T478K mutation is situated very
close to a solvent-prone area, permitting the interaction between ACE2 and Omicron’s
RBD. Furthermore, the Q493R mutation enables an advantageous interaction with certain
damaging amino acids such as Glu35 and Asp38 in the ACE2 receptor. It also enables a
powerful binding effect [6].

9. Phylogenomics and Distribution of Omicron and Its Sub-Variants

Several scientists have studied the phylogenomics of Omicron and its variants, and
their studies have immense importance with respect to the evolution of the virus (Figure 6A).
Recently, we have found the phylogenetics of Omicron and its sub-variants. Callebaut et al.
described the phylogenetic properties of the BA.1 and BA.2 variants. Samples were collected
from Omicron-infected patients [114]. Kandeel M, El-Deeb demonstrated the evolutionary
relationships of the RBD of SARS-CoV-2 using a phylogenetic tree. The study placed the
Omicron variant into a novel monophyletic class [115]. Additionally, it also described the
rapid appearance of multiple sub-variants of Omicron and their divergence [116].

Figure 6. Cont.
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Figure 6. The figure shows the phylogenetic tree of the Omicron and its sub-variants. It also describes
the distribution of Omicron and its sub-variants in the entire world. (A) The circular phylogenetic
tree using the Omicron and its sub-variants (B) The distribution of Omicron and its sub-variants.
These two figures (A,B) were developed using the next strain server.

It is also essential to understand the distribution of Omicron and its sub-variants. After
the first identification of the Omicron variant in South Africa and Botswana, the variant
spread throughout the globe, and several sub-variants, BA.1, BA.2, BA.3, BA.4, and BA.5,
generated over time and were spotted throughout the world (Figure 6B). Recently, a new
sub-variant, BA.2.75.2, was generated in India, which might be of global concern [20]. We
need to obtain more detailed information about the distribution of several sub-variants
of Omicron.

10. Immune Escape of Emerging Omicron Variant and Its Sub-Variant

In general, vaccine effectiveness against severe diseases is a matter of concern. The
vaccine’s effectiveness is not largely affected by the variants. This is because of the muta-
tions of the variants which hinder the neutralization potency of any vaccine. New variants
have developed as a result of certain mutations. Several mutations have been observed
in the newly developed variants which alter the binding region of nAb, leading to an-
tibody escape [117,118]. In the Omicron case, several mutations have been noted in the
nAb binding region of the S protein, especially in RBD and NTD, which cause the nAb
escape phenomenon [13,19,27–29,119,120]. Therefore, we can say that the Omicron variant
possesses a partial vaccine escape ability.

Recent studies elucidate that the Omicron variant and the three sub-lineages, BA.1,
BA.2, and BA.3, are very competent in escaping the immune system. The subjects who
have taken one or two doses of the vaccine cannot protect against this variant significantly,
thus, the neutralization efficiency of these vaccines is gradually decreasing. Most surpris-
ingly, people who had received three shots of the vaccine only have partial protection
from the infection of this variant. However, vaccine escape is a common phenomenon.
Several researchers urge for the development of new vaccines against the Omicron variant.
However, several researchers or pharmacological companies have developed new vaccines
against the Omicron variant (Table 2). Similarly, a bivalent COVID-19 vaccine (ancestral
and Omicron) can provide long-term protection. Recently, ModernaTX has developed
an mRNA-based bivalent Omicron-containing vaccine. The study is now in Phase II and
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Phase III. The study has evaluated the safety and immunogenicity of the mRNA vaccine
boosters (bivalent Omicron-containing vaccine). Chalkias et al. have published data of
a clinical trial and evaluated the immunogenicity, reactogenicity, and safety the bivalent
Omicron-containing vaccine (mRNA-1273.214). In this study, they assessed three parame-
ters of the bivalent vaccine on the 28th day after the booster dose. Here, the participants
received either mRNA-1273 (n = 377) or 50 μg of mRNA-1273.214 (437 participants) as a
second booster dose. The researchers found that mRNA-1273.214 (the bivalent Omicron-
containing vaccine) elicited superior neutralizing antibody responses compared to the
mRNA-1273 vaccine ones against the Omicron variant (ClinicalTrials.gov; Clinical trial:
NCT04927065) [121]. Other than the bivalent vaccine of ModernaTX, Pfizer-BioNTech has
also developed a bivalent COVID-19 vaccine. A recent clinical trial has been conducted to
understand the vaccine’s safety profile (ClinicalTrials.gov; NCT04977479). The first dosage
of the mRNA vaccine produced a systemic allergic reactions in some individuals. The
researchers want to study the safety profile of giving a second mRNA COVID-19 vaccine to
individuals who had developed a systemic allergic reaction to their first dose. Similarly,
these two bivalent vaccines’ safety profiles have been assessed in kidney transplant recipi-
ents (ClinicalTrials.gov; NCT05518487). It is one of the most likely reasons responsible for
the rapid spread of the Omicron variant in countries where people have natural immunity
or a rapid vaccination rate [109]. The various mutations in the N-terminal and the RBD
of the Omicron variant are the sites that are majorly targeted by the antibodies [122–125].
The high mutation rates in these positions are the key factors responsible for changing
the antigenicity.

Moreover, this antigenic shift can even nullify the overall immunity in the host’s
system [126]. The conformation of the S protein and RBD is a significant factor dominating
antibody recognition. The trimeric spike complex of the Omicron variant adopts a single
“up” conformation, with the RBD keeping the other two in the “down” conformational
state, which is a bit different from the previously emerged variants [46,127]. The stearic
hindrances induced due to the mutations are solely responsible for altering the interac-
tions in the antibody-binding sites. The unprecedented changes in the spike protein also
interfere with the recognition of the antibodies [126,127]. Some of the mutations in the
Omicron variant such as Q498R, S477N, Y505H, G496H, and Q493R, along with the other
mutational changes prevalent in the VOCs such as T478K, N501Y, and E484K are majorly
involved in altering its antigenicity, with this variant being more efficient at escaping the
immune system [128]. Cui et al. have mentioned that the two main sites for neutraliza-
tion, the RBD and the NTD, are heavily mutated in the Omicron variant, which causes
severe changes in the conformation of several antigenic sites. The three minor deletions,
four substitutions, and one insertion of a 3-residue-long amino acid in the N-terminal
region have been the primary cause behind the immune escape strategy of the Omicron
variant [46].

Furthermore, the recently reported sub-lineages of Omicron, BA.4, BA.5, and
BA.2.12.1, have illustrated more robust strategies for escaping the immune system than
the BA.1 and BA.2 sub-lineages have. The BA.1 variant can produce several copies of
BA.1-specific antibodies that can be effective against BA.1 infection. However, the other
sub-lineages, namely, the BA.4/BA.5 and the BA.2 variants, can invalidate the neutral-
ization efficiency of these antibodies because of the presence of F486V and D405N mutat-
ions [37].
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11. Antiviral Drugs and Antibody-Based Therapeutics against the Omicron and Its
Sub-Variants

Several antiviral drugs and antibody-based therapeutics have been investigated and
proposed over time against Omicron and its sub-variants. The investigated and proposed
antiviral drugs and antibodies are discussed below.

11.1. Efficacy of Antiviral Drugs

Numerous antiviral options have been explored for emergency use in hospitalized and
non-hospitalized patients to reduce the clinical severity in patients infected with the SARS-
CoV-2 wild strain and other variants, including Omicron. A number of antivirals have been
proposed against Omicron, such as Remdesivir, Molnupiravir, Camostat, and Ensovibep.
These antivirals have been investigated over time to assess their antiviral activities against
Omicron and its sub-variants [66]. Takashita et al. have recently evaluated the antiviral
activity of three antiviral molecules, such as Remdesivir, Molnupiravir, and Lufotrelvir.
In this study, the researchers used three chemicals, namely, 441524, EIDD-1931, and PF-
00835231, as therapeutic molecules. The study indicated that these three compounds
had efficacy against the Omicron variant. In this study, the researchers evaluated the
drugs’ susceptibility to GS-441524, EIDD-1931, and PF-00835231 using a 50% inhibitory
concentration (IC50) value. The value for each of them was found to be 1.2, 0.8, and 0.7,
respectively. However, the data are different due to the influence of different factors. Here,
GS-441524 is an RdRp (RNA-dependent RNA polymerase) inhibitor, and the molecule is the
active form of Remdesivir. Similarly, EIDD-1931 is also an RdRp inhibitor, and the molecule
is an active form of Molnupiravir. At the same time, the study confirms that Omicron-
infected patients can be treated with these drugs. PF-00835231 is a protease inhibitor,
which is the active form of PF-07304814 [129]. PF-07304814 is known as Lufotrelvir, which
was developed by Pfizer. Similar to remdesivir, this molecule can be administered by
intravenous infusion.

Another oral protease inhibitor that has been found by researchers is Nirmatrelvir.
Arbel et al. evaluated the activity of these molecules in 109,254 patients. During the
study period, 4% of the total number of patients (3902) received Nirmatrelvir. The re-
searchers found that the death and hospitalization rates were significantly lower among
the Nirmatrelvir-receiving patients compared to that among the patients who did not
receive any dose [130]. The USFDA approved the drug through EUA (an emergency use
authorization) for treating of mild-to-moderately infected patients. It was approved for
oral use in December 2021. Bojkova et al. have assessed the effects of some molecules,
such as Remdesivir, Favipiravir, Ribavirin, EIDD-1931, PF-07321332, Camostat, Nafamostat,
and Aprotinin, in Omicron-infected cell cultures. They found similar kinds of antiviral
activity among the Delta and Omicron isolates [131]. Vangeel et al. performed an in vitro
antiviral assay and reported that Remdesivir (parent nucleoside GS-441524), Molnupiravir
(parent nucleoside EIDD-1931), and Nirmatrelvir showed antiviral activity against Omicron.
These molecules have also shown antiviral activity against the wild strain of it and other
VOCs [132].

The Nirmatrelvir–Ritonavir combination is now an essential antiviral option against
the Omicron variant. Several scientists have explained the activity of the Nirmatrelvir–
Ritonavir combination against Omicron. Recently, from a cohort study with COVID-19
patients (N = 41,255), Wong et al. stated that the molecules could be considered to be
therapeutics for the early phase of the infection [133]. In another study, Wong found that
the Nirmatrelvir–Ritonavir combination could have been a therapeutic agent during the
early phase of the infection during Omicron BA.2’s wave. The researchers concluded this
from a cohort study in Hong Kong [134]. A recent article describes the recommended
indications, antiviral activity, pharmacokinetics, mechanisms of action, clinical trial of
drug interactions, and adverse affects of the antiviral molecules such as Molnupiravir
and the Nirmatrelvir–Ritonavir combination (Paxlovid) against the Omicron variant [135].
Therefore, these two molecules (Molnupiravir and the Nirmatrelvir–Ritonavir combination)
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are significant additions to the early phase of the treatment of COVID-19, especially to
Omicron and its sub-variants.

11.2. Efficiency Therapeutic Antibodies

Scientists are facing a real challenge to finding therapeutic antibodies against the
Omicron variant because the therapeutic antibody escapes their neutralization efficacy due
to certain properties of the Omicron variant [120,136]. Due to this, several scientists have
tried to evaluate therapeutic antibodies against the Omicron variant over time and assess
their efficacy of naturalization (Table 3). Recently Tao et al. published a meta-analysis and
systematic review, where they found that several studies were involved in understanding
the susceptibility of mAbs (monoclonal antibodies) against the Omicron variants [132].
Takashita et al. have assessed the antibodies against Omicron which are Bamlanivimab (LY-
CoV555), Imdevimab (REGN10987), Casirivimab (REGN10933), Tixagevimab (COV2-2196),
Cilgavimab (COV2-2130), and Sotrovimab precursors (S309). The researchers also evaluated
a plethora of the combinations of monoclonal antibodies. Some of the combinations
include Tixagevimab with Cilgavimab, Imdevimab with Casirivimab, and Etesevimab with
Bamlanivimab. It was also found that these combinations of monoclonal antibodies could
neutralize the wild strain as well as the Delta and Alpha variants. At the same time, the
combined treatment of Bamlanivimab and Etesevimab highlighted a reduced neutralizing
activity against the Gamma variant. Furthermore, these combinations have completely lost
their neutralization efficacy against the Beta and Omicron variants [129].

Table 3. The efficiency of the antibodies effective against Omicron and its sub-variants.

Sl. No. Therapeutic Antibodies
Neutralization Efficacy in Different Omicron Sub-Variants

BA.1 BA.2 BA.3 BA.4 BA.5

1. Tixagevimab Low Low Low Low Low

2. Bamlanivimab Low Low Low Low Low

3. Imdevimab Low Moderate Low Moderate Moderate

4. Regdanvimab Low Low - - -

5. Sotrovimab Moderate Moderate Moderate Moderate Moderate

6. Casirivimab Low Low Low Low Low

7. Cilgavimab Low High High High High

8. Etesevimab Low Low Low Low Low

9. Bebtelovimab High High High High High

10. Bamlanivimab + Etesevimab Low Low Low Low Low

Similarly, they also found that the Casirivimab and Imdevimab combination has
shown activity against the Gamma and Beta variants. However, this combination failed to
neutralize the Omicron one. However, it has been noted that the Cilgavimab–tixagevimab
combination has shown significant neutralization potency against the Beta, Gamma, and
Omicron ones [129]. Similarly, Tada et al. found from a study that Sotrovimab and
Evusheld were partially effective against the Omicron pseudotype. On the other hand,
Eli Lilly and Regeneron monoclonal antibodies were found to be ineffective against the
Omicron pseudotype [137]. Several in silico studies have been performed to identify
the therapeutic antibodies against Omicron. In this field, Shah and Woo have suggested
that a cocktail of sotrovimab (GSK, S203 mAb) and Evusheld (AstraZeneca mAbs) could
successfully neutralize the Omicron variant [138]. Researchers have also tried to understand
the interaction between the neutralizing antibodies (nAB) and Omicron’s spike protein. It
might provide a deeper understanding of the specific interaction mechanisms possessed by
these antibodies. A recent study informed us that ZCB11 is a promising antibody against
the Omicron variant. Zhou et al. have elucidated the interaction between ZCB11 and the
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spike protein of the Omicron variant (PDB id: 7XH8). The study informed us that ZCB11
targets the viral RBD and neutralizes the spike protein of the SARS-CoV-2 variants such as
Delta or Omicron [139] (Figure 7).

Figure 7. The figure shows the interaction structure of neutralizing antibodies (nAb) with the Omicron
spike protein. It shows the interaction Fab fragment of ZCB11 against the SARS-CoV-2 Omicron
spike. The structure was developed from a PDB file (PDB id: 7XH8).

12. Conclusions

Current data have informed us of the three significant properties of the Omicron
variant. Firstly, the Omicron variant causes less severe infections. Secondly, the variant has
a very high rate of transmissibility compared to that of other VOCs. Lastly, the Omicron
variant has a high immune escape capacity and partial vaccine escape ability. Efforts
are being made over time to develop the next-generation vaccine and mutation-proof
vaccines [28,140,141]. At the same time, it has been observed that the Omicron variant
and its sub-variant possess a very high number of mutations [27,29,120]. These mutations
provide three significant properties to the Omicron variant.

Recently, it has been seen that hybrid immunity significantly provide more immune
protective against SARS-CoV-2 and the other VOCs [141,142]. Therefore, we need to ex-
plore the possibility of hybrid immunity for protection against Omicron. At the same
time, researchers have informed us that the Omicron variant might be a possible vaccine
candidate. The viral strain can be used as a promising live-attenuated vaccine candidate.
Therefore, a strategy has been proposed to find a possible solution to provide protective
immunity against Omicron, which is known as the “virus against the virus” [143]. How-
ever, a bivalent Omicron-containing vaccine has recently been developed by ModernaTX,
which can provide long-term protection against the Omicron variant [121]. Molnupiravir
and the Nirmatrelvir–Ritonavir combination (Paxlovid) have been found to be effective
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therapeutic antiviral molecules against the Omicron variant and its sub-variants. However,
further studies are needed on the Omicron variant to obtain a clear idea about its patho-
physiology and the infection landscape, which will be beneficial for the development of
suitable therapeutics.
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Abstract: The amaranthine scale of the COVID-19 pandemic and unpredictable disease severity
is of grave concern. Serological diagnostic aids are an excellent choice for clinicians for rapid
and easy prognosis of the disease. To this end, we studied the humoral immune response to
SARS-CoV-2 infection to map immunogenic regions in the SARS-CoV-2 proteome at amino acid
resolution using a high-density SARS-CoV-2 proteome peptide microarray. The microarray has
4932 overlapping peptides printed in duplicates spanning the entire SARS-CoV-2 proteome. We
found 204 and 676 immunogenic peptides against IgA and IgG, corresponding to 137 and 412 IgA
and IgG epitopes, respectively. Of these, 6 and 307 epitopes could discriminate between disease
severity. The emergence of variants has added to the complexity of the disease. Using the mutation
panel available, we could detect 5 and 10 immunogenic peptides against IgA and IgG with mutations
belonging to SAR-CoV-2 variants. The study revealed severity-based epitopes that could be presented
as potential prognostic serological markers. Further, the mutant epitope immunogenicity could
indicate the putative use of these markers for diagnosing variants responsible for the infection.

Keywords: COVID-19; SARS-CoV-2; peptide microarray; humoral immunity; IgA; IgG; epitope
mapping; SARS-CoV-2 variant

1. Introduction

The COVID-19 pandemic has been an epoch-defining moment in human history.
COVID-19 has left behind an inexplicable trail of death and disease [1]. Epidemiological
studies indicate that the actual number of cases could be inordinately higher than those
reported [2]. Dedicated instrumentation and the risk of handling live viruses add to the
woes of using nucleic-acid-based technologies [3]. Serological techniques are more robust
in this regard as they are less susceptible to false-positives [4,5]. Omics technologies and
big data analytics often have led to a panel of biomarkers for the prediction of disease
severity [6–11] from the early days of the pandemic. However, they are of little or no
translational value, especially in the event of a colossal hospitalization burden, as is often
the case in outbreaks. Though we are in the third year of the pandemic, we are yet to find
a reasonably accessible mode of detecting disease severity. Increased susceptibility of a
certain group, such as the elderly population, those with pre-existing comorbidities [12],
and immunocompromised patients, remains the biggest challenge in controlling the pan-
demic. Moreover, the variant-driven resurgence in COVID-19 cases further complicates
the scenario [13–15]. With NGS as the primary way of finding the causative strain of the
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virus [14,16,17], clinicians and frontline workers have little or no means of fighting this
amaranthine scourge when fresh outbreaks occur due to the emergence of new variants.
Serological tools to diagnose and prognose the disease development in patients can aid in
this regard. Moreover, serological tools to detect variants can be a good alternative to NGS.

Before the development of peptide microarrays, antibody detection has been tradi-
tionally handled using tools, such as the Enzyme-Linked Immunosorbent Assay (ELISA),
Western blot, radioimmunoassay (RIA), flow cytometry, and platforms such as Luminex.
Advanced variants of ELISA, such as Chemiluminescent immunoassay (CLIA), have also
come to the fore. A diagnostic ELISA technique was used to identify MERS-CoV viral
antibodies in patients with Middle East Respiratory Syndrome [18]. Western blotting was
developed to assess antibodies produced against SARS [19]. The amount of class-specific
antibodies against the tick-borne encephalitis virus (TBEV) was evaluated using an RIA-
based test [20]. The presence of dengue virus antibodies in human patients has been studied
using flow cytometry [21]. To detect and quantify antibodies against multiple viruses such
as bovine respiratory syncytial virus, parainfluenza 3 virus, bovine viral diarrhea virus, and
bovine herpes virus, Anderson et al. designed and assessed a multiplex assay employing
the Luminex platform [22]. Although these techniques have historically been employed in
basic and clinical research, peptide microarrays have emerged as cutting-edge since they
can identify novel epitopes at an amino acid resolution.

To this end, a thorough understanding of the host immune response to SARS-CoV-2
[23] and its variants will aid in developing diagnostic and prognostic tools as well as
vaccines. A thorough characterization of humoral antibody responses to viral proteins
requires tools that could unravel the epitopes available on the entire proteome of SARS-
CoV-2. Protein microarray-based technologies have been used widely over the past two
decades to investigate multiple pathogens [24,25]. It is a fantastic tool for researching the
humoral immune response at the amino acid resolution. They have been frequently used to
investigate the immunological response to infections and to help in pathogen identification
and strain-typing [26]. Peptide microarray is a fast-expanding area that has the potential to
be a robust diagnostic platform for a wide range of diseases [27]. Multiple studies in the
recent past have used this technology to study the impact of COVID-19 [24,28–32]. While
most of these studies gleaned new information on the immunological landscape of the
infected populace and found discriminatory epitopes, none of these studies assessed the
impact of mutations on immunological topography.

In the current pilot investigation, we studied a cohort of 14 patients using a high-
density SARS-CoV-2 peptide microarray. We investigated the humoral immune response
to SARS-CoV-2 infection to identify immunogenic areas in the SARS-CoV-2 proteome at
a resolution of 2-amino acids. The SARS-CoV-2 proteome was reflected by 4932 peptides
printed in duplicate on a chip. The microarray also housed the most relevant mutations
from SARS-CoV-2 B.1.1.7 lineage and the Gamma SARS-CoV-2 variant (P.1) apart from
other widely circulating SARS-CoV-2 mutations.

In addition to the humoral immune landscape of SARS-CoV-2, the study found
severity-specific IgG and IgA epitopes. Additionally, the response to the mutations panel
reflected on the effect of mutations on immunoreactivity and may point to their potential
utility for identifying infection-causing variants.

2. Materials and Methods

2.1. Cohort Characteristics and Sample Details

This study was approved by the Institutional Review Board of the Kasturba Hospital
for Infectious Diseases and IIT Bombay. Patient consent was waived as leftover samples
from the routine analysis were used in the study. The pilot study included 14 patients
who had a confirmed diagnosis of COVID-19 using a RT-PCR test. The patients with at
least a seven-day interval between symptom onset and sample collection were included
in the study. Stratification of patients based on the severity of the symptoms was done by
the clinical team at Kasturba Hospital for Infectious Diseases. Parameters such as disease
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presentation, respiratory distress, SpO2 levels, and oxygen supplementation status were
used for classifying the patients into severe and non-severe COVID-19 groups (Table S1).

The leftover blood samples anticoagulated with EDTA after blood tests were cen-
trifuged at 2000 rpm for 10 min to separate the plasma and aliquoted in sterile cryovials.
The aliquots were then heat-treated at 56 ◦C for 30 min to inactivate the virus [33]. The
heat-treated samples were then transported on ice to IIT Bombay. At IIT Bombay, the
samples were divided into sub-aliquots and stored at −80 ◦C until further use to ensure
minimum freeze–thaw cycles.

2.2. Peptide Microarray

Epitope-level antibody responses from the patient plasma were deciphered using
SARS-CoV-2 whole proteome peptide microarray. The PEPperCHIP® SARS-CoV-2 Pro-
teome Microarray (PEPperPRINT GmbH, Heidelberg, Germany) covers the entire proteome
of SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank ID: MN908947.3). The protein sequences of
ORF1a/b, Spike, ORF3a, Envelope, Membrane glycoprotein, ORF6, ORF7a, ORF8, Nucleo-
capsid, and ORF10 were translated into 15 amino acid long peptides with an overlap of
13 amino acids. This resulted in 4883 individual peptides printed in duplicates. As internal
controls, the PEPperCHIP® SARS-CoV-2 Microarray contained influenza hemagglutinin
(HA) and polio control peptides (108 spots for each control peptide).

Individual patient plasma was thawed on ice and then diluted at 1:100 using staining
buffer (PBS with 0.05% Tween20 and 10% Rockland blocking buffer MB 070, pH 7.4).
One PEPperCHIP® Peptide Microarray slide was processed per patient plasma for the
experiment. PEPperCHIP® Peptide Microarray slides were brought to room temperature,
assembled onto the PEPperCHIP® incubation tray (PEPperPRINT GmbH, Germany), and
equilibrated using the staining buffer for 15 min. The slides were then incubated with the
diluted plasma samples overnight at 4 ◦C. All the incubations were done on an orbital
shaker at 140 rpm unless otherwise stated. On the following day, slides were washed thrice
for 1 min each using a washing buffer (PBS with 0.05% Tween20, pH 7.4) while incubating
the slide at room temperature. The washing buffer was aspirated entirely after each wash
using a micropipette. The slides were then incubated with a mixture of Cy5 conjugated
rabbit anti-human IgA (antibodies.com, ABIN901561) and Cy3-conjugated donkey anti-
human IgG (Rockland, 609-704-123) antibodies diluted 1:1000 in staining buffer for 45 min
at room temperature in the dark. The slides were again washed, as explained earlier. The
incubation tray was then disassembled, and the slides were dipped in dipping buffer
(1 mM Tris buffer, pH 7.4) to remove PBS residues or dust. The slides were dried under
the pressurized nitrogen stream from top to bottom. The slides were then scanned using a
Molecular Devices, GenePix® 4000 B scanner, with 33% of the laser intensity for Cy3 and
100% for Cy5 signals.

Next, the slides were processed similarly to acquire signals for the influenza HA
control spots for a quality check. The slides were re-assembled onto the incubation tray
and equilibrated in staining buffer for 15 min at RT. This was followed by incubation with
a PEPperCHIP® Cy5-conjugated anti-HA control antibody diluted 1:2000 in staining buffer
for 45 min at RT in the dark. Further washing, drying, and scanning steps were performed,
as mentioned earlier.

2.3. Data Acquisition

After scanning the chips, their images were acquired in GenePix®Pro 7 in .tiff format.
The fluorescence or raw intensity and the background intensity of the individual spots were
extracted using a PepSlide®Analyzer. An R-based script was used for statistical analysis to
determine the immunogenic response against the peptides and analyze the severity-based
discrimination of the SARS-CoV-2 patients. These steps were carried out on the datasets
generated against IgG and IgA antibodies.
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2.4. Data Analysis

The raw intensities of the spots were background-corrected using the “norm-exp”
technique to adjust the spot intensities individually with respect to the background. An
offset value of 50 was also added so that the weak signals from the features do not get
suppressed [34]. The “limma” package of R programming language was used to implement
it [35]. Subsequently, the intensities of the duplicate peptides were averaged. Further,
to reduce the skewness of the dataset, a logarithmic transformation with a base value of
10 was applied to these values. The mean and standard deviation of intensities of all the
peptides across all the samples were used to compute the z-score [32,36,37]. The peptides
for which the z-scores exceeded the value of 3 [32] in at least one COVID-19 patient sample
were classified as immunogenic. The z-scores were then used to generate heatmaps for
visualizing the IgG and IgA response against the SARS-CoV-2 proteome. For determining
peptides with discriminatory potential, the response of patients with severe and non-severe
COVID-19 was compared using the Mann–Whitney U-test [32]. Peptides with a p-value
less than 0.05 were considered to be statistically significant. R programming language was
used to generate heatmaps, box plots, and dot plots for visualizing different comparisons
made during analysis. The study design and the overall workflow is depicted in Figure 1.

Figure 1. Schematic representation of the study design, microarray protocol, and data analysis.
(a) Sample acquisition and heat inactivation of virus, (b) SARS-CoV-2 whole proteome microarray
design, (c) microarray staining and image acquisition, (d) data analysis pipeline.
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3. Results

We used the PEPperCHIP® Peptide Microarray slides to study the landscape of B-cell
epitopes of IgA and IgG antibodies in COVID-19 patients during acute infection. In total,
14 patients were included in the study; 7 had non-severe COVID-19, and 7 had severe
COVID-19 (Table S1). The plasma samples were used to detect the humoral immune
response against COVID-19. The PEPperCHIP® Peptide Microarray had 15 amino acid-
long 4932 peptides with 13 overlapping peptides, thus providing an epitope resolution as
high as two amino acids. During data pre-processing, the data distribution of two samples,
one severe (patient ID 69) and the other non-severe (patient ID 33), were skewed. Therefore,
these two samples were removed from further data analysis.

3.1. Proteome-Wide Immunogenic Response for IgA and IgG

A total of 204 and 676 peptides were identified as immunogenic for IgA and IgG,
respectively, based on z-scores. In addition, out of 49 peptides in the mutant panel, 5 and
10 peptides for IgA and IgG respectively, were found to be immunogenic. The peptides
were considered immunogenic if the z-score was greater than 3 in any one of the patients.

IgA Response: Among the structural proteins, IgA immunoreactivity was found in
17, 5, and 1 peptides in spike, nucleocapsid, and membrane glycoprotein, respectively
(Figure S1 and Table S2). No immunogenic response was observed in the envelope pro-
tein. Out of the 204 immunogenic peptides identified for IgA, 159 peptides were from the
non-structural proteins encoded by ORF1a/b (Figure S1). 41 and 43 IgA-reactive peptides
were identified in NSP3 (PLpro) and NSP12 (RdRp). In NSP3, VSELLTPLGIDLDEWS-
MATYYLFDE (aa81–aa105) epitope showed response for IgA. In NSP 12, we observed
response from the N-terminal nidovirus RdRp-associated nucleotidyltransferase domain
(RiRAN) and RdRp region. For accessory proteins, 9, 2, 3, and 8 immunogenic peptides
were identified in ORF3a, ORF6, ORF7a, and ORF8, respectively (Figure S2a–k and Table S2).
However, most of the consecutive regions exhibiting reactivity against IgA were identified
in NSP 3, NSP 12, and spike protein (Table S4).

IgG Response: A total of 676 peptides were immunoreactive for IgG. There were
478 immunogenic peptides from the NSPs (Figure S1), of which 116 belonged to NSP 3 and
92 belonged to NSP 12. Similarly, 90, 31, 1, and 17 peptides were identified for spike,
nucleocapsid, envelope, and membrane glycoprotein, respectively (Figure S2). Among
accessory proteins, ORF3a, ORF6, ORF7a, and ORF8 had 27, 5, 12, and 14 immunoreactive
peptides, respectively (Figure S3a–k and Table S3).

The top epitopes in the spike protein identified in at least one-fourth of the patients are
“CEFQFCNDPFLGVYY” (aa131–aa145 located in the N-terminal domain), “VYYHKNNKS-
WMESEF” (aa143–aa157, N-terminal domain), “CLIGAEHVNNSYECD” (aa649–aa663,
near furin cleavage site), “PSKPSKRSFIEDLLF” (aa809–aa823, near fusion peptide in
S2 sub-unit), “ESLIDLQELGKYEQY” (aa1195–aa1209, HR2 region of the S2 sub-unit),
“QELGKYEQYIKWPWY” (aa1201–aa1215, HR2 region of the S2 sub-unit) (Table S5). It is
interesting to note that these highly immunogenic regions belong to regions other than the
RBD. The immunoreactive peptides belonging to the RBD region were identified in a maxi-
mum of two patients only. Non-structural proteins 3 and 12 and accessory proteins ORF3a
and ORF8 were also associated with strong immunoreactivity in at least one-fourth of the
patients. Top immunogenic peptides identified in the nucleocapsid protein were located
in the N-terminal domain. Strong immunoreactivity was not observed in envelope and
membrane proteins in the majority of the patients. On the other hand we identified VSELLT-
PLGIDLDEWSMATYYLFDE (aa81–aa105), CSFYPPDEDEEEGDCEEEEFEPS (aa117–139),
GDCEEEEFEPSTQYEYG (aa129–aa145), SAALQPEEEQEEDWLDDDS (aa161–aa179) and
VLPNDDTLRVEAFEYYH (aa815–aa831) epitopes belonging to the NSP3 as highly reactive
for IgG (Table S5).

The major regions in the SARS-CoV-2 proteome immunoreactive to IgA and IgG in at
least one-fourth of the patients are shown in Figure 2.
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Figure 2. Heatmaps for IgA and IgG response showing major immunogenic regions identified in the
SARS-CoV-2 whole proteome microarray. The printed proteome constitutes ORF1a/b polyprotein
encoding 16 non-structural proteins (1–10 and 12–16), structural proteins (S, N, E, and M), and the
accessory proteins (ORF3a, 6, 7a, 8, and 10).

3.2. Severity-Based Epitopes

We studied severity-based differences in the immune response. The significance
of differential response was calculated using the Mann–Whitney U test. We observed
that 6 and 319 peptides from ORF1a/b had a significant difference in IgA and IgG reac-
tivity (Tables S6 and S7), respectively, in severe vs. non-severe patients. The response
in severe and non-severe COVID-19 in IgA and IgG from some representative peptides
has been illustrated in boxplots in Figure 3. Further, for the structural proteins such as
spike, nucleocapsid, membrane, and envelope, we identified 57, 12, 8, and 1 peptide,
respectively, with significantly differential responses. However, there was no significant
difference in IgA response for these structural proteins. Further, we also identified 22, 2,
6, and 13 peptides eliciting severity-based significantly different IgG responses originat-
ing from accessory proteins like ORF3a, ORF6, ORF7a, and ORF8, respectively. Some of
the discriminatory peptides showed responses both for IgG and IgA (Table 1). Of note,
the discriminatory epitopes specific to the severe disease include “ANYFLCWHTNCY-
DYC” in ORF3a, “EILVTYNCCDDDYFN”, “EVVDKYFDCYDGGCI”, “VLTLDNQDLNGN-
WYD” and “YRNRDVDTDFVNEFY” in NSP12, “VSELLTPLGIDLDEWSMATYYLFDES-
GEF”, “VLPNDDTLRVEAFEY”, “CEEEEFEPSTQYEYG”, “FYPPDEDEEEGDCEE”, and
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“FKWDLTAFGLVAEWF” in NSP3, and “CEFQFCNDPFLGVYY” in spike protein
(Tables S8 and S9).

Figure 3. Severity-based discrimination in IgA and IgG response against SARS-CoV-2 peptides. The
representative box plot showing IgA and IgG response against a particular peptide in severe (SV)
and non-severe (NSV) COVID-19 patients. The significance was calculated using a Mann–Whitney
U-Test with a p-value < 0.05 (the p-values between 0.05 and 0.01 are represented using ‘*’ and those
between 0.01 and 0.001 by ‘**’).
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Table 1. Viral protein-wise list of epitopes that seroconverted from IgA to IgG in patients. The
IgA/IgG epitopes that could discriminate between severe and non-severe forms of the disease
are indicated.

Protein Name Seroconverted Epitope Discrimination Status

NSP1 GEIPVAYRKVLLRKNGN Non-significant α

NSP1 LKSFDLGDELGTDPYEDFQENWN IgG β

NSP2 GAYTRYVDNNFCGPDGYPLEC; NIVGDFKLNEEIAII;
LDWLEEKFKEGVEFLRDGWEIVKFI IgG

NSP3 QPVSELLTPLGIDLDEWSMATYYLFDESGEFKL;
SAALQPEEEQEEDWLDDDSQQ Non-significant

NSP3

MYCSFYPPDEDEEEGDCEEEEFEPSTQYEYGTEDDYQ;
RTNVYLAVFDKNLYD; GIKIQEGVVDYGARFYFYT;

FYVLPNDDTLRVEAFEYYH; TLRVEAFEYYHTTDPSFLGRY;
IELKFNPPALQDAYY; AGEAANFCALILAYC;
GVVCTEIDPKLDNYY; TFFPDLNGDVVAIDY;

ITEEVGHTDLMAAYV; SYFAVHFISNSWLMWLI

IgG

NSP3 TLEETKFLTENLLLYIDINGN; LKHGTFTCASEYTGN;
VLGLAAIMQLFFSYF IgG/IgA λ

NSP4 DTCFANKHADFDTWF; FATSACVLAAECTIF;
EGSVRVVTTFDSEYCRH; VSFSTFEEAALCTFLLN IgG

NSP5

QVTCGTTTLNGLWLDDVVYCPRH;
LNGSCGSVGFNIDYDCVSFCYMHHMEL;

LAWLYAAVINGDRWF; NGRTILGSALLEDEF;
ILGSALLEDEFTPFDVVRQ

IgG

NSP6
LVQSTQWSLFFFLYE; MFLARGIVFMCVEYC;

RGIVFMCVEYCPIFF; CLLNRYFRLTLGVYDYL;
LTLGVYDYLVSTQEFRY

IgG

NSP8 NTCDGTTFTYASALWEI IgG

NSP9 TTQTACTDDNALAYY IgG

NSP9 VLGSLAATVRLQAGN Non-significant

NSP12

TGTSTDVVYRAFDIYND;
FQEKDEDDNLIDSYFVV;TKYTMADLVYALRHFDEGNCD;

QTVKPGNFNKDFYDF; FFFAQDGNAAISDYDYYRYNL;
ARLYYDSMSYEDQDALFAY;

RLYECLYRNRDVDTDFVNEFYAY; HFSMMILSDDAVVCF

IgG

NSP12
NCDTLKEILVTYNCCDDDYFNKKDWYDFVEN;

ADKYVRNLQHRLYECLY; FCSQHTMLVKQGDDYVYLPYP;
MLTNDNTSRYWEPEFYEAMYTPHTVLQ

Non-significant

NSP12 QTTPGSGVPVVDSYY; PLTKHPNQEYADVFHLYLQYI IgG/IgA

NSP13 ACIRRPFLCCKCCYD; DVTDVTQLYLGGMSYYC;
FNAIATCDWTNAGDYIL; TQTVDSSQGSEYDYVIF IgG
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Table 1. Cont.

Protein Name Seroconverted Epitope Discrimination Status
NSP13 VNALPETTADIVVFDEISM; CPAEIVDTVSALVYD Non-significant

NSP14 SDTYACWHHSIGFDYVYNPFMIDVQQWGF;
WGFTGNLQSNHDLYC; HECFVKRVDWTIEYPII IgG

NSP14 EYPIIGDELKINAAC; AQPCSDKAYKIEELFYS;
IEELFYSYATHSDKFTD; ATHSDKFTDGVCLFWNC Non-significant

NSP15

NLGVDIAANTVIWDY; TVFFDGRVDGQVDLFRN;
QMEIDFLELAMDEFIERYK; LAMDEFIERYKLEGYAFEH;

KLEGYAFEHIVYGDFSH; LAKRFKESPFELEDF;
GSSKCVCSVIDLLLDDFVEIIKS; VKVTIDYTEISFMLW

IgG

NSP16 PTGTLLVDSDLNDFV; TEHSWNADLYKLMGHFAWW Non-significant

NSP16 PIQLSSYSLFDMSKF IgG

Spike

TQDLFLPFFSNVTWF; CEFQFCNDPFLGVYY;
FRVYSSANNCTFEYV; KNLREFVFKNIDGYFKI;

AGCLIGAEHVNNSYECDIP; DPLQPELDSFKEELDKYFK;
LNESLIDLQELGKYEQY;DLQELGKYEQYIKWPWYIW;

KGCCSCGSCCKFDEDDSEP

IgG

Spike DTTDAVRDPQTLEILDI Non-significant

Membrane
Glycoprotein LEQWNLVIGFLFLTW IgG

Nucleocapsid WFTALTQHGKEDLKF; IRGGDGKMKDLSPRWYFYY;
GSSRGTSPARMAGNGGDAALALLLLDR IgG

Orf3a YSHLLLVAAGLEAPFLYLY; WKCRSKNPLLYDANYFLCW;
YDANYFLCWHTNCYDYCIPYN; VKDCVVLHSYFTSDYYQLY IgG

Orf6 IMRTFKVSIWNLDYI IgG

Orf7a ILFLALITLATCELYHYQECVRG IgG

Orf8 KLGSLVVRCSFYEDFLEYHDVRVVLDF IgG

α indicates seroconverted epitopes that do not discriminate severe and non-severe forms of the disease. β indicates
IgG isotype of seroconverted epitopes that could discriminate severe and non-severe forms of the disease. λ
indicates both IgG and IgA isotypes of seroconverted epitopes could discriminate severe and non-severe forms of
the disease.

3.3. Response to Mutant Peptides

The PEPperCHIP® Peptide Microarray also had the peptides with the mutations from
several SARS-CoV-2 variants printed on the slides (Table S10). In particular, the mutant
peptides originated from the 501.V2, B1.1.7, and P.1 Manaus variants, as well as some
other highly frequent mutations, were included. We observed strong IgG reactivity for
10 of the peptides harbouring mutation, of which 2 originated from ORF1a/b, 7 from the
spike, and 1 from nucleocapsid protein. Seven mutant peptides from the spike proteins
were associated with B1.1.7, 501.V2, and P.1. Manaus variants. In addition, 5 mutant
peptides were reactive for IgA, of which 1 was from ORF1a/b, 3 from the spike, and
1 from nucleocapsid protein. The IgG and IgA response against mutant peptides has been
illustrated using a heatmap (Figure 4a). We also looked at differences in the reactivity
against the mutant peptide and the corresponding wildtype peptide to see the effect of
mutations on the immune response. The patient-wise variation in immunoreactivity to the
mutant peptides vs. the corresponding wildtype has been depicted in Figure 4b and Figure
S3a–e and Figure S4a,b. We observed that the D138Y mutation in spike protein and the
P80R mutation in the nucleocapsid protein increased the immunoreactivity of both IgA
and IgG.
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Figure 4. Immune response against mutant peptides for IgG and IgA: (a) Heatmap showing IgG and
IgA response for peptides with mutations from different SARS-CoV-2 variants and their wildtype
counterpart, (b) representative dot plots showing the patient-wise comparison of response against
mutant and wildtype peptides.

4. Discussion

SARS-CoV-2 epitope-level proteome-wide analysis was done using peptide microar-
rays to study the antibody responses in COVID-19 patients. The high peptide-to-peptide
overlap of the SARS-CoV-2 proteome array allowed a high-resolution epitope analysis giv-
ing a detailed picture of antibody binding patterns, contributing to better characterization
of SARS-CoV-2-specific humoral immune responses. For this study, we chose IgA and IgG
responses. A previous study [38] using Spike-RBD specific antibodies on patient samples
indicated that during the initial days post-infection, that is, 4–10 day, around 88% of the
patients were seropositive for IgA, and this response was most robust among IgA, IgM,
and IgG. While on the other hand, both IgA and IgG responses were found to be most
stable, and 100% of patients showed seroconversion beyond 15 days post-infection. IgM
responses have been reported to be erratic [39], indicating that for SARS-CoV-2 it is not a
reliable immunological indicator.

The top immunoreactive regions identified in the spike protein were located in the
NTD, HR2 region, and near the furin cleavage site (Figure 5a). Some of these epitopes
have also been reported by other groups to be immunogenic [28,31,32]. The receptor
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binding domain (RBD) region of the spike protein enables viral entry into the cell, therefore,
antibodies against spike RBD have been forerunners in neutralising the virus. However,
intensities from this region were observed in at most two patients. This could be due to the
presence of more conformational than linear epitopes in this region. In addition, antibodies
against the NTD, furin cleavage site, and HR2 have also been reported to inhibit viral
entry [40–42]. We identified the “ESLIDLQELGKYEQY” (aa1195–aa1209) belonging to
the conserved HR2 region of the S2 subunit to be highly immunogenic. The S2 subunit is
more conserved among the beta-coronaviruses and is less susceptible to non-synonymous
mutations [43]. Studies have reported cross-reactive and neutralising antibodies against
specific regions in the S2 subunit [44–46]. Thus, immunoreactivity of this region can be
crucial for protection against other beta-coronaviruses and this can be used to develop
effective vaccines.
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Figure 5. Representative images showing 3D structure of SARS-CoV-2 proteins highlighting im-
munogenic peptides, along with corresponding linear structure. (a) Spike protein (PDB: 6VXX);
(b) Nucleocapsid (3D structure modeled by Zhang lab using I-Tasser). (c) Non-structural protein 12
(RNA-dependent RNA-polymerase) in complex with NSP7 and NSP8 (PDB: 6M71). NTD: N-terminal
domain; RBD: Receptor binding domain; FP: Fusion; HR: Heptad repeat; TM: Transmembrane region;
CT: Cytoplasmic tail; CTD: C-terminal domain. The 3-D structures of the proteins were visualised
using PyMOL (version 2.5.2) [47].
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Two regions in the N-terminal domain of the nucleocapsid phosphoprotein, that
is, aa94–aa110 and aa156–aa176, were found to be highly immunoreactive (Figure 5b).
Structure of the N-protein shows that part of both of these regions are on the surface and
can be easily accessible to antibodies (Figure 5b). These regions have also been reported
to be immunodominant by other studies [32,48] and thus can be considered as effective
targets for vaccines and serological markers.

Apart from the structural proteins SARS-CoV-2 proteome also has 16 non-structural
proteins, which regulate viral replication. Nsp 1 protein is crucial for hijacking the host
translational machinery and is, therefore, a crucial virulence factor. Of the epitopes identi-
fied against IgG, LKSFDLGDELGTDPYEDFQENWN (aa147–aa169) epitope was identified
from the C-terminal domain (CTD) of the Nsp1. A part of these epitopes was also found to
be reactive for IgA. Even The region also has been reported to interact with host ribosomes
to disarm the IFN-β or RIG-I governed immune responses [49]. This epitope was also
reported to show differential responses in mild vs. severe patients in a previous study ana-
lyzing the epitope signatures of COVID-19 patients [31]. Therefore, targeting this epitope
could be a potential approach for viral clearance.

Nsp2, the LDWLEEKFKEGVEFLRDGWEIVKFI (aa461–aa485) was identified to elicit
an IgG response, whereas a part (aa465–aa481) of it was reactive for IgA. However, these
epitopes originate from the residual region of the Nsp2 protein. The Nsp2 protein has an
N-terminus and a residual domain. However, understanding the structure and function of
disordered regions of NSP2 is in a nascent stage and remains elusive. Therefore, further
studies targeting the disordered regions are required. It is the N-terminus domain that
binds to the nucleic acids [50]. We also identified two immunogenic peptides from the
N-terminus RGVYCCREHEHEIAW (aa59–aa73) and CCREHEHEIAWYTER (aa63–aa77)
that elicited a response in at least three patients with significantly different severe vs.
non-severe COVID-19. Schwarz et al. also observed a similar trend in comparing patients
with severe symptoms to those with mild [31]. In another study by Heidepriem et al., the
above-mentioned peptides showed a high IgA response in some of the patients during the
early phase of infection. However, the IgG response remained low in comparison to IgA
and IgM responses [51].

NSP 3, or papain-like protease, is critical for viral replication and suppression of
host responses. It is responsible for hydrolyzing the polyprotein pp1a into Nsp 1, 2, and
3. It interferes with the immune response in the host, in particular, the interferon and
NF-κB pathways [52]. NSP 3 is a multidomain protein and is divided into 10 domains. We
observed reactivity against domains like ubiquitin-like domain 1, hypervariable region,
macrodomain I, and macrodomain II. Interestingly, we found the highly reactive regions
originating from ubiquitin-like domain 1, hypervariable region, and ubiquitin-like domain
2 regions. This hypervariable region is a Glu-rich region with probable interaction with
other proteins like Nsp6, 8, and 9 and the NAB–βSM–TM1 of Nsp3 [53]. However, the
exact role of this region remains unknown. Therefore, the potential role of HVR reactivity
also remains elusive. Another highly reactive region was identified in ubiquitin-like
1 region of Nsp3; VSELLTPLGIDLDEWSMATYYLFDE (aa81–aa105). This region has
been speculated to mimic the host ubiquitin enzymes and thus help in escaping the host
degradation mechanism. Moreover, the regions have also been reported to interact with
ssRNA, thereby indicating its role in viral RNA replication and processing [54]. This region
also showed discriminatory potential based on disease severity. We also identified the
reactive peptides from macrodomain I (mac1) and papain-like protease (PLpro) regions.
Whereas the mac1 domain has the ADP-ribosyl hydrolyase activity by regulating the host-
mediated antiviral adenosine diphosphate-ribosylation signaling. PLpro has proteolytic,
deubiquitinating, and deISGylating activity. These immune reactive regions can be targeted
for inhibiting the viral genome replication and transcription.

Nsp 12 protein consists of N-terminal nidovirus RdRp-associated nucleotidyltrans-
ferase domain (RiRAN), interface, and the RdRp domain. We identified epitopes originating
from all three domains. LKEILVTYNCCDDDYFN (aa143–aa159) and NCCDDDYFNKKD-
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WYDFVEN (aa151–169) were IgA and IgG-reactive epitopes belonging to the RiRAN do-
main. In addition, we also identified peptide DNQDLNGNWYDFGDF (aa209–aa223) to be
reactive for IgG. This epitope was also reported as one of the top reactive epitopes in another
study mapping the epitope response [30]. Further, we identified FFFAQDGNAAISDY-
DYYRY (aa441–aa459), QLLFVVEVVDKYFDCYDGGCI (aa469–aa489), LYYDSMSYEDQ-
DALFAY (aa515–aa531) YRNRDVDTDFVNEFYAY (aa733–aa749) and TNDNTSRYWEPE-
FYEAMYTPH (aa909–929) epitopes originating from RdRp domain to be reactive against
IgG with some peptides forming these epitopes also showing reactivity for IgA (Figure 5c).
In addition, aa441–aa459, aa515–aa531, aa733–aa749, and aa911–aa929 were found to elicit
a discriminant response based on severity. Since Nsp12 is the core of RTC, it has been
reported to form complexes with other non-structural proteins during viral genome repli-
cation and transcription [52]. Therefore, understanding the immune response against
Nsp12 becomes crucial for developing antiviral therapies.

Although many immunogenic peptides were identified in other non-structural pro-
teins like Nsp4, 5, 6, 7, 8, 9, 10, 13, 14, 15, and 16, there were no immunodominant
regions identified. Most of the reactivity was patient-specific and concentrated in patients
8 and 11 for IgG and patients 1 and 7 for IgA. Of particular interest was the peptides like
SVGFNIDYDCVSFCY (aa147–aa161) from Nsp5 (main proteases) which elicited a response
in both IgG and IgA and severity-based discrimination in terms of IgG response. Another
noteworthy peptide was LGVYDYLVSTQEFRY (aa239–aa253) which showed reactivity for
IgG. A previous study has also reported this peptide as one of the highly reactive peptides
for IgG [30]. In addition, the discriminatory potential of this peptide has been observed [31].
However, the trend reported in the earlier study is not similar. Considering the current co-
hort size a definitive comparison is difficult. Nonetheless, despite the conserved sequences,
these proteins can be explored further as potential therapeutic targets due to their role in
the viral life cycle and host invasion or for developing prognostic assays. Further studies
are required to study the protective role of antibodies against non-structural proteins.

ORF8 protein has been reported to be a secreted protein detectable in sera of COVID-19
patients and has been shown to elicit immune responses during the early stages of SARS-
CoV-2 infection [32]. Hachim and colleagues have identified acute and convalescent antibody
responses against ORF8 protein suggesting the possible use of ORF8 as a sensitive and specific
method for detection of both early and late SARS-CoV-2 infection [55]. The protective role
of anti-ORF8 antibodies, however, remains unclear. It has been reported that SARS-CoV-2
mediates the downregulation of MHC-I as a way of immune evasion [56]. Thus, it can be
speculated that neutralization of ORF8 may salvage potential immune evasion by ORF8.

Immunoreactivity of IgGs and IgAs for several epitopes was higher in the severe cohort
as compared to the non-severe cohort, as can be observed from Figure 3. Whereas, for some
epitopes majorly from ORF1a/b, immunogenicity was higher in the non-severe group. The
course of the disease and the outcomes thereof can be attributed to the intensity of immune
response to various immunogenic regions in the SARS-CoV-2 proteome. A couple of studies
have associated SARS-CoV-2 antibodies with disease severity and survivability [32,37,57].
However, the sample sizes were too small to comment on whether this difference in
immunogenicity can be related to the severity and survivability of the patients.

The SARS-CoV-2 proteome microarray also had a panel of peptides with mutations
associated with the common variants of concern. Immunoreactivity to several mutations,
including those from the P.1 and B.1.1.7 lineages, was observed, indicating either infection
with these variants or that these mutations do not affect the immunogenicity of the corre-
sponding wildtype peptides. The information about which variant caused the infection
in patients from whom the samples were collected is not known. However, the samples
in the study were collected from March to April 2021 during which both P.1 (alpha) and
B.1.1.7 (beta) variants were circulating and the B.1.615 (delta) variant was on the rise. The
effect of mutations on the immunogenicity of epitopes can also be comprehended using
the mutant panel. Both IgG and IgA response to the peptide “QSYGFQPTNGVGYQP”
increased significantly with N501Y mutation of the B1.1.7 linage. The mutation N501Y
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affects the conformation of the receptor binding domain of the spike protein [58]. Thus,
it can be concluded that this mutation increases the immunogenicity of the spike protein.
Whereas some mutations decreased the immunogenicity of peptides for both IgG and IgA,
such as K417T and D138Y, both of which are specific to P.1 lineage. K417T is another key
mutation in the spike RBD and is involved in interaction with the ACE2 receptor, while
D138Y lies in the highly immunogenic region of the spike NTD. Thus, it can be inferred
that these mutations decrease the immunogenicity of the spike protein. Even so, despite
mutations, by and large, most peptides remained immunogenic.

Finally, being a pilot study, we conducted the test on a small cohort of patients.
Further work is currently being planned to study an extensive cohort of patients with a
longitudinal follow-up. This may lead to a better understanding of disease progression and
aggressiveness as well as the impact of variant-specific mutations on the immune signature
of the patient.

5. Conclusions

In conclusion, the humoral response to SARS-CoV-2 proteins was studied, revealing
several immunogenic regions and severity-based epitopes in the viral proteome at amino
acid resolution. Immunogenic regions in the SARS-CoV-2 proteome can be associated with
disease severity and survivability, and they have the potential to be used as serological
markers for prognosis and disease stratification. In addition, the response to common
mutations was also studied using the panel of mutant peptides. We found differences in
immunoreactivity in response to some mutant peptides as compared to the corresponding
wildtype peptides. This highlights the changes in the immunoreactivity due to mutations
and mechanisms of immune escape by the variants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15010248/s1, Figure S1: Heatmap showing IgG response for
peptide against ORF1a/b non-structural protein NSP1, NSP2 (a), NSP3 (b); NSP4, NSP5 (c), NSP6,
NSP7, NSP8, NSP9 (d), NSP10, NSP12 (e), NSP13 (f), NSP14, NSP15 (g), NSP14, and NSP15 (h),
accessory proteins like ORF3a, ORF7a, ORF6, and ORF10 (i), and structural proteins envelope (h),
membrane (h), spike (j) and nucleocapsid phosphoprotein (k). Figure S2: Heatmap showing IgA
response for peptide against ORF1a/b non-structural protein NSP1, NSP2 (a), NSP3 (b); NSP4, NSP5
(c), NSP6, NSP7, NSP8, NSP9 (d), NSP10, NSP12 (e), NSP13 (f), NSP14, NSP15 (g), NSP14, and
NSP15 (h), accessory proteins like ORF3a, ORF7a, ORF6, and ORF10 (i), and structural proteins
envelope (h), membrane (h), spike (j) and nucleocapsid phosphoprotein (k). Figure S3: Representative
dot plots showing patient-wise comparison of IgG response against mutant and wildtype peptides
(a) i) Orf1a/b Polyprotein, T1638A ii) Spike Protein, D138Y (P.1 Manaus); (b) i) Spike Protein,
D111H (B1.1.7) ii) Spike Protein, H655Y (P.1 Manaus); (c) i) Nucleocapsid Phophoprotein, P80R
(P.1 Manaus) ii) Orf1a/b Polyprotein, V1629A; (d) i) Spike Protein, R190S (P.1 Manaus) ii) Spike
Protein, R246I (501.V2); (e) i) Spike Protein, N501Y(B1.1.7) ii) Spike Protein, P26S (P.1 Manaus);
Figure S4: Representative dot plots showing patient-wise comparison of IgA response against mutant
and wildtype (a) i) Spike Protein, D138Y (P.1 Manaus), ii) Spike Protein, H655Y (P.1 Manaus); (b) i)
Nucleocapsid Phophoprotein, P80R(P.1 Manaus), ii) Orf1a/b Polyprotein, V1629A, iii) Spike Protein,
N501Y(B1.1.7). Table S1: Clinical Characteristics of patients. Table S2: IgA reactive peptides from
the SARS-CoV-2 proteome. Table S3: IgG reactive peptides from SARS-CoV-2 proteome. Table S4:
Epitopes identified based on IgA response against SARS-CoV-2 proteins. Table S5: Epitopes identified
based on IgG response against SARS-CoV-2 proteins. Table S6: Severity-based discrimination in IgA
response against SARS-CoV-2 peptides. Table S7: Severity-based discrimination in IgG response
against SARS-CoV-2 peptides. Table S8: Discriminatory epitope for IgA. Table S9: Discriminatory
epitopes for IgG. Table S10: List of peptides with mutations.
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Abstract: Virus-cell interactions involve fundamental parameters that need to be considered in
strategies implemented to control viral outbreaks. Among these, the surface electrostatic potential
can give valuable information to deal with new epidemics. In this article, we describe the role of
this key parameter in the hemagglutination of red blood cells and in the co-evolution of synaptic
receptors and neurotransmitters. We then establish the functional link between lipid rafts and
the electrostatic potential of viruses, with special emphasis on gangliosides, which are sialic-acid-
containing, electronegatively charged plasma membrane components. We describe the common
features of ganglioside binding domains, which include a wide variety of structures with little
sequence homology but that possess key amino acids controlling ganglioside recognition. We analyze
the role of the electrostatic potential in the transmission and intra-individual evolution of HIV-1
infections, including gatekeeper and co-receptor switch mechanisms. We show how to organize the
epidemic surveillance of influenza viruses by focusing on mutations affecting the hemagglutinin
surface potential. We demonstrate that the electrostatic surface potential, by modulating spike-
ganglioside interactions, controls the hemagglutination properties of coronaviruses (SARS-CoV-1,
MERS-CoV, and SARS-CoV-2) as well as the structural dynamics of SARS-CoV-2 evolution. We relate
the broad-spectrum antiviral activity of repositioned molecules to their ability to disrupt virus-raft
interactions, challenging the old concept that an antibiotic or anti-parasitic cannot also be an antiviral.
We propose a new concept based on the analysis of the electrostatic surface potential to develop, in
real time, therapeutic and vaccine strategies adapted to each new viral epidemic.

Keywords: pandemic; vaccine; antiviral; SARS-CoV-2; HIV-1; MERS-CoV; monkeypox virus;
influenza virus; lipid raft; ganglioside; neutralization; electrostatic surface potential

1. Introduction

Our experience in teaching biochemistry and molecular biology at university level
has allowed us, over the years, to identify major concepts in biology that are insufficiently
covered in biology courses [1]. Among these concepts we can cite the multiple functions
of water molecules in biology [2], the temporal dimension of biological processes [3,4],
quantum phenomena at work in biology [5], and the electrostatic surface potential of
biomolecules [6]. This latter concept has taken on major importance over the past three
years in explaining the structural dynamics of SARS-CoV-2 variants [7]. More generally,
the electrostatic surface potential is a key element for understanding the evolution of
viruses [8,9] and, more specifically, the evolution of virus-host relationships [10]. It therefore
seemed important to us to devote this review article to defining the role of the electrostatic
surface potential in the evolution of SARS-CoV-2 and other viruses, and to draw possible
solutions from this in the face of future viral pandemics.
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2. Definition of the Electrostatic Surface Potential

Electrostatic interactions play a central role in biology [11]. Intuitively, molecular
interactions can be summed up in a double complementarity: geometric and electrostatic.
An electronegative hollow is thus naturally adapted to be occupied by an electropositive
protuberance [1]. This concept applies at several levels in biology, from molecular inter-
actions to cell–cell associations, and vice versa to different types of repulsion. Although
widely developed in the 20th century, it was not until 1982 with the advances in computer
graphics that it was possible to visualize the electrostatic potential of biological macro-
molecules [6]. A universal color code was then adopted: red for electronegative zones, blue
for electropositive zones, and white for neutral zones. In this princeps article, the authors
represented for the first time the surface electrostatic potential of not only trypsin and an
inhibitor attached to the enzyme, but also a DNA-protein complex. This visualization made
obvious the notions of geometric and electrostatic complementarities, which represented a
major advance for drug design.

A reflective exercise created for our students in the university’s Evolutionary Biology
course will allow us to illustrate the scope of this concept. Consider a series of peptide
motifs of a virus protein whose amino acid sequence has gradually evolved over time
(from t1 to t6):

t1: AEDEEDLDA
t2: AKDEEDLDA
t3: AKDERDLDA
t4: AKDERDLKA
t5: AKDRRDLKA
t6: AKDRRKLKA
Let us now look at Figure 1 in which the surface electrostatic potential of each of these

patterns is represented in a random order. The question is simple: can we attribute to each
peptide sequence its corresponding surface electrostatic potential?

Figure 1. Electrostatic surface potential of an evolving peptide motif (see text for the amino acid
sequences). Note that both the electrostatic surface potential and the shape of the motifs are affected
by amino acid changes. The purpose of the exercise is to assign each peptide (represented by its
electrostatic surface potential and identified by a number) to its corresponding amino acid sequence.
Blue, positive; red, negative; white, neutral.

The answer is: yes, of course. First you must calculate the net charge of each peptide
sequence at pH7: negatively charged side chains (D, aspartic acid; E, glutamic acid) are
bold; positively charged side chains (K, lysine; R, arginine) are bold and underscored.

t1: AEDEEDLDA: −6
t2: AKDEEDLDA: −4
t3: AKDERDLDA: −2
t4: AKDERDLKA: 0
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t5: AKDRRDLKA: +2
t6: AKDRRKLKA: +4

The relative position of negatively charged, positively charged, or neutral amino acids
will help you assign each sequence its electrostatic surface potential (Figure 1):

t1: AEDEEDLDA: Number 2 (all red)
t2: AKDEEDLDA: Number 6 (mostly red + small lateral blue spot)
t3: AKDERDLDA: Number 5 (still mostly red, but blue zones become larger)
t4: AKDERDLKA: Number 3 (50% red, 50% blue)
t5: AKDRRDLKA: Number 1 (mostly blue + two small red spots)
t6: AKDRRKLKA: Number 4 (mostly blue + small lateral red spot)

We thus visualized the electrostatic logic of a biomolecule by converting the concept of
surface electrostatic potential into a tricolor code. Schematically two types of analysis can
visualize the electrostatic potential of a protein: (i) the electrostatic surface potential which
superimposes the distribution of charges on the relief of the protein, and (ii) its spatial
distribution (isopotential contours). Both types of representations are given in Figure 2.
Using isopotential contours is especially useful to highlight slight differences on protein
surface, e.g., when studying the evolution of mutants [12]. However, this representation
gives a distorted picture of the protein structure, as can be seen in Figure 2. In the next
part of this review, we will illustrate the impact of the electrostatic potential concept using
different examples from biology.

Figure 2. Surface electrostatic potential and isopotential contours. The models (pdb files 1XQ8 and
3I40 for alpha-synuclein and insulin, respectively) were generated by PBEQ-Solver in the biomolecular
simulation program CHARMM. Two renditions are shown for each protein (electrostatic surface
potential and isopotential contours). Blue, positive; red, negative; white, neutral.

3. Biological Significance of the Electrostatic Surface Potential

Technically, the electrostatic potential can be generated by solving the Poisson–Boltzmann
equations, using the partial charges of all the atoms belonging to a given area of a
molecule [13,14], or by using Coulomb’s law [15]. In this review, we generally used Molegro
Molecular Viewer (http://molexus.io/molegro-molecular-viewer/, accessed on 14 January
2023) to visualize the surface electrostatic potential. The electrostatic potential measured
and illustrated by Molegro Molecular Viewer is the sum of the Coulomb potentials for each
atom of the considered molecule, with a distance-dependent dielectric constant. Alterna-
tively, the biomolecular simulation program CHARMM (http://www.charmm-gui.org,
accessed on 14 January 2023) proposes the PBEQ-Solver module to solve the finite-difference
Poisson–Boltzmann equation of submitted proteins. PBEQ-Solver gives the calculated elec-
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trostatic potential on the solvent-accessible surface as well as iso-electrostatic potential
contours [16,17].

Biomolecules present immense diversity at the level of their surface potential, which is
expressed not only by well-delimited zones presenting a positive or negative potential, but
also by distribution gradients of charges visualized by the shades of the color code blue-red-
white. However, there are major trends among biomolecules. Nucleic acids are negatively
charged because of the phosphate groups of the 3′-5′-phosphodiester bonds [18]. Lipid
rafts, which are rich in glycosphingolipids [19], are globally electronegative, especially
when these glycosphingolipids are gangliosides [20]. Proteins are more ambivalent, as they
can have anionic, cationic, and most often both amino acids in infinitely varied proportions.
Unlike nucleic acids and lipid rafts, the electrostatic surface potential of proteins is therefore
a characteristic property of each protein that needs to be studied independently for each
protein. Moreover, as we have seen in Figure 1 with selected peptides, evolution by point
mutations can have a very strong impact on the surface potential of a particular region of
the protein, with potentially important functional consequences.

If we had to illustrate with a single example the importance of the electrostatic surface
potential in biology, we would cite red blood cells. Despite their very large number in the
blood, these cells do not aggregate under physiological conditions. On the contrary, two
red blood cells repel each other if they get too close. The reason is that the plasma mem-
brane of red blood cells contains negatively charged glycoproteins and glycolipids, which
creates a repulsive electric potential (zeta) between cells and prevents their aggregation in
the bloodstream [21]. Correspondingly, both neuraminidase (which removes negatively
charged sialic acids from glycoproteins and gangliosides) and protease treatments of red
blood cells reduce charge surface density and promote agglutination [22,23].

Another important area of biology in which the electrostatic surface potential plays
a major role is the synapse [1]. Post-synaptic membranes are enriched in mono, di-, and
tri-sialylated gangliosides [24,25] which confer a strong electronegative field [1,26]. This
electrostatic shield repels glutamate away from the neuronal membrane, thus limiting the
risk of excitotoxicity [1]. However, this mechanism implies that the binding site of glutamate
and its agonists on their receptors is located outside the influence of the negative charges
of gangliosides. This is particularly clear on metabotropic receptors, such as mGluR5,
whose oversized Venus flytrap domain binds glutamate at a distance of about 80 Å from
the membrane (Figure 3) [27]. Thus, we should consider not only the surface electrostatic
potential of a protein, but also its dielectric constants which express the influence of the
environment on protein–protein and protein–ligand interactions [28].

In the plasma membrane, gangliosides are not randomly distributed but concentrated
in particular microdomains, referred to as lipid rafts [19]. Rafts are a privileged site of
attack for many pathogens, especially viruses [29–32]. There are many explanations for
this phenomenon, the first being topological. Rafts are relatively flat areas of the plasma
membrane [33]. They therefore represent very accessible landing strips for pathogens
(Figure 4A). The second reason is that many virus receptors and/or co-receptors are associ-
ated with lipid rafts. By directly targeting the rafts, viruses therefore have facilitated access
to these receptors. This is the case for ACE2, the main SARS-CoV-2 receptor, and for CD4,
the classical HIV-1 receptor. This situation moreover complicates the very notion of “virus
receptor”, since in certain cases raft gangliosides (or raft glycosphingolipids) can fulfill the
virus receptor function. Indeed, gangliosides have been identified as bona fide receptors
for various viruses, including influenza [34], Sendaï [35], SV40 [36], polyomaviruses [37],
and rotavirus [38]. HIV-1 also uses ganglioside GM3 as a fusion cofactor [39–42] and
galactosylceramide (GalCer) as an alternative receptor to infect CD4-negative neural [43]
and intestinal epithelial cells [44].
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Figure 3. Post-synaptic membrane gangliosides (1, grey zone) generate a repulsive electrostatic field
(2, red to white gradient) that determines the position of the agonist binding site (3, orange zone) in
the extracellular Venus flytraps of the dimeric metabotropic glutamate receptor 5 (mGluR5). The
structure of mGluR5 was retrieved from pdb 6N52.

Figure 4. The electrostatic logic of virus-raft interactions. (A) The typical flat surface of a GM1 raft
before virus binding. (B) A typical loop-shaped ganglioside binding domain (HIV-1 gp120 V3 loop).
Note the raft curvature induced by the binding reaction. (C) Attachment of the N-terminal domain
(NTD) of SARS-CoV-2 Omicron BA.5 variant to a GM1 raft. In this case, the membrane curvature
induced by the binding reaction is particularly obvious. (D) Key amino acid residues controlling the
binding of HIV-1 gp120 V3 loop to a GM1 raft. (E) Key amino acid residues controlling the binding
of the BA.5 NTD to a GM1 raft. The structures were retrieved from pdb 1CE4 (V3 loop) and 7BNM
(Omicron spike protein) and modeled with Hyperchem.

The structural basis of the interaction between gangliosides and these viruses is a
ganglioside binding domain [19,26,45], which may be either a small loop [46] (Figure 4B),
a large flat surface [47] (Figure 4C), or an annular binding domain [48]. Despite the lack
of amino acid sequence homology, these domains display a combination of aromatic and
cationic residues which are particularly adapted for optimal ganglioside binding [26,49].
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For instance, the binding of HIV-1 gp120 to a cluster of three GM1 molecules involves a
central aromatic residue (F20) surrounded by two cationic amino acids (K10, R18) and
one histidine (H13) (Figure 4D). The binding of the N-terminal domain (NTD) of SARS-
CoV-2 to a GM1 raft involves a similar panel of amino acids (Figure 4E): aromatic (Y144,
F157), cationic (K147, R158), and one histidine (H146). A notable feature of this attachment
of a virus protein to a raft is the deformation that this molecular interaction causes in
the organization of gangliosides, inducing a local curvature of the raft, a phenomenon
facilitated by cooperative interactions between gangliosides. This curvature allows the raft
to form a kind of stabilization cocoon. The binding reaction is cooperative, starting with
one ganglioside molecule and gradually reinforced by its neighbors in the raft. The kinetics
of the reaction are controlled by attractive electrostatic forces between the electronegative
(red) surface of the raft and the electropositive (blue) surface of the virus protein. Molecular
dynamics simulations performed with the Hyperchem software [50] showed that the
conformational rearrangements needed to fit the raft surface concerns chiefly the amino acid
side chains of the virus protein that interact with gangliosides, rather than the secondary or
tertiary structure of the protein. In other words, it is the lipid raft that adapts its shape to the
viral protein surface, not the reverse. This phenomenon is well illustrated by comparing the
raft surface before (Figure 4A) and after binding to the V3 loop of HIV-1 gp120 (Figure 4B)
or to the SARS-CoV-2 Omicron Spike protein (Figure 4D).

4. Electrostatic Surface Potential in HIV-1 Evolution

The main HIV-1 receptor is the CD4 glycoprotein expressed by certain immune
cells [51]. However, one of the most surprising characteristics of this retrovirus is the
ability to use, in addition to CD4, a co-receptor necessary for the process of fusion between
the virus envelope and the plasma membrane of the host cell [52]. When an individual is
infected with HIV-1, it is usually a strain using the CCR5 co-receptor that is transmitted [53].
Then, as the virus evolves in the patient, a co-receptor switch occurs, allowing the virus
to use another co-receptor, CXCR4 [54]. In the first case, we speak of R5 viruses; in the
second case, of X4 viruses. The transition is marked by viruses that can use both types of
co-receptors: these are the R5X4 viruses [55]. The co-receptor switch (from CCR5 to CXCR4)
is associated with the emergence of more aggressive viruses, inducing a more rapid decline
of CD4+ lymphocytes [56,57]. The structural basis of this evolution is largely caused by
an increase in the net charge of the V3 loop, due to an accumulation of mutations that
dramatically affect its electrostatic surface potential [10]. This mechanism can be explained
by considering the electrostatic surface potential of CCR5 and CXCR4 (Figure 5), which
must be complementary to the V3 loop.

According to the analysis of Figure 5 performed with the ImageJ software [58], the
isopotential contours of CXCR4 are 2.12 times more electronegative than CCR5 (and
1.65 times for the determinations based on the electrostatic surface potential). Corre-
spondingly, the net charge of the V3 loop, and thus its electropositive surface potential,
gradually increases as the virus evolves in an infected individual. When it reaches a thresh-
old value (+4 or +5), the virus becomes able to use both CCR5 and CXCR4. Above this
value, the virus definitely switches and uses CXCR4 [10]. Thus, the value of the net charge
of the V3 loop makes it possible to predict the type of co-receptor used by each HIV-1
isolate. This type of analysis allows an understanding of this retrovirus’ evolution since its
emergence in the human species, giving us keys to anticipate its future evolution [59].

A representative example of V3 loop sequence evolution associated with the co-
receptor switch is given in Figure 6. The V3 loop of a typical R5 isolate has a net positive
charge of +3, which results from the compensation of 5 cationic and 2 acidic residues [60].
The electrostatic surface potential of this V3 loop is globally electropositive, but with a
large central electronegative spot generated by aspartic acids D25 and D29. The evolution
of this V3 loop led to a net charge of +6 due to the presence of a new cationic residue
(R11) and the substitution of D25 and D29 by two amide residues (Q25 and N29) which
are not electrically charged. These changes are associated with the R5 →X4 co-receptor
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switch. It is obvious that the electrostatic surface potential of this X4 V3 loop, which is
highly electropositive, is well adapted to interact with the large electronegative receptacle
of CXCR4 (Figure 5).

Figure 5. Electrostatic surface potential of CCR5 and CXR4 co-receptors. The structures were
modeled from the coordinates of pdb 7F1T (CCR5) and 3OE0 (CXCR4). The upper panels show the
isopotential contours and the lower panels the surface electrostatic potential as calculated by PBEQ-
Solver. The determination of the blue (electropositive) and red (electronegative) areas performed
with the ImageJ software showed that the isopotential contours give a clearer estimate of the relative
charge distribution.

Figure 6. V3 loop evolution associated with the co-receptor switch. Amino acid changes are indicated
by an asterisk (*): blue, amino acid with a positive charge; red, amino acid with a negative charge.
The position of the disulfide bridge between cysteine C1 and C35 is indicated. The crown of the V3
loop is on the right side of the structure (GPGRAF motif). These structures were modeled from the
coordinates of pdb 1CE4.

Aside from mutations that increase the electrostatic potential, the X4 V3 loop lacks
the glycosylation site NNT which is changed to NNI (Figure 6). Glycans display an
electronegative potential [61] which favors the use of CCR5 rather than CXCR4 [10,60].
Thus, the lack of a glycosylation site in the X4 V3 loop can be interpreted as the result of the
selective pressure that allows the emergence of viruses with an increased electropositive
surface potential.
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Heterosexual transmission of HIV-1 is an imperfectly known process during which
a single virus is selected and transmitted to the recipient. In the majority of cases, even
if the sexual secretions contain a mixture of R5, R5X4, and X4 viruses, the transmitted
founder virus is a R5 virus [62]. The mechanisms responsible for this selection are still the
subject of debate. Several hypotheses have been put forward, some suggesting positive
selection, others negative selection. Among the multiple barriers that could protect the
recipient from X4 viruses, mucus is probably the more efficient, because it is not selective.
Human cervical mucus is made of mucins, which are polyanionic glycoproteins [63]. Since
the V3 loop of X4 viruses is more cationic than R5 viruses (Figure 6), this may result in
the trapping of X4 strains to mucins, leaving the field open to the less electropositive
R5 viruses [64]. In the same way, heparan sulfate proteoglycans that cover mucosal surfaces
display an electronegative surface potential able to attract and inactivate the V3 loop of
X4 viruses [65]. Sulfatides, which are negatively charged glycosphingolipids expressed by
vaginal and intestinal epithelial cells, can also selectively inhibit the sexual transmission of
highly cationic X4 viruses [66]. Vaginal epithelial cells are not infected by HIV-1 [67], but
the specific sequestration of X4 strains by the genital epithelium could also contribute to the
HIV-1 selection process [68]. Finally, the predominant transmission of R5 strains after sexual
intercourse may also involve the preferential transmigration of R5 viruses associated with
monocytes across the endocervical monolayer [69]. Taken together, these elements suggest
that there is not a single “gatekeeper” [70] but rather multiple barriers that gradually select
R5 over X4 HIV-1 strains after sexual intercourse [64]. Yet the problem is not easy to solve.
Indeed, the selection of R5 viruses after direct intravenous contamination (e.g., transfusion
with HIV-1 contaminated blood) suggests that post-mucosal gatekeeping mechanisms are
also operative [64]. In this case, the infection of macrophages by R5 viruses might play a
role, as these cells are less susceptible to cytotoxic lymphocytes [71]. What is clear is that
R5 viruses systematically evolve towards X4 strains by increasing the electrostatic surface
potential of the gp120 V3 loop by several mechanisms: (i) increase in the frequency of
cationic amino acids, (ii) disappearance of electronegative amino acids, and (iii) suppression
of the V3 loop glycosylation site (Figure 6) [12].

Differences in co-receptor usage have also been observed between genetic HIV-1 sub-
types with a distinct geographical distribution [72]. Interestingly, López de Victoria et al.
(2012) elegantly demonstrated that V3 loop subtypes with similar spatial distribution of
electrostatic potential cluster together [12]. Thus, for X4 and R5 viruses, the electrostatic sur-
face potential of the V3 loop is a fundamental property that can be used to characterize and
classify HIV-1 subtypes. This notion of a reference threshold value to categorize variants,
quasi-species, and/or subtypes of HIV-1 is in fact fairly standard for this retrovirus. Indeed,
variations in the genomic sequence of HIV-1 subtypes can also be detected retrospectively
in RT and/or protease sequence databases, when the divergence with a reference subtype
B virus (HXB2) exceeds the cut-off value determined by the algorithm [73].

5. Electrostatic Surface Potential in Influenza Virus Evolution

If there is a virus for which the electrostatic surface potential should be studied with
great interest, it is the influenza virus [9,74–76]. The basic reason for this is that this virus
uses the sialic acid residues of glycoproteins and gangliosides to infect host cells and
spread from animal species to humans, as well as from human to human [77–81]. The
sialic acid binding site of influenza virus hemagglutinin displays the same pattern of
cationic and aromatic residues as canonic ganglioside binding domains. This is perfectly
illustrated by a ferret-transmissible H5 avian influenza virus (Figure 7) [82]. Indeed, the
tip of this H5 hemagglutinin displays a high electropositive surface potential that fits with
the electronegative potential of the sialic acid receptor. This adaptation renders the virus
able to infect several animal species, representing a potential threat for humans. A totally
distinct situation has been demonstrated for the bat influenza virus H17N10. In this case,
electrostatic potential analyses revealed that its putative receptor-binding site is highly
acidic, making it unfavorable to bind any negatively charged sialylated receptors [83]. This
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study highlights the power of the concept of surface electrostatic potential to predict the
spillover of influenza viruses. Any mutation or genetic rearrangement that would render
this domain electropositive would be considered a potential signal for future transmission
to humans. Focusing on these hot spots would simplify the virological surveillance based
on nucleotidic sequence studies. There are some advantages of this strategy. On the one
hand, sequence homology is not always related to structural similarity, meaning we may
need to consider structural homology instead [46,74]. On the other hand, a classification
based on the electrostatic surface potential is immediately informative since it is directly
related to virus-host interactions [7]. Furthermore, as developed for the monkeypox
virus, there is a consistent overlapping between the cationic ganglioside binding motifs
of virus glycoproteins and neutralizing epitopes [48]. In this respect, any increase in the
receptor-binding affinity to gangliosides and related sialic acid receptors should alert
us [81]. However, this requires complex physicochemical measurements and the real-time
availability of recombinant hemagglutinin. Sequencing methods bypass these delicate and
time-consuming steps. Identifying and periodically monitoring hot mutational spots in
the genomic regions coding for ganglioside binding motifs will give valuable and timely
information about the imminence of animal virus outbreaks, possible transmission to
humans, and pandemic risks.

Figure 7. Sialic acid receptor binding site on influenza H5 hemagglutinin (retrieved from pdb 4BGY).
The sialic acid receptor binding sites include cationic (K189), aromatic (Y91, W149), and one histidine
residue (H179).

6. Electrostatic Surface Potential in Coronavirus Evolution

Three coronaviruses can trigger severe diseases in infected human individuals: SARS-
CoV-1 [84], MERS-CoV [85], and SARS-CoV-2 [86]. The binding of these viruses to the host
cell membrane is mediated by a spike protein arranged in a trimer configuration. Each
monomer has a typical Y shape where the lateral branches of the letter correspond to the
N-terminal domain (NTD) and the receptor binding domain (RBD). Sialic acids, ganglio-
sides, and/or lipid rafts are involved in the entry of these viruses [47,87–91]. In most cases
the NTD controls the initial interaction of the virus with lipid raft gangliosides, whereas the
RBD is assigned to the recognition of a protein receptor, dipeptidyl peptidase 4 (DPP4, also
known as CD26) for MERS-CoV [92], and ACE2 for both SARS-CoV-1 and SARS-CoV-2 [93].
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If we compare the NTD of these three coronaviruses, we can see that this domain has
evolved from an electronegative protuberance in SARS-CoV-1 to a curved electropositive
domain in MERS-CoV, and finally to a flat and mostly electropositive surface for the initial
SARS-CoV-2 strain (Figure 8). In parallel, the RBD was significantly rearranged in SARS-
CoV-2 to acquire a curved and mostly electropositive surface that fits particularly well with
the electronegative surface potential of ACE2 [7]. This evolution ensures both optimized
access to lipid rafts through a kinetic effect and a slight increase in the affinity for ACE2,
explaining why only SARS-CoV-2 has been pandemic. Moreover, the global electronegative
potential of the NTD of SARS-CoV-1 may explain why this virus does not hemagglutinate
red blood cells [89], in contrast with MERS-CoV [89] and SARS-CoV-2 [94]. In fact, the
ability of a virus to hemagglutinate red blood cells requires the co-expression of a sialic acid
recognition motif [95] and an electrostatic surface potential sufficiently positive to abolish
the repulsion of these cells due to their zeta potential [94]. MERS-CoV and SARS-CoV-2
fulfill these criteria, whereas SARS-CoV-1 does not.

Figure 8. Comparison of the electrostatic surface potential of the three pathogenic coronaviruses for
the human species. These structures were retrieved and modeled from pdb 5X5B (SARS-CoV-1), 5X59
(MERS-CoV), and 7BNM (SARS-CoV-2).

From the initial strain originating from Asia in 2019, SARS-CoV-2 variants emerged se-
quentially to rapidly reach a global distribution [96]. In these variants, mutations, deletions,
and/or insertions have remodeled the NTD and the RBD according to a double selection
pressure: (i) an immune escape progressively decreasing the effectiveness of neutralizing
antibodies [97–99] and (ii) a faster access to lipid rafts determined by an increase in the
electrostatic surface potential of the NTD, which tends to become increasingly electroposi-
tive [7]. In parallel, compensation mutations have appeared, allowing the RBD to retain its
binding properties to the ACE2 receptor [100,101].

Analysis of the electrostatic surface potential of the spike trimers shows an overall
increase of this potential towards strongly electropositive forms (Figure 9). These global
changes mask the differences that may exist in the evolution of a particular domain such
as the NTD [102]. Thus, the electrostatic potential of NTD steadily increased in the Alpha
to Delta variant series [7]. On the other hand, it has decreased for Omicron, whereas the
overall potential of the trimer is markedly increased compared to Delta [94,103], due to
the very high electropositivity of the Omicron RBD [102]. Correspondingly, the Omicron
spike trimer has a higher hemagglutination capacity compared to other variants, including
Delta [94].
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Figure 9. Comparison of the electrostatic surface potential of trimeric spikes of SARS-CoV-2 variants.
NTD, N-terminal domain. The three receptor binding domains (RBD) are localized with a yellow
dashed circle. The value of the electrostatic surface potential (positive) is indicated for each virus.
Note that the NTD of Omicron is less electropositive than that of Delta. However, the surface of
Omicron is globally more electropositive than Delta. These structures were retrieved and modeled
from pdb file 7BNM.

This analysis demonstrates the usefulness of considering the surface electrostatic
potential as a marker of the evolution of viruses, consistent with the notion that this
parameter is one of the essential driving forces of variants [7]. In this respect, a clustering
based on the spatial distribution of HIV-1 V3 loop subtypes electrostatic potential was
successfully carried out by López de Victoria et al. (2012) [12]. It would also be interesting
to compare these analyses with those obtained from antigenic maps of SARS-CoV-2 and
influenza virus variants [104–107]. In this respect, the NTD antigenic mapping revealed a
supersite of vulnerability for SARS-CoV-2 [107], which overlaps the ganglioside binding
domain [47]. These findings strongly support the concept that ganglioside binding domains
coincide with neutralizing epitopes. Thus, identifying these domains in a virus protein is a
direct way to develop rapid vaccine formulations.

7. Clues for Managing Future Pandemics

How to manage a viral epidemic brutally striking the human species? Very recently we
have developed a strategy that could be applied in the event of a new health crisis due to an
infectious disease. We have illustrated this strategy using the example of the monkeypox
virus [48]. This virus hit the headlines in the summer of 2022 with an unexpected outbreak
outside its usual geographical area [108]. Our idea was to identify ganglioside binding
motifs in proteins of this virus known to be the target of neutralizing antibodies.

For instance, the ganglioside binding domain located in the NTD of SARS-CoV-
2 [47,109] overlaps with the neutralizing epitope of the 4A8 antibody [110].

A bibliographic search enabled us to identify the cell surface binding protein E8L. We
generated a 3D structural model of this protein using data from the UniProt database (https:
//www.uniprot.org, accessed on 26 December 2022) and the Robetta server (https://robetta.
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bakerlab.org, accessed on 26 December 2022). By a dedicated molecular modeling approach
adapted to the topology of E8L [111], we have determined a possible mode of interaction
of this protein, with a cluster of gangliosides mimicking a lipid raft (Figure 10A) [48]. The
electrostatic surface potential at the level of the protein domain containing the ganglioside
binding motif is strongly electropositive (Figure 10B), in agreement with all the viruses
previously studied by our team [26]. This study allowed us to identify a new type of
ganglioside binding domain, organized in an annular structure on the surface of the protein
(Figure 10C). As expected, this motif contains the usual amino acids necessary for the
recognition of gangliosides: cationic (arginine, lysine), aromatic (tyrosine), and histidine
amino acids. Thus, apart from the novelty at the level of the annular organization of the
motif, the ganglioside binding domain of the monkeypox virus fulfills the molecular criteria
governing virus-ganglioside interactions [48].

Figure 10. Ganglioside binding domain and B linear epitopes of the Monkeypox virus E8L protein.
(A) Molecular model of E8L bound to a cluster of gangliosides GM1 in a typical raft organization.
(B) Electrostatic surface potential of the E8L side facing the GM1 raft. (C) Annular distribution
of amino acid residues (atomic green spheres) forming the ganglioside binding motif of E8L.
(D) Epitopes 43–62 and 204–223 (in cyan) of E8L. (E) Epitopes 91–113 and 204–223 (in cyan) of
E8L. In B–E the annular distribution of amino acids constituting the ganglioside binding domain is
indicated by a yellow dashed circle.

The second step of our strategy consisted in identifying linear B epitopes [112] that
could be easily incorporated into a vaccine formulation in the form of synthetic peptides.
Finally, we selected, among all the potential epitopes, those which overlap with the ganglio-
side binding domain (Figure 10D,E). Given that this analysis is based on the 3D structure
of the E8L protein, we were able to determine the most suitable formulation to promote
synergies between epitopes and eliminate redundant epitopes. Indeed, neighboring, or
even partially superimposed, domains in the 3D structure of the protein may in fact corre-
spond to distant regions in the amino acid sequence. This is the case for epitopes 43–62 and
94–113 of E8L, which show some overlapping (Figure 10). In this case, the best antigenic
formula would be to mix synthetic peptides 94–113 and 204–223. These peptides are well
conserved among monkeypox virus strains and ideally localized in the structure of the E8L
protein to efficiently trigger neutralizing antibodies against monkeypox virus [48].

Until effective vaccines are available, it is possible to use broad-spectrum antivirals
to treat infected patients. Here again, the surface electrostatic potential of virus proteins
explains the nonspecific antiviral effects of many compounds. Indeed, anionic polymers
such as heparan sulfate [113] and glycosaminoglycans [114] are natural antivirals that
can bind to the electropositive regions of viruses and prevent their initial adhesion to
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raft gangliosides. Low molecular weight anionic compounds such as suramin [115] or
sulfatide [66], which bind to the V3 loop of HIV-1 gp120, also have potent antiviral activity.
Cationic peptide dendrimers which bind to cell surface glycosphingolipids [116] block the
infection of not only lymphocytes and macrophages but also CD4-negative cells by several
HIV-1 and HIV-2 strains [117,118]. Conversely, synthetic analogues of glycosphingolipids,
which interact with the cationic regions of viral proteins, have shown interesting anti-HIV
activity [119–123].

More recently we unraveled a new antiviral mechanism for hydroxychloroquine, an
antiparasitic drug used by some clinicians for treating SARS-CoV-2 infection [124]. We
showed that hydroxychloroquine strongly interacts with raft gangliosides [125] and thus
could provide protection against a broad range of viruses that use lipid rafts as the portal
of entry [47]. Additionally, our modeling studies identified a potential synergy between
hydroxychloroquine and azithromycin, a combination therapy also used for treating SARS-
CoV-2 infections [124]. We showed that azithromycin binds to the conserved ganglioside
binding domain located in the NTD of SARS-CoV-2 [126], confirming the synergy observed
in vitro in infection studies [127]. The antiparasitic drug ivermectin also has broad antiviral
properties [128]. In addition, this drug inhibits the hemagglutination of red blood cells
induced by the spike trimers of SARS-CoV-2 variants, including Omicron [94].

Despite these important findings, the connection between lipid rafts, surface elec-
trostatic potential, and antiviral activity has not been exploited enough by the medical
community. It is a fact that we must now abandon the outdated dogma that an antibiotic
cannot cure viral diseases [129]. At the molecular level, such a rigid classification is just
nonsense. Azithromycin [130], ivermectin [131], hydroxychloroquine [132], suramin [133],
and sulfolipids [134], to mention only a few, whatever they have been used or are used
for by clinicians, are also antivirals. Their broad-spectrum antiviral activity has a common
target—virus-raft interactions—as these drugs attach themselves either to rafts or to the
ganglioside binding domains of viruses. Correspondingly, the antiviral properties of
these drugs can be revealed with biological experiments using virus pseudotypes [135].
This assay focuses on viral entry mechanisms, excluding any other step in the replica-
tion cycle [136]. Virus pseudotypes have successfully demonstrated the antiviral effect
of various antibiotics and antiparasitics, including atovaquone [137], carrimycin [138],
azithromycin [139], hydroxychloroquine [140], and suramin [141], as well as glycoden-
drimers [142] and anionic drugs such as glycosphingolipid sulfatide [66]. By preventing the
attachment of viruses to lipid rafts, these compounds could somehow mimic the selection
barrier controlling transmission by the R5 strains of HIV-1, to the detriment of the X4
strains, which are blocked by various electronegative structures. The antiviral effect of all
these molecules takes its logic from the natural history of virus-cell interactions, which are
under the control of the surface electrostatic potential. It is time to incorporate this concept
into our therapeutic arsenal in order to reposition old molecules [143–146] and/or for the
design of new antivirals targeting virus-raft interactions [47].
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Abstract: The COVID-19 pandemic has lately been driven by Omicron. This work aimed to study
the dynamics of SARS-CoV-2 Omicron lineages during the third and fourth waves of COVID-19
in Argentina. Molecular surveillance was performed on 3431 samples from Argentina, between
EW44/2021 and EW31/2022. Sequencing, phylogenetic and phylodynamic analyses were performed.
A differential dynamic between the Omicron waves was found. The third wave was associated with
lineage BA.1, characterized by a high number of cases, very fast displacement of Delta, doubling times
of 3.3 days and a low level of lineage diversity and clustering. In contrast, the fourth wave was longer
but associated with a lower number of cases, initially caused by BA.2, and later by BA.4/BA.5, with
doubling times of about 10 days. Several BA.2 and BA.4/BA.5 sublineages and introductions were
detected, although very few clusters with a constrained geographical distribution were observed,
suggesting limited transmission chains. The differential dynamic could be due to waning immunity
and an increase in population gatherings in the BA.1 wave, and a boosted population (for vaccination
or recent prior immunity for BA.1 infection) in the wave caused by BA2/BA.4/BA.5, which may have
limited the establishment of the new lineages.

Keywords: SARS-CoV-2; Omicron; variants; evolution; South America; dynamics; BA.1; BA.2; BA.4;
BA.5

1. Introduction

The COVID-19 pandemic has strongly impacted all populations worldwide and was
lastly driven by the Omicron variant, causing new waves of infections in almost all regions
of the world since the end of the year 2021. Molecular surveillance has been encouraged,
especially since the emergence of SARS-CoV-2 variants, and has become an important tool to
help prevent the COVID-19 burden when those results were used for public health purposes.

The diversity and evolution of SARS-CoV-2 are reflected by both variants and lineages.
While variants of concern (VOCs), namely Alpha, Beta, Gamma, Delta and Omicron, have
been defined by the World Health Organization to prioritize the monitoring of some groups
of SARS-CoV-2 sequences [1], thousands of lineages have been defined under the Pango
system to track the viral transmission and spread more in detail [2].

In particular, Omicron sequences have been classified into lineages BA.1 to BA.5, as
well as several sublineages or derived lineages, which may present some biological or
clinical differences. For instance, BA.2 cases showed lower or similar risks of death or
hospital admission than BA.1 [3,4], and these lineages showed no differences in vaccine
effectiveness or in the rate of immunity decline over time [5]. In addition, evasion of
neutralizing antibodies was found for BA.2.12.1 and BA.4/BA.5, compared with BA.2,
against vaccinated individuals or individuals with immunity elicited by BA.1 [6,7].

In contrast, South America suffered the first Omicron wave almost simultaneously
with other regions in December 2021–March 2022, and since then, other Omicron waves
have affected countries around the world with different impacts [8].

The number of SARS-CoV-2 genome sequences in databases increased during 2022,
associated with the unprecedented number of Omicron infections and with the consoli-
dation of massive sequencing capabilities worldwide. However, even though more than
14 million SARS-CoV-2 genomes have been uploaded to databases until the present, only
about 2.5% belong to South American countries [9], and most of them have been analyzed
only for lineage assignment.

Moreover, there is a lack of studies on the important evolutionary aspects of different
Omicron lineages and their circulation in different geographical regions, which could help to
understand the potential impact of its emerging lineages in different epidemiological contexts.

This work aimed to study the dynamics of SARS-CoV-2 lineages during the third
and the fourth waves of COVID-19 in Argentina, driven by Omicron, and to analyze their
evolutionary pattern and behavior in light of the local epidemiological scenario.
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2. Materials and Methods

2.1. Samples

Molecular surveillance was performed on a total of 3431 samples from the capital
city (City of Buenos Aires) and 14 provinces of the country, including the most populated
districts, distributed as follows: City of Buenos Aires (n = 874), and provinces of Buenos
Aires (n = 655), Chaco (n = 104), Corrientes (n = 103), Entre Ríos (n = 10), Jujuy (n = 26),
La Pampa (n = 11), Mendoza (n = 95), Misiones (n = 76), Neuquén (n = 395), Río Negro
(n = 1), Salta (n = 51), Santa Cruz (n = 3), Santa Fe (n = 918) and Tierra del Fuego (n = 109)
(Figure 1).

 
Figure 1. Sampling points for genomic surveillance of SARS-CoV-2 variants in Argentina.

Samples were collected between epidemiological weeks (EW) EW44/2021 and EW31/
2022, covering the third and fourth waves of the COVID-19 pandemic in Argentina.

Surveillance was carried out in a fraction of 2.5–60% of the total positive cases weekly
detected in different healthcare centers of the country, depending on the epidemiological
situation at each moment and the sequencing capacity of the Proyecto PAIS sequencing
nodes at each location [10]. Samples corresponded to randomly selected cases with no
epidemiological link among them or with international travel.

2.2. Sequencing

The surveillance strategy was based on: i. Sanger sequencing of a 965 bp region of
Spike spanning amino acids 428 to 750 (2074 samples), corresponding to the PCR29 frag-
ment of the CDC Sanger sequencing protocol that uses primers CDC-29 Fw: W1_29F_22847:
5′-TTACAGGCTGCGTTATAGCTTGG-3′ and CDC-29 Rv: W1_29R_23812_5′-TGCTGCAT-
TCAGTTGAATCACC-3′ [11], which allows for the identification of signature mutations
associated with VOCs and VOIs, as previously described [12]; ii. Complete genome se-
quencing, for which the ARTIC protocol with the “midnight” primer set was used [13,14]
with Oxford Nanopore or Illumina platforms (1357 samples). Nucleotide sequences gener-
ated for this study can be found in the GISAID database (https://www.gisaid.org/) under
the GISAID Identifier: EPI_SET_230114um.
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2.3. Statistical Analysis

The frequencies of variant detection and their 95% confidence intervals (CI95%) were
estimated with the Wilson/Brown method, implemented in the Graph Pad Prism v.8.3
program (San Diego, CA, USA, www.graphpad.com).

2.4. Phylogenetic Analysis

Phylogenetic analysis was carried out for Omicron lineages BA.1, BA.2 and BA.4/BA.5
and their descendants to confirm the lineage assignment and to study their introduction
and spread in Argentina.

Datasets included the Argentine sequences of each lineage and reference sequences
for different SARS-CoV-2 lineages. For BA.2 and BA.4/BA.5, analyses also included the
five most closely related sequences (with less than 10 SNPs), selected using the Audac-
ityInstant application in the GISAID EpiCoV© database (https://www.gisaid.org) on
14 August 2022 [9].

Alignments were built using MAFFT v7.486 [15] and maximum likelihood trees were
built using IQ-TREE v.2.1 [16], using the nucleotide evolutionary model according to
the Bayesian Information Criterion estimated using ModelFinder [17]. The Shimodaira–
Hasegawa-like approximate likelihood ratio test (SH-aLRT, 1000 replicates) [18] was used
to evaluate the reliability of the groups. For BA.2 and BA4/BA5 phylogenies, the Ultrafast
bootstrap Approximation (UFB, 1000 replicates) [14] was also used.

We gratefully acknowledge the authors from the originating laboratories responsible
for obtaining the specimens and the submitting laboratories where genetic sequence data
were generated and shared via the GISAID Initiative, on which part of this research is based
(GISAID Identifiers: EPI_SET_221215va, EPI_SET_221215gu, EPI_SET_221215wf).

2.5. Phylodynamic Analysis

The doubling time, the exponential growth rate and the time to the most recent com-
mon ancestor (MRCA) were estimated from the genome data for lineages BA.1, BA.2 and
BA.4/BA.5 using an exponential growth coalescent model and the uncorrelated lognormal
molecular clock in the BEAST v.1.10.4 software package [19].

For these analyses, datasets included Argentine sequences only from the exponential
period for each lineage (i.e., the beginning of the sustained detection in surveillance analyses
until the peak of registered cases in each wave or the peak of lineage frequency (Table S1)).
To reach the convergence of the analyses in affordable times, given the high number of
sequences of lineage BA.1, a subsampling of the exponential period of the third wave was
done (covering from EW50/2021 to EW02/2022), with a final dataset for lineage BA.1 that
included 138 sequences (GISAID Identifier: EPI_SET_221215ph). The dataset for lineage
BA.2 included sequences from EW11/2022 to EW20/2022 (n = 173 sequences) (GISAID
Identifier: EPI_SET_221215am), whereas the dataset for lineages BA.4/BA.5 (that were
analyzed together) included sequences from EW20/2022 to EW30/2022 (n = 102 sequences)
(GISAID Identifier: EPI_SET_221229hr).

The temporal structure of the datasets was assessed through the Root-to-tip analysis
with TempEst v1.5.3 [20], for which a positive correlation between genetic divergence
and sampling time is expected in datasets suitable for a phylodynamic analysis with tip
dating calibration. However, this exploratory analysis failed to confirm the temporal
structure for datasets of lineages BA.1 and BA.4/BA.5. Thus, a mean rate of evolution
of 1.2 × 10−3 substitutions/site/year (s/s/y) was used to calibrate all analyses, with
a lognormal distribution on the mean rate prior, truncated between 0.92 × 10−3 and
1.49 × 10−3, to cover the HPD95% intervals previously obtained for Omicron lineage
BA.1 [21]. However, given that some temporal structure was observed for the dataset of
lineage BA.2 (correlation coefficient ranged between 0.44–0.45 in the different functions of
TempEst), another analysis using a tip-dating calibration was also carried out.
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Analyses were run until convergence, assessed with an effective sample size higher
than 200, and 10% of samples were discarded as burn-in. At least two runs were combined
to summarize the posterior distribution of the parameters estimated.

2.6. Ethics Statement

The study was revised and approved by the Medical Ethics and Research Committees
of “Ricardo Gutiérrez” Children’s Hospital, Buenos Aires, Argentina (DI-2020-165-GCABA-
HGNRG). Informed consent was not obtained because patient information was anonymized
and de-identified before analysis.

3. Results

3.1. Molecular Surveillance of SARS-CoV-2 Variants in Argentina

The Omicron lineage BA.1 was first detected in local transmission cases in EW50/2021
(14 December 2021), reaching a frequency of 78.6% (CI95% = 72.6–83.6) two weeks later
(EW52/2021), producing a third wave with a record number of cases in mid-January 2022
and fully displacing Delta by the end of January (EW04/2022) (Figure 2 and Table S1).

Figure 2. (a) Number of cases reported in Argentina from EW44/2021 to EW31/2022. Note that in
EW15/2022 (between the third and the fourth waves), Argentina modified the COVID-19 massive
testing criterion and since then, testing in public hospitals is only performed in populations under
a higher risk for severe disease (>50 years or comorbidities). Data from https://ourworldindata.
org/coronavirus#explore-the-global-situation, accessed on 1 December 2023. The arrows are colored
according to the variant present at each moment of the wave. (b) Frequency of variant detection
analyzed by epidemiological week, 2021–2022. Data from Spike and complete genome sequencing of
samples from cases that did not present epidemiological link with travel (n = 3431).
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Except for two sporadic cases in EW03/2022, the Omicron lineage BA.2 was mainly
detected since EW07/2022 (13 to 19 February) and became predominant in EW15/2022 (10
to 16 April) (60.7%, CI95% = 42.4–76.4), when cases of BA.2.12.1 were also detected. Lineage
BA.2 and its sublineages displaced BA.1 more slowly than when BA.1 displaced Delta, which
happened in only three weeks, from EW50/2021 to EW52/2022 (Figure 2 and Table S1).

The lineages BA.4/BA.5 have been detected since EW16/2022 (17 to 23 April), boosting
the fourth wave together with BA.2 and its sublineages, becoming predominant by the end
of June (EW26/2022) with a frequency of 58.3% (CI95% = 38.8–75.5) and reaching 100% of
the new cases by the end of July (EW30/2022) (Figure 2 and Table S1).

3.2. Evolutionary Analyses of Omicron BA.1 and its Sublineages

Lineage BA.1 and its sublineages were associated with the third wave of infections in
Argentina, mainly driven by BA.1/BA.1.1 (91%); phylogenetic analysis did not separate
BA.1.1 from BA.1, followed by BA.1.15 (5.9%) and other sublineages in minor proportions
(Figure 3).

Figure 3. Phylogenetic tree of SARS-CoV-2 sequences focused on Omicron BA.1 and its sublineages.
SH-aLRT support values are indicated at nodes for some groups. The branches and tips of the tree
are colored according to the City or Provinces indicated in the legend. Black-colored tips represent
sequences from other countries or sequences included as references for other lineages.
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Phylodynamic analysis of the exponential phase of the BA.1 wave showed a dou-
bling time of infections estimated in 3.3 days (HPD95% = 1.6–5.4), with an MRCA dated
12 November 2021 (HPD95% = 25 October–25 November) (Table 1).

Table 1. Population dynamic parameters estimated from Bayesian coalescent analyses 1.

Lineage
Rate of Evolution
[s/s/y] (HPD95%)

Ancestral Date
(HPD95%)

Doubling Time
[days] (HPD95%)

Exponential Growth Rate
[days−1] (HPD95%)

BA.1 9.3 × 10−4 *
(6.9 × 10−4–1.2 × 10−3)

12 November 2021
(25 October–25

November)
3.3 (1.6–5.4) 0.213 (0.127–0.441)

BA.2
1.0 × 10−3 *

(8.7 × 10−4–1.1 × 10−3)

3 February 2022
(11 January–22

February)
9.9 (7.3–13.2) 0.070 (0.053–0.096)

5.5 × 10−4

(3.1 × 10−4–7.7 × 10−4)

24 November 2021
(23 August –26

January)
16.5 (9.5–26.4) 0.042 (0.026–0.073)

BA.4/BA.5 8.5 × 10−4 *
(6.4 × 10−4–1.0 × 10−3)

25 March 2022
(15 February–24 April ) 10.8 (6.1–17.3) 0.064 (0.040–0.114)

1 Median values are informed. * These analyses were performed by calibrating with a mean rate of evolution
and the sampling times for datasets considering only the exponential phase of infections of each lineage (see
Section 2.5).

3.3. Evolutionary Analyses of Omicron BA.2 and its Sublineages

Lineage BA.2 and its sublineages were associated with the early fourth wave of
infections, mainly associated with lineages BA.2 (49.8%), BA.2.12.1 (12.4%), BA.2.3 (17.0%),
BA.2.9 (10.4%), BA.2.72 (2.7%) and other sublineages in minor proportions (Figure 4).
Notably, only one major monophyletic group from Argentinean sequences was observed
including sequences from three provinces, whereas most of the other Argentine sequences
were related to foreign sequences from several countries (Figure 4).

Phylodynamic analysis of the exponential phase of BA.2 circulation showed a dou-
bling time of infections estimated in 9.9 days (HPD95% = 7.3–13.2) with an MRCA dated
3 February 2022 (HPD95% = 11 January–22 February) (Table 1).

In addition, when tip-dating calibration was used, the rate of evolution for the lineage
BA.2 was estimated as 5.5 × 10−4 s/s/y (HPD95% = 3.1 × 10−4–7.7 × 10−4), with doubling
times estimated in 16.5 days (HPD95%= 9.5–26.4), and the MRCA dated 24 November 2021
(HPD95% = 23 August–26 January) (Table 1).

3.4. Evolutionary Analyses of Omicron BA.4/BA.5 and its Sublineages

Lineages BA.4 and BA.5 were analyzed together for monitoring purposes and for
phylodynamic estimations owing to their simultaneous introduction into the country, the
inability of identifying them separately from the Spike sequencing strategy and their close
phylogenetic relationship.

These lineages boosted the late fourth wave of infections into the country, mainly
associated with lineages and sublineages BA.4 (18.4%) and BA.4.1 (13.6%), and with BA.5.1
(23.3%), BA.5.2 (4.9%), BA.5.2.1 (25.2%), BE.1 (2.9%) and other sublineages in minor propor-
tions (Figure 5 and Table S1).
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Figure 4. Phylogenetic tree of SARS-CoV-2 sequences, focused on Omicron BA.2 and its sublineages.
SH-aLRT and UFB support values are indicated at nodes for some groups. The branches and tips
of the tree are colored according to the City or Provinces indicated in the legend. Black-colored tips
represent sequences from other countries or sequences included as references for other lineages.

Similar to what was observed for lineage BA.2, Argentine sequences from several
sublineages were intermingled with sequences from numerous countries and only a few
local clusters were observed, showing a circumscribed geographical distribution, limited to
one or two provinces (Figure 5).

The phylodynamic analysis of the exponential phase of infections caused by BA.4/BA.5
showed a doubling time estimated in 10.8 days (HPD95%= 6.1–17.3), with the MRCA dated
25 March 2022 (HPD95%= 15 February–24 April) (Table 1).
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Figure 5. Phylogenetic tree of SARS-CoV-2 sequences, focused on Omicron BA.4/BA.5 and their sub-
lineages. SH-aLRT and UFB support values are indicated at nodes for some groups. The branches and
tips of the tree are colored according to the City or Provinces indicated in the legend. Black-colored
tips represent sequences from other countries or sequences included as references for other lineages.

4. Discussion

The surveillance strategy implemented in Argentina allowed us to describe the in-
troduction and establishment of the main SARS-CoV-2 Omicron lineages in the third
and fourth waves of the COVID-19 pandemic in the country and analyze their different
evolutionary dynamics.

Omicron waves worldwide were characterized by a very rapid expansion of several
SARS-CoV-2 lineages that circulated almost without limits due to the absence of restrictions
on international movement in the context of a massive application of vaccines, contrary to
what happened during the dissemination of the previous circulating variants.

Before the emergence of Omicron, Delta was the dominant variant worldwide, whose
introduction and establishment in Argentina were delayed in part due to an intense policy
of international border controls implemented to reduce their impact while strengthening
vaccination coverage in the population. For this and possibly other reasons, as a recent
prior second wave, Delta was not associated with a COVID-19 wave in Argentina or other
South American countries.
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However, in December 2021–March 2022 (summer in the Southern hemisphere), Omi-
cron BA.1 entered and caused the third wave of SARS-CoV-2 infections in Argentina. This
wave was characterized by a very fast displacement of the Delta variant, showing a low
level of clustering, with very similar viruses simultaneously infecting people worldwide.
This was reflected in a relatively low number of lineages detected and in the intermingling
of sequences from different Argentine provinces in the entire phylogeny. In other regions,
the BA.1 epidemic wave has been traced back to a relatively small number of introductions
with a later rapid expansion across the country, as was found in England [22].

By mid-April 2022, the COVID-19 testing criterion was modified, and tests were rec-
ommended and only enabled in public hospitals (at no cost to the patient) for prioritized
groups, i.e., population with a higher risk for severe disease (>50 years or with comorbidi-
ties), which caused the registered number of cases to be incomparable to previous periods
when testing was recommended and enabled in the public system for any symptomatic
person. Considering that sequencing was mostly performed in samples from the public
system, variant circulation proportions estimated before and after this change could have
been affected by this distinct sampling, mainly oriented towards the prioritized population
in the last period. As far as we know, there are no reports about a differential circulation of
Omicron sublineages by age; however, due to the lack of age-stratified data, we were not
able to perform a formal analysis on the influence of this factor.

Despite the change in the criterion and accessibility for COVID-19 testing, and con-
sequently, in the case notification, the fourth wave was evidenced by an increase in the
number of reported cases—although it was much lower than that observed in the third
wave—and was initially associated with BA.2 and its sublineages.

Circulation of Omicron BA.2 in Argentina was characterized by the detection of several
sublineages between EW03/2022 and EW29/2022 and very few clusters of Argentine
sequences with a constrained distribution (one or few provinces), suggesting several
introductions but limited transmission chains into the country.

Similarly, the sustained detection of Omicron BA.4/BA.5 was registered since EW20/
2022, although, according to the results of phylogenetic analyses, these infections were
mainly associated with several independent introductions and short transmission chains in
the period analyzed in this work.

The evolutionary pattern of Omicron lineages detected in the third and fourth waves
in Argentina reflects the distribution described in other countries from South America,
the United States and Western Europe, as was observed in the pre-Omicron period [12].
However, this pattern differed from that of the first and second waves, when there was a
high level of clustering and geographical structure within Argentina [12,23].

The introduction and establishment of SARS-CoV-2 lineages follow a complex pattern,
balancing the intrinsic replication, immune evasion and transmission ability of viral vari-
ants, the waning immunity, and the policy of testing, reporting and case management of
countries. Therefore, the epidemiological situation of countries could be determined by
any of these factors, which could play a role in the variant dynamics.

In this work, the doubling time in the exponential period of the Omicron BA.1 wave in
Argentina was estimated at 3.3 days, similar to what was observed in other regions [21,24],
and was much faster than the estimations for BA.2 and BA.4/BA.5 in the country, which
were estimated in about 10 days. In addition, ancestral times were also estimated from a
subset of sequences that belongs to the period of the exponential growth of each lineage
into the country. These ancestors were dated five (BA.1), six (BA.2) and eight (BA.4/BA.5)
epidemiological weeks before their detection in local cases. These estimates along with the
finding of multiple introductions suggest diversification outside Argentina and later entry
into the country. For instance, for lineage BA.1, the ancestor for the Argentine sequences
was dated to mid-November 2021, around one month after the time of the most recent
common ancestor estimated from southern Africa sequences (mid-October 2021) [21].

The differences evidenced regarding the dynamics of Omicron waves could be due
to several factors. The introduction of Omicron BA.1 into the country, displacing Delta,
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occurred in a context of unrestricted international travel and during the beginning of the
presential meeting and social gatherings, which were discouraged a few months before.
Omicron BA.2 (and later, BA.4/BA.5) also entered the country without restrictions, but
occurred when it was still suffering the BA.1 wave (or the BA.2 wave); therefore, the
populational immunity elicited post-wave may have limited the establishment of the
new lineages.

On the other hand, the vaccination campaign against COVID-19 in Argentina started
in January 2021 with the Sputnik V (Gam-COVID-Vac), ChAdOx1 nCoV-19 (Oxford-
AstraZeneca), and BBIBP-CorV (Sinopharm) vaccines, initially for the prioritized pop-
ulation [25]. By the end of October 2021, 77.1% of the Argentine population received
at least one vaccine dose and 58.4% completed the vaccination protocol [26]; however,
for many people it had already been more than five months since the last dose, and the
booster application of the vaccine only began in mid-November 2021. Moreover, in 2021,
Argentina suffered the second wave caused by Gamma and Lambda variants [12], with the
maximum number of infections in May 2021. Therefore, the Omicron lineage BA.1 entered
a population with waned immunity (for prior infection or vaccination), whereas lineages
BA.2 and BA.4/BA.5 enter a boosted population.

Different countries showed a distinct relative speed of replacement of BA.1 by BA.2,
and of BA.2 by BA.4/BA.5 [27]. These differences must be analyzed considering each
epidemiological situation and integrating several sources of information (for instance,
vaccination, time to the previous waves, testing and contact tracing policies, molecular
surveillance capacities, social acceptance of non-pharmaceutical interventions, etc.). Since
the combination of these factors is almost unique for each country, the need for a local or
regional analysis is mandatory for a better understanding of the driving factors.

Finally, some new sublineages derived from BA.2, BA.4 and BA.5 have recently
emerged, adding immune evasion properties to those already reported in both vacci-
nated and priorly infected individuals [28,29]. Some of these emerging lineages have
already become the new players in the scenario of SARS-CoV-2 circulation worldwide,
whose impact will have to be analyzed in the near future.
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Abstract: To date, the effectiveness of COVID-19 vaccines and booster doses has yet to be evaluated
in longitudinal head-to-head studies. This single-center longitudinal study assessed the effectiveness
of ChAdOx1 nCoV-19, BNT162b2, and mRNA-1273 vaccines and assessed two BNT162b2 boosters in
1550 participants, of whom 26% had comorbidities. In addition, the SARS-CoV-2 antibody dynamics
was monitored. A group of 1500 unvaccinated subjects was included as the controls. The study’s
endpoint was the development of virologically-proven COVID-19 cases after vaccine completion,
while the secondary endpoint was hospitalizations due to severe COVID-19. Overall, 23 (4.6%), 16
(3%), and 18 (3.8%) participants vaccinated with ChAdOx1 nCoV-19, BNT162b2, and mRNA-1273,
respectively, developed COVID-19 after vaccine completion, with an effectiveness of 89%, 92%, and
90%. Ten COVID-19 cases were reported in participants with comorbidities, three of whom were
hospitalized. No hospitalizations occurred after boosters. SARS-CoV-2 antibody levels peaked
2–4 weeks after the second vaccine dose but declined after a mean of 28.50 ± 3.48 weeks. Booster
doses significantly enhanced antibody responses. Antibody titers ≤ 154 U/mL were associated with
a higher risk of COVID-19 emergence. Thus, COVID-19 vaccines effectively reduced COVID-19
and prevented severe disease. The vaccine-induced SARS-CoV-2 antibody responses declined after
28–32 weeks. Booster doses induced significant maintained responses. SARS-CoV-2 antibody levels
may help determine the timing and need for vaccine booster doses.

Keywords: COVID-19; vaccines; booster vaccines doses; effectiveness; COVID-19-related disease;
SARS CoV-2 antibody

1. Introduction

COVID-19, the infection caused by SARS-CoV-2, which belongs to the Coronaviridae
family, has resulted in devastating global public health and economic crises [1]. As of
15 November 2022, over 636 million confirmed cases and over 6.6 million deaths have been
reported globally [2]. The high global transmissibility and pandemicity of SARS-CoV-2 are
multifactorial. The virus transmission occurs along a spectrum that includes droplet trans-
mission, contact with virus-contaminated surfaces, or possible airborne spread [3–5]. Besides
symptomatic patients, asymptomatic, pauci-symptomatic, or pre-symptomatic people can
also spread infection [5,6]. As SARS-CoV-2 evolves, new variants of concern (VOCs) emerge,
such as 1.351 (Beta), B.1.617.2 (Delta), and B.1.1.529 (Omicron). There have been concerns
that such variants could increase COVID-19 by escaping from immunity generated through
previous infection or vaccination or by inducing more severe disease [7–10].

The genome of SARS-CoV-2 consists of 30,000 nucleotides which encode four structural
proteins. The nucleocapsid (N) protein is responsible for packaging the RNA genome, and
the membrane (M) protein is accountable for shaping the virions. In addition, the spike (S)
and envelope (E) proteins are critical for virions assembly and release, as well as several
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non-structural proteins (NSP) [11–14]. SARS-CoV-2 can evade innate recognition, signaling,
IFN induction, and IFN-stimulated genes (ISGs) through the viral proteins that block
these pathways [15,16]. Infection by SARS-CoV-2 evokes humoral and cellular immune
responses. CD4+ and CD8+ T cells elicited by SARS-CoV-2 infection target various antigens,
including structural and non-structural proteins, and are significantly associated with
milder disease [17]. Most infected individuals with mild-to-moderate COVID-19 develop
neutralizing antibody responses against the viral spike protein, which persist for several
months after infection [18,19].

To date, no antivirals directed against SARS-CoV-2 have demonstrated promising
efficacy in treating COVID-19. Antiviral therapy started at the early stages of COVID-19
mainly aims to avoid severe infection complications in high-risk patients [20,21]. Thus,
mass COVID-19 vaccination campaigns are critical in controlling and slowing the pan-
demic. At the time of writing the research, more than 100 vaccines have been developed,
and 26 vaccines have been evaluated in phase III clinical trials, according to the World
Health Organization (WHO) [22]. Within less than 12 months after the beginning of the
pandemic, several research teams rose to the challenge and developed vaccines that protect
from SARS-CoV-2. The vaccines evoke immune responses, ideally neutralizing antibodies
(NAbs) against the SARS-CoV-2 spike protein. Most of the available vaccines are either
mRNA vaccines BNT162b2 (Pfizer/BioNTech) and mRNA-1273 (Moderna) that use ge-
netically engineered RNA to generate a protein that safely prompts an immune response
or adenoviral-vectored vaccines such as ChAdOx1 nCoV-19 (Oxford/AstraZeneca), Gam-
COVID-Vac (Gamaleya), or Ad26.COV2.S (Johnson and Johnson) which are replication-
deficient chimpanzee adenovirus (ChAd) vectored vaccines encoding the SARS-CoV-2
spike protein [23]. As of 15 November 2022, approximately 70% of the world’s population
has received at least one dose of a COVID-19 vaccine. To date, 12.9 billion doses have
been administered globally [2]. However, the current challenge is making these vaccines
available to people worldwide and achieving equity in COVID-19 vaccination [24].

The Kingdom of Saudi Arabia (KSA) has reported 825 million COVID-19 cases and
9435 deaths since the pandemic’s start [25]. COVID-19 mass vaccinations in KSA began
in mid-December 2020. The BNT162b2 mRNA was the first vaccine approved by the Saudi
Ministry of Health (MOH) and the Saudi Food and Drug Authority (SFDA), followed
by ChAdOx1 nCoV-19 and mRNA-1273. To date, 68 million vaccine doses have been
administrated, more than 75% of the population is fully vaccinated, and more than 60%
have received one or two booster doses [24]. Besides mass vaccination, the Kingdom
imposed strict prophylactic measures, including masking and physical distancing.

To date, very few head-to-head studies compared the outcome of different COVID-19
vaccines, their impact on COVID-19 cases, and their progression to a severe disease requiring
hospitalization or resulting in deaths. Therefore, the current study was designed to assess the
effectiveness of three vaccines (BNT162b2, mRNA-1273, and ChAdOx1- nCoV-19) against
concerned outcomes (RT-PCR confirmed COVI-19 cases after vaccination and boosters and
COVID-19-related hospitalizations) in vaccinated versus non-vaccinated persons in real-world
settings. In addition, this longitudinal study also evaluated the anti-SARS-CoV-2 antibody
levels after the different COVID-19 vaccines to investigate if the antibody titers can prioritize
persons for vaccine boosters.

2. Materials and Methods

2.1. Study Design, Study Participants, and Follow-up

This prospective, longitudinal, single-center, real-world study was conducted at Prince
Sattam Bin Abdul Aziz University (PSAU) Hospital and vaccination center, Saudi Arabia,
to compare the effectiveness of the three vaccines: ChAdOx1-S vaccine and the mRNA
vaccines, BNT162b2 and mRNA-1273. Vaccine effectiveness measures the proportionate
reduction in RT-PCR-proven COVID-19 among the vaccinated group after complete vacci-
nation (two doses) with or without booster doses. The study also monitored the dynamics
of SARS-CoV-2 antibodies after the various vaccines and booster doses. Men and women
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(18 years and above) eligible for any studied vaccines were enrolled and followed between
March 2021 and September 2022.

In the initial phases of this real-life study, not all COVID-19 vaccines were available.
Due to the unavailability of an alternative vaccine, the vaccination of individuals with
an allergy to a component of the available COVID-19 vaccine or individuals with severe
allergic reactions or anaphylaxis after a previous dose of the available COVID-19 vaccine
was postponed until other vaccines were available. Patients with medical conditions that
warrant delaying the vaccination were temporarily exempted until resolution, invited to
join the study, and followed until they could join. If they agreed and provided informed
consent, they were enrolled and followed as a control group.

Vaccinated participants and non-vaccinated control subjects were followed at specific
time intervals until the end of the study. Participants (vaccinated) and non-vaccinated
(controls) were advised to report to the hospital to get tested for COVID-19 using RT-PCR
when they developed any symptoms, even mild, or were in contact with COVID-19-positive
patients. Participants who tested positive were considered “cases”. In addition, COVID-19-
related hospitalizations for participants were monitored and reported.

Enrolled subjects were followed at specific time points, namely two weeks after the
first dose, then two, four, six, and eight months after the second vaccine dose and first
booster dose, respectively. After the second booster, one or two follow-up visits were
scheduled. Follow-up visits included physical examination, the COVID-19 antigen test,
and SARS-CoV-2 antibody testing.

All vaccinated participants (active groups) and temporarily unvaccinated individu-
als (control group) provided written informed consent before vaccination, enrollment in
the study, and study-related investigations. The study was conducted according to the
standards of medical research, including the International Conference on Harmonization
(ICH), the Council for International Organizations of Medical Sciences (CIOMS), and the
Declaration of Helsinki. Prince Sattam Bin Abdulaziz University Review Board approved
and monitored the study (Approval number: REC-HSD-103-2021).

2.2. Inclusion, Exclusion Criteria, and Control Group

All adults aged 18 years or older were eligible for inclusion if they consented to
enrollment in the study and agreed to attend the follow-up visits and perform the necessary
laboratory investigations. Individuals with a proven allergy to any of the components of a
COVID-19 vaccine were not vaccinated with the vaccine that contains that component.

Individuals with anaphylaxis to a previous dose of one of the COVID-19 vaccines
were not provided the second dose of the same vaccine. Persons with a history of se-
vere recurrent thrombosis, thrombosis with thrombocytopenia (TTS), or heparin-induced
thrombocytopenia, previous episodes of capillary leak syndrome, cerebral venous sinus
thrombosis, antiphospholipid syndrome with thrombosis not enrolled in the ChAdOx1
nCoV-19 vaccine study arm, and were considered for one of the mRNA vaccines.

Vaccination was postponed, and individuals were designated temporary exemption
according to the criteria of the Public Health Authorities in the following conditions:

o Inflammatory cardiac illness within the past three months; myocarditis or pericarditis;
acute rheumatic fever or acute rheumatic heart disease (i.e., with active myocardial
inflammation); or acute decompensated heart failure.

o Vaccination was temporarily deferred up to 4 months after a confirmed infection with
COVID-19.

o Until recovery from a severe medical condition (such as major surgery or hospital
admission for a serious illness).

o Until recovery from a multisystem inflammatory syndrome in adults.
o The serious adverse event caused by a previous dose of a COVID-19 vaccine,

with no acceptable alternative vaccine available.

o Treatment with a monoclonal antibody for COVID-19.
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o Initially, data were limited about the vaccine’s safety in immunocompromised patients
(HIV, patients on immunosuppressant drugs, and immunocompromising diseases).
The treating physician and the patient discussed the available safety data before
administering the vaccine to evaluate risks and benefits.

o In the early phase of the study, data about the vaccine’s safety in pregnant women were
limited. Thus, for pregnant women, particularly those with high-risk pregnancies,
vaccination was postponed until delivery.

Control group: Subjects with temporary vaccine exemption were invited to join the
study as a control group. If they provided informed consent, they were followed until the
cause of exemption was resolved and they received the vaccine.

2.3. Assessment of Vaccine Effectiveness and Measurement of the Study Outcomes

This study’s primary endpoint was to compare the effectiveness of each vaccine in
preventing RT-PCR-confirmed COVID-19 cases and COVID-19-related hospitalizations
versus those not vaccinated. The secondary endpoint was to compare and monitor the
SARS-Cov-2 antibody responses to the different vaccines. During the study, vaccinated
or unvaccinated participants developing fever or respiratory symptoms were tested im-
mediately by COVID-19 RT-PCR. Positive cases were followed through home isolation or
hospitalization and beyond.

2.4. COVID-19 Vaccines Registration, Documentation, and Management

Saudi Arabia has developed a unique and advanced COVID-19 reporting and vaccine
registration system through a smartphone or web-based applications: Sehaty, Anat, and
Tawakalna (https://ta.sdaia.gov.sa/ accessed on 25 November 2022), respectively. The
web-based platforms are considered central repository systems that include COVID-19
PCR results in COVID-19 vaccine data, including the type of delivered vaccine, date, the
timing of vaccines, location of vaccination center, and recorded adverse events. In addition,
each vaccinated individual was provided with an electronic health passport with a barcode
that verifies a person’s immunization status.

2.5. Types, Preparation, Storage, and Administration of Vaccines

- ChAdOx1 nCoV-19 COVID-19 vaccine: The multi-dose vial is stored in cold chain
conditions of 2 ◦C to 8 ◦C for six months. Once opened, the vial can be used after 6 h
at room temperature or 48 h in the refrigerator (2 ◦C to 8 ◦C). Vial content does not
need to be mixed with a diluent.

- BNT162b2 COVID-19 vaccine (Pfizer-Biontech, Inc., NY, USA) is provided as multi-
dose vials. The vaccine is stored frozen and is thawed before dilution. Vials are thawed
either in the refrigerator (2 ◦C and eight ◦C (35.6 ◦F and 46 ◦F)) or at room temperature
(up to 25 ◦C). The BNT162b2 vaccine vial was removed from the refrigerator and
kept at room temperature. It should be diluted within 2 h. The BNT162b2 vaccine is
administered intramuscularly in the deltoid muscle after cutting the vial. The diluent
is 1.8 mL of 0.9% sodium chloride (normal saline, preservative-free). After dilution, the
vial contains five 0.3 mL doses of the vaccine that can be used. The interval between
the two doses is 21–28 days

- mRNA-1273 COVID-19 vaccine: The multi-dose vial is stored frozen and must be
thawed before use either in the refrigerator (2 ◦C and 8 ◦C) or at room temperature
(8 ◦C and 25 ◦C). The vial does not need to be mixed with a diluent. The Moderna
vaccine is administered intramuscularly in the deltoid muscle. The interval between
the two doses is 21–28 days.
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2.6. Adverse Events (AEs) Recording and Reporting

All adverse events were reported by the study participants and recorded. Participants with
AEs were provided with the appropriate management and advice. Severe and unusual adverse
events were registered in a special Ministry of Health platform for the recording of AEs.

2.7. Measurement of Anti–SARS-CoV-2 Antibody Levels

Serum was collected using standard sampling tubes or tubes containing separating gel.
Neutralizing antibody IgG against the SARS-CoV-2 spike protein subunit (S1) was measured
using enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s
instructions (Elecsys® Anti-SARS-CoV-2 assay, Roche Diagnostics, NJ, USA). The assay uses a
recombinant protein representing the nucleocapsid (N) antigen in a double-antigen sandwich
assay format, which favors the detection of high-affinity antibodies against SARS-CoV-2.
In addition, Elecsys® Anti-SARS-CoV-2 detects antibody titers, which have been shown to
correlate positively with neutralizing antibodies in neutralization assays.

2.8. Statistical Analysis

We used descriptive statistics to describe the demographic and clinical data of the
participants receiving the BNT162b2, mRNA-1273, or ChAdOx1-nCoV-19 vaccines. As
appropriate, a comparison of means between vaccinated participants and controls was
carried out using the Analysis of Variance (ANOVA) or Kruskal–Wallis test. A Mann–
Whitney test was used for pairwise comparisons as a post hoc or follow-up analysis if
the test showed differences between the groups. The tested vaccine’s effectiveness (VE)
(percentage reduction in COVID-19 incidence in a vaccinated group compared to a non-
vaccinated group) was assessed by assessment of parameters. The relative risk (RR) is the
risk of the outcome in the treated group (Y) compared to the risk in the control group. The
RR, its standard error, and 95% confidence interval are calculated according to Altman, 1991.
Absolute risk reduction (ARR) is the difference in risk between the control group (X) and
the treatment group (Y). Relative risk reduction (RRR) is the percent reduction in risk in the
treated group (Y) compared to the control group (X). The effectiveness = 1-RR × 100%. The
number needed to treat (NNT) is the number of patients that need to be treated to prevent
one additional bad outcome. The same approach assessed the rate of COVID-19-related
hospitalizations [25]. Receiver operating curve (ROC) analysis was used to evaluate the
anti-SARS-CoV-2 antibody test diagnostic ability to discriminate COVID-19 positive and
negative subjects and the optimal cutoff values. Statistical analysis was performed using
SPSS 20 statistical software.( IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY,
USA; IBM. Corp)

3. Results

3.1. Demographics and Characteristics of Enrolled Subjects

This study was conducted at the Prince Sattam Bin Abdulaziz University Hospital and
Vaccination Center, Kharj, Kingdom of Saudi Arabia, between March 2021 and September
2022. Initially, 4145 vaccinees were screened for eligibility for the study. Eligible individuals
who provided informed consent (n = 1500) were enrolled and prospectively followed
until the end of the study (Figure 1). Participants received one of the COVID-19 vaccines:
ChAdOx1 nCoV-19 (Cambridge, UK) (Group A; n = 503), BNT162b2 (BioNTech-Pfizer,
Mainz, Germany) (Group B; n = 521), or mRNA-1273, (Moderna, Cambridge, MA, USA)
(Group C; n = 476). The study cohort completed the two vaccination doses and received the
BNT162b2 vaccine’s first and second booster doses. The participants’ follow-ups ranged
between 12 to 18 months after vaccination.
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Figure 1. The flow of participants through the study. The figure shows the flow of participants
through the study. Initially, 4154 subjects were screened. A total of 3535 were eligible; however, only
1500 subjects agreed to join the study, provided informed consent, and were enrolled. Subjects with
temporary vaccine exemption were those recovering from natural COVID-19, those treated with
immunosuppressive therapy, and pregnant women.

The control group included 1500 individuals who were either ineligible due to a
documented allergy to components of both vaccines (95; 6.3%) or developed myocarditis
or pericarditis after a dose of mRNA vaccine (9; 0.6%) or were temporarily exempted
from vaccination as a control group. The causes of temporary exemption were previously
confirmed COVID-19 (683; 45.53%), severe allergic reactions, or adverse events caused
by a previous dose of a COVID-19 vaccine (ChAdOx1- nCoV-19) (187; 12.47%) or con-
traindication to a vaccine with no available alternative vaccine (174; 11.6%), severe medical
conditions or major surgeries (153; 10.2%), high-risk pregnancy (275; 18.33%), and 172
(11.46%) due to other causes such as patients receiving immunotherapy or monoclonal
antibody for COVID-19. The control subjects with temporary exemptions were followed
until the cause of postponing vaccination was resolved (3–9 months). By the end of the
study, that caused 1089 subjects (78%) to be vaccinated.

The active vaccinated cohort included 767 (51.13%) Saudis and 733 (48.87%) non-
Saudis (p = 0.02) (Table 1). There were no significant differences in participants’ ages or
gender in the three vaccinated groups and the control subjects. Among the vaccinated
participants, 1416 (94.4%) did not experience previous natural COVID-19 infection and
were vaccine naïve. Eighty-four (5.7%) participants reported previous attacks of COVID-19
4–6 months before enrollment in the study. Among the enrolled subjects, 1114 (74.3%)
vaccinated participants reported no diseases or health disorders, while 386 (25.7%) par-
ticipants had one or more comorbidities. The chronic health disorders included diabetes,
hypertension, dyslipidemia, cardiac disease, chronic liver disease, chronic renal disease,
hemoglobinopathies, neurologic or psychiatric disorders, autoimmune disorders, and ma-
lignancies (Table 1). Among the patients with hemoglobinopathies, 88% and 12% had sickle
cell anemia and thalassemia, respectively. The autoimmune diseases included systemic
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lupus erythematosus (SLE), rheumatoid arthritis, psoriasis, and Hashimoto’s thyroiditis.
The participants with malignancies included patients with breast cancer, lymphoma, and
prostate cancer who completed their therapeutic approaches. The control group had more
comorbidities since patients with advanced chronic diseases were initially temporarily
exempted from vaccination.

3.2. The Outcome of Vaccination in the Three Groups

The study endpoint was the occurrence of new COVID-19 cases after vaccine comple-
tion. The study demonstrated that 23, 16, and 18 participants developed COVID-19 RT-
PCR-proven COVID-19 after taking the second dose of ChAdOx1 nCoV-19, BNT162b2, and
mRNA-1273 vaccines, respectively;(p = 0.369), versus 554 non-vaccinated subjects (control
group) (p < 0.0001). The effectiveness of ChAdOx1-nCoV-19, BNT162b2, and mRNA-1273
vaccines was 89%, 92% (95% CI of 95.03% to 98.14%), and 90% (95% CI of 80.8% to 95.5%.),
respectively. A significant difference was observed only between BNT162b2 and ChAdOx1
nCoV-19 (p = 0.0026) (Table 2). Similarly, a significant difference in absolute risk reduction
(ARR) was detected between COVID-19-infected participants within the vaccinated and
unvaccinated groups. Only three vaccinated participants, one patient with SLE, one with
colorectal cancer, and an obese individual, developed severe COVID-19-related disease and
were hospitalized; however, no mortalities were reported in vaccinated participants. In con-
trast, 103 (18.6%) unvaccinated control subjects were hospitalized with COVID-19-related
complications with three mortalities (p < 0.0001).

Although the endpoint was the development of COVID-19 cases after vaccine com-
pletion, the study also monitored the COVID-19 instances after the first vaccine dose. As
shown in Table 1, there was a significant difference in the COVID-19 cases that developed
after the first doses of ChAdOx1 nCoV-19, BNT162b2, and mRNA-1273, with the highest
issues developing after ChAdOx1 nCoV-19.

Table 3 summarizes the emergence of COVID-19 cases after vaccine completion and
booster doses versus unvaccinated control subjects. COVID-19 infections were significantly
higher in unvaccinated individuals, with the highest COVID-19 incidence in patients with
autoimmune diseases, malignancies, people with diabetes, particularly those with uncon-
trolled diabetes, and patients with hemoglobinopathies (Table 3). Among the participants
who developed COVID-19 after completing the second dose of the vaccines, 73.7% had
comorbidities. The reported COVID-19 incidents were significantly lower in vaccinated
versus unvaccinated participants with comorbidities. The vaccine effectiveness in patients
with diabetes mellitus, obesity, autoimmunity, and malignancies ranged between 80% and
86%, which is lower than VE in participants without chronic diseases and those with other
comorbidities. None of those who received booster vaccines developed a severe illness that
required hospitalization. Figure 2 is a Kaplan–Meier graph that demonstrates the time to
event (the occurrence of COVID-19 cases in the three study groups and control subjects).
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Figure 2. Time to COVID-19 infection in the three study groups and control subjects. Kaplan–Meier
survival curves show the time to endpoint (occurrence of COVID-19) in vaccinated and unvaccinated
participants throughout the study. In vaccinated participants, more COVID-19 cases occurred after
the first dose, given that the post-vaccine immune responses were not wholly developed. After the
second vaccine dose, 23 (4.6%), 16 (3.1%), and 18 (3.8%) (p = 0.3.69) cases occurred, with 82% of
confirmed COVID-19 infections occurring within 5–18 days after the second dose. Seven (0.47%)
COVID-19 cases occurred after the first booster dose. No cases were reported after the second booster.
A reduction in the rate of confirmed COVID-19 infection was observed over time as compared with
the unvaccinated control subjects. The hazard ratios with a 95% confidence interval for the vaccinated
groups (Groups A, B, and C) and the unvaccinated controls are shown in the KM hazards table. The
hazard ratio measures the magnitude of the difference between the two curves in the Kaplan–Meier
plot. In contrast, the p-value measures the statistical significance of this difference.

3.3. Vaccine Adverse Events

Several adverse events were reported after receiving the different COVID-19 vaccines;
however, most were not serious (Table 4). The most frequent adverse events included
pain at the site of injection (89.5%), fatigue (39.6%), headache (25%), low-grade fever
(17.8%), and muscle pain (11.3%). Less frequent adverse events included chills (5.8%),
abdominal pain (4%), allergic skin reaction (6.2%), joint pains (3.3%), diarrhea, or vomiting
(2.1%). In addition, about 2% of those receiving the vaccines reported palpitations (2%),
numbness (1.8%), sleep disorder (1.7%), and anxiety/restlessness (0.5%). Fever > 38
extending beyond three days, headache, and abdominal and joint pain were significantly
higher among participants receiving ChAdOx1 nCoV-19 (Table 4). Ten participants (0.66%)
with comorbidities (diabetes mellitus, hypertension, obesity, sickle cell disease, cancer)
developed serious adverse events, including severe allergic reactions/anaphylaxis, Guillain–
Barré syndrome, thrombosis without or with thrombocytopenia, seizures, and myocarditis.
Two previously controlled sickle cell disease (SCD) participants developed vaso-occlusive
crisis (VOC), and a patient with diabetes and valvular heart disease developed deep venous
thrombosis shortly after the ChAdOx1 nCov-19 vaccine. One participant vaccinated with
the BNT162b2 vaccine developed Guillain–Barré syndrome one day after vaccination.
In addition, one participant developed optic neuritis one day after vaccination, and she
responded to corticosteroid therapy.
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3.4. SARS-CoV-2 Antibody Dynamics

The study demonstrated that the SARS-CoV-2 antibodies were slightly higher in
participants vaccinated with either BNT162b2 or mRNA-1273 than ChAdOx1 nCoV-19;
however, the difference was insignificant (p = 0.716) (data are not shown). As shown in
Figure 2, SARS-CoV-2 antibodies rose gradually after the first vaccine dose and peaked
two to four weeks after the second dose. Although the levels of antibodies remained
elevated until six months in the three groups, a gradual decline was detected between 24
to 32 weeks (mean 28.50 ± 3.48 weeks) post-vaccination (Figure 3a). The booster doses
resulted in the antibody titers with levels that exceeded those after the second vaccine dose.
The ROC curve analysis showed that antibody titers ≤ 154 U/mL were associated with an
increased risk of acquiring COVID-19 with a sensitivity and specificity of 98% and 99%,
respectively (Figure 3b). Patients with comorbidities tended to have slightly lower humoral
responses than healthy participants. Furthermore, antibody titers declined earlier (between
16–28 weeks) in vaccinated participants with comorbidities compared to those without.

 
(a) 

(b) 

Figure 3. (a) SARS-CoV-2 antibody dynamics in vaccinated subjects. (b) SARS-CoV-2 antibodies
titers in participants without and with post-vaccine COVID-19. (a) The figure demonstrates the
kinetics of antibody titers against SARS-CoV-2 spike protein during follow-up. A gradual rise in
the antibody titers started two weeks after the first vaccine doses. The antibody levels peaked
after the second vaccine dose. Antibody levels started to decline 24–32 weeks after the second
vaccine SARS-CoV-2 responses. (b) The figure shows a significant difference in the SARS-CoV-2
antibody levels in participants who did not develop post-vaccine COVID-19 compared to those who
developed COVID-19 after vaccination. A cutoff of 154 U/mL was associated with an increased risk
of developing COVID-19.
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4. Discussion

This prospective, longitudinal, test-negative, real-world study compared the effective-
ness, outcomes, and safety of three COVID-19 vaccines: ChAdOx1 nCoV-19, BNT162b2,
and mRNA-1273, and evaluated the role of the vaccine boosters in a broad, representative
patient population at different ages and ethnicities in diverse clinical settings, where many
patients have multiple comorbidities. The study also measured the anti-SARS-CoV-2 anti-
bodies’ levels at other time points after vaccination. Overall, the study provides real-world
evidence that the three tested vaccines conferred significant protection against COVID-19
infections and reduced severe outcomes that require hospitalization and COVID-19-related
mortalities. The three vaccines were also well tolerated. However, the anti-SARS-CoV-2
antibody titers and, consequently, COVID-19 vaccine effectiveness waned with time but
were regained with the booster doses.

The current study demonstrated that the effectiveness of ChAdOx1- nCoV-19, BNT162b2,
and mRNA-1273 was 89%, 92%, and 90%, respectively, where the effectiveness of BNT162b2 was
significantly higher than ChAdOx1 nCoV-19; however, no significant difference was detected
between ChAdOx1 nCoV-19 and mRNA-1273 vaccines. The effectiveness of the vaccines in
the current study was comparable with the efficacy or effectiveness rates reported by previous
studies [26–29]. Although the study’s endpoint was the development of COVID-19 cases
following the second vaccine dose, we also monitored patients after the first vaccine dose
to investigate the magnitude of protection conferred by such a dose. Although the immune
response to the vaccines has not been fully developed, our findings showed that vaccinated
participants, irrespective of the type, were at lower risk of developing COVID-19 and disease-
related hospitalizations compared to unvaccinated individuals in similar prophylactic settings.
However, the COVID-positive cases were significantly higher after the first dose of ChAdOx1
nCoV-19 than those detected after BNT162b2 or mRNA-1273 vaccination. This finding may be
attributed to the long interval between the first and second ChAdOx1 nCoV-19 and the changes
in the adopted prophylactic measures. Given the first dose’s beneficial effects, distributing the
vaccines among those eligible as quickly as possible, after providing for the most vulnerable
broad mass vaccination campaigns may be beneficial for controlling the viral spread and severe
COVID-19-related morbidities and mortalities in resource-limited countries with irregular
vaccine supplies [30].

The current study demonstrated a significant reduction in post-vaccination COVID-19
incidents and severe disease after the second dose of the three vaccines. Thus, the present
study results lend further credence to the findings of several studies [28,31–33] that showed
the critical role of vaccine completion in reducing infection and COVID-19-related severe
disease. The confirmed COVID-19 infections detected after vaccine completion were 57/1500
(3%), and none of the cases was associated with severe symptoms in this study cohort. Our
findings are comparable to those of a study that showed 39 of 1497 (2.8%) fully vaccinated
healthcare workers developed post-vaccination SARS-CoV-2 breakthrough incidents [34].
Vaccine breakthrough infections may occur following several vaccines that may result from
viral factors, including the emergence of variants, transmissibility rates, immune evasion,
or host determinants such as age, comorbidities, and immune status may result in post-
vaccination confirmed infections [35]. This study did not assess the prevailing SARS-CoV-2
variants; however, the impact of comorbidities was investigated.

Few countries provided COVID-19 vaccine boosters. In KSA, two booster doses were
administered, the first 6–8 months after vaccine completion and the second eight months
after the first booster dose. In KSA, initially, priority was given first to elderly persons
and high-risk individuals then boosters were offered on a larger scale. After the first
vaccine booster, only 10 minimally symptomatic vaccine breakthroughs were detected. No
confirmed COVID-19 infections occurred after the second vaccine booster. The current
study also demonstrated that the anti-SARS-CoV-2 titers decline 24–28 weeks after vaccine
completion per other reports. However, administering the first and second COVID-19
vaccine boosters was associated with a significant increase in anti-SARS-CoV-2 levels and a
subsequent sharp reduction in breakthrough infections. Overall, this study showed that
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booster doses have significantly reduced breakthrough vaccine infections and the risk of
hospitalization or death in participants without and with comorbidities.

This study showed that some comorbidities influenced the vaccines’ effectiveness
and odds of acquiring COVID-19 after vaccination. Most post-vaccination symptomatic
COVID-19 cases and related hospitalizations were observed in patients with comorbidities.
Patients with diabetes mellitus, autoimmune diseases, malignancies, and participants with
BMI > 40 showed lower VE and were more susceptible to infections and severe COVID-19
than healthy participants. Our findings and others [36,37] demonstrated that unvaccinated
obese participants (BMI > 40) showed high susceptibility to acquiring and developing
severe COVID-19 and increased risk of hospitalization. Furthermore, obese participants,
particularly those with severe obesity (BMI > 40 kg/m2), had lower VE than participants
with reasonable BMI. Obesity is prevalent in KSA, as a national survey conducted between
1995 and 2000 found that the overall prevalence of obesity among Saudi adults was 36% [38].
Thus, obese patients are considered a high-risk group that must be prioritized for vacci-
nation. In agreement with previous studies, this study showed increased incidence and
severity of COVID-19 in patients with diabetes. Diabetes is a public health problem in Saudi
Arabia; the World Health Organization (WHO) reported that Saudi Arabia ranks second
highest in the Middle East and is seventh in the world for the rate of diabetes [39]. This
study showed that COVID-19 infection occurred in 35% of diabetic unvaccinated control
diabetic subjects. Some patients, particularly those with uncontrolled diabetes, developed
a severe disease that needed hospitalization despite implementing strict prophylactic mea-
sures. Other studies reported similar observations [40–45]. Diabetes is a chronic disease
associated with several metabolic, vascular, and immunologic abnormalities that can affect
our response to pathogens. Hyperglycemia and insulin resistance induce oxidative stress
and enhance the production of glycosylation end products (AGEs) and proinflammatory
cytokines, which mediate tissue inflammation [46]. The inflammatory process may lead
to higher infection susceptibility [46]. Unvaccinated cancer patients and those with au-
toimmune diseases were found in the current study to be highly susceptible to COVID-19
infection with severe symptoms. One study [47] enrolled 23,266 participants with cancer
and 1,784,293 without cancer. A total of 10,404 positive COVID-19 cases were reported.
Compared with participants without cancer, those living with cancer had a 60% increased
risk of acquiring COVID-19. Cancer patients on current chemotherapy or immunotherapy
treatment had a 2.2-fold increased risk of a positive test [47]. The present study showed rea-
sonable vaccine response in patients with comorbidities, including diabetes, obesity, cancer,
and autoimmune disease. After the second booster vaccine dose, no vaccine breakthrough
was reported in this cohort. The findings of this study and another study [48] stress the
benefit of booster vaccine doses in the high-risk population.

The COVID-19 vaccines’ effectiveness demonstrated in this study was coupled with a
low risk of adverse events. The adverse events of the three types of vaccines assessed in the
current study are comparable to those reported in several studies [28–33]. Serious vaccine
adverse events, severe allergic reaction/anaphylaxis, Guillain–Barré syndrome, thrombosis,
thrombocytopenia, seizures, and myocarditis observed in this study were rare as they
occurred in 10 (0.66%) participants, all of whom had comorbidities. Thrombosis without
or with thrombocytopenia has been reported after COVID-19 vaccines [49,50]. The severe
allergic reactions that occurred shortly after vaccination were promptly managed in the
hospital. Two pre-vaccine controlled sickle cell disease (SCD) study participants developed
vaso-occlusive crisis (VOC) and thrombosis shortly after AstraZeneca, an observation
previously reported by some studies [51,52]. SCD patients vaccinated with BNT162b2, or
mRNA-1273 did not suffer post-vaccine VOC. A patient with diabetes and valvular heart
disease developed deep venous thrombosis following ChAdOx1 nCov-19 vaccine. One
patient vaccinated with ChAdOx1 nCov-19 vaccine developed optic neuritis four days after
receiving the vaccine and responded to steroid therapy. Recently, multiple reports were
published on the development of optic neuropathy following COVID-19 vaccination [53].
Thus, high-risk patients with hypercoagulable states should be thoroughly investigated
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before vaccination, and careful selection of the suitable COVID-19 vaccine is recommended.
Our study demonstrated myocarditis in two patients following BNT162b2 and ChAdOx1
nCov-19 vaccines, a post-vaccination observation reported by several studies [54–56].
Post-SARS-CoV-2 vaccination, Guillain–Barre syndrome occurred in the current study
in a diabetic participant vaccinated with the BNT162b2r vaccine; however, the patient
responded to steroids [57–59]. Collectively, our findings and the results of several studies
demonstrated the safety of the COVID-19 vaccines and the rare occurrence of serious
adverse events. Thus, the benefits of vaccination against SARS-CoV-2 are substantial and
outweigh the associated risks.

In agreement with several studies [60–62], SARS-CoV-2 antibodies rose gradually after
the first vaccine dose. However, significantly high titers were achieved after the second
dose of ChAdOx1 nCoV-19, BNT162b2, and mRNA-1273 vaccines. A gradual decline
in antibody titers over time was detected in our cohort between 24 and 32 weeks, an
observation reported by several groups [60–63]. The booster doses evoked high SARS-CoV-
2 antibody levels that exceeded those after the second vaccine. Although participants with
comorbidities had slightly lower humoral immune responses and showed earlier antibody
titer decay, they responded well to the booster vaccines as breakthrough infections were
detected after the second booster. In this study cohort, participants with antibody titers
≤154 U/mL were at increased risk of acquiring COVID-19. Establishing a cutoff of SARS-
CoV-2 that may predict an increased risk of post-vaccination breakthrough infections may
help prioritize persons for COVID-19 boosters, individualizing the timing of boosters
and conferring better protection, particularly with patients with comorbidities. Further
prospective extensive studies are needed to investigate if monitoring the dynamics of
SARS-CoV-2 antibodies SARS-CoV-2 antibodies may play a role in prioritizing the use of a
limited supply of vaccines.

This study has several limitations. First, the study has not addressed the impact
of vaccines on the various SARS-CoV-2 variants that emerged since the introduction of
the COVID-19 vaccines. Diagnosis of post-vaccine COVID-19 was based on participants’
self-reporting of symptoms. Thus, there may be a probability of missing asymptomatic
cases. Finally, the study has not assessed vaccine efficacy and safety in individuals younger
than 18 and children younger than 12.

In conclusion, the three evaluated COVID-19 vaccines were tolerable, safe, and ef-
fective in reducing COVID-19 and preventing severe disease. Furthermore, COVID-19
vaccination showed effectiveness and safety in individuals with comorbidities and those
without any underlying medical disorders. In addition, the vaccine-induced SARS-CoV-2
antibody responses gradually decline. Booster vaccine doses induced significant main-
tained responses. SARS-CoV-2 antibody levels may help determine the timing and need
for vaccine booster doses, particularly in patients with comorbidities.

Author Contributions: Conceptualization, S.M.K.; methodology, S.M.K., M.M.N., M.N.A., Z.G.A.,
A.A.B. and K.S.; validation, S.M.K., M.D. and Z.G.A.; formal analysis, S.M.K., M.M.N. and A.M.A.;
investigation, S.M.K., M.M.N., M.N.A., A.A.B. and K.S.; resources, S.M.K., M.M.N., M.D., M.N.A.,
Z.G.A., A.M.A. and K.S.; data curation, S.M.K., M.D. and M.N.A.; writing—original draft preparation,
S.M.K., M.M.N., M.D., Z.G.A. and A.M.A.; writ-ing—review and editing, S.M.K.; visualization, Z.G.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding. The authors thank Prince Sattam University
College of Medicine, Prince Sattam University Hospital, and Prince Sattam University Research Unit
for continuous support through the study.

Institutional Review Board Statement: Prince Sattam Bin Abdulaziz University Review Board
approved and monitored the study (Approval number: REC-HSD-103-2021).

Informed Consent Statement: No patients were identified in the study.

Data Availability Statement: Not application.

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

332



Viruses 2023, 15, 326

References

1. World Health Organisation (WHO). Coronavirus Disease (COVID-19) (Internet). Available online: https://www.who.int/health-
topics/coronavirus#tab=tab_1 (accessed on 16 November 2022).

2. Johns Hopkins Corona Resource Center (Internet). Available online: https://coronavirus.jhu.edu/map.html (accessed on
20 November 2022).

3. Li, Q.; Guan, X.; Wu, P.; Wang, X.; Zhou, L.; Tong, Y.; Ren, R.; Leung, K.S.M.; Feng, Z.; Xiang, N.; et al. Early Transmission
Dynamics in Wuhan, China, of Novel Coronavirus-Infected Pneumonia. N. Engl. J. Med. 2020, 382, 1199–1207. [CrossRef]
[PubMed]

4. van Doremalen, N.; Bushmaker, T.; Morris, D.H.; Holbrook, M.G.; Gamble, A.; Williamson, B.N.; Munster, V.J.; Tamin, A.;
Lloyd-Smith, J.O.; de Wit, T.; et al. Aerosol and Surface Stability of SARS-CoV-2 Compared with SARS-CoV-1. N. Engl. J. Med.
2020, 382, 1564–1567. [CrossRef]

5. Bak, A.; Mugglestone, M.A.; Ratnaraja, N.V.; Wilson, J.A.; Loveday, H.P.; Rivett, L.; Wilson, A.; Islam, J.; Loveday, H.P.; Price, J.; et al.
SARS-CoV-2 routes of transmission and recommendations for preventing acquisition: Joint British Infection Association (BIA), Healthcare
Infection Society (HIS), Infection Prevention Society (IPS) and Royal College of Pathologists (RCPath) guidance. J. Hosp. Infect. 2021, 114,
79–103. [CrossRef] [PubMed]

6. Jones, T.C.; Biele, G.; Mühlemann, B.; Veith, T.; Schneider, J.; Beheim-Schwarzbach, J.; Drosten, C.; Corman, V.M.; Edelmann, A.;
Stein, A.; et al. Estimating infectiousness throughout SARS-CoV-2 infection course. Science 2021, 373, eabi5273. [CrossRef]

7. Walensky, R.P.; Walke, H.T.; Fauci, A.S. SARS-CoV-2 Variants of Concern in the United States-Challenges and Opportunities.
JAMA 2021, 325, 1037–1038. [CrossRef]

8. Gu, H.; Krishnan, P.; Ng, D.Y.M.; Chang, L.D.J.; Liu, G.Y.Z.; Cheng, S.S.M.; Hui, M.M.Y.; Fan, M.C.Y.; Wan, J.H.L.; Lau, L.H.K.; et al.
Probable Transmission of SARS-CoV-2 Omicron Variant in Quarantine Hotel, Hong Kong, China, November 2021. Emerg. Infect. Dis.
2022, 28, 460–462. [CrossRef] [PubMed]

9. Zhang, W.; Davis, B.D.; Chen, S.S.; Sincuir Martinez, J.M.; Plummer, J.T.; Vail, E. Emergence of a Novel SARS-CoV-2 Variant in
Southern California. JAMA 2021, 325, 1324–1326. [CrossRef] [PubMed]

10. Boehm, E.; Kronig, I.; Neher, R.A.; Eckerle, I.; Vetter, P.; Kaiser, L. Geneva Centre for Emerging Viral Diseases. Novel SARS-CoV-2
variants: The pandemics within the pandemic. Clin. Microbiol. Infect. 2021, 27, 1109–1117. [CrossRef]

11. V’kovski, P.; Kratzel, A.; Steiner, S.; Stalder, H.; Thiel, V. Coronavirus biology and replication: Implications for SARS-CoV-2. Nat.
Rev. Microbiol 2021, 19, 155–170. [CrossRef]

12. Hillen, H.S.; Kokic, G.; Farnung, L.; Dienemann, C.; Tegunov, D.; Cramer, P. Structure of replicating SARS-CoV-2 polymerase.
Nature 2020, 584, 154–156. [CrossRef]

13. Troyano-Hernáez, P.; Reinosa, R.; Holguín, Á. Evolution of SARS-CoV-2 Envelope, Membrane, Nucleocapsid, and Spike Structural
Proteins from the Beginning of the Pandemic to September 2020: A Global and Regional Approach by Epidemiological Week.
Viruses 2021, 13, 243. [CrossRef] [PubMed]

14. Ke, Z.; Oton, J.; Qu, K.; Cortese, M.; Zila, V.; McKeane, L.; Briggs, A. Structures and distributions of SARS-CoV-2 spike proteins
on intact virions. Nature 2020, 588, 498–502. [CrossRef] [PubMed]

15. Merad, M.; Blish, C.A.; Sallusto, F.; Iwasaki, A. The immunology and immunopathology of COVID-19. Science 2022, 375,
1122–1127. [CrossRef]

16. Kasuga, Y.; Zhu, B.; Jang, K.J.; Yoo, J.S. Innate immune sensing of coronavirus and viral evasion strategies. Exp. Mol. Med. 2021,
53, 723–736. [CrossRef] [PubMed]

17. Rydyznski Moderbacher, C.; Ramirez, S.I.; Dan, J.M.; Grifoni, A.; Hastie, K.M.; Weiskopf, D.S.; Crotty, S. Antigen-Specific Adaptive
Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and Disease Severity. Cell 2020, 183, 996–1012.e19.
[CrossRef]

18. 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, e0131321. [CrossRef] [PubMed]

19. Long, Q.X.; Liu, B.Z.; Deng, H.J.; Wu, G.C.; Deng, K.; Chen, Y.K. Antibody responses to SARS-CoV-2 in patients with COVID-19.
Nat. Med. 2020, 26, 845–848. [CrossRef] [PubMed]

20. Wong, C.K.H.; Au, I.C.H.; Lau, K.T.K.; Lau, E.H.Y.; Cowling, B.J.; Leung, G.M. Real-world effectiveness of molnupiravir and
nirmatrelvir plus ritonavir against mortality, hospitalization, and in-hospital outcomes among community-dwelling, ambulatory
patients with confirmed SARS-CoV-2 infection during the omicron wave in Hong Kong: An observational study. Lancet 2022, 400,
1213–1222.

21. Gottlieb, R.L.; Nirula, A.; Chen, P.; Boscia, J.; Heller, B.; Morris, J. Effect of Bamlanivimab as Monotherapy or in Combination
With Etesevimab on Viral Load in Patients With Mild to Moderate COVID-19: A Randomized Clinical Trial. JAMA 2021, 325,
632–644. [CrossRef]

22. World Health Organisation (WHO). COVID-19 Vaccines (Internet). Available online: https://www.who.int/emergencies/
diseases/novel-coronavirus-2019/covid-19-vaccines (accessed on 20 October 2022).

23. Creech, C.B.; Walker, S.C.; Samuels, R.J. SARS-CoV-2 Vaccines. JAMA 2021, 325, 1318–1320. [CrossRef] [PubMed]
24. Grumbach, K.; Carson, M.; Harris, O.O. Achieving Racial and Ethnic Equity in COVID-19 Vaccination: From Individual Readiness

to Health System Readiness. JAMA Health Forum. 2021, 2, e211724. [CrossRef]
25. Saudi Ministry of Health (Internet). Available online: https://covid19.moh.gov.sa/ (accessed on 20 November 2022).

333



Viruses 2023, 15, 326

26. Falsey, A.R.; Sobieszczyk, M.E.; Hirsch, I.; Sproule, S.; Robb, M.L.; Corey, L.; Neuzil, K.M.; Hahn, W.; Hunt, J.; Mulligan, M.J.; et al.
Phase 3 Safety and Efficacy of AZD1222 (ChAdOx1 nCoV-19) Covid-19 Vaccine. N. Engl. J. Med. 2021, 385, 2348–2360. [CrossRef]
[PubMed]

27. Martínez-Baz, I.; Trobajo-Sanmartín, C.; Miqueleiz, A.; Guevara, M.; Fernández-Huerta, M.; Burgui, C.; Casado, I.; Portillo, M.E.;
Navascués, A.; Ezpeleta, C.; et al. Product-specific COVID-19 vaccine effectiveness against secondary infection in close contacts,
Navara, August 2021. Eurosurveillance 2021, 26, 2100894. [CrossRef] [PubMed]

28. El Sahly, H.M.; Baden, L.R.; Essink, B.; Doblecki-Lewis, S.; Martin, J.M.; Anderson, E.J. Efficacy of the mRNA-1273 SARS-CoV-2
vaccine at completion of blinded phase. N. Engl. J. Med. 2021, 385, 1774–1785. [CrossRef] [PubMed]

29. Skowronski, D.M.; De Serres, G. Safety and Efficacy of the BNT16. mRNA Covid-19 Vaccine. N. Engl. J. Med. 2021, 384, 1576–1578.
30. Pasquale, S.; Gregorio, G.L.; Caterina, A.; Francesco, A.; Beatrice, P.M.; Vincenzo, P.; Caterina, P.M. COVID-19 in Low- and

Middle-Income Countries (LMICs): A Narrative Review from Prevention to Vaccination Strategy. Vaccines 2021, 9, 1477. [CrossRef]
31. Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P. Oxford COVID Vaccine Trial Group. Safety and

Efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: An interim analysis of four randomised controlled
trials in Brazil, South Africa, and the UK. Lancet 2021, 397, 99–111. [CrossRef]

32. Dagan, N.; Barda, N.; Kepten, E.; Miron, O.; Perchik, S.; Katz, M.A.; Hernán, M.A.; Lipsitch, M.; Reis, B.; Balicer, R.D. BNT162b2
mRNA Covid-19 Vaccine in a Nationwide Mass Vaccination Setting. N. Engl. J. Med. Mass. Med. Soc. 2021, 384, 1412–1423.
[CrossRef] [PubMed]

33. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine.
N. Engl. J. Med. Mass. Med. Soc. 2021, 384, 403–416. [CrossRef]

34. Bergwerk, M.; Gonen, T.; Lustig, Y.; Amit, S.; Lipsitch, M.; Cohen, C.; Mandelboim, M.; Levin, E.G.; Rubin, C.; Indenbaum, V.; et al.
COVID-19 Breakthrough Infections in Vaccinated Health Care Workers. N. Engl. J. Med. 2021, 385, 1474–1484. [CrossRef]

35. Lipsitch, M.; Krammer, F.; Regev-Yochay, G.; Lustig, Y.; Balicer, R.D. SARS-CoV-2 breakthrough infections in vaccinated
individuals: Measurement, causes and impact. Nat. Rev. Immunol. 2022, 22, 57–65. [CrossRef] [PubMed]

36. Sattar, N.; McInnes, I.B.; McMurray, J.J.V. Obesity a risk factor for severe COVID-19 infection: Multiple potential mechanisms.
Circulation 2020, 142, 4–6. [CrossRef] [PubMed]

37. Simonnet, A.; Chetboun, M.; Poissy, J.; Raverdy, V.; Noulette, J.; Duhamel, A. High prevalence of obesity in severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) requiring invasive mechanical ventilation. Obesity 2020, 28, 1195–1199.
[CrossRef] [PubMed]

38. El Bcheraoui, C.; Afshin, A.; Charara, R.; Khalil, I.; Moradi-Lakeh, M.; Kassebaum, N.J.; Collison, M.; Daoud, F. GBD 2015 Eastern
Mediterranean Region Obesity Collaborators. The burden of obesity in the Eastern Mediterranean Region: Findings from the
Global Burden of Disease 2015 study. Int. J. Public Health 2018, 63, 165–176.

39. Singh, A.S.; Gupta, R.; Ghosh, A.; Misra, A. Diabetes in COVID-19: Prevalence, pathophysiology, prognosis and practical
considerations. Diabetes Metab. Syndr. 2020, 14, 303–310. [CrossRef]

40. Al Dawish, M.A.; Robert, A.A.; Braham, R.; Al Hayek, A.A.; Al Saeed, A.; Ahmed, R.A.; Al Sabaan, F.S. Diabetes Mellitus in
Saudi Arabia. Curr. Diabetes Rev. 2016, 12, 359–368. [CrossRef]

41. Shang, J.; Wang, Q.; Zhang, H.; Wang, X.; Wan, J.; Yan, Y.; Gao, Y.; Cheng, J.; Li, Z.; Lin, J. The Relationship Between Diabetes
Mellitus and COVID-19 Prognosis: A Retrospective Cohort Study in Wuhan, China. Am. J. Med. 2021, 134, e6–e14. [CrossRef]

42. Robert, A.A.; Al Saeed, A.; Al Dawish, M.A. COVID-19 among people with diabetes mellitus in Saudi Arabia: Current situation
and new perspectives. Diabetes Metab. Syndr. Clin. Res. Rev. 2021, 15, 102231. [CrossRef]

43. Alguwaihes, A.M.; Al-Sofiani, M.E.; Megdad, M.; Albader, S.S.; Alsari, M.H.; Alelayan, A.; Saad, H. Diabetes and COVID-19
among hospitalized patients in Saudi Arabia: A single-center retrospective study. Cardiovasc. Diabetol. 2020, 19, 20. [CrossRef]

44. Saha, A.; Ahsan, M.M.; Quader, T.-U.; Naher, S.; Akter, F.; Mehedi, H.H.; Chowdhury, A.A.U.; Karim, H.; Rahman, T.; Parvin,
A. Clinical characteristics and outcomes of COVID-19 infected diabetic patients admitted in ICUs of the southern region of
Bangladesh. Diabetes Metab. Syndr. Clin. Res. Rev. 2021, 15, 229–235. [CrossRef]

45. Aihong, W.; Weibo, Z.; Zhangrong, X.; Jianwen, G. Timely blood glucose management for the outbreak of 2019 novel coronavirus
disease (COVID-19) is urgently needed. Diabetes Res. Clin. Pract. 2020, 162, 108118.

46. Moutschen, M.P.; Scheen, A.J.; Lefebvre, P.J. Impaired immune responses in diabetes mellitus: Analysis of the factors and
mechanisms involved. Relevance to the increased susceptibility of diabetic patients to specific infections. Diabete Metab. 1992, 18,
187–201.

47. Lee, K.A.; Ma, W.; Sikavi, D.R.; Drew, D.A.; Nguyen, L.H.; Bowyer, R.C.E.; Cardoso, M.J.; Fall, T.; Freidin, M.B.; Gomez, M.; et al.
Cancer and Risk of COVID-19 Through a General Community Survey. Oncologist 2021, 26, e182–e185. [CrossRef] [PubMed]

48. Fabiani, M.; Puopolo, M.; Filia, A.; Sacco, C.; Mateo-Urdiales, A.; Alegiani, S.; Pezzotti, P. Effectiveness of an mRNA vaccine
booster dose against SARS-CoV-2 infection and severe COVID-19 in persons aged ≥60 years and other high-risk groups during
predominant circulation of the delta variant in Italy, July 19 to December 12 2021. Expert Rev. Vaccines 2022, 21, 1–8. [CrossRef]

49. de Oliveira, P.M.N.; Mendes-De-Almeida, D.P.; Porto, V.B.G.; Cordeiro, C.C.; Teixeira, G.V.; Pedro, R.S.; Takey, P.R.G.; Lignani,
L.K.; Xavier, J.R.; da Gama, V.C.D.; et al. Vaccine-induced immune thrombotic thrombocytopenia after COVID-19 Vaccination:
Description of a series of 39 cases in Brazil. Vaccine 2022, 40, 4788–4795. [CrossRef] [PubMed]

50. Greinacher, A.; Thiele, T.; Warkentin, T.E. Thrombotic thrombocytopenia after ChAdOx1 nCov-19 vaccination. N. Engl. J. Med.
2021, 9, 33835769. [CrossRef]

334



Viruses 2023, 15, 326

51. Alkindi, S.; Elsadek, R.; Al-Madhani, A.; Al-Musalhi, M.; Al-Khadouri, G.; Al Rawahi, B.; Al-Ruqeishi, S.; Al-Yazeedi, J.; Wali, Y.;
Al Shamakhi, S.; et al. Impact of COVID-19 on vasooclusive crisis in patients with sickle cell anaemia. Int. J. Infect. Dis. 2021, 106,
128–133. [CrossRef]

52. Alkindi, S.; Elsadek, R.A.; Pathare, A.V. Safety Warning for ChAdOx1 nCov-19 Vaccine in Patients with Sickle Cell Disease.
Mediterr. J. Hematol. Infect. Dis. 2021, 13, e2021059. [CrossRef]

53. Elnahry, A.G.; Al-Nawaflh, M.Y.; Gamal Eldin, A.A.; Solyman, O.; Sallam, A.B.; Phillips, P.H.; Elhusseiny, A.M. COVID-19
Vaccine-Associated Optic Neuropathy: A Systematic Review of 45 Patients. Vaccines 2022, 10, 1758. [CrossRef]

54. Diaz, G.A.; Parsons, G.T.; Gering, S.K.; Meier, A.R.; Hutchinson, I.V.; Robicsek, A. Myocarditis and Pericarditis After Vaccination
for COVID-19. JAMA 2021, 326, 1210–1212. [CrossRef]

55. Montgomery, J.; Ryan, M.; Engler, R.; Hoffman, D.; McClenathan, B.; Collins, L.; Loran, D.; Hrncir, D.; Herring, K.; Platzer, M.; et al.
Myocarditis Following Immunization With mRNA COVID-19 Vaccines in Members of the US Military. JAMA Cardiol. 2021, 6, 1202.
[CrossRef]

56. Kim, H.W.; Jenista, E.R.; Wendell, D.C.; Azevedo, C.F.; Campbell, M.J.; Darty, S.N.; Parker, M.A.; Kim, R.J. Patients With Acute
Myocarditis Following mRNA COVID-19 Vaccination. JAMA Cardiol. 2021, 6, 1196. [CrossRef]

57. Allen, C.M.; Ramsamy, S.; Tarr, A.W.; Tighe, P.J.; Irving, W.L.; Tanasescu, R.; Evans, J.R. Guillain-Barré Syndrome Variant
Occurring after SARS-CoV-2 Vaccination. Ann. Neurol. 2021, 90, 315–318. [CrossRef] [PubMed]

58. Finsterer, J. Exacerbating Guillain-Barré Syndrome Eight Days after Vector-Based COVID-19 Vaccination. Case Rep. Infect. Dis.
2021, 2021, 3619131. [CrossRef] [PubMed]

59. Maramattom, B.V.; Krishnan, P.; Paul, R.; Padmanabhan, S.; Nampoothiri, D.S.C.V.; Syed, A.A.; Mangat, H.S. Guillain-Barré
Syndrome following ChAdOx1-S / nCoV -19 Vaccine. Ann. Neurol. 2021, 90, 312–314. [CrossRef] [PubMed]

60. Hatzakis, A.; Karabinis, A.; Roussos, S.; Pantazis, N.; Degiannis, D.; Chaidaroglou, A.; Petsios, K.; Pavlopoulou, I.; Tsiodras, S.;
Paraskevis, D.; et al. Modelling SARS-CoV-2 Binding Antibody Waning 8 Months after BNT162b2 vaccination. Vaccines 2022, 10, 285.
[CrossRef]

61. Levin, E.G.; Lustig, Y.; Cohen, C.; Fluss, R.; Indenbaum, V.; Amit, S.; Doolman, R.; Asraf, K.; Mendelson, E.; Ziv, A.; et al. Waning
Immune Humoral Response to BNT162b2 Covid-19 Vaccine over 6 Months. N. Engl. J. Med. 2021, 385, e84. [CrossRef]

62. Israel, A.; Shenhar, Y.; Green, I.; Merzon, E.; Golan-Cohen, A.; Schäffer, A.A.; Ruppin, E.; Vinker, S.; Magen, E. Large-Scale Study
of Antibody Titer Decay following BNT162b2 mRNA Vaccine or SARS-CoV-2 Infection. Vaccines 2021, 10, 64. [CrossRef]

63. Doria-Rose, N.; Suthar, M.S.; Makowski, M.; O’Connell, S.; McDermott, A.B.; Flach, B.; Ledgerwood, J.E.; Mascola, J.R.; Graham,
B.S.; Lin, B.C.; et al. Antibody Persistence through 6 Months after the Second Dose of mRNA-1273 Vaccine for Covid-19. N. Engl.
J. Med. 2021, 384, 2259–2261. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

335





Citation: Carattini, Y.L.; Griswold, A.;

Williams, S.; Valiathan, R.; Zhou, Y.;

Shukla, B.; Abbo, L.M.; Parra, K.;

Jorda, M.; Nimer, S.D.; et al.

Combined Use of RT-qPCR and NGS

for Identification and Surveillance of

SARS-CoV-2 Variants of Concern in

Residual Clinical Laboratory Samples

in Miami-Dade County, Florida.

Viruses 2023, 15, 593. https://

doi.org/10.3390/v15030593

Academic Editors: Ahmed El-Shamy

and Mohamed Ibrahim

Received: 8 December 2022

Revised: 14 February 2023

Accepted: 17 February 2023

Published: 21 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

viruses

Article

Combined Use of RT-qPCR and NGS for Identification and
Surveillance of SARS-CoV-2 Variants of Concern in Residual
Clinical Laboratory Samples in Miami-Dade County, Florida

Yamina L. Carattini 1, Anthony Griswold 2, Sion Williams 3, Ranjini Valiathan 1, Yi Zhou 1,3, Bhavarth Shukla 4,

Lilian M. Abbo 4, Katiuska Parra 5, Merce Jorda 1,3, Stephen D. Nimer 3,4, Corneliu Sologon 3, Hilma R. Gallegos 3,

Roy E. Weiss 4, Tanira Ferreira 4, Abdul Memon 6, Peter G. Paige 6,†, Emmanuel Thomas 1

and David M. Andrews 1,*

1 Department of Pathology and Laboratory Medicine, University of Miami Miller School of Medicine,
Miami, FL 33136, USA

2 John P. Hussman Institute for Human Genomics, University of Miami Miller School of Medicine,
Miami, FL 33136, USA

3 Sylvester Comprehensive Cancer Center, University of Miami Miller School of Medicine,
Miami, FL 33136, USA

4 Department of Medicine, University of Miami Miller School of Medicine, Miami, FL 33136, USA
5 Laboratory Services, Pathology Department, Jackson Memorial Hospital, Miami, FL 33136, USA
6 Jackson Health System, Miami, FL 33136, USA
* Correspondence: dandrews@med.miami.edu
† Current address: Albany Medical Center, Albany, NY 12208, USA.

Abstract: Over the course of the COVID-19 pandemic, SARS-CoV-2 variants of concern (VOCs)
with increased transmissibility and immune escape capabilities, such as Delta and Omicron, have
triggered waves of new COVID-19 infections worldwide, and Omicron subvariants continue to
represent a global health concern. Tracking the prevalence and dynamics of VOCs has clinical
and epidemiological significance and is essential for modeling the progression and evolution of
the COVID-19 pandemic. Next generation sequencing (NGS) is recognized as the gold standard
for genomic characterization of SARS-CoV-2 variants, but it is labor and cost intensive and not
amenable to rapid lineage identification. Here we describe a two-pronged approach for rapid,
cost-effective surveillance of SARS-CoV-2 VOCs by combining reverse-transcriptase quantitative
polymerase chain reaction (RT-qPCR) and periodic NGS with the ARTIC sequencing method. Variant
surveillance by RT-qPCR included the commercially available TaqPath COVID-19 Combo Kit to
track S-gene target failure (SGTF) associated with the spike protein deletion H69-V70, as well as two
internally designed and validated RT-qPCR assays targeting two N-terminal-domain (NTD) spike
gene deletions, NTD156-7 and NTD25-7. The NTD156-7 RT-qPCR assay facilitated tracking of the
Delta variant, while the NTD25-7 RT-qPCR assay was used for tracking Omicron variants, including
the BA.2, BA.4, and BA.5 lineages. In silico validation of the NTD156-7 and NTD25-7 primers and
probes compared with publicly available SARS-CoV-2 genome databases showed low variability
in regions corresponding to oligonucleotide binding sites. Similarly, in vitro validation with NGS-
confirmed samples showed excellent correlation. RT-qPCR assays allow for near-real-time monitoring
of circulating and emerging variants allowing for ongoing surveillance of variant dynamics in a
local population. By performing periodic sequencing of variant surveillance by RT-qPCR methods,
we were able to provide ongoing validation of the results obtained by RT-qPCR screening. Rapid
SARS-CoV-2 variant identification and surveillance by this combined approach served to inform
clinical decisions in a timely manner and permitted better utilization of sequencing resources.
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1. Introduction

Throughout the COVID-19 pandemic, SARS-CoV-2 has continuously acquired mu-
tations throughout its genome, resulting in the emergence of over a thousand genetic
variations of the original Wuhan strain, categorized into lineages and larger phylogenetic
groups, or clades [1]. A subset of these variants have been designated as variants of concern
(VOC) by public health organizations including the WHO [2], the Centers for Disease
Control and Prevention (CDC) [3], and the European Centre for Disease Prevention and
Control (ECDC) [4] based on clinical and epidemiological data and on the presence of one
or more mutations of interest, predominantly in the spike (S) glycoprotein (e.g., D614G,
N501Y, N417K, E484K/Q, L452R, T478K, and P681R). Such mutations have been associated
with increased transmissibility and/or virulence, enhanced ability to evade protective
immunity from natural infection or vaccination, and/or reduced efficacy of therapeutic
monoclonal antibodies [5–9]. Genetic mutations of interest may confer additional functional
properties to the virus and have emerged through parallel evolutionary selection in several
different lineages without defining a particular lineage or strain. In March 2022, the WHO
and the CDC recognized two VOCs, Delta (B.1.617.2, including AY lineages) and Omicron
(B.1.1.529, including BA. lineages) [3,10]

The Delta variant emerged in India in late 2020 and was classified as a VOC by the
WHO in May 2021. With increased transmissibility and enhanced immune escape ca-
pabilities compared to previous variants [11–14], Delta caused waves of new COVID-19
infections around the world and rapidly outcompeted other lineages and VOCs including
Alpha (B.1.1.7) and Gamma (P.1), achieving dominance in most countries by the fall of
2021 [15]. Soon after the culmination of the Delta-driven wave of COVID-19 infections,
the Omicron variant emerged in South Africa with an unprecedented and alarming num-
ber of mutations in the S glycoprotein and was subsequently designated a VOC by the
WHO on 26 November 2021 [16]. Of approximately 33 S gene mutations in present in the
Omicron variant, 15 are in the receptor-binding domain (RBD), a region which represents
the primary target of monoclonal antibody therapies and most SARS-CoV-2 vaccines [17].
More transmissible and better at immune evasion than previous variants [18–21], Omicron
rapidly became the dominant strain throughout the world and drove the global num-
ber of new COVID-19 infections from 269 million in mid-December 2021 to more than
430 million by late-February 2022. The number of global COVID-19-related deaths rose
from 5.3 million to over 6 million in the same period [22]. Iketani et al. showed disparate
efficacy of monoclonal antibodies against different Omicron lineages (BA.1 vs. BA.2) [23],
which rapidly changed the therapeutic landscape. Additionally, through its increased trans-
missibility and immune evasion properties, Omicron is characterized by high susceptibility
to breakthrough infection, even in fully vaccinated individuals [24]. As Omicron continues
its genetic evolution, ongoing surveillance of locally circulating lineages is necessary in
order to monitor for the emergence of novel strains designated as Omicron subvariants
under monitoring by the WHO. As of 13 September 2022, new COVID-19 cases in the
United States (US) are predominantly of the Omicron BA.5 sublineage (~89%), with BA.4
comprising ~10%, and BA.2.12.2 representing <1% [25].

Although NGS is recognized as the gold standard for SARS-CoV-2 variant identifi-
cation, it is cost- and labor-intensive, limiting its widespread use [26]. In addition, the
turnaround time for results can take as much as 1 week to be finalized given the complex
workflows. Furthermore, widely used multiplex-polymerase-chain-reaction (PCR)-based
sequencing approaches (i.e., ARTIC SARS-CoV-2 sequencing method) harbor inherent tech-
nical limitations compared to more robust sequencing approaches. One limitation of the
ARTIC method is high sequencing failure rates for samples with PCR Ct values >32 [27].
Another limitation associated with this method is primer-variant overlap with heavily
mutated lineages (e.g., Omicron), which can result in PCR amplification failure and a
subsequent decrease in coverage [28–31]. In contrast, PCR-based approaches represent a
simpler approach to track specific VOCs [32]. Molecular techniques involving PCR have
played an important role in COVID-19 diagnostic testing and are widely used for viral

338



Viruses 2023, 15, 593

nucleic acid detection due to their high sensitivity. Importantly, PCR-based tests are also
more amenable to providing semi-quantitative results pertaining to viral load [33].

In addition to their utility in COVID-19 diagnostic testing, PCR-based methods pro-
vide a feasible alternative to NGS for SARS-CoV-2 variant detection and surveillance. A
commercially available Reverse Transcriptase quantitative PCR (RT-qPCR) COVID-19 diag-
nostic test (TaqPath COVID-19 Combo Kit, Thermo Fisher, Inc., Waltham, MA) became a
useful tool for tracking the Alpha (B.1.1.7) variant in the first half of 2021, after discovery
that a 6-base-pair (bp) deletion at nucleotide positions 21,765–21,770 in the N-terminal
domain of the S gene, corresponding to amino acids (aa’s) Histidine-69 and Valine-70
(H69-V70) of the S glycoprotein, results in failed or delayed amplification (defined here
by a mean S-gene target cycle threshold (Ct) delay = 6.3 compared to the N-gene target
Ct), referred to as S-gene target failure (SGTF) or S-gene target late amplification (SGTL),
while amplification of the other two targets in the assay (N-gene and ORF1ab-gene) are
retained [34,35]. More recently, the prevalence of VOC Omicron lineages BA.1, BA.4, and
BA.5, which also harbor the H69-V70 S deletion, have been successfully tracked by this
method. We found excellent correlation between SGTF and SGTL with the TaqPath assay
and NGS-confirmed Alpha and Omicron lineages (Ct <30), supporting the continued use of
the TaqPath assay for tracking the prevalence of SARS-CoV-2 lineages carrying the H69-V70
deletion. In contrast to the Omicron BA.1, BA.4, and BA.5 lineages, the BA.2 lineages lack
the H69-V70 S deletion that results in SGTF/SGTL and cannot be detected with the TaqPath
assay. Other investigators have proposed RT-qPCR strategies targeting lineage-defining
mutations as a reliable complement to NGS for detection and surveillance of SARS-CoV-2
variants [36–40]. Here we utilized a combined approach involving the TaqPath assay,
targeted RT-qPCR, and NGS to follow changes in the SARS-CoV-2 variant pool.

2. Materials and Methods

2.1. Study Design

Deidentified, residual SARS-CoV-2-positive nasal and/or nasopharyngeal swab (NPS)
samples (in transport media/solution) were used in this study. SARS-CoV-2 samples
previously identified as positive by PCR were retrieved randomly from routine COVID-19
PCR testing performed in local clinical laboratories. From January 2021 to April 2022, we
obtained 6482 residual COVID-19-positve samples for SARS-CoV-2 variant screening by
PCR. Of these, 1668 samples were submitted for genomic characterization by NGS. Residual
patient samples were obtained from two health systems in Miami-Dade County, Florida:
University of Miami Health System (UHealth) and Jackson Health System (JHS), a large
public county health system distributed throughout Miami-Dade County. Residual samples
were also obtained from routine University of Miami COVID-19 surveillance screening
and testing programs involving students and staff. All samples used in this study were
permanently de-identified and unlinked from the patient or student/staff records and were
used for surveillance purposes only. Consequently, study samples were considered by the
Institutional Review Board (IRB) to represent non-human studies research material and did
not require IRB approval.

2.2. NGS/ARTIC SARS-CoV-2 Sequencing Method

Sample sequencing was performed at the University of Miami Miller School of
Medicine, Sylvester Comprehensive Cancer Center Onco-genomics Shared Resource (OGSR)
facility using the NEBNext ARTIC SARS-CoV-2 FS Library Prep Kit (Illumina, San Diego,
CA, USA) (NEB #E7658), according to manufacturer’s instructions. Briefly, following re-
verse transcription of purified viral RNA, multiplexed PCR amplification of cDNA with a
primer scheme produces multiple amplicons (~98) spanning the viral genome. Preparation
of final PCR products for sequencing follows with barcoded adaptor ligation and addition
of index primers in accordance with Illumina library preparation instructions. Sequencing
was performed on the NextSeq 500 (Illumina, San Diego, CA, USA).
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2.3. Bioinformatics

Bioinformatics analysis of raw FASTQ files was performed using the resources of
the Institute for Data Science and Computing and performed by personnel at the John P.
Hussman Institute for Human Genomics, both at the University of Miami Miller School
of Medicine. The protocol used was based on a pipeline instituted at the Utah Depart-
ment of Health and made publicly available via the Centers for Disease Control and
Prevention GitHub page [41]. Secondary analysis of the resulting consensus FASTA file
was performed in a two-part approach. First, the FASTA file was analyzed using Phy-
logenetic Assignment of Named Global Outbreak LINeages software (Pangolin https:
//github.com/cov-lineages/pangolin). Prior to each analysis, the version of Pangolin and
its associated software and databases were updated to the most current version to account
for software evolution and recently emerging annotations. The second part utilized the
Nextclade web-based software (all versions: 10.5281/zenodo.5726680) [42]. Nextclade
performs alignment of the FASTA file against the SARS-CoV-2 reference and quality control,
calls variants, and assigns clades for each sample. A visual output of coverage and variant
calls are provided as well as a tabular format for cataloging lineage information.

2.4. RT-qPCR Target Selection and Primer/Probe Design

To develop a targeted RT-qPCR assay that could distinguish Delta from other circulat-
ing variants, we searched SARS-CoV-2 Delta variant sequences retrieved from the GISAID
database and subsequently selected a 6 bp deletion located in the NTD of the S gene as
the target for the fluorescence resonance energy transfer (FRET) probe (qPCR 5-prime
nuclease probe). The target mutation spans three codons and results in a 6 bp deletion of
glutamate (E) at position 156 and phenylalanine (F) at position 157, also resulting in the non-
synonymous substitution of arginine (R) for glycine (G) at position 158. We downloaded
SARS-CoV-2 reference sequences from GISAID (hCoV-19/Wuhan/WIV04/2019) and NCBI
(NC_045512.2) (https://www.gisaid.org/) to select the location and obtain the sequence for
the primers and probe. We then modified the reference sequence for probe binding to the
E156-F157 six-base-pair NTD deletion at nucleotide positions 22,029–22,034 and selected
the location of the primers to ensure an amplicon size < 100 bp. Oligos were obtained
from Integrated DNA Technologies (IDT, Carolville, IA) and were optimized in silico using
the IDT OligoAnalyzer tool for determining melting temperatures (Tm) and potential for
formation of secondary structures (hairpins or primer-dimer). The 24-base FRET probe was
labeled at the 5′-end with the reporter molecule 6-carboxyfluorescein (FAM) and with a
double quencher, ZEN (internal), and Iowa Black (3IABkFQ) at the 3′-end. The amplicon
size for the NTD156-7 RT-qPCR assay is 96 bp. Using the same approach, we designed a
mutation-specific RT-qPCR assay to detect and monitor the local prevalence of the Omicron
BA.2, which subsequently served for surveillance of the BA.4 and BA.5 lineages as well.
In this case, the NTD 9 bp deletion selected as the target spans four codons resulting in a
non-synonymous substitution of leucine (L) with serine (S) at position 24, and deletion of
two proline (P) and one alanine (A) residues at positions 25–27 of the S glycoprotein. The
22 base FRET probe was labeled at the 5′-end with the reporter molecule Cyanine 5 (Cy5)
and with TAO and Iowa Black (3IAbRQSp) as internal and 3′-end quenchers, respectively.
The amplicon size for the NTD25-7 assay is 88 bp.

2.5. In Silico Validation of Targeted RT-qPCR Assays

To determine the rate of occurrence of mutations in the selected primers and probe
sequences, we utilized the PrimerChecker function provided by the GISAID EpiCov re-
source (https://www.gisaid.org/). In short, the PrimerChecker performs a search using
basic local alignment search tool (BLAST) parameters for short sequence matches to search
input primer sequences against high quality (<1% N and <0.05% non-synonymous muta-
tions) genome sequences deposited in GISAID. We analyzed sequences deposited from
23 February 2021 to 22 August 2021 (1,305,468 sequences) for the NTD156-7 primers and
probe and from 19 December 2021 to 19 March 2022 (220,000 sequences) for the NTD25-7
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primers and probe. These searches provided a list of sequences with one or more mutations
in the binding regions for primers and FRET probes and captured the cumulative mutation
rate during the period analyzed.

2.6. In Vitro Validation of Targeted RT-qPCR Assays

To validate the primers and FRET probe for the Delta-specific RT-qPCR assay (NTD156-7)
in vitro, we obtained extracted RNA from 50 COVID-19-positive samples of variants previ-
ously identified by NGS. RNA extractions were performed on a Chemagic 360 instrument
using the Chemagic Viral DNA/RNA 300 Kit H96 (PerkinElmer, Downers Grove, ILfollow-
ing manufacturer’s instructions. Of the 50 samples, n = 24 were identified as Delta variant
(B.1.617.2 (9), AY.2 (1), AY.3 (3), AY.3.1 (2), AY.4 (1), AY.5 (1), AY.12 (1), AY.24 (1), AY.25 (5)),
and n = 26 were non-Delta variants (B.1 (1), B.1.1.7 (Alpha) (6), B.1.427 (2), B.1.429 (2),
B.1.526 (3), B.1.621 (Mu) (2), B.1.621.1 (Mu) (2), B.1.623 (1), B.1.628 (1), C.37 (Lambda) (3),
P.1 (Gamma) (3)). For a 1 × 20 μL qPCR reaction, we used 5 μL of TaqPath 1-Step Multiplex
Master Mix, no ROX (Thermo Fisher, Waltham, MA), 0.8 μL each forward and reverse
primer from a 10 μM working concentration (final concentration of 400 nM each primer),
0.4 μL of FRET probe from a 10 μM working concentration (final concentration of 200 nM),
8 μL of molecular grade water, and 5 μL of purified sample RNA. RT-qPCR was performed
on a QuantStudio 7 instrument. The assay was performed with the following PCR cycling
conditions: 25 ◦C for 2 min, 53 ◦C for 30 min (reverse transcription, RT), 95 ◦C for 3 min,
and 45 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s.

For the Omicron-specific NTD25-7 assay, we used the same reaction and cycling condi-
tions allowing for an eventual transition to a multiplexed assay containing both NTD156-7
and NTD25-7 RT-qPCR assays. As other SARS-CoV-2 variants have been displaced by the
emergence of dominant strains, such as Delta and Omicron, we included two Delta lineages
(AY.3 and AY.47) which were circulating within our study population at the time, albeit in
low numbers (~2% of sequenced samples), and Omicron lineages BA.1, BA.1.1, and BA.2
for the in vitro validation of the Omicron-specific RT-qPCR assay. We followed the same
protocol as described above for 56 COVID-19-positive samples previously identified by
NGS as AY.3 (n = 2), AY.47 (n= 1), BA.1 (n = 9), BA.1.1 (n = 17), and BA.2 (n = 27) lineages to
assess the performance of the NTD25-7 assay. The TaqPath COVID-19 Combo Kit provides
negative, positive, and internal controls to monitor the reliability of the results for the entire
batch of specimens from RNA extraction to PCR amplification. According to manufac-
turer’s instructions, an internal control Ct < 37 is considered positive, and N, ORF1ab, and
S Ct >37 is considered negative for SARS-CoV-2. In our study, the Ct value cutoff was <35,
and samples lacking amplification (Ct = 0) for at least one of the three targets (except for
the S gene target in the case of SGTF) were considered “not evaluable”.

3. Results

3.1. ARTIC SARS-CoV-2 Sequencing Method Performance Is Directly Related to Sample Ct Values

In our study, we found a direct relationship between sample Ct values obtained from
the TaqPath assay and sequencing failure rate with the ARTIC method. We performed a
retrospective analysis of 1650 samples submitted for NGS and used the TaqPath N-gene
target as the reference Ct to determine the relationship between Ct value and sequencing
failure rate. The rationale for selecting the N-gene as the reference Ct for this analysis was
based on the observation that the Ct values for the ORF1ab and S gene targets (TaqPath)
generally trended higher compared to the N gene target, suggesting that the N gene target
is more analytically sensitive. Furthermore, the N gene is highly conserved and has a lower
mutation rate than the S gene [43,44]. From this retrospective analysis, we found 126/246
of our sequenced samples with N-gene target Ct values ranging from 30 to 35 (TaqPath
COVID-19 Combo Kit RT-qPCR assay) failed, representing a sequencing failure rate of 51%.
This failure rate was significantly decreased in samples with Ct values < 30, where only
54/1404 (4%) resulted in sequencing failure (Figure 1). To better understand the impact of
Ct value on NGS performance with the ARTIC method, we grouped the 246 samples that
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failed NGS into Ct value ranges of 30.1–30.9, 31.0–31.9, 32.0–32.9, 33.0–33.9, and 34.0–34.9
and found sequencing failure increased in a Ct-dependent manner (correlation R2 = 0.999),
28%, 40%, 56%, 69%, and 83%, respectively (Figure 2).

Figure 1. Impact of Ct Value on ARTIC SARS-CoV-2 Sequencing Performance. A retrospective
analysis showing 126/246 of sequenced samples with N-gene target Ct values ranging from 30 to 35
(TaqPath COVID-19 Combo Kit RT-qPCR assay) failed, representing a sequencing failure rate of 51%.
This failure rate was significantly decreased in samples with Ct values < 30, where only 54/1404 (4%)
resulted in sequencing failure.

Figure 2. Correlation Between ARTIC SARS-CoV-2 Sequencing Failure Rate and Sample Ct. To
determine the impact of Ct value on NGS performance with the ARTIC SARS-CoV-2 sequencing
method, 246 sample that failed NGS were grouped into Ct value ranges of 30.1–30.9, 31.0–31.9,
32.0–32.9, 33.0–33.9, and 34.0–34.9. Sequencing failure rate increased in a Ct-dependent manner
(correlation R2 = 0.999), ranging from 28% (15/54 samples, Ct 30.1–30.9) to 83% (25/30 samples,
Ct 34–34.9).
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3.2. Targeted RT-qPCR for Detection and Surveillance of VOCs Delta and Omicron

The NTD156-7 assay was designed to target a highly conserved 6 bp deletion lo-
cated in the N-terminal-domain (NTD) of the S gene at nucleotide positions 22,029–22,034
corresponding to aa glutamate (E) at position 156 and phenylalanine (F) at position
157 (E156-F157) of the Delta variant, including the AY lineages (Figure 3a). Similarly,
the NTD25-7 assay targets a 9 bp deletion in the NTD of the S gene at nucleotide positions
21,633–21,641, which spans four codons resulting in a non-synonymous substitution of
leucine (L) with serine (S) at position 24, and deletion of two proline (P) and one alanine
(A) residues at positions 25–27 (P25-P26-A27) (Figure 3b).

Figure 3. RT-qPCR target deletions for VOCs Delta and Omicron. (a) Alignment of Delta E156-F157
deletion with Wuhan reference sequence. This 6 bp deletion (Delta (Mut.)) spans three codons and
results in the deletion of amino acids glutamate (E) at position 156 and phenylalanine (F) at position
157, and a non-synonymous substitution at position 158 (arginine (R) for glycine (G)). (b) Alignment
of Omicron BA.2 lineage P25-P26-A27 deletion (also present in BA.4 and BA.5 lineages) with Wuhan
reference sequence. The 9 bp deletion spans four codons resulting in a non-synonymous substitution
of leucine (L) with serine (S) at position 24, and deletion of two proline (P) and one alanine (A)
residues at positions 25–27. Ref. aa (reference amino acids), Ref. seq (reference sequence), Mut.
(Mutation), Sub aa (substitution amino acids), Nuc. (nucleotides).

3.3. In Silico Validation Results

Primers and probes for the two targeted RT-qPCR assays (Table 1) were initially
validated in silico to ensure a high level of assay performance with minimal requirement
for in vitro optimization. The overall rate of mutation for the NTD156-7primers and FRET
probe was 1.9%, based on a search of GISAID SARS-CoV-2 sequences deposited over
the 6-month search period, 23 February 2021 to 22 August 2021 (1,305,468 sequences)
(Table 2). A non-synonymous mutation (glycine to aspartic acid) in the fourth base from the
5-prime end of the forward primer at nucleotide position 21,987 in the NTD of the S gene
(associated with the amino acid substitution G142D and seen predominantly in the Delta
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Plus sub-lineages AY.1 and AY.2) had the highest mutation frequency (1.34%) [44]. This
mutation at position 21,987 was not expected to have a significant impact on performance
of the forward primer since the remaining 15 bases from the 3-prime end contain very
low overall mutation frequencies. To determine the prevalence of this mutation in our
study population, we performed an internal review of all Delta variant sequences from our
surveillance population and found the G21987 base to be mutated in only 8/395 samples
(2%). We tested the 8 samples containing the A21987 genotype (G142D substitution), and
the NTD156-7 RT-qPCR assay detected 8/8 samples (CT values < 20). Sequence variability
for the 24 -nucleotide FRET probe target revealed very low mutational frequency over
the 6-month period analyzed. A nucleotide BLAST (performed 6 September 2021) of the
probe, querying Betacoronavirus sequences deposited in the NCBI database, revealed 100%
(24/24) concordance with 4997/5000 Delta variant targets, or a variation frequency of
0.06%. In silico validation of the NTD25-7 (Omicron BA.2, BA.4, and BA.5 lineages) primers
and FRET probe showed an overall rate of mutation of 3.7%, based on 220,732 GISAID
SARS-CoV-2 sequences deposited from 19 December 2021 to 19 March 2022 (Table 3). The
forward primer was the oligonucleotide with the highest variability (2.37%); however, the
rate of mutation was low within the last five bases at the 3′-end (0.29%). The reverse primer
and FRET probe had overall rates of mutation of 1.27% and 0.07%, respectively, with low
3′-end mutation rates of 0.23% (reverse primer) and 0.01% (probe).

Table 1. Primers and probes for targeted RT-qPCR assays.

Primer/Probe Sequence 5′-3′

Delta (NTD156-7)

Forward Primer TGGGTGTTTATTACCACAA

Reverse Primer GGCTGAGAGACATATTCAAA

Probe FAM-ATGGAAAGT/ZEN/GGAGTTTATTCTAGT-3IABkFQ

Omicron BA.2, BA.4, BA.5
(NTD25-7)

Forward Primer TTTATTGCCACTAGTCTCTAGTCAG

Reverse Primer GGTAATAAACACCACGTGTGAAAG

Probe Cy5-AGAACTCAA/TAO/TCATACACTAATT-3IAbRQSp

Table 2. In silico Validation of NTD156-7 (Delta) Primers and Probe.

NTD156-7
Forward Primer

Mutated
Sequences

NTD156-7 Reverse
Primer

Mutated Sequences
NTD156-7

Probe
Mutated Sequences

Ref Base # % Ref Base # % Ref Base # %

5′ T 48 0.004% G 40 0.003% A 196 0.015%

G 3 0.000% G 722 0.055% T 187 0.014%

G 4 0.000% C 638 0.049% G 1011 0.077%

G 17,428 1.335% T 68 0.005% G 16 0.001%

T 0 0.000% G 346 0.027% A 35 0.003%

G 2 0.000% A 512 0.039% A 10 0.001%

T 28 0.002% G 77 0.006% A 31 0.002%

T 30 0.002% A 455 0.035% G 126 0.010%

T 15 0.001% G 45 0.003% T 251 0.019%

A 152 0.012% A 19 0.001% G 274 0.021%

T 76 0.006% C 142 0.011% G 57 0.004%

T 15 0.001% A 142 0.011% A 60 0.005%

A 0 0.000% T 4 0.000% G 22 0.002%

C 3 0.000% A 156 0.012% T 26 0.002%

C 3 0.000% T 36 0.003% T 35 0.003%
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Table 2. Cont.

NTD156-7
Forward Primer

Mutated
Sequences

NTD156-7 Reverse
Primer

Mutated Sequences
NTD156-7

Probe
Mutated Sequences

Ref Base # % Ref Base # % Ref Base # %

A 2 0.000% T 7 0.001% T 34 0.003%

C 3 0.000% C 12 0.001% A 3 0.000%

A 2 0.000% A 10 0.001% T 60 0.005%

A 29 0.002% A 181 0.014% T 12 0.001%

A 447 0.034% C 54 0.004%

T 18 0.001%

A 20 0.002%

G 149 0.011%

3′ T 29 0.002%

NTD156-7 Oligos Sequence 5′-3′ % Sequences with any
mutation

% Sequences with mutation in last 5
bases

Forward Primer TGGGTGTTTATTACCACAA 1.367 0.003

Reverse Primer GGCTGAGAGACATATTCAAA 0.311 0.050

Probe ATGGAAAGTGGAGTTTATTCTAGT 0.210 0.020

Table 3. In silico Validation of NTD25-7 (Omicron) Primers and Probe.

NTD25-7 Forward
Primer

Mutated
Sequences

NTD25-7 Reverse
Primer

Mutated
Sequences

NTD25-7
Probe

Mutated
Sequences

Ref Base # % Ref Base # % Ref Base # %

5′ T 18 0.008% G 24 0.011% A 0 0.000%

T 12 0.005% G 385 0.174% G 15 0.007%

T 6 0.003% T 19 0.009% A 0 0.000%

A 32 0.014% A 12 0.005% A 0 0.000%

T 27 0.012% A 81 0.037% C 3 0.001%

T 4 0.002% T 284 0.129% T 34 0.015%

G 69 0.031% A 281 0.127% C 1 0.000%

C 18 0.008% A 9 0.004% A 0 0.000%

C 31 0.014% A 6 0.003% A 1 0.000%

A 28 0.013% C 926 0.420% T 45 0.020%

C 48 0.022% A 8 0.004% C 2 0.001%

T 3 0.001% C 8 0.004% A 1 0.000%

A 8 0.004% C 10 0.005% T 3 0.001%

G 31 0.014% A 9 0.004% A 4 0.002%

T 18 0.008% C 14 0.006% C 14 0.006%

C 3672 1.664% G 5 0.002% A 0 0.000%

T 17 0.008% T 15 0.007% C 8 0.004%

C 480 0.217% G 134 0.061% T 12 0.005%

T 38 0.017% T 66 0.030% A 0 0.000%

A 31 0.014% G 337 0.153% A 1 0.000%

G 242 0.110% A 135 0.061% T 12 0.005%

T 33 0.015% A 9 0.004% T 0 0.000%

C 30 0.014% A 13 0.006%

A 52 0.024% G 2 0.001%
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Table 3. Cont.

NTD25-7 Forward
Primer

Mutated
Sequences

NTD25-7 Reverse
Primer

Mutated
Sequences

NTD25-7
Probe

Mutated
Sequences

Ref Base # % Ref Base # % Ref Base # %

3′ G 285 0.129%

NTD25-7 Oligos Sequence 5′-3′ % Sequences with any
mutation

% Sequences with mutation in last 5
bases

Forward Primer TTTATTGCCACTAGTCTCTAGTCAG 2.371 0.291

Reverse Primer GGTAATAAACACCACGTGTGAAAG 1.265 0.225

Probe AGAACTCAATCATACACTAATT 0.071 0.011

The probe for the Delta assay (NTD156-7) was labeled at the 5′-end with the reporter
molecule 6-carboxyfluorescein (FAM) and with a double quencher, ZEN (internal), and
Iowa Black (3IABkFQ) at the 3′-end. The Omicron-specific assay (NTD25-7) probe is labeled
at the 5′-end with the reported Cy5 and with quenchers TAO (internal) and Iowa Black at
the 3′-end.

The overall rate of mutation for the NTD156-7 primers and FRET probe was 1.9%,
based on a search of GISAID SARS-CoV-2 sequences deposited over the 6-month search
period 23 February 2021 to 22 August 2021 (1,305,468 sequences). Reference bases are
displayed vertically in a 5′ (top) to 3′ (bottom) orientation.

The overall rate of mutation for the NTD25-7 primers and FRET probe was 3.7%, based on
220,732 SARS-CoV-2 sequences deposited in GISAID from 19 December 2021 to 19 March 2022.
Reference bases are displayed vertically in a 5′ (top) to 3′ (bottom) orientation.

3.4. In Vitro Validation Results

The performance of the NTD156-7assay was tested on 50 samples identified previously
by NGS as Delta variants as well as an assortment of samples identified previously by NGS
as non-Delta variants (see methods). The NTD156-7 RT-qPCR assay correctly identified
24/24 Delta variant samples with Ct values ranging from 20.19 to 38.6 (mean Ct = 28.43)
representing a positive percent agreement (PPA) of 100%. The assay showed no amplifi-
cation for 26/26 non-Delta variant samples of different lineages, representing a negative
percent agreement (NPA) of 100% (Table 4). The NTD25-7 RT-qPCR assay performed
equally well in vitro. Of the 53 BA.2 lineages (BA.2 (51), BA.2.3 (2)) previously identified
by NGS, 53 showed amplification by our targeted RT-qPCR assay (mean CT = 27.2 and
20.1, respectively) (PPA = 100%), and 29/29 non-BA.2 lineage samples by NGS showed
no amplification (NPA = 100%) (Table 5). Beyond the initial in vitro validation of the two
targeted RT-qPCR assays, we evaluated assay performance on an ongoing basis. Both
assays continued to demonstrate 100% PPA/NPA, as confirmed by randomly selected
samples for NGS characterization.

Of the diverse variants previously identified by NGS, 50 samples were selected for
the initial validation. Delta variant samples (n = 24) include B.1.617.2 (9), AY.2 (1), AY.3 (3),
AY.3.1 (2), AY.4 (1), AY.5 (1), AY.12 (1), AY.24 (1), and AY.25 (5). Non-Delta samples (n = 26)
comprise B.1 (1), B.1.1.7 (Alpha) (6), B.1.427 (2), B.1.429 (2), B.1.526 (3), B.1.621 (Mu) (2),
B.1.621.1 (Mu) (2), B.1.623 (1), B.1.628 (1), C.37 (Lambda) (3), and P.1 (Gamma) (3). The
NTD156-7 RT-qPCR assay correctly identified 24/24 Delta variant samples (positive percent
agreement (PPA) = 100%) and showed np amplification (na) for 26/26 non-Delta variant
samples of different lineages (negative percent agreement (NPA) = 100%). Observed CT
values for Delta variant samples ranged from 20.19 to 38.6.
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Table 4. In vitro Validation of NTD156-7 Assay.

Variant (NGS) n
NTD156-7 Result

Mean Ct Percent Agreement
Positive Negative

B.1.617.2 (Delta) 9 9 0 28.60 100%

AY.2 (Delta) 1 1 0 25.20 100%

AY.3 (Delta) 3 3 0 28.90 100%

AY.3.1 (Delta) 2 2 0 31.05 100%

AY.4 (Delta) 1 1 0 26.94 100%

AY.5 (Delta) 1 1 0 37.73 100%

AY.12 (Delta) 1 1 0 26.77 100%

AY.24 (Delta) 1 1 0 20.19 100%

AY.25 (Delta) 5 5 0 27.86 100%

B.1 1 0 1 na 100%

B.1.1.7 (Alpha) 6 0 6 na 100%

B.1.427 (Epsilon) 2 0 2 na 100%

B.1.429 (Epsilon) 2 0 2 na 100%

B.1.526 (Iota) 3 0 3 na 100%

B.1.621 (Mu) 2 0 2 na 100%

B.1.621.1 (Mu) 2 0 2 na 100%

B.1.623 1 0 1 na 100%

B.1.628 1 0 1 na 100%

C.37 (Lambda) 3 0 3 na 100%

P.1 (Gamma) 3 0 3 na 100%

Total 50 24 26

Table 5. In vitro Validation of the NTD25-7 Assay.

Variant (NGS) n
NTD25-7 Results

Mean Ct Percent Agreement
Positive Negative

BA.2 (Omicron) 51 51 0 27.2 100%

BA.2.3 2 2 0 20.1 100%

BA.1 (Omicron) 9 0 9 na 100%

BA.1.1 (Omicron) 17 0 17 na 100%

AY.3 (Delta) 2 0 2 na 100%

AY.47 (Delta) 1 0 1 na 100%

Total 82 53 29

The BA.2-specific RT-qPCR assay correctly identified 53/53 BA.2 (n = 51) and BA.2.3
(n = 2) variants (PPA = 100%) and showed no amplification (na) for 29/29 (NPA = 100%)
non-BA.2 lineages (BA.1 (9), BA.1.1 (17), AY.3 (2), and AY.47 (1)).

3.5. SARS-CoV-2 VOC Surveillance Workflow

The current workflow for SARS-CoV-2 variant identification and surveillance (Figure 4)
can effectively detect Omicron BA.1, BA.2, and BA.4/BA.5 lineages and the Delta variant
by RT-qPCR methods. The initial RT-qPCR assay (TaqPath) serves as a quality assurance
step to confirm positivity and assess sample integrity. In addition, this step allows us to
identify samples with N gene target Ct values < 30 as a criterion for NGS. In the process
of variant identification, the first RT-qPCR assay (TaqPath) serves to identify SGTF/SGTL
samples associated with the H69-V70 deletion present in the Omicron BA.1, BA.4, and
BA.5 lineages. For this assay, our N gene target Ct cutoff is 35, with similar amplification
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(<2 Ct difference) for the ORF1ab and S gene targets in samples showing S gene target
amplification (SGTA) and the same rule applies for the ORF1ab gene target in SGTF/SGTL
samples. Next, samples (SGTF/SGTL and SGTA) were screened with the NTD25-7 RT-qPCR
assay. The Ct value cutoff for this and the NTD156-7 assay was <38, as we observed variant
confirmation by NGS within this Ct range. Samples positive with the NTD25-7 assay that
also exhibit SGTF/SGTL are presumed BA.4 or BA.5 lineages, with lineage confirmation
established by NGS. The SGTF/SGTL samples found to be negative with the NTD25-7
assay are presumed BA.1 lineage. Samples exhibiting SGTA and positive with the NTD25-7
assay were presumed BA.2 lineage. Non-BA.2 SGTA samples were subsequently screened
for the Delta variant by targeted RT-qPCR (NTD156-7). If negative, these samples were
sequenced for lineage identification. Figure 5 provides a snapshot of how we integrated
NGS into variant prevalence monitoring by PCR for the first 13 weeks of 2022, when
Omicron BA.1 was outcompeted and eventually replaced by the BA.2 lineage. Over this
period, we performed 976 RT-qPCR reactions, typically with one or two runs per week
and selected a subset of samples (n = 169) for periodic NGS confirmation. The results from
NGS analysis were in complete concordance with our RT-qPCR conclusions and provided
ongoing validation of our targeted RT-qPCR methods. For the five sequencing timepoints
illustrated in Figure 5, concordance between NGS and RT-qPCR results was 100%.

 

Figure 4. SARS-CoV-2 VOC Surveillance Workflow. In the workflow depicted, nasopharyngeal swab
(NPS) samples were obtained from Jackson Health System (JHS), University of Miami Health System
(UHealth), and University of Miami (UM) for variant identification. The first RT-qPCR assay (TaqPath)
serves to identify SGTF/SGTL associated with the H69-V70 deletion present in the Omicron BA.1,
BA.4, and BA.5 lineages. For this assay, our N gene target Ct cutoff was 35, with similar amplification
(<2 Ct difference) for the ORF1ab and S gene targets in samples showing S gene target amplification
(SGTA) and the same rule applied for the ORF1ab gene target in SGTF/SGTL samples. Next, samples
(SGTF/SGTL and SGTA) were screened with the NTD25-7 RT-qPCR assay, for this and the Delta
assay we were able to increase the Ct cutoff to 38 as we found reliable and reproducible results
within this Ct range. Samples positive with the NTD25-7 assay, which also exhibit SGTF/SGTL,
were presumed BA.4 or BA.5 lineages and were subsequently sequenced for lineage confirmation.
SGTF/SGTL samples negative with the NTD25-7 assay are presumed BA.1 lineage. SGTA samples
positive with the NTD25-7 assay were presumed BA.2 lineage. BA.2-negative, SGTA samples were
subsequently screened for the Delta variant by targeted RT-qPCR (NTD156-7). If negative for Delta,
these samples were sequenced for lineage identification.
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Figure 5. SARS-COV-2 Variant Proportions by RT-qPCR and NGS. Variant proportions were deter-
mined by RT-qPCR and NGS in residual COVID-19-positive samples collected from week 1 (1/3–1/9)
to week 13 (3/23–4/1), 2022. Variant surveillance by RT-qPCR (n = 976) was performed weekly using
the TaqPath assay in combination with internally designed and validated targeted RT-qPCR assays
(NTD156-7 and NTD25-7). Subsets of these samples (n = 169) (Ct < 30) were sequenced on weeks 3
(n = 39), 5 (n = 14), 8 (n = 40), 10 (n = 48), and 12 (n = 28). Periodic confirmation by NGS of results
obtained by RT-qPCR screenings provided confidence in the ongoing variant surveillance by targeted
RT-qPCR methods. For the five sequencing timepoints illustrated, concordance between NGS and
RT-qPCR results was 100%. SGTA (S-gene target amplification detected with the TaqPath assay);
NTD25-7 (RT-qPCR assay targeting the N-terminal-domain deletion corresponding to amino acids
25–27 of the spike (S) protein in Omicron BA.2 lineages); SGTF/SGTL (S-gene target failure/S-gene
target late amplification (TaqPath) corresponding to NTD deletion 69–70 of the S protein in Omicron
BA.1 lineages); NTD156-7 (RT-qPCR assay targeting the NTD deletion corresponding to amino acids
156–157 of the S protein in the Delta lineage).

4. Discussion

The targeted RT-qPCR assays presented here for detection and surveillance of VOCs
Delta and Omicron in combination with the TaqPath assay for identification of Omicron
lineages harboring the H69-V70 deletion, resulting in the characteristic SGTF/SGTL signa-
ture, provide a simple and cost-effective alternative for near real-time variant identification,
which has important clinical implications. While NGS remains the gold standard for
genomic characterization of SARS-CoV-2 variants, the widely used ARTIC SARS-CoV-2
sequencing method has inherent limitations including high failure rates for samples with
Ct values > 30, which can dampen variant surveillance efforts by excluding samples with
lower viral loads from genomic characterization. Another limitation associated with this
sequencing approach is primer/variant overlap in lineages with heavily mutated S genes,
as is the case with the Omicron lineages. Primer/variant overlap results in amplification
failure and subsequent overall decrease in NGS coverage. In addition to these limitations,
NGS is cost- and labor-intensive, not readily available in many regions, and is associated
with slower workflows compared to qPCR-based methods. It is important to note that the
PCR methods proposed here do not exclude NGS as we recognize its tremendous value in
providing ongoing confirmation that our qPCR assays are accurately reflecting local variant
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prevalence. Given the dynamic nature of SARS-CoV-2 and its ongoing genetic evolution, it
is important to perform periodic method quality checks by randomly selecting samples
screened by qPCR to be confirmed by sequencing. Sequencing methods are able to detect
changes in areas that are distant and distinct genomic locations from the primer/probe
binding sites. This underscores the importance of periodic random sequencing of sam-
ples. This combined approach significantly reduces the cost of variant surveillance while
providing ongoing validation of targeted qPCR methods.

From January 2021 to February 2022, we performed RT-qPCR-based variant screening
of over 5000 COVID-19 positive samples, of which 1668 were genetically characterized
by NGS. This two-pronged approach allowed for cost-effective utilization of sequencing
resources and continuous tracking of the prevalence and dynamics of locally circulating
SARS-COV-2 variants. Ultimately, our efforts helped inform local public and private
health systems, and University of Miami leaders’ decisions in their efforts to ameliorate
the spread of COVID-19 in the Miami-Dade County community and allocate resources
including staffing in preparation for hospitalization surges. Variant monitoring also allowed
our antimicrobial stewardship and infection prevention programs to target appropriate
isolation policies and therapeutics. As some monoclonals became ineffective, we were
able to pivot our hospital and outpatient formularies to provide appropriate therapies
based on risk factors and therapeutic effectiveness. In addition to monitoring variant
prevalence and dynamics by qPCR and NGS, we also followed national and Miami-Dade
County variant prevalence data available from the CDC COVID Data Tracker. The VOC
prevalence observed in our cohort mirrored closely the CDC Variant Proportions reports.
Our combined qPCR and NGS approach provided information that was directly relevant
to our surveillance population and was available in near real time. Epidemiologically,
continuous monitoring of the prevalence and dynamics of circulating variants can better
inform local health leaders’ decisions to adopt preventive measures to control community
transmission of COVID-19 infections.

Additionally, by incorporating tracking of variant dynamics by RT-qPCR-based meth-
ods, near real-time changes in variant prevalence can be determined, with subsequent
confirmation by NGS. The continued genetic evolution of SARS-CoV-2 and the rapid
emergence and rise to dominance of new VOCs with different mutational landscapes
underscores the value of an equally dynamic surveillance approach. For this reason, re-
vision of variant tracking workflows is necessary to account for these genetic variations.
New targeted qPCR assays may need to be developed and implemented as part of the
workflow as novel variant-defining mutations emerge. Surveillance accuracy will be en-
hanced by incorporating several targeted qPCR assays in communities where multiple
dominant variants circulate. Despite these limitations, in addition to providing a rapid, cost-
effective alternative for tracking the prevalence of SARS-CoV-2 variants, RT-qPCR-based
surveillance strategies permit better utilization of NGS resources by avoiding sequencing
redundancy (and associated investment of resources) in an environment where a dominant
variant prevails in the population. In addition, PCR approaches provide a feasible option
for variant surveillance in communities where NGS is not readily available. Importantly,
rapid near-real-time emergence of known variants not yet circulating can be accomplished
more easily with PCR approaches in conjunction with sequencing support. Confidence in
calling variant progression by PCR is made possible by regular NGS analysis of subsets of
samples. Future studies should address the balance between qPCR surveillance methods
and parallel NGS analysis for optimal accuracy of variant calling. Therefore, RT-qPCR
serves as complementary methods to allow active, accurate identification and surveillance
of changes in variant prevalence over time that can impact public health and improve direct
patient care. The ability to detect changes in VOC prevalence in our surveillance population
reinforced messaging to the community regarding the importance of vaccination uptake
and vigilance. VOC prevalence (especially BA.2) informed strategic decisions regarding
anti-SARS-CoV-2 monoclonal antibody therapies (e.g., sotrovimab) to include in hospital
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formularies. By having active VOC prevalence available, health system leaders were able
to make critical decisions with greater confidence and in a timelier manner.
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