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Both novel and conventional vaccination strategies have been implemented worldwide since the onset of
coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2). Despite various medical advances in the treatment and prevention of the spread
of this contagious disease, it remains a major public health threat with a high mortality rate. As several
lethal SARS-CoV-2 variants continue to emerge, the development of several vaccines and medicines, each
with certain advantages and disadvantages, is underway. Additionally, many modalities are at various
stages of research and development or clinical trials. Here, we summarize emerging SARS-CoV-2 variants,
including delta, omicron, and ‘‘stealth omicron,” as well as available oral drugs for COVID-19. We also dis-
cuss possible antigen candidates other than the receptor-binding domain protein for the development of
a universal COVID-19 vaccine. The present review will serve as a helpful resource for future vaccine and
drug development to combat COVID-19.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In January 2020, the World Health Organization (WHO)
declared coronavirus disease 2019 (COVID-19) caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) as an ‘‘in-
ternational public health emergency.” However, despite efficient
transmission of information regarding COVID-19 during global
quarantine, we failed to overcome the pandemic [1–6]. Given
the lack of vaccines and treatments at the early stages of the pan-
demic, clinical testing stages and time taken for new vaccine
development were significantly short. As a result, many people
doubt the safety of the available vaccines. If infectious viruses,
such as SARS-CoV-2, continue to emerge, pandemics will occur
repeatedly, and humans will suffer enormous economic and polit-
ical damage. At the start of the pandemic, when no specific vacci-
nes or treatments were available, pre-existing cocktail treatments
were administered to manage COVID-19. Although these treat-
ments reduced mortality, increased recovery, and alleviated
symptom severity, most approaches failed clinical trials. In this
context, many scientists worldwide are involved in active
research even today to find a preventive as well as curative vac-
cine/medicine for COVID-19. Currently, the urgent need for coun-
termeasures against the pandemic has prompted rapid
development of COVID-19 vaccines with diverse formulations.
High efficacy and safety of the messenger RNA (mRNA) vaccines
BNT162b2 (BioNTech-Pfizer) and mRNA-1273 (Moderna/NIAID)
against COVID-19 have been demonstrated in clinical trials [1–
3]. COVID-19 vaccines currently on the market produced by UK’
AstraZeneca, China’s CanSino Biologics, Russia’s Gamaleya Insti-
tute, and Belgium’s Janssen (Johnson & Johnson) also use this
adenoviral-delivery strategy, although interest in this technology
long predates the pandemic. However, in some cases, the level
of antibodies decreases after infection or vaccination due to the
continuous emergence of SARS-CoV-2 variants, and in a few cases,
even previously immunized people are re-infected. In addition,
variants including alpha, beta, delta, omicron, and the most recent
‘‘stealth omicron” have emerged in succession [4] (Fig. 1). Repre-
sentative mutations include alpha mutations (B.1.1.7, September
2020), with seven mutated S proteins; beta mutations (B.1.351,
October 2020), with nine mutated spikes; and omicron mutations
(B.1.1529, November 2021), with 30 mutated S proteins [5,6]. The
recent Omicron variant substantially increased the number of
confirmed cases in 2022. With many mutated S proteins, the abil-
ity of this variant to overcome immune responses, such as
infection-blocking antibodies and T-cell responses, is high [5].
These trends underscore the need for a periodic immune-
enhancing vaccine against COVID-19 [7–9]. Consequently, con-
cerns regarding the increased infectiousness of the virus and con-
troversies on the effectiveness of vaccines are growing [10,11]. In
this context, interest in the development of oral antivirals, in
addition to vaccines, is increasing. One of the most anticipated
oral antivirals on the market to treat COVID-19 is Paxlovid, pro-
duced by Pfizer. It is an oral medication that can reduce the sever-
ity of COVID-19 when administered promptly. In addition, several
novel oral antivirals, including nirmatrelvir/ritonavir (Paxlovid),
molnupiravir, and fluvoxamine, are available [12]. Recently, a uni-
versal influenza vaccine was developed, which may take the
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threat of both seasonal and pandemic influenza ‘‘off the table”
[13,14]. As defined by the National Institute of Allergy and Infec-
tious Diseases (NIAID) in 2018, a ‘‘universal” vaccine implies at
least 75% effectiveness in all age groups for a minimum of 1 year
against all strains of influenza A [15]. Such knowledge and tools of
successful universal vaccine research for influenza may be used in
the development of a novel universal COVID-19 vaccine. Here, we
discuss possible antigen candidates other than the
receptor-binding domain (RBD) protein for universal COVID-19
vaccine development. The present review will serve as a critical
reference for future vaccine and drug development against
COVID-19.

2. Structure and function of the coronavirus spike protein

SARS-CoV-2 is an enveloped, positive-sense, single-stranded
RNA virus. The 50-two-third of the genome encodes polyproteins
(pp1a and pp1ab), which are cleaved by 3C-like and papain-like
proteases into 16 nonstructural proteins, including an RNA-
dependent RNA polymerase [16]. The 30-end of the genome
encodes four essential structural proteins, namely spike (S), envel-
ope (E), matrix/membrane (M), and nucleocapsid (N), along with a
set of accessory proteins (Fig. 2A). Most vaccine candidates against
SARS-CoV-2 aim to block infection by inducing neutralizing anti-
bodies against the S protein, thereby preventing uptake through
the human angiotensin-converting enzyme 2 (ACE2) receptor
[17–19]. S protein is a structural glycoprotein expressed on the
SARS-CoV-2 surface, and it is a critical determinant of viral host tis-
sue tropism (Fig. 2B). It mediates virus entry into the target cells
upon ACE2 receptor binding [16,20] and is thus an important ther-
apeutic target [21,22]. Moreover, spike antigenicity has been high-
lighted through the observation of spike-specific CD4+ and CD8+ T
cells in blood samples of recovered COVID-19 patients [23]. Conse-
quently, the S protein of SARS-CoV-2 is a major target of prophy-
lactic vaccination strategies [17–19]. Specifically, the S protein is
cleaved into two subunits, namely S1 and S2, by extracellular pro-
teases, including furin, host surface-associated transmembrane
protease serine 2 (TMPRSS2), and endocytic cathepsin L [19,24–
26] (Fig. 2B). Two cleavage sites at the S1 and S2 boundaries (S1/
S2) and one in the S2 domain (S20) play essential roles in virus
entry into the host target cells [19,24–26]. S1 binds ACE2 through
its RBD, and S2 is further cleaved and activated by TMPRSS2 and/or
cathepsin L [19,24]. The S protein exists in two structurally distinct
conformations: pre-fusion and post-fusion states (Fig. 3). In its pre-
fusion state, it is a ‘‘closed” trimer, with RBDs buried in the inner S1
head trimer at the interface between each protomer [27]. Each
spike protomer harbors three segments: a large ectodomain (ED),
a transmembrane anchor (TM), and a short intracellular tail (IC)
[28]. ED comprises three critical elements: S1, RBD, and S2
(Fig. 2B). S1 consists of two subdomains, including an N-terminal
domain (S1-NTD) and a C-terminal (S1-CTD) domain. RBD is
located in S1-CTD and buried in the inner S1 head trimer. S2 con-
stitutes a fusion peptide (FP), two heptad repeats (HR1 and HR2), a
TM domain, and a cytoplasmic fusion (CT) domain, which are
responsible for virus fusion and entry [28]. FP is a short part with
15–20 conserved amino acids in the viral family, mainly composed
of hydrophobic residues, such as glycine or alanine. When the S



Fig. 1. Mutated amino acid sequences parts of SARS-CoV-2 variants [16,17,18]. Structural mutations of S glycoprotein in SARS-CoV-2 variants: B.1.1.7., B.1.351, P.1, B.1.617
and its sub-lineages, and B.1.1.529. Schematic representation of S glycoprotein (PDB:7DK3) and its mutations present in variants. Abbreviations: NTD, N-terminal domain
(13–305); RBD, receptor-binding domain (319–541); RBM, receptor-binding motif (437–508); SD1, subdomain 1; SD2, subdomain 2; FP, fusion peptide (788–806); HR1,
heptad repeat 1 (912–984); HR2, heptad repeat 2 (1163–1213); TM, transmembrane domain (1213–1237).

Fig. 2. Domain arrangement of SARS-CoV-2. (A) Domain arrangement of structural and accessory proteins of SARS-CoV-2. S, spike; E, envelope; M, matrix/Membrane; N,
nucleocapsid. (B) Domain arrangement of S protein ectodomain (ED). S1: S1-NTD, S1 N-terminal domain; S1-CTD, S1 C-terminal domain; RBD, receptor binding domain; S2:
FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2. Scissor Symbols: Protease (TMPRSS2/or Cathepsin L) cleavage site.
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protein assumes its pre-hairpin conformation, it is immobilized on
the target membrane, and FP is important for mediating membrane
fusion through disrupting and ligating the lipid bilayer of the host
cellular membrane [29]. While the S protein is an important target
protein for specific drug development, RBD is part of a highly
mutation-prone region and is not an ideal target site for the devel-
opment of broad-spectrum antivirals [30]. In contrast, the HR
3535
region of S2 plays an essential role in SARS-CoV-2 infection and
is preserved across SARS-CoV-2 mutants [31]. Peptides derived
from the HR2 region of fusion protein of enveloped viruses com-
petitively bind viral HR1, thereby effectively inhibiting viral infec-
tion [32,33]. Hemagglutinin-esterase (HE) is a family of viral
glycoproteins that mediate reversible adhesion to O-acetylated sia-
lic acids [34]. However, HE as a candidate therapeutic agent target-



Fig. 3. Overall structure of two conformations of S protein. Graphical representation of the two conformations of S protein. The domains are represented by the same color as
described in Fig. 1. NTD, RBD, and SD1/SD2 of the S1 subunit are indicated in pale green, orange, and yellow, respectively. RBM in RBD is indicated in pale cyan. FP and HR1 of
the S2 subunit are indicated in marine and light blue, respectively. (PDB: 7ddd, pre-fusion; PDB: 7ddn, post-fusion). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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ing SARS-CoV-2 is not appropriate because the SARS-CoV-2 gen-
ome lacks HE. Therefore, HR1 may be important for the study of
fusion inhibitors to treat COVID-19.
3. SARS-CoV-2 variants

Several SARS-CoV-2 variants, including alpha, beta, delta, omi-
cron, and the recent ‘‘stealth omicron” have emerged in succession
[4]. Representative mutations include alpha mutations (B.1.1.7,
September 2020), corresponding to seven S proteins mutations;
beta mutations (B.1.351, October 2020), corresponding to nine
spike mutations, and omicron mutations (B.1.1529, November
2021), corresponding to 30 S protein mutations [5,6] (Figs. 1, 4).
Recently, the omicron variant has caused many confirmed cases till
date. Due to many mutations, the ability of the variant to avoid
immune responses, such as infection-blocking antibodies and T-
cell responses, is high [5]. According to initial data, the delta vari-
ant was almost exclusively dominant until the end of November
2021, and the WHO designated the newly classified variant of con-
cern as Omicron in only 2 days [35]. The parent omicron variant,
which was designated BA.1 or B.1.1.529, was, until recently, the
most transmissible known variant of the virus. More recently,
one of its sub-lineages, designated BA.2, spread rapidly. BA.2 car-
ries approximately 20 mutations that set it apart from the parent
BA.1; however, it lacks the mutation that distinguishes omicrons
from other variants in genetic PCR tests. Therefore, BA.2 has been
named ‘‘stealth omicron.” This variant carries over 50 mutations
in its genome, of which 30 are responsible for binding to the
human ACE2 receptor for promoting infection and encoding the S
protein of SARS-CoV-2 (Figs. 4, 5). As of February 2022, omicrons
were the dominant variants worldwide. Omicron variants are also
divided into BA.1, BA.2, BA.3, BA.4, BA5 and descendant lines. This
also includes BA.1/BA.2 circulating recombinant forms such as XE
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[35]. Among these, BA.1 was once the most prevalent strain. How-
ever, BA.2 is gradually replacing BA.1 in some countries such as
Denmark, Nepal, and the Philippines. BA.3 has a very limited trans-
missibility and shows very few cases of infection, at most a few
hundred cases [36]. Therefore, we considered it prudent to sum-
marize the variants for SARS-CoV-2 in detail.

Several coronaviruses, including SARS-CoV-2 and SARS-CoV-1,
belong to the b-coronavirus group, one of the four groups (a-, b-,
c-, and Ô-) of the Orthocoronavirinae subfamily of the Coronaviri-
dae family [37]. Many members of the b-coronavirus lineage B (ter-
med sarbecoviruses), including SARS-CoV; SARS-CoV-2 variants;
and civet-, bat-, and pangolin-derived sarbecoviruses can exploit
human ACE2 to enter host cells [38,39]. SARS-CoV-2 variants and
pangolin-derived sarbecoviruses show a higher affinity to human
ACE2 than SARS-CoV and civet- or bat-derived sarbecoviruses,
which may be explained by the affinity-enhancing mutations
present in the former [38,40]. Analysis of conserved protein
sequences around the receptor-binding sites of 25 known sarbe-
covirus members relying on human ACE2 for cellular entry
revealed that 11 of the 21 residues of the virus that interact with
the receptor are highly conserved [41]. The two closely related
viruses SARS-CoV-2 and SARS-CoV-1 share 75% similarity at the
amino acid level and both reply upon human ACE2 release for viral
influx [42]. There are 56 individual amino acid changes between
the RBDs of SARS-CoV-2 and SARS-CoV-1 [43]. For instance,
SARS-CoV-2 carries a D614G mutation located at the C-terminus
of the S1 domain, near the furin cleavage site [44] (Figs. 1, 2). How-
ever, there is currently no scientific consensus on positive selection
for the G614 variant, which is associated with higher infectivity
and transmissibility in humans [45]. Importantly, in a hamster
model, antibodies against SARS-CoV-2 D614 potently neutralized
infection with its G614 counterpart [46], suggesting that the
D614G mutation would not reduce the protective ability of vacci-
nes in clinical trials. Typically, however, as opposed to single-



Fig. 4. Representative mutations of SARS-CoV-2 variants. (A) Comparison of alpha and omicron variants: Mutation sites of alpha and omicron variants are indicated in cyan
and magenta, respectively, and common mutation sites are indicated in black. (B) Comparison of delta and omicron variants: Mutation sites of delta and omicron variants are
indicated in green and magenta, respectively, and common mutation sites are indicated in deep blue. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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amino acid changes, most combinations of several mutations
destroy many key epitopes, which may lead to the loss of serum
activity (Figs. 3, 4, 5). Normally, the neutralization effect of
spike-specific monoclonal antibodies (mAbs) on the mutant
SARS-CoV-2 spike is greatly reduced. In contrast, polyclonal anti-
bodies remain active against most mutant spike-like types, albeit
being less effective against a few mutants [46]. These viruses use
the same spike region of ACE2 RBD, enabling SARS-CoV-2 sera to
isolate cross-neutralizing mAbs [47]. Vaccines and treatments tar-
geting the virus must be continuously updated owing to the occur-
rence of several virus mutations designed to adapt to the
environment [46,48–51]. Therefore, the effectiveness of currently
available vaccines targeting SARS-CoV-2-induced antibodies
against several variants must be examined [46].

Changes in individual amino acids make it difficult for mAbs to
effectively neutralize viral mutations. mAbs are less likely to pro-
duce an effective neutralizing effect on viral mutations, because
the existing antibody neutralization function decreases every time
an amino acid mutation occurs in the binding part of the antibody.
Interestingly, regarding new vaccine development, some antibod-
ies, such as S2-targeting mAbs, act as common antibodies against
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both SARS-CoV-2 and SARS-CoV-1 [52]. If the common epitope of
S2 is an antibody RBD target that produces fewer mutations and
is likely to exist in all SARS-CoV-2 mutants, a universal vaccine
for multiple variants can be developed by targeting the new epi-
tope of SARS-CoV-2.

4. Insights into a universal vaccine

4.1. S2 region of SARS-CoV-2 in public clonotype

Generally, viruses use various mechanisms, such as molecular
mimicry and 20-O methylation to induce immune escape process,
which acts against the host immune system [53,54]. Since the
emergence of SARS-CoV-2, its RBD has evolved through several
mutations from alpha to omicron. Most current research on mAbs
is focused on the S protein of SARS-CoV-2. Many studies have
identified antibodies against the S1 and S2 regions, most of which
are neutralizing antibodies targeting the RBD of S1 regions to
repress ACE2 receptor binding [55–59]. However, vaccines con-
taining S1 are less effective against several variants because many
amino acids in S1-RBD are mutated. For instance, the Pfizer-



Fig. 5. Comparison of the pre-fusion and post-fusion conformations of S protein. Superimposed structures of pre -and post-fusion conformations. The closed RBD of the pre-
fusion conformation is represented as a cyan cartoon model and the open RBD of the post-fusion conformations is represented as a magenta cartoon model. The remaining
parts are represented as gray surface models. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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BioNTech (or BNT162b2) vaccine showed 95% efficacy against
wild-type SARS-CoV-2, 87% against B.1.1.7 (alpha) variants, and
72.1 against B.1.351 (beta) variants [60]. Therefore, universal vac-
cine development has gained much attention to ensure efficacy
against persistent viral mutations (Fig. 4).

Interestingly, 37 common antibodies (public clonotypes) were
recently detected in people with COVID-19 or vaccinated individu-
als, of which 27 were shared among individuals who had recovered
from infection and those who had been vaccinated [41]. Clono-
types provide important information regarding vaccine responses
in a large human population. Shared public clonotypes form a sig-
nificant proportion of human B-cell responses induced by the S tri-
mer and produce neutralizing antibodies against RBD in the S2 of
SARS-CoV-2 [41,61]. Among these, two single antibodies recognize
the conserved regions of S proteins that are not mutated in SARS-
CoV-2 and SARS-CoV-1 [62]. Among the public clonotypes,
antibodies targeting S2 include immunoglobulin heavy variable
(IGHV)1-58 [63], IGHV3-53, IGHV3-66, IGHV3-53 [64], IGHV3-30,
and IGHV3-30-3 [56]. Majority of the public clonotypes are IgGs,
while some are subsets of IgA. Of the 37 public clonotypes identi-
fied, 16 can bind RBD, and 11 of these 16 are neutralizing spikes.
Moreover, the remaining 21 clonotypes bind S2 and antigens other
than RBD (Table 1). In addition to SARS-CoV-2, three bat-related b-
coronaviruses (SARS-CoV, MERS-CoV, and SARS-CoV-2) have
Table 1
Convergent antibody response (public clonotype) to SARS-CoV-2 [67].

3538
caused pandemics over the past 20 years, and some additional
bat-related SARS-like coronavirus strains (including b-
coronaviruses), such as WIV-1-CoV, hold the potential to cause
zoonotic pandemics [65,66]. Thus, much efforts are being devoted
to develop a universal vaccine against not only SARS-CoV-2 vari-
ants but also all b-coronaviruses and sarbecoviruses. In this con-
text, we suggest S2 region as a potential target for developing
novel vaccination strategies in the future.

Many genetically similar antibodies, including multiple public
clonotypes, have been detected between Pfizer-BioNTech-
vaccinated individuals and natural SARS-CoV-2-infected convales-
cent donors. These antibodies mainly encode VH genes, such as
IGHV3-53, IGHV3-66, IGHV1-58, IGHV3-30, and IGHV3-30–3. Of
the 37 public clonotypes identified, 16 can bind RBD, and 11 of these
16 are neutralizing spikes. All neutralizing public clonotypes recog-
nize RBD. Meanwhile, the remaining 21 of the 37 public clonotypes
can bind antigenic sites (including S2 domains) other than RBD.
Overall, these results suggest that many public clonotypes have
been detected between vaccinated and infected individuals.

4.2. Hemagglutinin (HA) region of the influenza virus

The influenza virus has been in vogue worldwide since 1918.
Currently available seasonal influenza vaccines provide



Fig. 6. Sarbecovirus chimeric spike designs. (A) Simple structure model of coronavirus S glycoprotein. Blue area indicates the whole S2 region. RBD, receptor binding domain;
NTD, N-terminal domain. (B) Schema of designed chimeric spike proteins. Each part of chimera 1 comprises three different strains and the others (chimeras 2–4) comprise of
two different strains. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Mosaic nanoparticle vaccine platform. Each red point represents a SpyTagged coronavirus RBD, and the hexagon represents SpyCatcher-VLP (SpyCatcher003-mi3).
SpyTag003 is attached to the SpyCatcher003-mi3 structure to form a mosaic particle. Aspartic acid on SpyTag and lysine on SpyCatcher form an isopeptide bond with high
specificity. There are approximately 60 possible sites for SpyTag attachment, which tare briefly described. Three in SpyTag003 and SpyCatcher003-mi3 indicates the ‘‘third
generation” of the technology, concentrated on rate-forming bonds [79,80]. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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narrow-spectrum and short-term yet effective protection against
these viruses. The key target in the development of a universal vac-
cine is the conserved region. Generally, the human immune system
recognizes HA, neuraminidase (NA), nucleoprotein (NP), and
matrix proteins 1 (M1) and 2 (M2). Among these, conserved
regions, such as the stem region of HA and M2, are targeted for uni-
versal vaccine development. In the case of influenza virus,
attempts have been made to remove the HA1 subunit of HA using
chemical or genetic methods for the development of a universal
vaccine [68,69]. However, chemical removal of HA1 causes several
problems, including protein damage during chemical treatment
and loss of part of the HA1 stem site, which impedes the action
of antibodies on HA2 [68]. In addition, genetic modification to
remove HA head was unsuccessful because it did not produce a
reliable full-stem protein. Although headless HA produced by
insect cells has been successfully used against H1N1, H5N1, and
H6N1 strains [69], the structural instability of the stem region
remains unresolved [70,71]. Thus, headless HA may be an impor-
tant candidate for the development of universal vaccines.
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4.3. Current status of research into universal vaccines against other
viruses

Chimeric vaccines use chimeric antigens, which are a ‘‘mix” of
various regions of antigens. Although chimeric vaccines against
many viruses, such as dengue fever [72], yellow fever [73], and
influenza [74] viruses, have been studied extensively, none has
passed all essential clinical procedures. Sarbecovirus, including
SARS-CoV-2, SARS-CoV, and many other viruses with zoonotic
potential, harbor S proteins, which comprise NTD, RBD, and S2.
Since antibodies can be derived from all regions of S protein in
addition to RBD [75], this region has been exploited to induce a
wide range of antibodies through chimeric vaccines and positive
results have been reported [71]. In the case of coronaviruses, S pro-
tein is the target of ‘‘mixed antigens.” Chimeric S proteins are
known to elicit a broad-range cellular immune response, offering
an opportunity to develop a universal vaccine. For instance, four
types of chimeric S proteins have been designed (Fig. 6). In a
previous study on primed and boosted aged mice, all chimeric S



Table 2
Mutated amino acid sequences of COVID-19 variants [32,92–94].

Peptide Sequence

EK1 SLDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKEL
EK1C4 SIDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKELGSGSG-PEG4

(cholesterol)
IPB02 ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELK (cholesterol)
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proteins showed high cross-activity against SARS-CoV, SARS-CoV-
2, HKU-1, and RsSHC014 strains. HKU-1 is a coronavirus discovered
in Hong Kong in 2004 [76]. RsSHC014 is a bat-derived SARS-like
coronavirus discovered in China in 2013 [77]. Parvathaneni et al.
[78] conducted a similar study.

Mosaic vaccines are similar to chimeric vaccines in that they
induce a wide range of immune responses against multiple strains.
In a previous study, whole S proteins from selected strains were
conjugated in a particle using the SpyTag/SpyCatcher technique,
similar to a mosaic (Fig. 7) [79]. Mosaic vaccines have been actively
studied, particularly in the context of human immunodeficiency
virus (HIV) [80]. In 2009, the effectiveness of RV144, a vaccine
for HIV type 1, was demonstrated, which prompted additional
studies on mosaic vaccines. RV144 follows the principle of heterol-
ogous prime-boost by combining ALVAC-HIV and AIDSVAX B/E
vaccines [80], and it could successfully reduce HIV infection by
up to 31.2% [81]. In a previous nanoparticle-based study [82], four
mosaic vaccines for COVID-19 were developed by combining
different RBDs. Of these, two were derived by combining four dif-
ferent RBDs from b-coronavirus strains; one was derived by com-
bining eight different RBDs; and the remaining comprised SARS-
CoV-2 RBD alone, acting as the wildtype SARS-CoV-2 antigen
[83]. Each preliminary vaccine was administered to mice, and their
immune response was analyzed. Compared with the control homo-
typic SARS-CoV-2 vaccine, mosaic vaccines induced a broader
immune response in mice [82].

FP is a region of the S protein that aids the evasion of viruses
into the host cell. FP bears highly conserved amino acid residues
within a virus family [83]. This feature renders FP a suitable target
for the development of universal vaccines. Trials of FP vaccines
against porcine epidemic diarrhea virus (PEDV)—which belongs
to Pedacovirus, a subgenus of b-coronaviruses—and SARS-CoV-2
have been conducted [84]. Despite the use of an innovative vaccine
platform, the results highlighted the feasibility of a universal FP
vaccine.

Finally, T-cell vaccines, which are peptide vaccines, can be a
solution to manage SARS-CoV-2 variants. These vaccines can be
effective in patients with B-cell deficiency (immune deficiency)
who lack the ability to produce antibodies. Nathan et al. [85] used
a structure-based network and HLA class 1 stability peptide analy-
sis to successfully identify highly conserved regions of CD8+ T-cell
epitopes. Other vaccines are considered to provide broad immunity
against variants and other sarbecoviruses.
5. Antiviral chemicals for SARS-CoV-2

Interest in the development of oral antiviral drugs is growing
given the need for periodic immune-boosting vaccines against
SARS-CoV-2, concerns regarding increase in the infectivity of the
virus, and doubts on the effectiveness of the vaccine. One of the
most anticipated oral antivirals on the market to treat SARS-CoV-
2 is Paxlovid (Pfizer), which is an oral medication that can reduce
the severity of COVID infection, when administered promptly. In
addition, several novel oral antivirals or candidates, including nir-
matrelvir/ritonavir (Paxlovid), molnupiravir, and fluvoxamine,
were available as of February 2022 [13]. Nirmatrelvir is an orally
bioavailable protease inhibitor that acts against MPRO—a viral pro-
tease playing an essential role in viral replication by cleaving two
viral polyproteins [86]. Nirmatrelvir exhibits antiviral activity
against all coronaviruses known to infect humans [87]. Nirma-
trelvir is packaged with ritonavir (as Paxlovid)—a strong cyto-
chrome P450 (CYP) 3A4 inhibitor and a pharmacokinetic
boosting agent of HIV protease inhibitors. Ritonavir co-
administration is essential to increase nirmatrelvir concentration
in the target therapeutic range. Molnupiravir is a small-molecule
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ribonucleoside prodrug of N-hydroxycytidine, which acts against
SARS-CoV-2 and other RNA viruses and serves as a potent barrier
to virus resistance development [97] Fluvoxamine is a selective
serotonin reuptake inhibitor approved by the Food and Drug
Administration (FDA) for the treatment of obsessive–compulsive
disorder and other conditions, including depression. However, flu-
voxamine is not FDA-approved for the treatment of any infectious
disease. Trials to confirm the anti-inflammatory effects of fluvox-
amine observed in non-clinical studies in humans and its clinical
relevance in the COVID-19 setting are ongoing. However, the
COVID-19 Treatment Guidelines Panel has insufficient evidence
to support or reject the use of fluvoxamine as COVID-19 treatment.
Here, we summarize the target groups of related oral chemicals or
candidates for COVID-19.
5.1. Fusion inhibitors

In SARS-CoV, the S2 subunit is an essential component of the
fusion process during the entry of the virus into the host cell.
The HR1 and HR2 domains interact to form helical bundles in the
S2 subunit. This helical bundle binds the cell membrane and allows
fusion [88]. Based on their high similarity, the sequences of HR2
domains of SARS-CoV-2 and SARS-CoV-1 are conserved. The
SARS-CoV-2 HR2 protein (residues 1168–1203) inhibits virus entry
into host cells or fusion. Specifically, the IC50 of SARS-CoV-2 HR2
protein against SARS-CoV-2 pseudovirus was 0.98 mM [33,89].
OC43-HR2P is a modified peptide derived from the HR2 domain
of HcoV-OC43, a type of b-coronavirus 1 that infects humans and
cattle [90]. Compared with SARS-CoV, MERS-CoV, and SARS-CoV-
2, HcoV-OC43 manifests milder symptoms [91]. EK1 is a fusion
inhibitor targeting the HR1 domain of HCoV S protein in pan-
coronaviruses (Table 2). EK1 is more soluble in phosphate-
buffered saline and water than the existing OC43-HR2P [32]. A
peptide-based inhibitor, such as EK1, can inhibit the fusion of
SARS-CoV-2 with the host. Based on crystal structure, the HR2
and HR1 domains of SARS-CoV-2 interact to form a helical bundle,
suggesting that amino acid mutations in HR1 can improve its
interaction with HR2 [92]. EK1C4, a lipopeptide originating from
EK1, suppressed the fusion of SARS-CoV-2 with host cells. EK1C4
is formed by adding polyethylene glycol, cholesterol, and a fusion
linker to the amino acid sequence of EK1 (Table 2). EK1C4 inhibited
the entry of SARS-CoV-2 pseudovirus into the host cells, with an
IC50 of 15.8 nm, which was approximately 149 times higher than
that of EK1 [93]. IPB02, a lipopeptide fusion inhibitor based on a
different sequence, inhibited the fusion to SARS-CoV-2 pseudovirus
to prevent infection [94] (Table 2).

EK1 is a peptide drug, while EK1C4 and IPB02 are lipopeptide
drugs. Lipidation is useful because it can enhance in vivo activity.
EK1C4 covalently binds cholesterol at the C-terminus of EK1. The
spacer based on polyethylene glycol and GSG is a glycine/serine
sequence. Since the efficacy of the drug could be increased by
extending the GSG linker to GSGSG for a longer period, increasing
the length of the linker in lipopeptide is the key. IPB02 is an HR2-
derived fusion inhibitor, with cholesterol covalently bound to its
terminal end.



Fig. 8. Structural formulas of antiviral chemicals for COVID-19 treatment. Chemical structures of the antiviral drugs summarized in the present review are shown. Mesylate is
the abbreviation for methanesulfonate. Camostat mesilate and E-64d are protease inhibitors targeting cleavage sites. Camostat mesilate inhibits TMPRSS2—a serine protease
involved in SARS-CoV-2 fusion. E-64d inhibits SARS-CoV-2 infection by inhibiting cathepsin L. Viracept, used in HIV treatment, is a form of mesylate attached to nelfinavir,
and it inhibits the spike protein-mediated fusion of SARS-CoV-2. Molnupiravir was originally used to treat influenza, but its effectiveness in COVID-19 treatment has also been
demonstrated. Nirmatrelvir is an oral protease inhibitor. The combination of nirmatrelvir and ritonavir (Paxlovid) inhibits SARS-CoV-2.
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5.2. Protease inhibitors targeting cleavage sites

Entry into the host cell requires cleavage between the S2 sub-
unit and S1 and S2 of SARS-CoV-2. Degradation by TMPRSS2 and
cathepsin L and B plays an essential role in SARS-CoV-2 entry into
the host cell. TMPRSS2 is a serine protease that promotes virus
entry and activation by cleaving S proteins. Membrane fusion can-
not proceed without proteolysis; thus, TMPRSS2 is important for
SARS-CoV2 fusion with the host cells. Camostat mesilate is a
potential serine protease inhibitor that targets TMPRSS2 (Fig. 8).
A study on the cellular entry mechanism of SARS-CoV-2 demon-
strated that camostat mesilate inhibited virus entry into host cells
[93]. E-64d, a cathepsin L inhibitor, blocked SARS-CoV-2 infection.
Future trials involving patients with COVID-19 may help identify
the efficacy of E-64d therapy [95] (Fig. 8). In addition to peptide
fusion inhibitors, nelfinavir mesylate (Viracept), an anti-HIV pro-
tease inhibitor, inhibits both S- and S-mediated cell–cell fusion of
SARS-CoV-2. Viracept was the first reported small-molecule fusion
inhibitor, other than peptide fusion inhibitors (Fig. 8). In addition,
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nelfinavir inhibits the function of TMPRSS2, which is involved in S
protein cleavage [96]. This finding has allowed for the clinical
application of anti-SARS-CoV-2 therapeutics, particularly at the
early stages of infection. Among phospholipids, furin with phos-
phatidylcholine (PC) hydrolyzes peptide substrates at basic resi-
dues [97]. The S protein of SARS-CoV-2 has furin cleavage sites at
the S1/S2 boundary, and they can enhance replication efficiency
of the virus upon entry into the host cell [98]. Cleavage sites similar
to the furin cleavage sites of SARS-CoV-2 can affect the viral life
cycle and pathogenicity. Accordingly, inhibitors targeting multiple
cleavage sites, including furin inhibitors, can be used as drug ther-
apies for COVID-19.

5.3. Future prospects of antiviral medicine for COVID-19 treatment

As an important component for interaction with the host, the S
protein of SARS-CoV-2 is a significant target for vaccine or neutral-
izing antibody development. As such, if the mechanism of interac-
tion with the host is elucidated, the enzyme involved is inhibited,



E. Yoon, D. Kim, H. Jeon et al. Computational and Structural Biotechnology Journal 20 (2022) 3533–3544
and the ion channel is blocked, a potent antiviral effect can be pro-
duced. Of note, EK1C4 targeting the highly conserved HR1 domain
of the S2 subunit was expected to exhibit therapeutic potential
against SARS-CoV-2 (Table 2). In addition, a combination of differ-
ent antiviral agents has been proposed as a solution to combat the
disease. Similarly, a recent study has demonstrated the sensitivity
of the omicron variant of SARS-CoV-2 to the combination of mol-
nupiravir and nirmatrelvir [99] (Fig. 7). In particular, nirmatrelvir
is an antiviral medicine developed by Pfizer and an oral protease
inhibitor. In December 2021, the potent inhibitory effect of Paxlo-
vid, prepared by combining nirmatrelvir and ritonavir, against
SARS-CoV-2 was proven, and it was approved for emergency use
by the FDA [100]. Molnupiravir is an oral antiviral drug developed
for the treatment of influenza; it inhibits infection by inducing
errors in viral RNA replication [101]. Molnupiravir is currently
approved in the UK for the treatment of COVID-19 [102] (Fig. 7).
Based on their chemical functions, both molnupiravir and nirma-
trelvir exhibit antiviral properties, and the combination of these
two produces a synergistic effect, which may be a potential
solution to manage emerging SARS-CoV-2 variants. Novel effective
antiviral drugs can be developed through the combination of exist-
ing drugs for the treatment of COVID-19. Finally, if issues related to
the accessibility and cost effectiveness of oral antiviral agents are
resolved, they may prove revolutionary in the management of
emerging variants of SARS-CoV-2.
6. Summary and outlook

For the prevention and treatment of COVID-19, rapid develop-
ment of neutralizing antibodies against SARS-CoV-2 in convales-
cent patients represents an important scientific challenge at
present. Several vaccines have been developed and distributed at
an unprecedented rate to combat the COVID-19 pandemic. How-
ever, the persistent emergence of new SARS-CoV-2 variants has
impeded treatment using neutralizing antibodies and reduced
the effectiveness of vaccines. In this context, development and
implementation of novel vaccine designs and technologies are
anticipated. Periodic screening for the efficacy of neutralizing
antibodies and vaccines against new emerging pathogenic variants
is warranted. In this review, we have summarized oral medicines
and emerging SARS-CoV-2 variants, such as delta and omicron. In
addition, we have briefly discussed the possible antigen candidates
(mainly the S2 region) other than RBD for the development of a
universal COVID-19 vaccine. This review will be helpful for future
vaccine and drug development against COVID-19.
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