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Abstract

Purpose COVID-19 pandemic has emerged as a result of infection by the deadly pathogenic severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2), causing enormous threats to humans. Coronaviruses are distinguished by a clove-like
spike (S) protein, which plays a key role in viral pathogenesis, evolutions, and transmission. The objectives of this study are
to investigate the distinctive structural features of SARS-CoV-2 S protein, its essential role in pathogenesis, and its use in
the development of potential therapies and vaccines.

Methodology A literature review was conducted to summarize, analyze, and interpret the available scientific data related to
SARS-CoV-2 S protein in terms of characteristics, vaccines development and potential therapies.

Results The data indicate that S protein subunits and their variable conformational states significantly affect the virus patho-
genesis, infectivity, and evolutionary mutation. A considerable number of potential natural and synthetic therapies were
proposed based on S protein. Additionally, neutralizing antibodies were recently approved for emergency use. Furthermore,
several vaccines utilizing the S protein were developed.

Conclusion A better understanding of S protein features, structure and mutations facilitate the recognition of the importance
of SARS-CoV-2 S protein in viral infection, as well as the development of therapies and vaccines. The efficacy and safety of
these therapeutic compounds and vaccines are still controversial. However, they may potentially reduce or prevent SARS-
CoV-2 infection, leading to a significant reduction of the global health burden of this pandemic.
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PEG Polyethylene glycol

PD Peptidase domain

PUFA Polyunsaturated fatty acid

RAAS Renin—angiotensin—aldosterone system

RBD Receptor-binding domain

RBM Receptor-binding motif

RhACE2 Recombinant human angiotensin-convert-
ing enzyme 2

SD1 Subdomain 1

SD2 Subdomain 2

SARS-CoV-2 Severe acute respiratory syndrome
coronavirus-2

S protein Spike protein

TMPRSS2 Transmembrane protease serine 2

tPA Tissue plasminogen activator

Introduction

The severe acute respiratory syndrome coronavirus referred
to as SARS-CoV-2 [76] is an enveloped virus possessing a
positive-sense single-stranded RNA of approximately 30 Kb
length [30, 76]. This virus has emerged in China, particu-
larly in Wuhan, where several severe pneumonia cases were
detected in December 2019 [71]. It was initially transmitted
from bats through an intermediate host to humans [31]. The
virus is made up of several structural and non-structural pro-
teins each responsible for a particular step in viral infectivity
and transmission [31, 71]. The spike (S), envelope (E), mem-
brane (M), and nucleocapsid (N) constitute the structural
proteins of the virus [31, 71]. People infected with SARS-
CoV-2 may experience mild to moderate flu-like symptoms
such as fever, cough, diarrhea, and shortness of breath as
the most common symptoms [31]. Severe cases that are
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Fig. 1 Diagram showing the domain organization of the S protein
of SARS-COV-2. NTD N-terminal domain, RBD receptor-binding
domain, FP fusion peptide, HRI heptad repeat 1, HR2 heptad repeat
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reported with high-risk individuals include respiratory fail-
ure and systemic inflammation, which in turn, can lead to
further tragic consequences including multi-organ damage
[31]. Unfortunately, asymptomatic patients can contribute to
viral transmission [31]. Due to the rapidly increased number
of SARS-CoV-2 cases, it was declared by the WHO as a
global pandemic. At the time of writing and as per the global
statistics, 188,332,972 M are currently confirmed cases,
while serious COVID-19 conditions constitute 0.6%, and
the remaining 99.4% are relatively mild. The total recovery
rates are estimated to be ~98% with 2% death rates [105].

Features of S protein

SARS-CoV-2 S protein is a class I fusion transmembrane
structural glycoprotein that is composed of S1 and S2 subu-
nits [71]. It is a homotrimer with a size of 180-200 kDa [43],
and a total length of between 1273 and 1300 amino acids
[113]. The amino acid residues (1-13) constitute a signal
peptide [43]. It is a clove-shaped structure [71], protrudes
from the surface of the virus (Fig. 1), allowing it to carry the
viral binding to the host cell and fusion [30]. It is the basic
unit of the virus that recognizes and binds to the host cell
receptor ACE-2 [43]; thus, rendering the S protein a main
target for neutralizing antibodies.

S1 subunit

S1 is a distal subunit that is composed of 672 amino acids
(14-685) residues [30]. These amino acids are organized
into four domains: N-terminal domain (NTD), C-terminal
domain (CTD), or the receptor-binding domain (RBD),
and two subdomains (SD1 and SD2) (Fig. 1) [30]. It is a
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V-shaped ectotrimer subunit that accommodates one ACE-2
recognition motif per monomer for binding [93]. At the apex
of each S1 monomer, there is one RBD [93]. It was revealed
that the RBD of SARS-CoV-2 is made up of a core that
is built of twisted five-stranded antiparallel B-sheet of 1,
B2, p3, p4 and P7 [93]. There is an extended loop located
between 4 and 7, which contains short 5 and p6 strands
and o4 and a5 helices and loops [93]. This extended loop
is known as the receptor-binding motif (RBM), containing
most of the amino acids of the RBD that form the interac-
tions with the ACE-2 receptors [30]. The aminopeptidase
N region in ACE-2 is responsible for RBD binding [43].
In the RBD, there are nine cysteine residues; eight of them
form four pairs of disulfide bonds and three of these pairs
are in the core that help in B-sheet structure stabilization,
while the remaining pair connects the loops in the RBM
distal end [63].

Analysis of the RBD and ACE-2 interface revealed that
there are 17 amino acids of RBD in contact with 20 amino
acids of ACE-2 [63]. An important feature at the RBD and
ACE-2 interface is the hydrophilic interactions network as
there are 13 hydrogen bonds and 2 salt bridges [63]. Another
feature is the involvement of multiple tyrosine amino acids
residues including Tyr449, Tyr 489, and Tyr505 from the
RBD that form hydrogen bonds [63]. Additionally, outside
the RBM, there is a unique interaction between Lys417
residue in RBD, which forms salt-bridge interactions with
Asp30 of ACE-2 [63]. It has been proposed that inhibition
of the interaction between RBD and ACE-2 can be useful in
the treatment of SARS-CoV-2 infection [63]. However, the
RBD is a highly mutable region; thus, it is not an ideal target
site for the development of broad-spectrum antiviral [43].

S2 subunit

S2 is a membrane-anchored subunit of 588 amino acid
(686—-1273) residues (Fig. 1) [30]. It is composed of N-ter-
minal hydrophobic fusion peptide (FP), two heptad-repeat
regions (HR1 and HR2), a transmembrane domain (TM),
and a cytoplasmic tail (CT) [30]. FP is a short segment of
15-20 amino acids, mainly hydrophobic, such as glycine (G)
or alanine (A) [43]. Earlier research has pointed out the vital
role of FP in membrane fusion, as it causes disruption and
connection to the host cell membrane lipid bilayer [43]. The
location of HR1 is at the C-terminus of FP, while HR2 is
located at the N-terminus of the TM domain [43]. They are
composed of a repetitive heptapeptide HPPHCPC, where H
is a hydrophobic or bulky residue, P indicates a hydrophilic
residue, and C is a charged amino acid [43]. These regions
are critical for viral fusion and entry by forming a six-helical
bundle (6-HB) [43]. The TM domain attaches the S protein
to the viral membrane [43].

Glycan shield of S protein

S protein is coated with polysaccharides [43]. The S pro-
tein gene encodes 22 N-linked glycan sequins per monomer
resulting in 66 N-linked glycans in one S glycoprotein [93].
In comparison with S2 monomers, S1 monomers are more
decorated with N-linked glycans [93]. This glycan shield
has several effects on the S protein folding, its processing
by host cell proteases, immune evasion, and the elicitation
of humoral immune response as well [93]. Extensive glycan
shielding of S protein that blocks the protein surface may
thereby, hide specific epitopes from antibody neutralization,
thus, masking them and facilitate the immune evasion [93].
Moreover, it was observed that both the glycosylated and
de-glycosylated S ectodomains are bound to ACE-2 with
almost identical affinities (1.7 nM vs 1.5 nM); hence, it was
proposed that S protein glycosylation does not alter the S
protein-binding affinity to ACE-2 [30]. However, it is sug-
gested that the glycan shield of SARS-CoV-2 S protein is
less dense and less effective compared to glycoproteins of
other viruses such as HIV-1, and this might be beneficial
for humoral immunity induction and vaccine development
[30]. Therefore, there is a huge interest in investigating the
potential immunogenicity of the glycan moieties as vaccine
candidates [30, 118].

Cleavage site

Cleavage of S protein into S1 and S2 subunits by host pro-
teases is a fundamental step to mediate the fusion process
(Fig. 1) [43]. It is usually cleaved by host proteases such
as Transmembrane Protease Serine 2 (TMPRSS2), cathep-
sin L and furin [41], hence, facilitating the viral activation
and representing SARS-CoV-2 pathogenicity [72]. In fact,
activation of viral spikes could be mediated by other pro-
teases found on host cells such as TMPRSS4, TMPRSS11A,
TMPRSS11D and TMPRSS11E1 [72]. A notable fea-
ture of the S protein in SARS-CoV-2 is the presence of a
unique polybasic furin-like cleavage site (FCS) located at
the boundary between the S1 and S2 subunits “S1/S2 site”
which increases the rate of its proteolytic processing by host-
furin protease during SARS-CoV-2 infection [110]. This, in
turn, enhances its infectivity and makes it more contagious
[43].

Conformations

Several structures of S protein are associated with different
states, which mainly include the pre-fusion and post-fusion
conformations (Fig. 2) [15]. In the metastable pre-fusion
conformation, the RBDs may exist in either open or closed
forms [30, 31]. In the closed form, all the three RBDs are
in the down position representing a (receptor inaccessible)
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Fig.2 Diagram showing the conformational changes of SARS-COV-2 S protein during the binding of ACE-2 receptor

status that hides the receptor-binding region [71]. Due to
their flexibility, the RBDs undergo hinge-like movements
to a partially open (receptor accessible) state that exposes
the receptor-binding region [71]. In this state, one single
or more RBDs might be in the “up” position [40]. These
forms may co-exist together in varying percentages [101].
However, the closed status is the predominant one [101].
Binding to ACE-2 can stabilize this open dynamic status,
thereby undergoing conformational changes through dif-
ferent intermediates, and ultimately, transforming it from
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pre-fusion to post-fusion conformation [101]. Upon using
them as immunogens, these different conformations can
induce distinct immune-mediated antibodies constructing
a challenge for optimum immunization [101, 111]. There-
fore, several research studies are trying to stabilize the S
protein conformation [101, 111]. This would have several
advantages, as it allows successful vaccine development,
improves diagnostics, and additionally, supports the basic
research due to its enhanced tolerability for storage condi-
tions on prolonged times [111].
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Role of SARS-CoV-2 S protein in viral fusion
and host entry

In proximity to the fusion peptide, a structure of the fusion
peptide proximal region (FPPR) was found to play a major
role in S protein conformational rearrangements [15]. This
FPPR is close to the S1/S2 and S2’ cleavage sites as well
[15]. A crosstalk between the FPPR and the RBDs in the
up position causes the latter to clamp down [15]. However,
due to their high dynamic energy, the RBDs can flip out
reforming the “up” conformation [15]. This partially open
conformation allows RBD binding to ACE-2 on the host
cell [15]. Consequently, triggering the cleavage at S1/S2
site causing S1-ACE-2 dissociation [51, 101], and creating
a flexible FPPR that exposes the S2’ cleavage site, leading
to the release of fusion peptide and insertion into the host
membrane [15, 43]. A subsequent interaction between the
HR2 and HR1 takes place exposing the pre-hairpin coiled-
coil of the HR1 domain and forming a six-helical bundle
(6-HB) [101]. Ultimately, bringing the viral envelope close
to the cell membrane for viral fusion and entry [101].

Evolutionary pattern of S protein supports
the virus infectivity and transmission rates

SARS-CoV-2 has a zoonotic origin [62], where the recent
outbreaks have revealed its capability of crossing the inter-
species barrier and transmission from animals to humans
at any time with unpredictable consequences [61, 113]. In
fact, knowing the virus’s ability to evolve over time along
with its mutation rate would help better to understand the
virus transmission, pathogenesis, and infectivity threats
[31, 71]. Further, it can help to understand the evasion
mechanism of the immune system, the development of
drug resistance and hence the development of precise and
effective therapy [31, 71].

To better understand SARS-CoV-2 evolution, genome
sequencing has been carried out for several strains isolated
during the current pandemic [47]. Several genetic evolu-
tionary features were identified and reported, showing that
SARS-CoV-2 shares 79.6% of its whole genome sequence
with SARS-CoV-1 [109]. Interestingly, SARS-CoV-2 S
protein shares ~79% amino acid sequence identity with
SARS-CoV-1 S protein [31, 48]; hence, the remaining
non-conserved nucleotide sequences may explain the dif-
ferent antigenic properties of the new strain [71]. This
evolutionary feature is consistent with its major role in
viral entry as it confronts the immune system [89]. Based
on the large variability in the binding patterns exhibited

by RBD and S1-NTD, it can be concluded that both sites
are of intense evolutionary pressure [89].

Studies have shown that most evolutionary mutations
occurred to both sites represented by a unique pattern of
amino acids residues [89]. Such residues with rapid molecu-
lar evolution are characterized by an increased flexibility of
the protein, being in a closer conformation to ACE-2 inter-
face and important binding sites, and having higher similar-
ity with the host cell surface protein, which in turn increase
the potential immune evasion [89]. Moreover, SARS-CoV-2
S protein exhibited a 10-22-fold higher binding affinity to
ACE-2 than that of SARS-CoV-1 [101]. This is attributed to
the increased contacts in the interface, and the three muta-
tional hotspots in the S protein, which results in a more spe-
cific and compact conformation that contributes to the host
infectivity range of SARS-CoV-2 [62]. Eventually, being an
RNA virus, it is expected that SARS-CoV-2 will continue
evolving over time [101].

Notable evolutionary features
of SARS-CoV-2 S protein can be summarized
as below

Evolutionary mutations of RBD regions responsible
for ACE-2 binding

Generally, 20 residues of ACE-2 are responsible for the
binding interaction with 16 and 17 amino acid residues of
the RBDs of both SARS-CoV-1 and SARS-CoV-2, respec-
tively [63]. Lys417 residue at the SARS-CoV-2 RBD has
a positively charged patch that generates an electrostatic
potential, which in turn contributes to the higher SARS-
CoV-2 RBD-ACE-2-binding affinity when compared to that
of SAS-CoV-1 [63]. There are other five residues with differ-
ent side chains in the two RBDs, yet they share the same bio-
chemical properties [63]. However, Leu472 of SARS-CoV-1
forms interactions with Leu79 and Met82 of ACE-2, while
the Phe486 of SARS-CoV-2 forms additional interactions
with different amino acid residues of ACE-2 [63]. Further-
more, Asn479 residue of SARS-CoV-1 interacts solely with
His34 of ACE-2, while the Gln493 of SARS-CoV-2 forms
bonds with Lys31, His34 and particularly, a hydrogen bond
with Glu35 of ACE-2 [63]. Additionally, the substitution of
Val of SARS-CoV-1 with a lysine residue in SARS-CoV-2
has given it an advantage of a special salt-bridge formation
upon the interaction between Lys417 and Asp30 of ACE-2
[63]. A feature that is not permitted by the valine residue
of SARS-CoV-1, which explains the stronger interaction
between SARS-CoV-2 and ACE-2 receptor and contributes
to the higher transmission of SARS-CoV-2 [76, 90]. SARS-
CoV-1-receptor-binding motif (RBM) contains a three-res-
idue motif in one of its ridge loops, whereas SARS-CoV-2
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contains a four-residue motif [76, 90]. This four-residue
motif grants an additional hydrogen bond formation in
SARS-CoV-2 RBM causing its loop to move closer to ACE-
2, and thus establishing a more compact form [76, 90]. This
allows more contact with the N-terminal helix of ACE-2
where a larger binding interface is formed [76, 90].

Virus-binding hotspots on ACE-2 that involve two lysine
residues play a significant role in virus binding [90]. A key
factor for perfect binding is the neutralization of charges
on these lysine residues [90]. This is achieved by specific
amino acids, which stabilize these hotspots [90]. This exclu-
sive stability pattern of SARS-CoV-2 may explain its higher
infectivity and transmission rates [116].

Polybasic furin cleavage site

SARS-CoV-2 is characterized by a unique polybasic cleav-
age site at the S1/S2 junction, which is thought to play a
critical role in the determination of the viral infectivity,
pathogenesis, and transmissibility [116]. It is expected to
be responsible for the high virulence of the virus [76]. S
protein is pre-activated by furin and furin-like proprotein
convertases in the viral cell [48]. This is contrary to SARS-
CoV-1, which lacks this furin cleavage site [107].

O-linked glycans

A proline residue has been identified at the S1/S2 junction
in SARS-CoV-2 [49], which is predicted to be the reason for
the addition of O-linked glycans to S673, T678 and S686
[9]. Its accurate function is unclear; however, it may con-
tribute to the creation of a “mucin-like domain”, which is
utilized by the virus as a glycan shield [9]. Yet, additional
studies are required to prove their significance in SARS-
CoV-2 [9]. Although it has been suggested that this glycan
shield may contribute to the virulence of the virus by mask-
ing the epitopes, it may flank the cleavage site preventing it
from being processed by the activating proteases [49].

SARS-CoV-2 S protein unique mutations

Several nucleotide polymorphisms have been detected in
SARS-CoV-2 genomes including 753 missense, 452 silent,
12 nonsense, and four intergenic substitutions [31]. S protein
showed a high share of genetic alterations with a mutation
rate of ~1.21 [31]. These mutations are highly variable as
per the geographic distribution, sequencing time and inter-
stains recombination [57]. This can also be attributed to its
rapid global spread [61]. Nevertheless, other mutations were
reported to co-occur [101], thereby hindering the desired
complete understanding of its impact on viral transmission,
virulence, and disease severity.
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D614G mutation of S protein

G614 is a missense mutation in the gene encoding S pro-
tein [47]. To highlight, D indicates the aspartic acid resi-
due that is replaced by glycine (G) amino acid at position
614 (D614G) [71]. This is located at the subdomain 2
(SD2) of the S1 subunit outside the RBD [109]. It has been
reported that D614G mutation is associated with greater
infectivity and transmissibility across different geographic
locations [61]. This mutation has increased the viral loads
in the respiratory secretions; however, it does not seem to
affect the disease severity [104]. Furthermore, the unique
multi-basic furin cleavage site has rendered the S protein
less stable and triggers the virus to undergo this mutation
in order to compensate for this instability [48].

Several studies have demonstrated that the gain of
infectivity is correlated to the fact that spike variant
D614G favors an open conformational state [38]. Muta-
tion of aspartic acid residue to a smaller glycine amino
acid might increase the flexibility, resulting in an easy shift
from the closed “down” state to the opened “up” state
[61]. Moreover, D614G causes disruption of a significant
salt bridge formed between the monomers of S protein by
increasing the distance between the amino acids that form
this salt-bridge interaction [109]. Therefore, it enhances
the accessibility of RBD, promoting the virus binding and
fusion into the cell [109]. Of note, limited S1 shedding and
higher S protein density were reported in the G614 virion
[31, 116]. This, in turn, has raised new hypotheses by
which D614G mutation has increased the virus infectivity
and enhanced the efficiency of entering ACE-2-expressing
cells, and accordingly, increasing the functional S protein
incorporation into the virion. This mechanism is referred
to as the “density hypothesis” [31, 116]. Another hypoth-
esis “stability hypothesis” proposes that the G614 glycine
residue increases the number of binding sites by stabiliz-
ing the interaction between S1 and S2 through its loop,
which is inserted between NTD and CTD1, and subse-
quently, reduces the S1 shedding [48, 116, 117]. However,
further investigation is required to understand the exact
mechanism adopted by this mutation to increase the virus
infectivity and transmission [48]. Originally, many SARS-
CoV-2 vaccines were designed utilizing the D614 variant
of the spike, accordingly, concerns have arisen regarding
the G614 mutation consequences on vaccines effectiveness
[37]. Furthermore, the majority of data have shown that
the G614 variant is more vulnerable to neutralization by
RBD-specific monoclonal antibodies and serum samples
from people who were previously infected [104]. This can
be explained by the higher exposure of the neutralization
epitopes in this variant due to the higher percentage of the
up conformation of RBD [104].
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SARS-CoV-2 S protein as a potential target
for therapy and vaccine development

The aforementioned data indicate that in addition to the
immunogenic properties of SARS-CoV-2 S protein [45], it is
the main responsive for initiation of viral entry, pathogenesis
and transmission [79, 87]. Therefore, multiple therapeutic
agents have been proposed against S protein. On the other
hand, several targets namely, S (including RBD, SI-NTD
and S2 subunit), N, M, and E proteins have been studied for
possible vaccines development [87]. In fact, E and M pro-
teins are poorly immunogenic, while the N protein, although
it is abundant and highly immunogenic and exhibited pro-
tection against CoVs in a mouse model, it does not protect
against SARS-CoV-2 infection and instead enhanced infec-
tion-induced pneumonia. Hence, none of these proteins is a
wise choice for the development of SARS-CoV-2 vaccines
[25]. Therefore, the optimal target to elicit potent neutral-
izing antibodies, specific for SARS-CoV-2 is the S protein.
Currently, the majority of protective countermeasures are
S-based vaccines, and hence they exhibit protective efficacy
and an acceptable safety profile [112]. In general, targeting
S1-NTD and S2 subunits induce antibodies with neutral-
izing activities; however, the RBD is considered the major
target to elicit highly potent neutralizing antibodies, while
providing more selectivity against the current SARS-CoV-2
strain [112].

Potential SARS-CoV-2 S protein-based
therapies

The important features of SARS-CoV-2 S protein make it
an excellent target for the development of therapeutic drugs
(Table 1; Fig. 3) [9, 97].

Natural products-based therapy
Linoleic acid

Recently, a team of researchers has unexpectedly discovered
a key potentially “druggable” binding pocket in the SARS-
CoV-2 S protein [51]. Several pharmaceutical agents and
fatty acid supplements readily available in the market may
show viable affinity to the pocket sites of S trimer; thereby,
interfering with S protein accessibility to ACE-2 recep-
tor [9]. A greasy tube-like density buried at the interface
between RBDs of the S trimer was observed and interpreted
as three free fatty acid-binding pockets [97]. This pocket is
composed of hydrophobic amino acids mostly phenylala-
nine, that can accommodate the hydrocarbons tail of linoleic

acid (LA) [97]. Furthermore, the arginine and glutamine
residues from the adjacent RBD in the trimer provide hydro-
philic positive charges that anchor the negatively charged
carboxyl group of LA, allowing LA to properly fit in the
binding site [97].

Further investigations indicated that linoleic acid-bind-
ing pocket harbors a gating helix at the entrance of the
hydrophobic pocket containing two tyrosine residues and
a gap between the adjacent RBDs that places arginine and
glutamine residues away (~ 10 A) from the position of the
linoleic acid carboxyl group [97, 98]. Therefore, linoleic
acid repositions the gating helix by (~6 A) and causes the
two tyrosine residues to swing away to avoid a clash with
linoleic acid. Subsequently, the pocket will open and the
adjacent RBD moves toward its neighbor to lock down the
hydrophilic anchor of linoleic acid [97, 98]. Collectively,
this results in the formation of rigid compaction in the RBD
trimer, producing a closed conformation rendering the S
protein inaccessible by the host receptor. Therefore, LA is
expected to reduce ACE-2 attachment and, hence, reduce the
entry and infectivity [9]. Experimentally, LA supplementa-
tion to human epithelial cell culture showed a synergistic
effect when administered with remdesivir and markedly sup-
pressed the virus replication [11].

Free fatty acid-binding pocket has been reported in previ-
ous pathogenic human coronaviruses (HCoVS) [9]. Struc-
tural comparison of SARS-CoV-2 LA-binding pocket with
that of SARS-CoV-1 reveals that all the hydrophobic and
hydrophilic residues are conserved [97, 98]. In contrast,
structural differences in other circulating HCoVs were
observed, causing failure in LA binding [97].

It is noteworthy that the discovery of the LA-binding
pocket opens the door for the development of new free
fatty acid-based therapy [97]. Fatty acids of algae oil such
as palmitic acid, oleic acid, stearic acid and linoleic acid
have several mechanisms that can prevent COVID-19 infec-
tion, including the incorporation into the lipid membrane
of SARS-CoV-2 envelopes, thus destabilizing its bilayer or
interfering with viral attachment to the host cells [94]. In
addition, sesame oil has been proposed to have a potential
protective effect against SARS-CoV-2 infection due to its
high linoleic acid concentration (41%) [53]. Recent studies
suggest the use of oil-based nasal spray containing mainly
linoleic acid as a protective method to limit the spread of
SARS-CoV-2 infection. However, this proposal needs fur-
ther clinical and experimental studies [94].

Bisoxatin
Computational studies were performed using drug librar-
ies against the RBD to identify a potent inhibitor of S pro-

tein [98]. The selected compounds fulfilled the Lipinski’s
rule of five and they were investigated for their significant
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interactions that may cause disruption of the interaction
between the S protein and ACE-2 receptor [98]. These stud-
ies indicated that the laxative Bisoxatin (DB09219) can
significantly bind to RBD of S protein by forming z—z and
hydrophilic interactions with amino acid residues, thus,
inhibiting S protein-ACE-2 interaction [98]. Accordingly,
Bisoxatin can be utilized as a lead compound for the devel-
opment of SARS-CoV-2 S protein inhibitors [98].

Emodin

Emodin is a natural anthraquinone that has shown the capa-
bility of inhibiting the interaction between S protein and
ACE-2 receptor via in vitro analysis [26, 55]. Moreover,
it alleviates the asthmatic airway inflammation by inhibit-
ing the activated macrophages polarization, therefore it may
suppress the inflammation associated with COVID-19 [108].

However, it has toxic effects and the mechanism of action
is not fully understood, which limits its rational use [26].

Antiviral peptides-based therapy

The protein—protein interactions between ACE-2 and S
protein represent a potential target for therapeutic interven-
tions [67, 92, 114]. Inhibiting the large interface of RBD
by small drug molecules is usually not effective and chal-
lenging [92, 114]. Alternatively, peptides can be utilized as
they have a larger surface area, allowing more functional
groups to interact with the binding site, therefore mimicking
and blocking these native protein—protein interactions [92].
Additionally, peptides can be used to inhibit the formation
of the six-helical bundle (6-HB) of S protein [69]. Interest-
ingly, antiviral peptides can be formulated as inhalations for
local lung delivery [92], thus reducing any possible systemic
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side effects [51]. Potential anti-SARS-CoV-2 peptides can
include:

EK1C4

EK1 is a coronavirus fusion inhibitor composed of 36 amino
acids [69], designed to target the heptad repeat-1 domains
of S protein in human coronaviruses [51]. Thus, it forms a
6-HB structure similar to the native one [102], and inhibiting
the viral fusion [51]. This peptide exhibited potent inhibi-
tory activity against all tested human coronaviruses [51].
Recently, EK1 has been reported as an effective peptide
against SARS-CoV-2 [51]. However, the antiviral efficacy
of EK1 is less in SARS-CoV-2 due to the high stability of
its 6-HB structure [51]. To improve the activity of EK1, its
C-terminus has been covalently linked to cholesterol (EK1C)
or palmitic acid (EK1P) with a glycine/ serine linker and
polyethylene glycol (PEG) spacer. The presence and the
length of the linker/ spacer affect the activity of the formed
lipopeptide [33].

EK1C4 is a lipopeptide [33] with potent activity against
SARS-CoV-2 S protein-mediated membrane fusion [51,
102]. It has been suggested that the EK1 moiety of EK1C4
binds to one of the three hydrophobic grooves of the HR1
trimer and utilizes the cholesterol moiety to anchor to the
adjacent hydrophobic groove [51]. In vivo studies confirmed
the potency of EK1C4 against coronavirus infection with
no or minimal toxicity [51]. Therefore, it can be considered
as a promising pan-CoV fusion inhibitor for prophylaxis or
treatment of SARS-CoV-2 infection and other human coro-
naviruses that may emerge in the future [51].

23-Mer peptide (SBP1)

It has been demonstrated that the ACE-2 peptidase domain
(PD) al helix is critical for the binding with RBD [99].
Accordingly, SBP1 was designed and synthesized to mimic
the 21-43 residues of the ACE-2 PD a1 helix sequence [92];
hence, it can bind to the viral RBD, resulting in disruption
of the ACE-2 and S protein interaction [33, 114]. SBP1 is
not expected to have immunogenic effects since it is derived
from human protein [114]. The binding affinity of SBP1 was
further improved by minor modifications [92] that led to the
newly designed SPB25, which is a 25-mer peptide that was
used as a template for further modifications [92]. Accord-
ingly, five peptides were designed, but the most promising
one was SPB25F8N [92], mainly due to the involvement
of a higher number of predicted hydrogen bonds and the =
interactions [92].

Previously, peptides were associated with many chal-
lenges including expensive synthesis, limited stability, and
bioavailability. However, technological advances and chemi-
cal modifications have helped to overcome these challenges
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[99, 114]. Furthermore, these peptides can be attached to
nanoparticles to produce inhibitory effects against sev-
eral viruses along with enhancement of their binding
affinities [99], yet their use in SARS-CoV-2 requires more
investigations.

Natural lectins-based therapy

Since S protein is a heavily glycosylated protein, it can be
a potential target for carbohydrate-binding agents such as
lectins [107].

Griffithsin (GRFT)

GRFT is an algae-derived lectin isolated from the red alga
Griffithsia sp., which demonstrates a broad-spectrum antivi-
ral activity [14]. Experimentally, GRFT showed great inhibi-
tory potential against SARS-CoV-2 infection in vitro [14].
It has been reported that GRFT possesses three independent
carbohydrate-binding sites [52], which can selectively bind
to the glycosylation sites of the S1 subunit, resulting in the
formation of a complex that preserves its ability of binding
to ACE-2 [52]. However, it prevents the subsequent steps
essential for viral entry [52]. Moreover, GRFT has demon-
strated immunomodulatory effects, particularly it alters the
cytokine response in infected lung cells [52]. Importantly,
a previous study has reported a synergistic antiviral activity
by combining GFRT with EK1, since both have different
binding sites, thus representing a potential cocktail therapy
for the prevention and treatment of SARS-CoV-2 infection
[14]. Studies have revealed that GFRT at its active antiviral
concentration does not exhibit any toxicity and it effectively
shows high potency and promising subclinical outcomes [64,
88].

FRIL

FRIL is a glucose/mannose lectin isolated from Lablab pur-
pureus plant [77], and referred to as FIt3 Receptor Inter-
acting Lectin [107]. FRIL showed the ability to neutralize
SARS-CoV-2 effectively, resulting in a complete inhibition
of viral cytopathic effects [77, 107]. FRIL binds to the com-
plex-type N-glycans, which are the predominant glycans in
the S protein N-glycosylation sites. This explains its high
binding affinity [107].

Recombinant-based therapy
Soluble ACE-2
ACE-2 has a dual function as it serves as a significant func-

tional receptor for SARS-CoV-2 that permits the viral entry
into the host cell, and a protective pathway for multiple
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organs such as the heart, liver, kidney, and lung [119]. This
is attributed to its enzymatic and catalytic function, which
regulates the homoeostasis of the renin—angiotensin—aldos-
terone system (RAAS) [46]. In fact, studies reported that
ACE-2 is downregulated following S protein binding, which
in turn contributes to severe disease progression and dete-
rioration of pulmonary function [115].

It has been demonstrated that the administration of sol-
uble ACE-2 in excessive amounts can competitively bind
to SARS-CoV-2 S protein and distract the virus from the
membrane-bound ACE-2 receptors; hence, it can neutralize
the virus and inhibit its entry into the host cells [73, 115].
A human recombinant soluble ACE-2 (rhACE2; APNO1,
GSK2586881) was developed [115] and studies showed that
it has ~ 1.2 nM binding affinity to SARS-CoV-2 S protein
[119]. APNOLI has already passed phase 1 and 2 clinical tri-
als, where it was able to reduce the lung injury in acute res-
piratory distress syndrome (ARDS), acute lung injury (ALI),
and pulmonary arterial hypertension (PAH). In addition, it
is well tolerated and safe [54]. Of note, neither an equivalent
mouse rsACE-2 nor a murine recombinant soluble ACE-2
(mrsACE2) were able to block SARS-CoV-2 virus entry,
revealing the uniqueness of APNO1 [73]. Furthermore, data
demonstrate the significant ability of APNOI to block the
early stages of SARS-CoV-2 infections where it reduces the
viral load by 1000-5000. However, its effects in the later
stages of the disease are yet to be determined [73, 119].
Although this inhibition was incomplete, possibly due to
the presence of other co-receptors [73], a dose-dependent
relationship was observed [119].

Importantly, experimental studies indicated the develop-
ment of IgA and IgG antibodies against SARS-CoV-2 upon
treatment with APNO1 [8, 119]. Collectively, data suggested
that the beneficial effects of APNO1 can include slowing
down the viral entry, spread and ultimately viral neutraliza-
tion. It can also preserve cellular ACE-2, hence maintaining
its protective activity to vital body organs [8, 56, 115, 119].

Monoclonal neutralizing antibodies

Recently, U.S. FDA has authorized the emergency use
of synthetic neutralizing monoclonal antibodies directed
against SARS-CoV-2 S protein to inhibit viral attachment
and subsequent entry to the host cells [7, 34]. These mono-
clonal antibodies, namely, Casirivimab, Imdevimab, Bam-
lanivimab and Etesevimab are indicated for the treatment of
mild to moderate COVID-19 in adults and pediatrics over
12 years old or for high-risk individuals who are susceptible
to severe disease progression [6, 7]. Bamlanivimab targets
the RBD of the S protein of SARS-CoV-2. Casirivimab and
Imdevimab are recombinant human monoclonal antibod-
ies that bind to non-overlapping epitopes of the S protein
RBD of SARS-CoV-2. Etesevimab binds to a different but

overlapping epitope in the RBD of the SARS-CoV-2 S pro-
tein [96].

Of note, these drugs should not be used for severe cases,
hospitalized patients or who require mechanical ventilation
as they may worsen their conditions [6, 7]. Importantly,
these therapies should be used in combinations through IV
infusions. These combinations include the use of Casiriv-
imab and Imdevimab together [2]. Although Bamlanivimab
was authorized for use as a single agent, this authorization
was revoked very recently due to lack of efficacy upon the
growth of SARS-CoV-2 resistance [2, 3]. Currently, Bam-
lanivimab is authorized for use in combination with Ete-
sevimab [2, 3]. This emergency authorization is due to the
FDA beliefs in the potential benefits of these antibodies that
can outweigh the risks since they have shown the ability to
decrease the viral loads, and hospitalizations. Thus, it allevi-
ates the health burden of this pandemic [7]. The side effects
of these drugs may vary ranging from fever, chills, itching,
to infusion-related reactions or anaphylactic shock. How-
ever, the safety and efficacy of these mAbs are still under
evaluation [6, 7].

A decline in the neutralizing activity of antibodies has
been reported in convalescent patients due to the develop-
ment of recent SARS-CoV-2 variants of concern (VOCs),
particularly, those with heavily mutated S protein [23,
42]. A recent study has tested the ability of anti-S protein
Casirivimab and Imdevimab monoclonal antibodies combi-
nation to neutralize SARS-CoV-2 variants B.1.1.7, B.1.351,
mink cluster 5, and COH.20G/677H. The efficacy of this
antibody’s combination therapy was declined 9.1-fold on
B.1.351 and 16.2-fold on mink cluster 5. These results raised
the concerns about the efficacy of using this monoclonal
antibodies-based approach in the treatment of new variants,
and urge the need to develop new monoclonal antibodies that
cover the global SARS-Cov-2 variants [95]. On the other
hand, 41 human monoclonal Abs (mAbs) derived from
memory B cells have been identified and showed potent neu-
tralizing activity against SARS-CoV-2 S N-terminal domain
(NTD), specifically supersite I, suggesting its importance for
protective immunity and vaccine design [70].

Convalescent plasma as therapy

Utilization of convalescent plasma as a therapy to prevent
or manage COVID-19 infection provides a dual immune
and non-immune mechanism of actions, most importantly,
through neutralizing antibodies including those against S
protein [85]. The peak viremia is observed in most viral
diseases within the first week of infection, and the main host
immune response usually occurs between the 10th and 14th
days of infection, thus, the early stage of infection could
be the best time to effectively administer the convalescent
plasma [80]. Even though the efficacy of plasma as a therapy
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in the management of COVID-19 is still controversial, an
early administration of convalescent plasma with high-titers
to mildly infected patients within 72 h showed a significant
reduction by 48% in the risk progression of SARS-CoV-2
infection. Conversely, hospitalized patients who received
plasma infusion late during illness has shown no benefit
[66, 85].

Immune system antiseptics

Endogenous anti-inflammatory and broad-spectrum anti-
pathogenic substances produced by the human body are safe
therapy that can be applied in the development of antivirals
with respiratory tract infection including in SARS-CoV-2
[59]. N-chlorotaurine (NCT) and hypochlorous acid (HOCI)
are examples of endogenous substances produced by the
human immune system [12, 59]. N-chlorotaurine (NCT) is
a long-lasting oxidant that is produced in the human immune
system cells, namely neutrophils, eosinophils, and mono-
cytes. NCT can be synthesized chemically as an antiseptic
agent for lower respiratory tract infections to be adminis-
tered topically via inhalation. Animal studies confirmed its
tolerability when being repeatedly inhaled [59]. A study has
found that NCT demonstrated a virucidal activity against
SARS-CoV-2, and influenza A virus at a therapeutic con-
centration of 1%. This broad-spectrum activity could elimi-
nate the time consumed in diagnostics as it could be applied
instantly regardless of the invading pathogen. Besides, it
has activity against bacteria and fungi, which might be
greatly useful in preventing secondary and super-infections
in COVID-19 patients. Of note, as it is applied topically,
it does not cause systemic adverse effects and it does not
interact systemically with other medications. However, its
clinical efficacy still needs further investigation [59].
HOCL is another endogenous substance that is produced
by neutrophils, eosinophils, mononuclear phagocytes, and
B lymphocytes in all mammals. It is a powerful oxidizing
agent; accordingly, it has a broad-spectrum activity against
microorganisms. It destroys the viruses by forming chlora-
mines and radicals that break the viral DNA [12]. It has been
widely used topically in the management of multiple infec-
tions and inflammatory conditions (Lori Robins 2021). A
study showed that cytokine IL-6 failed to bind to IL-6 recep-
tors in vitro after exposure to HOCL and NCT, indicating
that they can induce chemical modifications of IL-6. Nota-
bly, IL-6 is involved in the pathogenesis of the acute inflam-
matory conditions associated with SARS-CoV-2 infection.
Besides, its levels are typically elevated systemically and
locally in pulmonary tissues in COVID-19 patients, sug-
gesting that any measure that reduces its binding with the
IL-6 receptor in vivo is expected to relieve the severity and
progression of the disease. Using HOCL and NCT to miti-
gate the cytokine storm could be an alternative approach to
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monoclonal antibodies. To further highlight, administration
of monoclonal antibodies is expensive and requires hospi-
talization, while HOCL and NCT, when developed in inhala-
tion formulations, can be easily administered by the patients
without the need for hospitalization (Lori Robins 2021).

TMPRSS2 targeting therapies

Several studies demonstrated significant higher mortality
and hospitalization rates of males than females because of
COVID-19. Although a multifactorial reason has been sug-
gested, the difference in the level of androgen between both
genders is a major reason, since it modulates the expres-
sion of TMPRSS?2 [82]. High levels of estrogen increase the
expression of TMPRSS2. Therefore, inhibiting the activity
of androgen receptors or activating the estrogen pathways
can prevent SARS-CoV-2 entry (Wang, 2020). Androgenic
antagonists such as darolutamide, apalutamide, and enza-
lutamide, which are FDA-approved anti-prostate cancer
drugs, transcriptionally downregulate TMPRSS2 expres-
sion; hence, they can attenuate SARS-CoV-2 infection [82].

SARS-CoV-2 S protein-based vaccines
development

Due to its crucial role in controlling the spread of the
COVID-19 pandemic, the development of vaccines against S
protein has been proposed (Table 2; Fig. 3). As vaccines can
decrease disease incidence and increase the overall popula-
tion immunity; their safety, efficacy, and affordability should
be ensured. Indeed, a large number of vaccine candidates
are being proposed or tested in clinical trials [100]. These
can include:

mRNA-1273 (Moderna vaccine)

mRNA-1273 vaccine, broadly known as Moderna’s COVID-
19 vaccine is a lipid nanoparticle (LNP)-encapsulated
mRNA-based vaccine that encodes a pre-fusion stabilized
form of SARS-CoV-2 S protein [10]. It has been developed
by the National Institute of Allergy and Infectious Diseases
(NIAID) [20, 50]. It belongs to mRNA-based vaccine plat-
forms that are characterized by rapid development, scaling
up and quick response compared to traditional platforms.
Moreover, they have shown potent elicitation of immuno-
genic responses with an acceptable safety profile since the
early clinical trials of COVID-19 vaccines [20, 50].
Historically, the stabilized pre-fusion conformation of
S protein of MERS-CoV, SARS-CoV-1, and HCoV-HKU
have been found to have 2 proline (2P) substitutions. This
was shown to enhance MERS S protein immunogenicity
at lower doses than wild-type S protein; in fact, the same
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concept has been applied to a mRNA-1273 vaccine [22].
These two proline moieties can produce pre-fusion-sta-
bilized SARS-CoV-2 S protein, which was then used for
structural evaluation and development of serological assays.
Notably, this led to Phase 1 clinical trial on March 16, 2020,
phase 2 on May 29, 2020, and, the vaccine is in phase 3
clinical trial [22]. Remarkably, preliminary results from
phase 3 showed 94.1% efficacy in preventing COVID-19
infection [10].

Published reports showed the ability of mRNA-1273 to
potently induce the release of CD8 T cells and neutralizing
antibodies, therefore providing a protection against COVID-
19 infection without causing immunopathology [22]. Com-
mensurately, robust neutralizing antibody responses were
generated in a dose-dependent fashion at both 50 and 100 pg
dose levels [20]. Of note, a mRNA-1273 vaccine is given in
two doses by intramuscular injection separated by 28 days
[50]. Interestingly, a single dose of mRNA-expressing
SARS-CoV-2 S-2P has demonstrated immunogenic and
neutralizing activity as well [22].

The safety of mRNA vaccine was investigated including
local and systemic adverse effects, where moderate-to-severe
systemic side effects have been reported [20]. Notably, the
most common systemic adverse effects following the first
dose injection were headache, in addition to arthralgia,
myalgia, chills, nausea and vomiting [20]. Overall, longitu-
dinal clinical data are critically required to further assess the
immunogenicity and safety of the Moderna vaccine [106].

Oxford-AstraZeneca vaccine

COVID-19 Vaccine AstraZeneca vaccine (AZD1222) is a
recombinant replication-deficient chimpanzee adenovirus
vector, and also known as ChAdOx1 nCoV-19 vaccine that
was developed by Oxford University, Astra Zeneca, United
Kingdom [35, 100]. The technology utilizes the full-length
SARS-CoV-2 immunogenic S glycoprotein gene fused with
tissue plasminogen activator (tPA) as a leader sequence
[35]. The S protein is stabilized in its expressed trimeric
pre-fusion conformation [4]. Oxford vaccine incorporates
the antigen-encoding sequences within the DNA carried by
Adenovirus. This encapsulation has several advantages as
it protects the genetic material since DNA is less fragile
than RNA and the adenovirus’s tough protein coat provided
additional preservation [17]. In addition, being in the same
size scale, allows its entry into the cells, thereby enabling
antigens expression from the delivered nucleic acids [21].
Moreover, the immunogenic properties of the chimpanzee
adenovirus backbone, for which humans do not have pre-
existing immune antibodies, ensures a potent engagement
of the immune system, thus enhancing its ability to induce
strong cellular and humoral immune response against the
S protein without needing an adjuvant [50, 75]. Another
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advantage is that the vaccine has a natural tropism for the
respiratory mucosa, which allows respiratory mucosal vac-
cination [50, 74].

In clinical trials, the ChAdOx1 nCoV-19 vaccine was
found to be highly effective in preventing COVID-19 and
has shown efficacy against symptomatic COVID-19 as well
[100]. Two dosage regimens were followed, wherein partici-
pants who received two standard-dose vaccines containing
5% 1010 viral particles (standard dose; SD/SD cohort), the
efficacy was 62.1% [100]. Whereas in those who received a
low dose (2.2 1010 viral particles) as their first dose and
were boosted with a standard dose as their second dose at
least one month apart, (LD/SD cohort), surprisingly, exhib-
ited enhanced efficacy at 90.0% [100]. The combined analy-
sis from both dosing regimens shows overall vaccine efficacy
of 70.4% [100]. The reason behind this difference is yet to
be understood, however, it was proposed that the increased
efficacy with an LD/SD regimen can be attributed to the
production of higher levels of neutralizing antibodies [4,
100]. The safety profile indicates that it is well tolerated,
without any major safety concerns [4]. Generally, most of
the side effects were mild to moderate that would be resolved
within few days of vaccination and they were reported to
be milder and less frequent after the second dose [4]. Ten-
derness and pain in the injection site, headache, pyrexia,
fatigue, and arthralgia have been noted as the most frequent
adverse effects [4].

BNT162b2 (Pfizer vaccine)

BNT162b2 is an mRNA vaccine that has been developed
by Pfizer and BioNTech [65]. It is composed of mRNA that
encodes the pre-fusion conformation of the full-length S
gene which is formulated into a lipid-soluble nanoparticle
preparation [65]. It was compared with another vaccine can-
didate BNT162b1 in which the mRNA encodes the RBD
of S protein [65]. The results showed that both BNT162b1
and BNT162b2 produce similar serum neutralizing antibody
titers in a dose-dependent manner. However, BNT162b2
produced milder adverse reactions compared to BNT162b1
[65]. It was effective in elderly individuals as well [65].
Additionally, a study has reported that the BNT162b2 vac-
cine induces the production of SARS-CoV-2 S-specific neu-
tralizing antibodies, CD4+, CD8 + T cells, and cytokines
such as interferon y (IFNy) [86].

The 2/ 3 phases of clinical trials were performed to
evaluate the efficacy, safety, and immunogenicity of
two doses regimen of 30 pg of BNT162b2 in preventing
COVID-19 in individuals 16 years old and above [78].
The results have shown that BNT162b2 was 95% effec-
tive in preventing COVID-19 infection [78]. Regarding
its safety, it was associated with mild to moderate pain at
the injection site, headache, fatigue, and a low incidence
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of serious adverse events [78]. Accordingly, Pfizer sub-
mitted an Emergency Use Authorization (EUA) to FDA.
On December 11, 2020, the Pfizer-BioNTech COVID-19
vaccine was the first vaccine to be authorized for emer-
gency use by the FDA for the prevention of COVID-19
infection [1].

JNJ-78436735/Ad26.COV2.S (Johnson vaccine)

INJ-78436735/Ad26.COV2.S vaccine is an adenoviral vec-
tor-based SARS-CoV-2 vaccine, that has already received
an EUA. It is composed of recombinant, replication-incom-
petent naturally occurring, low-prevalence human adeno-
virus type 26 (Ad26) vector that expresses the S protein of
SARS-CoV-2 in its pre-fusion-stabilized conformation [83].
Utilizing this rare Ad26 serotype overcomes the obstacle
of pre-existing immunity exhibited with other viral vector
vaccines, therefore, impairing the magnitude of elicited
immune responses is not expected to be a major concern
[24, 58]. This vaccine has been developed by the Janssen
Pharmaceutical Company of Johnson & Johnson, USA for
the immunization of individuals aged 18 and above [32]. The
vaccine shows strong immunogenic properties following a
single vaccination dose, which is an obvious advantage over
a two-dose vaccine, especially during a pandemic to meet
the global demands at an affordable cost and limited time
[58],Laffoley et al.). Ad26.COV2.S vaccine has an accept-
able safety, reactogenicity, and immunogenicity profile [83].
Moreover, recently published data have demonstrated its
efficiency in eliciting a strong, persistent immune response
against the rapidly spreading Delta variant of SARS-CoV-2
and other prevalent viral variants (July 1, 2021). In compari-
son to Pfizer and Moderna vaccines, Johnson & Johnson’s
vaccine requires easier storage conditions at refrigerator
temperature, which facilitates its global distribution and
administration [29].

NVX-CoV2373 (Novavax vaccine)

NVX-CoV2373, Novavax’ COVID-19 is a protein subunit
vaccine that consists of a stable, pre-fusion S protein anti-
gen derived from SARS-CoV-2. NVX-CoV2373 was created
using Novavax’ recombinant nanoparticle technology and is
formulated with Novavax’ patented saponin-based Matrix-
M™ adjuvant to enhance the immune response and stimulate
the production of neutralizing antibodies [58, 84]. The vac-
cine exhibits an overall 90.4% efficacy in Phase 3 clinical
trial and maintains consistent, high efficacy among the newly
circulating viral variants. It also demonstrates reassuring
tolerability and safety profiles and the robust capability of
elicitation of antibody response [27, 84].

CVnCoV (CureVac’s vaccine)

CureVac’s CVnCoV vaccine is a COVID-19 vaccine can-
didate developed by a German biotechnology company that
utilizes novel mRNA-based technology. Similar to Pfizer-
BioNTech and Moderna, the vaccine encodes the SARS-
CoV-2 S protein gene that is encapsulated by a lipid-solu-
ble nanoparticle [19]. However, CureVac’s vaccine keeps
the natural non-chemically modified mRNA nucleotides
sequence rather than substituting Uridine with pseudouri-
dine in the other vaccines [13, 19], Dolgin). This vaccine has
been expected to owe some advantages over its mRNA vac-
cine competitors since it can be stored at standard refrigera-
tor temperature, and requires a lower dosage of 12 pg, thus,
providing a faster and cheaper mass production. Accord-
ingly, it can expand the distribution of mRNA-based vac-
cines in lower-income or warmer countries, in addition to
minimizing the gap of vaccines shortage in Europe [19],Dol-
gin). However, the vaccine showed inadequate results since
it shows a 48% efficacy in its final analysis of Phase III trials,
which is below the acceptance threshold set by WHO. Nev-
ertheless, some arguments attribute this low efficacy to the
timing of clinical trials, while newer variants are dominant,
the use of RNA, and the dose that is thought to be sub-
optimal (Dolgin). Currently, CureVac is collaborating with
GlaxoSmithKline (GSK) to produce a second-generation
vaccine that has been modulated to boost its capability of
eliciting neutralizing antibodies [19],Dolgin).

Future perspectives of SARS-CoV-2 S protein
mutations and predictive measures

A deep understanding of SARS-CoV-2 evolution and its
ongoing mutagenesis can facilitate future planning to iden-
tify and restrict the spread of potential new variants [36,
81]. Tracking and analyzing the mutagenic pattern adopted
by the SARS-CoV-2 S protein can reveal that the ongoing
increase in population immunity against the virus, either
due to getting infected, vaccinated or via neutralizing anti-
bodies can be a source of strong selection pressure on the
virus (Fig. 4A) [14, 81]. As a result, the general tendency of
the newly emerging variants is towards increasing the viral
fitness and binding affinity to the ACE-2 receptor through
increasing its binding free energy [14, 81]. These can serve
as escape mechanisms that allow immune evasion and more
efficient host infection [14, 81].

In general, predicting the future mutations of S protein
can be achieved by extensive, large-scale tracking and
analysis of viral dynamics, evolutionary adaptions, and
genetic sequencing over time (Fig. 4B) [36, 62, 81]. Other
factors that should be considered can include the possible
variant combinations, the influence of population immunity,
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Fig.4 Future perspectives of SARS-CoV-2 S protein mutations and
planning to identify and restrict the spread of potential new vari-
ants. A Tracking and analyzing the mutagenic pattern adopted by

structural interactions analysis to recognize key residues
contributing to binding affinity, free energy, and stability
taking into account both individual and concurrent muta-
tions as they can potentially show additive effects (Fig. 4B)
[36, 62, 81]. Building structural models that incorporate
demographics and climate data, which can be an evolution-
ary driving force, can improve the predictive outcomes as
well [36, 62, 81]. Additionally, since receptor binding medi-
ated by the S protein is a major contributor to the viral host
range, it should be expected that being a multi-host patho-
gen that has many possible animal reservoirs may signifi-
cantly impact and guide its genomic surveillance and future
mutations prediction [39, 62, 91]. Of note, analysis of its
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phylogenetic patterns indicates that co-infection and genetic
recombination events across multiple host species and geo-
graphic regions are possible [39, 62, 91].

These extensive studies could be performed utilizing a
multi-approach that combines computational and experimen-
tal in silico mutagenesis methods, and molecular dynamics
simulation programs [18, 44, 77]. Using bioinformatics tools
can speed up and simplify the research process as well [18,
44, 77]. This process can be facilitated by the available inter-
national websites and databases that allow following and
mapping the mutations and tracing their transmission, thus
assisting more efficient predictions [18, 44, 77]. In this con-
text, it is worth mentioning that a simple, freely accessible,
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computational model was developed by some researchers.
It is referred to as “SpikePro”, which is a useful instrument
that predicts, describes and interprets the effect of new S
protein variants in its future evolution concerning the viral
fitness, transmissibility, infectivity, and host’s immune sys-
tem evasion capability [81]. Practically, some studies were
able to predict a total of 3686 possible mutations in the S
protein upon Codon analysis of RBD amino acids residues
and identifying the hotspots [14]. These mutations were cat-
egorized as most likely, likely, and unlikely mutations [14].
The impacts of these mutations were analyzed as well [14].
In general, the more likely to happen mutations had higher
free energy and are predicted to be infectivity-strengthening
ones [14].

Conclusion

In summary, there is well-established evidence that SARS-
CoV-2 S protein plays vital role in virus pathogenesis and
transmission, making it an important target for the develop-
ment of therapeutics and vaccines. This interest was further
enhanced by the deep understanding of S protein including
its structural features, binding interactions, and mutations.
This promotes the discovery of novel potential applications
in diagnosis and immunotherapy. However, most of the
drug candidates are still in the pre-clinical phases. Thus,
further studies are necessary to ensure their safety and effi-
cacy. As for the current emergency-used vaccines, it has
been believed that performing a continuous comprehensive
evaluation of post-vaccination immune response is crucial.
The findings described in this review will guide rational
drug and vaccine designs that prove effective in mitigating
the morbidity and mortality of the ongoing pandemic as a
global priority.
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