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Abstract 

Coronavirus disease 2019 (COVID-19) is caused by a new member of the Coronaviridae family known as severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2). There are structural and non-structural proteins (NSPs) in the 
genome of this virus. S, M, H, and E proteins are structural proteins, and NSPs include accessory and replicase proteins. 
The structural and NSP components of SARS-CoV-2 play an important role in its infectivity, and some of them may 
be important in the pathogenesis of chronic diseases, including cancer, coagulation disorders, neurodegenerative 
disorders, and cardiovascular diseases. The SARS-CoV-2 proteins interact with targets such as angiotensin-converting 
enzyme 2 (ACE2) receptor. In addition, SARS-CoV-2 can stimulate pathological intracellular signaling pathways by 
triggering transcription factor hypoxia-inducible factor-1 (HIF-1), neuropilin-1 (NRP-1), CD147, and Eph receptors, 
which play important roles in the progression of neurodegenerative diseases like Alzheimer’s disease, epilepsy, and 
multiple sclerosis, and multiple cancers such as glioblastoma, lung malignancies, and leukemias. Several compounds 
such as polyphenols, doxazosin, baricitinib, and ruxolitinib could inhibit these interactions. It has been demonstrated 
that the SARS-CoV-2 spike protein has a stronger affinity for human ACE2 than the spike protein of SARS-CoV, lead-
ing the current study to hypothesize that the newly produced variant Omicron receptor-binding domain (RBD) binds 
to human ACE2 more strongly than the primary strain. SARS and Middle East respiratory syndrome (MERS) viruses 
against structural and NSPs have become resistant to previous vaccines. Therefore, the review of recent studies and 
the performance of current vaccines and their effects on COVID-19 and related diseases has become a vital need to 
deal with the current conditions. This review examines the potential role of these SARS-CoV-2 proteins in the initia-
tion of chronic diseases, and it is anticipated that these proteins could serve as components of an effective vaccine or 
treatment for COVID-19 and related diseases.
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Introduction
In late January 2019, Wuhan, China, experienced the first 
outbreak of the novel coronavirus disease, COVID-19, 
which then spread rapidly worldwide [1, 2]. The virus that 
causes the highly contagious disease COVID-19 is called 
SARS-CoV-2 [3, 4]. This virus has a single-stranded RNA 
genome with a positive sense. Microscopic studies show 
that this virus has crown-shaped ridges on its surface, 
which shows that it belongs to the family of coronavi-
ruses [5–7]. Typically, the virus is structurally arranged in 
a 50-cap structure, followed by the leader sequence, the 
untranslated region (UTR), and the sequences encoding 
the replication polyproteins and accessory and structural 
proteins, and finally, the UTR regions and poly-A tail is 
coded [8, 9]. On the other hand, the replicase gene called 
open reading frame 1ab (ORF1ab) occupies two-thirds of 
the virus genome, located downstream to the 50′ ends. 
This region encodes NSPs, called pp1a and pp1ab pro-
teins, respectively [10, 11]. In addition, nonstructural 
pp1a proteins include NSP1 to NSP11 and nonstruc-
tural pp1a proteins include NSP12 to NSP16 [11, 12]. 
Finally, the remaining region before the 30′ end encodes 
the structural proteins including S, M, N, and E proteins 
[12, 13]. Also, structural proteins encode nine acces-
sory proteins, which are encoded by ORF3a, ORF3d, 
ORF6, ORF7a, ORF7b, ORF8, ORF9b, and ORF10 genes 
[14]. The pathogenicity of this virus is the beginning of 
the entry of the virus into the host cell by binding to the 
ACE2 receptor through its S protein [14]. There are two 
ways for this virus to reach the host cell: 1) cutting in S1 
and S2 sites, which is done by surface membrane serine 
2 proteases [15]. 2) endolysosomal cathepsin L, which 
causes the cell membrane of the virus to fuse at the cell 
surface and endosomes [16]. Once the RNA genome is 
released into the cytoplasm of the host cell, replication 
begins in the endoplasmic reticulum (ER)-derived dou-
ble-membrane vesicles (DMVs) [17], and these DMVs 
combine to form a complex network of membranes [18]. 
Then the positive strand genome acts as a template for 
negative-sense RNA and RNA(sg) [19]. The translation 
of RNA leads to the formation of structural and periph-
eral proteins whose function is to assemble the virion 
in the middle part of the Golgi [20]. Finally, the positive 
genome is synthesized into new virions and the host 
cell is infected with this virus [12] (Fig. 1). It can be con-
cluded that these studies facilitate our understanding of 
how this infection occurs and lead to the development of 
more efficient antiviral and therapeutic strategies.

For example, it has been reported that the Omicron 
variant can prevent neutralization by sera obtained 
from individuals who have received only one or two 
doses of the vaccine, especially when antibody titers are 
low [21]. Three doses of the spike-based vaccine may 

provide only partial protection against infection with 
present strains [22, 23]. In countries with high rates of 
vaccination or natural immunity, Omicron evasion of 
the immune system may have contributed to extraordi-
narily high rates of transmission [24]. Also, due to the 
continuous mutations new variants such as Delta vari-
ants emerge with higher or different manifestations of 
COVID-19 appear [25] (Table 1).

Spike protein
The 200 nm long spike (S) protein located on the surface 
of the viral membrane between amino acids 1160 and 
1450 contributes to the fusion of the viral membrane with 
the host cell membrane [36, 37]. This protein is a mul-
tifunctional molecular machine that is released from the 
virus in the form of a crown [38]. A single-pass anchor, a 
short intracellular tail, and S1 and S2 subunits constitute 
the three structural components of the S protein [39, 40]. 
S1, which binds to the host ACE2 receptor, and S2, which 
mediates the fusion of the viral cell membrane with the 
host [41, 42]. Two envelope glycoproteins of SARS-
CoV-2, the S and membrane (M) proteins, are essential 
for virus pathophysiology [43, 44]. Several host cell pro-
teases, including furin, trypsin, cathepsin, and TMPRSS2 
(transmembrane protease serine subclass 2), degrade this 
protein [45, 46]. The presence of proteases in the target 
cell determines the ways to enter the virus through the 
host cell membrane, plasma, or endocytosis [47, 48]. In 
other words, the virus enters the cell by binding to the 
receptors of the host cell if this protein is present, or the 
junction of the virus to the host cell membrane facilitates 
the entry [49, 50]. The S2 subunit fuses the virus to the 
host cell membrane and allows the virus to enter the host 
cell, while the S1 subunit binds the virus to the host cell 
[51]. This protein contains the most important antigens 
that are responsible for neutralization by antibodies and 
are the target of cytotoxic cells [52, 53]. The main role of 
the S protein is to increase the contact of the cell mem-
brane with the viral membrane, which can be a target for 
treatment with antibodies or chemical compounds or a 
target for vaccination [54, 55] (Table 2).

Specific receptors of spike protein
ACE2
One of the important components of COVID-19 is 
ACE2, which acts as a specific receptor for virus entry 
[66]. Multiple cell lines in the CNS express ACE2, includ-
ing oligodendrocytes, microglia, astrocytes, and neurons 
(Fig.  2). ACE2 has shown a protective role in chronic 
diseases such as hypertension, acute respiratory distress 
syndrome, and cardiovascular diseases in the prognosis 
of COVID-19 [67–69] (Fig. 2). Hypertension can be sig-
nificantly decreased by ACE inhibitors, which reduce the 
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inward remodeling of arteries [70, 71]. The human brain, 
as well as other organs and tissues, express a unique 
SARS-CoV-2 receptor known as ACE2 [72]. It may help 
the SARS-CoV-2 virus enter host cells in the CNS in 
addition to ACE2, ephrin receptor, neuropilin-1 (NRP-
1), and CD147. It may also trigger intracellular signaling 
pathways linked to pathological problems of the CNS 
and malignancies such as glioblastomas [73] and stimu-
late intracellular signaling pathways associated with CNS 
diseases and malignancies such as glioblastoma [73, 74] 
(Figs. 3 and 4). A receptor-binding site on the spike pro-
tein in the envelope of SARS-CoV-2 directly contacts the 
extracellular domain of ACE2 [75]. The spike protein of 
SARS-CoV-2 has been shown to have a stronger affinity 
for human ACE2 than the spike protein of SARS-CoV. 
For example, the newly generated variant Omicron RBD 
binds more strongly to human ACE2 than the main strain 
[76–78] (Table  1).  A graphical summary of proteomics 
studies, clinical and laboratory signs of people infected 
by SARS-CoV-2, SARS-CoV-2 receptors, and cytokines 
expression traits in different organs infected by SARS-
CoV-2 (brain, heart, eye, lung, kidney, liver, and gastroin-
testinal organs) [79–93] (Fig. 2).

Ephrin/Eph receptors
The largest human receptor tyrosine kinase (RTK) fam-
ily is known as the erythropoietin-producing hepatocyte 
(Eph) receptors [95, 96]. The ephrin-Eph-RTK pathway 
controls many cellular functions including cell adhesion, 
proliferation, differentiation, and migration. Ephrin binds 
to Eph receptors as a ligand to activate it [97, 98]. Ligand-
binding regions are found in the extracellular domain 
of Eph receptors, while regulatory domains and protein 
kinase regions are found in the intracellular domain [73]. 
Tyrosine residues on receptors become phosphorylated 
upon ligand activation and serve as sites where intracel-
lular signaling proteins (or adapters) recruit and activate 
[73]. Eph and ephrin proteins can support viral replica-
tion, persistence, and vector-mediated viral transmission 
[99]. Multiple samples for viral infections can disrupt 
neuronal function, including the potential receptor for 
SARS-CoV-2 entry into human brain cells and the spike 
protein that acts as a stimulator of Eph receptor down-
stream signaling in COVID-19-related neurological dis-
eases and cancers (Fig.  3) [73, 74, 100, 101]. These cells 
may serve as potential hosts for entry of SARS-CoV-2 
or potentially initiate upstream signaling pathways. In 
Eph receptors, ligand-binding domains, cysteine-rich 
regions, two fibronectin III repeats (FNIII), transmem-
brane regions, tyrosine kinase domains, and PSD95/
DLG/ZO-1 subunits are present [102]. Spike protein of 
SARS-CoV-2 can activate Eph receptors because Ephrin-
A directly stimulates SRC and RhoA and activates FYN 

and ERK through focal adhesion kinase (FAK) [102]. 
JAK2 can be activated by STAT3 (signal transducer and 
activator of transcription factor 3) [103]. Activation of 
AKT is well known to occur in pancreatic cancer cells 
when EphA2 is present [104]. MMP8 (matrix metallo-
proteinase 8) STAT3, Src, and RAC1 are stimulated by 
ephrin-Bs to initiate EMT (endothelial-mesenchymal 
transition) [74]. EMT and invasion are triggered when 
these substances activate RAC1, RhoA, and CDC42. Eph/
ephrin has the potential to exacerbate some prevalent 
diseases and age-related disorders [105]. Also encourages 
EphA4 forward signaling to exert its synaptotoxic effects. 
Consequently, EphA4/ephrin-A1 can also increase lev-
els of endothelial cells and their supporting cells, such 
as smooth muscle cells and pericytes, which are also 
regulated by Eph/ephrin, which contributes to angiogen-
esis, vascular permeability, and vascular remodeling [74]. 
Ephrin-B2, for instance, may be expressed as a result of 
vascular endothelial growth factor (VEGF), because it is 
necessary for the endocytosis of the VEGF receptor and 
angiogenic signaling. Self-renewal and glioblastoma stem 
cell differentiation is inhibited by EphA2, an Eph recep-
tor that is frequently overexpressed in cancers. In lung 
cancers, EphA2 overexpression also causes abnormal 
cell growth [73, 106]. Ephs/ephrins play a role in heart 
health and disease, and with the shape of heart tissue 
[107]. Age-related diseases impair EphA2 signaling for 
human cardiac progenitor cell migration [108]. As EphB4 
is activated by EphA1/EphA2/EphA4 binding to EphB2, 
it promotes the adhesion of leukocytes and monocytes 
to endothelial cells, leading to intimal inflammation and 
atherosclerotic plaque formation. Therefore, the develop-
ment of drugs and substances that affect and regulate the 
Eph/ephrin system will help in the treatment and cure 
of many disorders [106]. Polyphenols, doxazosin, litho-
cholic acid derivatives, kinase inhibitors, peptide analogs, 
peptide proteins, and specific antibodies are examples 
of small molecules that have the potential to target Eph 
receptors [74, 109].

Neuropilin‑1 (NRP‑1)
One of the two neuropilin homologues, neuropilin 1 
(NRP-1), plays an important role in normal and patho-
logical conditions [73]. The two isoforms of NRP-1 are 
secreted and transmembrane (also known as truncated 
or soluble NRP-1). In contrast to the latter, which binds 
to multiple ligands and performs different functions, the 
former circulates freely in physiological fluid [73, 110]. 
Along with ACE2, the ephrin/Eph receptor, and CD147 
may facilitate the entry of the SARS-CoV-2 virus into 
host cells in the CNS and stimulate intracellular signal-
ing pathways that cause CNS diseases (e.g., glioblas-
toma) (Fig. 4) [73]. It is currently unclear how COVID-19 
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causes neurological disorders such as headaches, mem-
ory loss or mental disorders, insomnia, loss of taste or 
smell, and sleep disturbances [111, 112]. Neurological 
disorders, which continued 3 to 9  months after SARS-
COV-2, include dizziness and depression, loss of sense 
of smell, memory impairment, and cognitive disorders 
which have been described as having a negative impact 
on neurological health in patients [113, 114]. NRP-1 is 
essential for signaling molecules including VEGF (espe-
cially VEGF-A), integrins, semaphorins, transforming 
growth factor-beta (TGF-β), and plexins for function 
[115, 116]. Some processes that rely on it include tumori-
genesis, angiogenesis, virus entry, axonal guidance in the 
peripheral nervous system and CNS, and immunological 
activity [115] (Fig.  2). According to an interesting study 
by Cantuti-Castelvetri et al. SARS-CoV-2 can infect cells 
by binding to NRP-1 via the S protein, enter neurons, 
and then produce NRP-1 as well as two essential com-
ponents, furin and transmembrane serine protease 11A 
(TMPRSS11A) [117]. Since olfactory epithelial cells in 
COVID-19 patients have high levels of NRP-1 and VEGF-
A is a ligand for NRP-1, this implies that one explanation 
for the patient’s cognitive and neurological impairments 
could be the sensitivity of these brain regions to SARS-
CoV-2 [118]. The extracellular b1b2 domain of NFPs is 
involved in the binding of VEGF-A [119]. As a co-recep-
tor for VEGFR-1 and VEGFR-2, this receptor plays an 
important role in angiogenesis [120]. The interaction of 
VEGF-A with NRP-1 leads to the formation of the GAIP/
RGS19-interacting protein (GIPC1) + Syx molecular 
signaling complex, which facilitates RhoA GTP bind-
ing. This association is enhanced between the scaffold 
protein GIPC1 and NRP-1 [121]. When RhoA is acti-
vated, the tumor suppressor protein  p27kip1 is destroyed 
by this active form of the protein. Therefore, this leads 
to the proliferation of tumor cells. Furthermore, activa-
tion of the PI3K/AKT/NF-κB pathway is thought to con-
trol NRP-1/GIPC1-mediated angiogenesis, proliferation, 
and migration [118, 122]. Finally, it is hypothesized that, 
especially in people who had multiple infections with 
SARS-CoV-2, the increased expression of NRP-1 caused 
by COVID-19 may play an important role in long-term 
clinical problems related to the CNS and may accelerate 
the development of brain tumors at the preliminary stage 
[73]. Pharmacological targeting of NRP-1 in such vulner-
able individuals may be a valuable and potentially effec-
tive treatment to prevent long-term neurological effects 
and reduce the risk of neurological diseases [118] (Fig. 2).

CD147
Transmembrane glycoprotein CD147 belongs to the 
immunoglobulin superfamily (HAb18G, sometimes 
called EMMPRIN) [123]. The brain, T cells, endothelial 

cells, and many organs and cells throughout the body 
contain CD147 [124, 125] (Fig.  2). Although CD147 is 
not directly bound to SARS-CoV-2 in other viral infec-
tions, particularly SARS-CoV-2 infection, it is involved 
in HIV-1 infection by interacting with virus-associated 
cyclophilin A [126]. CD147 receptor and TMPRSS2 
protease are likely to be more involved in SARS-CoV-2 
CNS infection than ACE2 [127] (Fig. 2). The cerebellum 
and cortex and pituitary of the mouse brain have higher 
mRNA levels for TMPRSS2 and CD147. CD147 activ-
ity is thought to be mediated by some signaling path-
ways, such as MAPK p38, ERK-1/2, PI3K, and NF-κB 
[73, 128, 129]. ERK and IB appear to be phosphorylated 
when CD147 is activated, and the p50 and p65 subunits 
of NF-κB translocate to the nuclear envelope [73, 128]. 
CD147 activates inflammation in some cells, includ-
ing macrophages, which inflammatory diseases may be 
triggered by them. In addition to increasing the expres-
sion of MMP-9 and the production of proinflamma-
tory cytokines and chemokines in endothelial cells [73, 
129]. SARS-CoV-2 entry receptors, such as CD147 and 
ACE2, are believed to activate the NLRP3 inflammasome 
(nucleotide-binding domain, leucine-rich repeat, and 
pyrin domain-containing protein 3), which induces cleav-
age of IL-1 and IL-18 cytokines [73, 130].

Targeting spike protein by using lectins and lectibodies
SARS-CoV-2, like other viruses, is contained in a gly-
coprotein envelope [131]. It also contains a glycopro-
tein that raises the possibility of using lectins as therapy 
[132]. During budding, the virus forms a double-layered 
envelope so that each of its components is dependent on 
the cell membrane from which it originated [133]. Some 
proteins present in SARS-CoV-2 envelope layers are 
glycosylated by host enzymes. These glycoproteins help 
develop and control immune system responses as well as 
virus attachment, invasion, and entry [134]. The S1 and 
S2 subunits each have 22 possible N-glycosylation sites 
and three potential O-glycosylation sites. Due to C-type 
lectin receptors (CLRs) preferentially binding specific 
glycans in a C-type lectin-dependent manner, the S1 gly-
coprotein of SARS-CoV-2 has ligands for many innate 
immune receptors [135]. Macrophage mannose receptor, 
macrophage galactose lectin, lymph node-SIGN, den-
dritic cell-SIGN, and dectin-2 are examples of CLRs that 
are often expressed by cells of the immune system such 
as macrophages and DC [136]. Lectins are not consid-
ered effective antiviral agents due to their cytotoxicity, 
mitogenicity, pro-inflammatory properties, small size, 
poor stability in the body environment, susceptibility to 
proteolytic lysis, and challenges in mass synthesis [137]. 
Lectibodies, modified lectins, have been developed using 
a variety of protein engineering techniques to circumvent 
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these challenges [138]. A lectin and the crystallographic 
fragment (Fc) of an immunoglobulin G (IgG) antibody 
combine to create a “lectibody” protein. As an antibody, 
this protein can bind carbohydrates (Fig.  5a) [139]. In 
addition to complement-dependent cytotoxicity (CDC), 
antibody-dependent cell-mediated cytotoxicity (ADCC), 
and antibody-dependent cell-mediated phagocytosis 
(ADCP), lectibodies are Fc-mediated antibody effec-
tors that can bind to surface glycoproteins via lectins, 
neutralise viruses or virus-infected cells (Fig. 5b) [139]. 
While C3b binds to pathogens and infected cells to ini-
tiate phagocytosis and clearance of immune complexes, 
the release of C3 and C5 molecules recruits and activates 
effector cells of the immune system [140]. Infected cells 

lyse after the formation of a membrane attack complex. 
The Fc gamma receptors (FcγRs) on natural killer (NK) 
cells and the Fc domain of antibodies bound to viral 
antigens on infected cells interact to trigger the ADCC 
reaction (Fig. 5b) [139]. Cytotoxic granules are released 
and destroy the infected cells. Anti-Ebola monoclonal 
antibodies significantly affect NK cells through ADCC 
[141]. In previous studies, it was discovered that phago-
cytic cells ingest virus-antibody or antibody-infected 
cell complexes during ADCP. After processing, the anti-
gen either binds to molecules on the cell surface of the 
major histocompatibility complex (MHC) or is trans-
ferred to lysosomes to be degraded. Mice treated with 

Fig. 1 SARS-CoV-2 entry receptors (ACE2, Eph, NRP-1, and CD147). Life cycle and role of proteins in replication of SARS-CoV-2
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anti-SARS-CoV antibodies showed that ADCP reduced 
SARS-CoV infection [142, 143].

Membrane protein
The membrane (M) protein is 221 amino acids long and 
has little similarity with the M proteins of other corona-
viruses [144]. This protein is important for the forma-
tion of virions inside the cell (between the ER and the 
Golgi body). The M protein consists of three structural 
components: 1) the N-terminal portion of the virion that 
protrudes from the membrane. The N-terminal domain, 
which is sensitive to protease, binds to the surface of the 
virus; 2) transmembrane domains; and 3) there are two 
domains in the C-terminal. The amphipathic domain 
near the transmembrane region of the third domain is 
followed by a tiny hydrophilic region that connects to the 
host viral or cytoplasmic membrane, where virus assem-
bly and germination occur [145]. The cell membrane pro-
tein eventually becomes a site for the production of new 
viral particles in the host cell. In addition, the M protein 
is important for enhancing aggregation through interac-
tion with viral ribonucleoprotein and S glycoprotein at 
the site of budding [146]. This protein in SARS-CoV has 
a protective glycosylated region that may be critical for 
host-virus interaction [147] and this is notable because 
it can inhibit NF-κB activity and reduce the production 
of COX-2 (an important inflammatory protein) [148]. It 
can interact with IkB kinase beta (IKKβ) and prevents 
the development of a fully functional IKK signalosome, 
thereby reducing NF-κB activity [149]. M protein can 

also interact with IKKβ and other subunits of the IKK 
signalosome. Another important point is that the M pro-
tein can bind to all structural proteins [150]. For example, 
the interaction of the M protein with the nucleocapsid 
(N) protein contributes to the stability of the N protein 
[151]. On the other hand, when the S protein and the M 
protein bind to each other, changes occur that may affect 
how the virus interacts with the host cell and enters the 
cell [152].

Nucleocapsid protein
One of the most common structural proteins of the 
SARS-CoV-2 virus is the N protein [153]. N protein, a 
multifunctional protein, is essential for transcription 
and replication [154]. This protein is required for the 
creation of ribonucleoproteins that regulate the replica-
tion and synthesis of the viral RNA genome [155]. The 
main function of the N protein is to bind to the RNA 
genome of the viral infection and package it into a long 
nucleocapsid, which is also known as ribonucleopro-
tein [156]. Most studies have shown that this protein 
affects host–pathogen interactions, including actin 
reactivation and host-cell cycle progression [157]. This 
protein is highly immunogenic and is present in large 
quantities during infection [158]. Inside the virus, the 
N protein protects and stabilizes the viral RNA [159]. 
During virus assembly, this protein assists viral mem-
brane proteins and interacts with the M protein [44]. It 
also affects RNA folding, translation, and the cell cycle 
[157]. The N protein is associated with transcription 

Table 1 Mutations and evolution of the SARS-CoV-2 variants

Types of variants Mutations Targets Refs

Alpha (B.1.1.7 lineage) • 17 mutations • The viral genome [26–28]

• 8 mutations (especially N501Y) • Increased spike protein binding to ACE 2 
receptors
• Making the viral attachment stronger

Beta (B.1.351 lineage) • 9 mutations (D614G, D80A, D215G, R246I, K417N, 
E484K, N501Y, L18F and A701V)

• S protein [27, 29, 30]

• 3 mutations (K417N, E484K, and N501Y) • Located in the RBD and increase the ACE 
receptors’ binding affinity

Gamma (P.1 lineage) • 10 mutations (L18F, T20N, P26S, D138Y, R190S, 
H655Y, T1027I V1176, K417T, E484K, and N501Y)

• Spike protein [27, 31, 32]

• 3 mutations (L18F, K417N, E484K) • Similar to the B.1.351 variant and located in 
the RBD

Delta (B.1.617.2 lineage) • 10 mutations (T19R, R158G, (G142D), L452R, T478K, 
D614G, P681R, D950N,156del, 157del)

• Effect on spike protein [27, 33]

Omicron (B.1.1.529 lineage) • 30 mutations (T91, G204R, P13L, E31del, R32del, 
R203K,S33del, D3G, A63T, Q19E, N211/L212I, 
G142D, T95I, V70, H69, A67V, Y145del, Y144del, 
Y143del, G496S, Q493R, E484A, T478K, S477N, 
Q498R, G446S, N440K, S375F, S373P, S371L, G339D, 
N501Y,Y505H,K417N, D796Y, L981F, Q954H, N969K

• Envelope
• Nucleocapsid protein
• Matrix
• Domain at the spike protein’s N-terminus
• The RBD of the spike
• Fusion peptide of the spike
• Spike protein and NSPs

[27, 34, 35]
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Table 2 The summary of drugs and vaccines with their targets, structures, and advantages

Drugs/vaccines & companies Targets Structures Advantages Refs

Inactivated and protein subunit vaccines
 Sinopharm
 CanSinoBIO
 Sinovac
 AstraZeneca
 Sputnik V

• Spike protein • A virus that has been chemically 
inactivated after being grown in 
a culture

• 86% effectivity of Sinopharm [56, 57]

Nucleic acid vaccines
 DNA vaccines
  LineaRx
  Takis Biotech
  ZyCoV-D vaccine

• Enhance the induction of T cells
• Different forms of the SARS-
CoV-2 S protein are encoded by 
this gene
• The response was mediated by 
type I helper T cells (Th1) rather 
than type II helper T cells (Th2)

• Viral genetic sequence-based 
and S protein genetic sequence-
based)

• The safety and efficacy
• Humoral and cellular immu-
nity

[58–60]

 Vector vaccines
  Houston-based Greffex Inc
  Adenovirus Type 5 Vector
  ChAdOx1 nCoV-19
  Adeno-based (rAd26-
S + rAd5-S)
  Ad26COVS1
  Johnson & Johnson
  AstraZeneca

• Engineered viruses incapable of 
replication

• An adenovirus vector or other 
vector for the construction of 
SARS-CoV-2

• Elicits the innate immune 
responses that are neces-
sary for adaptive immune 
responses
• Effective in avoiding hospi-
talization and death caused by 
COVID-19

[56, 58, 59]

 mRNA vaccines
  Moderna
  Pfizer
  BioNTech
  German biopharmaceutical
  ZY Therapeutics
  CanSino
  CureVac AG
  Stermirna Therapeutics
  Guanhao Biotech Thera-
peutics
  BDGENE

• SARS-CoV-2 S protein and RBD 
domain

• Lipid nanoparticles • 90% effectiveness against 
the clinical disease caused by 
SARS-CoV-2, with very few side 
effects
• The rapidity of vaccine 
production
• Ability to produce responses 
to TH1 and TH2
• Vaccines for children and 
common SARS-CoV-2 variants 
that are approved

[56, 58, 61]

 Subunit vaccines
  Novavax
  Johnson & Johnson
  Chongqing Zhifei
  Sanofi Pasteur/GSK

• Viral proteins are injected into 
the host

• Recombinant SARS-CoV-2 in its 
entirety glycoprotein nanoparticle 
vaccine adjuvanted

• The best alternative is 
vaccines with adjuvanted 
subunits

[58, 59, 62]

 Virus-like particles vaccines
  Medicago Inc • Proteins from the viral capsid

• Induced immunity against 
SARS-CoV-2

• VLP is derived from plants and 
adjuvanted with Dynavax or GSK 
adjuvants
• VLP vaccines are recombinant 
genetically modified viruses that 
are generally thought to be safe 
because they fail to replicate
• Whole S protein

• Immunogenicity and safety 
advantages

[58, 63]

Drugs
 Arbidol (umifenovir) • Targets ACE2 protein and S 

protein interaction causes the 
viral envelope’s membrane fusion 
to be prevented
• Reduce the SARS virus’s enve-
lope’s fusion

• Advantages against SARS-CoV-2 [64, 65]

 Camostat • TMPRSS2 inhibitor of the host 
serine protease

• Advantages against SARS-CoV-2 [64, 65]
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and replication complexes in infected cells [160]. Evi-
dence suggests that this molecule may play a role in 
the pathophysiology of CNS infections. It is hypoth-
esized that the N protein may activate toll-like recep-
tors (TLR)3, TLR7, or TLR8, and subsequent signaling 
pathways may increase the activation of NF-κB and 
NLRP3, leading to a cytokine storm and inflamma-
tory responses [161]. As a result, they may play a role 
in the pathogenesis of a number of diseases such as the 
appearance of cancer, coagulation, neurodegenerative 
disorders, and cardiovascular diseases [162]. Research-
ers should be able to comprehend the contribution of 
each component of innate and adaptive immunity to 
COVID-19 infection with the assistance of the data on 
SARS-CoV and MERS that are already available [161]. 
Even though TLR7/8 is the only TLR that can recog-
nize ssRNA, COVID-19-associated genetic material, 
other TLRs, like TLR3, TLR4, and TLR6, may also be 
involved in COVID-19 infection [161, 163]. The type 
of TLRs (agonist/antagonist) that are treated depends 
on the stage of the disease. TLRs and related signaling 
pathways should be studied, as they have been associ-
ated with viral susceptibility and lethality in other coro-
navirus families. A therapeutic target may be to reduce 
inflammasome activation and neutrophil trap develop-
ment [161]. Many studies based on the TLR pathway are 
being conducted on COVID-19 [161]. Bioinformatics 
study may help us understand how TLRs interact with 
RNA and proteins of COVID-19 [161]. TLR3, TLR7/8, 
and TLR9 are all found on the endosome surface, while 
TLR2/6 and 4 are found in the cell membrane [164]. 
Pro-inflammatory cytokines and IFN-I are produced 

as a result of the activation of the downstream adaptive 
response of MYS88 and TRIF proteins [161]. MYD88 
activates TRAF6 in the TLR2/6 and TLR4 pathways, 
but it also activates IRAK4 and, indirectly, TRAF6 
and TRAF3 in the TLR7/9 and TLR9 pathways [161]. 
When TRAF3 is stimulated, IRF3 is then activated, and 
IFN-I is released [161]. Liquid–liquid phase separation 
(LLPS) occurred in RNA and N protein. The length 
and concentration of ssRNA determine the LLPS. With 
short ssRNAs, N protein makes typical droplets that 
look like spheres, but with long ssRNAs, it makes solid 
structures.  Zn2+ could make LLPS better. The possibil-
ity that the N protein/RNA LLPS is necessary for the 
assembly of the SARS-CoV-2 virus provides insight into 
the development of intervention strategies to prevent 
the COVID-19 pandemic by disrupting the LLPS and 
viral assembly [165].

Envelope protein
The envelope (E) protein has 10–74 amino acids and 
occurs in monomeric and pentameric forms [166]. 
This protein is present in approximately 20 copies of 
viral material [167]. Previous research has shown that 
mutagenesis has a significant impact on the development 
and spread of viral infections [168]. In particular, viruses 
lacking this protein cannot infect the host cell and have 
a very low viral titer in the host cell [169]. This protein 
is located in the secretory pathways between the ER and 
the Golgi apparatus of the host cell [170]. The C-terminal 
region of the E protein is structurally located inside the 
envelope of the virus so that it is placed around the enve-
lope and finally entrapped inside the envelope [171]. It 

Table 2 (continued)

Drugs/vaccines & companies Targets Structures Advantages Refs

 Hydroxychloroquine • Acts on the spike glycoprotein-
ganglioside receptor and its inter-
action with the ACE2 receptor
• Reduced endosome acidifica-
tion and attenuation of host 
receptor glycosylation, proteolytic 
processing, cytokine production, 
lysosomal activity, autophagy, 
and endocytic pathways
• Enhances intracellular pH, even-
tually affects cathepsins, inhibits 
antigen-presenting cells (APCs), 
autophagosomal functions, MAP 
kinase, and autophagosomal 
functions
• Structural damage to SARS-CoV-
2’s spike proteins

• Anti-inflammatory effect on IL-17, IL-122, and IL-6 cytokines [64, 65]

 Remdesivir • Use RdRp to stop translation 
and replication processes
• Inhibits NSP12 in other corona-
viruses

• As evidenced by the low polymerase activity in host cells during 
the Ebola virus outbreak
• Undergoing in patients with mild, moderate, and severe SARS-
CoV-2

[64, 65]
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Fig. 2  Schematic illustration of proteomics studies, clinical and laboratory signs of people infected by SARS-CoV-2, SARS-CoV-2 receptors, and 
cytokines expression traits in different organs infected by SARS-CoV-2. The schematic illustrations of organs are obtained from Servier Medical ART: 
SMART [79–94]
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can block the host cell’s ability to replicate and spread the 
virus throughout the body [172]. Although its purpose is 
still unknown, this small protein can cause oil bubbles to 
form inside the virus [173]. It accompanied by the M and 
N proteins is very important for the development and 
propagation of virus particles in SARS-CoV-2 [174]. E 
protein interacts with host cell proteins and acts as an ion 
channel [169].

Hemagglutinin esterase protein
Infection requires hemagglutinin esterase (HE) protein, 
which can act as a second protein in the recognition 
of host cell surface receptors [175]. On the other hand, 
the HE protein of the human recombinant virus OC43 
(HCoV-OC43) can affect the replication and viral infec-
tions of cells and is important for the dissemination of 
infectious agents [176, 177]. Two functional features 
of the HE protein are its affinity with sialic acid and its 
ability to enzymatically degrade the receptor on the host 
cell surface [177]. These two distinct functions of the HE 
protein may help the virus to enter or facilitate exit from 
the cell surface. In addition, It helps in the efficient crea-
tion of viral particles. This protein can also remove the 

S protein from 9-O-acetyl sialic acid on the cell surface, 
causing the virus to fuse with the cell membrane [178].

Nonstructural proteins of SARS-CoV-2
Accessory proteins
There are two genetic subgroups in group 1 coronavi-
ruses [179]. HCOV-NL63 and HCOV-229E are human 
coronaviruses belonging to groups 1a and 1b [180, 181]. 
The set of genes encoding one or more accessory pro-
teins between the S and E genes includes HCOV-NL63, 
ORF4a, and ORF4b for HCOV-229E and ORF3 protein 
for PEDV [182]. ORF1ab occupies two-thirds of the 
entire genome and sub-genome to play a role in viral 
pathogenicity, eliminate its replication function and also 
plays a role in cell signaling and gene expression regu-
lation [183]. For replication and production of the viral 
genome, this protein binds to 16 proteins. SARS-CoV-2 
has six major ORFs: ORF1ab, ORF3, ORF6, ORF7a, 
ORF8, and ORF10 [184]. Two polyprotein precursors, 
pp1a and pp1ab, are produced by ribosomal transla-
tion of ORF1a and ORF1b using positive-strand RNA 
as a template [185]. To form the viral RNA replication-
transcription complex, viral proteases first cleave these 

Fig. 3  SARS-CoV-2 may have a role in cancer or other diseases by using Eph receptors as entrance receptors and activating Eph receptor 
downstream signaling in the host cell (especially in malignant cells). Reprinted with permission from ref. [74]. Copyright 2022, Springer Nature
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polyproteins into 16 NSPs, then partially translocate to 
the ER membrane [185]. CoV produces full-length sgR-
NAs and intermediate negative-sense RNAs that serve as 
blueprints for subsequent viral genomes [186]. The trans-
lation of the first four structural and supporting proteins 
is complete. N proteins produce nucleocapsids that con-
tain the complete progeny genome [187]. Virions that 
produce envelopes enclose recently produced nucleocap-
sids. Virus particles are finally released from infected 
cells after being transferred to the plasma membrane by 
smooth-walled vesicles [188]. Double-membrane vesicles 
(DMVs), often found in the perinuclear region of the cell, 
are formed as a result of the CoV infection process, which 

engulfs the internal membranes of host cells [189]. DMVs 
create an environment that promotes viral RNA synthesis 
while protecting the ability of the innate immune system 
to recognize double-stranded RNA. Although the bilayer 
membrane origin of these autophagosome-like DMV is 
still unknown, specific studies suggest that the autophagy 
machinery is involved in their production. It is still 
unclear how autophagy contributes to the conversion of 
host membranes to DMV. Researchers are investigating 
the link between CoV infections and autophagy because 
of the structural similarities between the DMV and the 
autophagosome [190].

Fig. 4 The transmembrane protease serine subclass 2 (TMPRSS2), neuropilin-1 (NRP-1), ACE2, Eph receptors, ephrin ligands, P2X7, and CD147 
are expressed on cells of the CNS as SARS-CoV-2 spike protein entrance receptors. JAK inhibitors can target ACE2, EphA/B receptors, and IL-6 
receptors-activated signal transduction (JAKinibs). Also, the NLRP3 inflammasome can release IL-1 and IL-18 in response to ACE2, EphA/B receptors, 
TMPRSS2, NRP-1, P2X7, and CD147. These molecules may be targeted by IL-1 and IL-18 monoclonal antibodies, antagonists, and inflammasome 
inhibitors. Reprinted with permission from ref. [73]. Copyright 2022, Springer Nature
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ORF3a
This protein is the largest accessory protein of the virus 
with 274 amino acids translated from ORF3a, which is 
located in the viral genome between the S and E genes 
[166]. These accessory proteins can be activated through 
the interferon (IFN) signaling pathway and release pro-
inflammatory cytokines that can lead to changes in 
the infected cell’s environment and cause inflamma-
tion, possibly leading to the most lethal symptoms of 
COVID-19 [191]. ORF3a also helps the virus to escape 
by creating a hole in the membrane of the infected cell. 
This protein is used to identify patients with COVID-
19 in lung epithelial cells; the accessory protein, ORF3a, 
can increase the expression and secretion of fibrino-
gen. The pathogenesis of SARS-CoV-2 may be caused 
by increased fibrinogen and cytokine production. On 
the other hand, it may promote chemokine NF-κB, 
IL-8, and RANTES CCL5. It contains the primary bind-
ing site of caveolin-1. Caveolin is responsible for sig-
nal transduction. Since multiple signals bind to and 

control caveolin, it may play a role in cell cycle regula-
tion. Finally, accessory ORF3a protein is a byproduct 
that helps produce new viruses as well as their escape 
from the host cell [192]. The virus selectively targets 
mitochondria, where it attacks and destroys them, 
depleting the cells’ energy and reducing their capacity 
to fight infection, including through autophagy [193, 
194]. By controlling ACE2 and ORFs, SARS-CoV-2 
bypasses host cell defense mechanisms and accelerates 
virus replication. The mitochondrial ORF-96 protein 
of the virus damages mitochondria-related genes such 
as DRP1, MAVS, TRAF3, and TRAF6 [195]. ORFs like 
ORF3a can alter mitochondrial homeostasis (biogen-
esis, fusion, fission, and mitophagy) and function by 
focusing on the mitochondrial deubiquitinase USP30 
[196, 197]. ORF3a protein also induces apoptosis in 
mitochondria. The BCL-2 families of neuroprotective 
proteins and Bax proteins, which can switch to initiate a 
cell death cascade, are in balance in the cellular homeo-
stasis system. This can occur in response to extracellular 

Fig. 5  (a) A compound known as a “lectibody” is created when the IgG crystallizable Fc and lectin of an antibody are combined. (b) Through the 
actions of CDC, ADCC, and ADCP, lectibodies’ lectins bind to surface glycoproteins, neutralizing viruses or infected cells and assisting the innate and 
adaptive immune systems in combating pathogens. Reprinted with permission from ref. [138]. Copyright 2022, Springer Nature
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stimulation by stress, viral infection, excessive immune 
cytokines secretions, etc. Even though the molecular 
structure of Bax is normally stable, when it constricts a 
virus, it translocates to the mitochondrial outer mem-
brane, where it is deposited, releasing cytochrome c 
and initiating the process of apoptosis [184]. In addi-
tion, ORF3a protein increases the activity of truncated 
Bid (tBid), which causes mitochondrial perforation 
and promotes the release of apoptogenic compounds. 
The unique DNA of the degraded mitochondria is then 
released into the blood whose presence at high levels 
has now been reported to predict poor COVID-19 out-
comes [197, 198]. Furthermore, in COVID-19 patients, 
ORF3a protein activates HIF-1, enhances viral infec-
tion, and increases cytokine production. Since HIF-1 
controls inflammation and glycolysis, it is likely to be 
involved in the pathogenesis of COVID-19 [199, 200]. 
The transcription factor HIF-1 is induced by hypoxia. In 
cells infected with SARS-CoV-2, the increase of HIF-1 
causes the production of A-disintegrin and metallo-
protease 17 (ADAM17). This encourages TNF produc-
tion, TNF processing, and innate immune cell uptake of 
processed TNF. ADAM17 triggers a cytokine storm by 
disrupting the IL-6/IL-6R/gp130 complex and convert-
ing IL-6R into a pro-inflammatory agent [201, 202]. The 
transcriptional activity of the HIF-1 protein may affect 
various processes, including the body’s capacity to use 
glucose, metabolic pathways, cell growth, angiogen-
esis, and metastasis. HIF-1 can also alter the expres-
sion of genes related to cancer growth and autophagy 
[202]. Meanwhile, FLT3-ITD mutation in AML patients 
is associated with autophagy and HIF-1 activation 
[203]. The PI3K/AKT/mammalian target of rapamycin 
(mTOR) signaling is promoted by the FLT3-ITD muta-
tion which is the most common mutation observed 
in AML [204]. The FLT3-ITD mutation, previously 
described in AML patients with this genetic aberration, 
can be seen as an upstream mechanism in HIF-1 activa-
tion, even though the mTOR pathway increases HIF-1 
levels [205]. Furthermore, it has been noted that AML 
patients expressing FLT3-ITD have higher amounts of 
autophagy. Both treatment resistance and the devel-
opment of AML with FLT3 mutations are associated 
with autophagy [206]. FLT3-ITD mutation enhances 
autophagy in AML cells via ATF4, prolongs the lifespan 
of leukemia cells, and induces tolerance to FLT3 inhibi-
tors. In addition, the treatment of FLT3-mutated AML 
using autophagy inhibitors is more effective compared 
to FLT3-inhibiting drugs [207]. In addition, Deeb et al. 
found that in older AML patients with normal karyo-
types, higher cytoplasmic HIF-1 expression was associ-
ated with worse prognosis after conventional therapy. 
Therefore, COVID-19-stimulated autophagy and HIF-1 

could serve as markers of AML patients, especially 
patients with FLT3-ITD mutations. COVID-19 patients 
with AML who carry FLT3-ITD mutations are more 
likely to experience severe disease [208]. It is hypoth-
esized that in addition to predisposing these patients 
to a severe course of COVID-19 and high mortality, 
COVID-19 and FLT3-ITD-dependent autophagy and 
HIF-1 overexpression may also play a role in progres-
sion of leukemia and drug resistance. Not to mention, 
we believe that FLT3 inhibitors and Not to mention, we 
believe that FLT3 inhibitors and drug interactions with 
autophagy could be a potential treatment for FLT3-ITD 
mutant patients with COVID-19 to reduce the risk of 
mortality, halt the progression of leukemia, and stop 
drug resistance. This also requires more research to 
confirm this claim [209].

ORF3b
ORF3b accumulates in the nucleus and mitochondria 
of infected cells [210]. This protein inhibits cell growth 
in the G0/G1 phase. On the other hand, apoptosis and 
necrosis are caused by the overexpression of this pro-
tein. Moreover, this protein affects how the host’s innate 
immune system reacts to SARS-CoV infection. This pro-
tein inhibits the production and signaling of IFN, which 
is a key component of the antiviral immune response 
[211].

ORF6
It is a very small protein with a molecular weight of 
approximately 7 kDa, located in the Golgi and ER. The N- 
and C-terminals are composed of 2–37 and 54–63 amino 
acids, respectively. This protein is involved in reducing 
the synthesis of primary IFN and the functional signal-
ing of IFN. It is the main antagonist of antiviral IFN and 
results in the suppression of IFN induction by multiple 
signaling molecules such as MDAS, MAVS, TBK1, and 
IFN regulatory factor 3 (IRF3)-SD [212]. It is important 
to note that the last amino acids of the DEEQPMEID 
tail are required for ORF6 function in the suppression of 
IRF3 and STAT1 activation [213]. On the other hand, this 
sequence could be a suitable choice for therapeutic appli-
cations, because a role restriction peptide can reduce 
the severity of SARS-CoV-2. ORF6 also interacts with 
NUP98 and RAE1, which form a nuclear pore network 
[214].

ORF7a
This protein enhances NF-κB and p38 while inhibiting 
cellular protein transport [215]. Research has shown that 
new viruses escaping from the host cell can be stopped by 
a protein called tetherin. In this case, a viral protein called 
ORF7a helps viruses escape by creating nicks in infected 
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host cells that are the source of tetherin [216]. It can drive 
infected cells to commit suicide and help SARS-CoV-2 
damage lung cells. It has been demonstrated that the 
coagulation proteins VKORC1, SERPING1, and PABPC4 
interact with the SARS proteins [217]. Blood coagulation 
is influenced by ORF7a binding to VKORC1, which may 
be altered in individuals with specific VKORC1 poly-
morphisms [217]. VKORC1 is required to keep vitamin 
K levels active, which in turn keeps important clotting 
components active [217]. This may be related to the role 
of vitamin K in the synthesis of coagulation factors and 
proteins that control coagulation, the antagonistic inter-
action between vitamin K and inflammatory responses, 
or the antagonistic relationship between vitamin K and 
IL-6 levels [218–220]. In COVID-19 patients, the inflam-
matory and immune response plays an important role in 
the development of symptoms [221, 222]. Computational 
and experimental data support the binding of ORF7a 
and VKORC1. Some VKORC1 mutations affect pulmo-
nary intravascular coagulation of COVID-19 [217]. A 
deficiency of coagulation factors and active vitamin K, 
which are essential for the carboxylation of coagulation 
factors, may result in severe damage and clotting in the 
lungs [223]. By preventing the conversion of vitamin K 
epoxide to active vitamin K, the interaction of ORF7a 
and VKORC1 may further reduce pulmonary hemor-
rhage [224]. This interaction may be less significant in 
warfarin-resistant individuals due to increased VKORC1 
protein synthesis or altered VKORC1 structure, leading 
to increased clotting and worse prognosis in these indi-
viduals [217]. In addition, the SARS-CoV-2 ORF7a binds 
to immune cells (i.e., HLA-DR, DP, and DQ) and induces 
significant inflammatory reactions in the peripheral 
blood of the patient (altering proinflammatory cytokines 
(e.g., IL-1 and IL-6). Finally, it significantly reduces the 
level of HLA-DR, HLA-DP, and HLA-DQ molecules in 
monocytes. CD14 is one of the factors that indicate this 
stage of the process. Along with monocytes, other pro-
inflammatory cytokines also show significant changes, 
suggesting that this protein may be important for the 
onset of the cytokine storm in COVID-19 [73, 223]. The 
viral component, which has an immunoglobulin-like 
structure and helps the virus to escape from the host’s 
immune system, has a protective function for the virus 
[225, 226]. JNK is an important pathogenic mechanism 
for SARS-CoV [227]. By activating ORF3a, ORF3b, and 
ORF7a in this pathway, a large amount of pro-inflamma-
tory factors are synthesized, which can cause lung dam-
age and produce more pro-inflammatory factors [228]. 
The severity of the disease is associated with a hyperin-
flammatory syndrome characterised by fulminant and 
severe hypercytokinaemia with multi-organ failure and 
a cytokine profile similar to secondary haemophagocytic 

lymphohistiocytosis [229, 230]. Tumor necrosis factor, 
IL-2, IL-7, IFN-inducible protein-10, granulocyte colony-
stimulating factor, macrophage inflammatory protein 1, 
and monocyte chemoattractant protein-1 are some of 
the proteins produced under these conditions [230, 231]. 
In addition, SARS-CoV-2 showed increased infectivity 
and transmissibility but lower mortality when compared 
to other respiratory syndromes coronaviruses, such as 
MERS-CoV and SARS-CoV. There may be a link between 
SARS-CoV-2’s increased virulence and its stronger bind-
ing to ACE2 and mutations in its genome. ORF8 and 
ORF10 proteins, the NSP2 and NSP3 proteins, shorter 
3b segments, deletion of 8a segments, and larger 8b seg-
ments are all mutated in the SARS-CoV-2 gene [230].

ORF7b
This protein differs from other proteins of the SARS-
CoV-2 virus protein family because it lacks the same 
sequence [216]. The transmembrane domain of ORF7b 
is essential for protein retention in the Golgi apparatus. 
Alanine scanning assays have shown that the amino acids 
at positions 3–15 and 22–29 of this protein are critical for 
the maintenance of the Golgi complex. ORF7b of SARS-
CoV-2 is 81% similar to this protein in SARS-CoV [232].

ORF 8a
ORF8a proteins, which contain a signal sequence, play a 
key role in ER insertion into the lumen of the ER. ORF8a 
interacts with a variety of host cell proteins involved in 
the ER-associated degradation pathway [233]. ORF8a is 
released from the ER lumen because anti-ORF8a anti-
bodies are one of the most important markers of SARS-
CoV-2 infection. In addition, SARS-CoV-2 patients 
release this protein, which affects the IFN-I signal-
ing pathway. Conversely, cells with ORF8a produce 
less MHC-I [234]. The causes of immunodeficiency in 
COVID-19 may be determined by examining immune 
responses to SARS-CoV-2 over time. For instance, mul-
tiplex cytokine analysis and high-dimensional cytometry 
to fully assess the T and B cell fractions in the periph-
eral blood of COVID-19 patients recovered donors and 
healthy controls. This research includes immunological 
and clinical factors to detect temporal changes in the 
population of activated plasmablasts, effector memory T 
cells, and  CD4+ follicular T cells. Three “immunity types” 
with different severity scores for COVID-19 were found 
using unsupervised cluster projection. Specifically, one 
sample showed significant activation of  CD4+ T cells and 
plasmablasts associated with COVID-19, but the other 
sample showed minimal to no lymphocyte response. 
This research emphasizes different immune mechanisms 
at work in COVID-19, which could include changes 
in immunosuppressive responses [235]. Activation of 
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MHC-I specific  CD8+ T lymphocytes and eradication of 
infected cells depends on the presence of MHC-I anti-
gens. Proteins degraded by the cellular proteasome com-
plex are loaded onto MHC-I molecules by the ER and 
then transported to the cell surface, where antigen-spe-
cific  CD8+ T lymphocytes recognize the proteins. Sev-
eral viruses have developed the ability to prevent MHC-I 
processing and present viral antigens to infect and dis-
seminate throughout the host [236]. Similar methods are 
used by SARS-CoV-2 to redirect MHC-I through viral 
proteins [237, 238]. MHC-I autophagy is induced by the 
SARS-CoV-2 ORF8a protein, which also resists CTL 
surveillance [237]. The SARS-CoV-2 ORF8a gene grew 
rapidly in the first three months of the outbreak. These 
isolates included some with a 382 nt deletion covering 
the ORF7b and ORF8a gene area, which is associated 
with a robust T-cell response and a favorable clinical out-
come [239, 240]. These observations highlight the idea 
that variants of concern and ORF8a protein have evolved 
to improve their ability to downregulate MHC-I to pre-
vent antigen-specific memory  CD8+ T cells induced by 
past infection or immunization [241]. ORF8a interacts 
with IRF3 to trick the host’s immune system and perhaps 
avoid recognition [242]. The interaction between ORF8a 
and IRF3 has been shown to target different elements of 
the IFN signaling cascade, inhibiting the host immune 
system and enabling the successful progression of infec-
tion [243]. Many studies have also identified defined 
conformational changes of ORF8a such as W45L, V62L, 
and L84S that can better evade the host immune system. 
ORF8a has also been shown to form intracellular aggre-
gates in lung epithelial cells. It has also been found to 
induce stress in the ER, which supports the evasion of the 
immune response [244]. Therefore, targeting the ORF8a-
IRF3 pathway is considered an important target for the 
development of new drugs against SARS-CoV-2 [245].

ORF8b
This affects the modification of the E protein and pro-
motes virus replication, and may be important for lim-
iting virulence [246]. ORF8b has an IgG-like structure 
and does not alter the ORF7 genome [247]. Interestingly, 
intracellular aggregates of SARS-CoV ORF8b induce 
cellular stress through activation of the EB transcrip-
tion factor and its target genes, leading to increased 
autophagy  (Fig.  6) [248]. However, excessive levels of 
ORF8b can damage lysosomes, interfere with autol-
ysosomal homeostasis, and impair the cell’s capacity to 
degrade cargo proteins [190]. Consequently, the propen-
sity of viral ORF8b to the cluster may protect SARS-CoV 
from destruction. They also discovered that the ORF8 
and SARS-CoV-2 N proteins of the mTORC1 pathway 

interact with La ribonucleoprotein 1, translational regu-
lator (LARP1), and FK506-binding protein (FKBP) prolyl 
isomerase 7 (FKBP7), but not interact with each other 
[249]. Viral N and ORF8 proteins may induce autophagy, 
but further studies are needed to confirm this [190].

ORF10
This protein in SARS-CoV-2 has the most immune 
epitopes among all ORF proteins, which can be a suitable 
target for vaccine development [250]. This protein has a 
molecular recognition feature a region of 3 to 7 amino 
acids, which serves as a molecular recognition site for 
interaction with other proteins [251]. This is a critical 
feature of misfolded proteins that allows them to adapt 
to a variety of chemicals when they bind to different pro-
teins and also allows them to interact with many proteins 
[251]. Previous research has shown that the virus uses 
bioinformatics to multiply components of the ubiquitin 
ligase complex, and the host machinery regulates ubiqui-
tin for the virus. Notably, ORF10 of Pangolin-CoV-2020, 
a protein specific for SARS-CoV-2 and undetectable in 
SARS-CoV, shares 15–99% of the nucleotide sequence 
with ORF10 of SARS-CoV-2, which was labeled as a mys-
terious protein [251].

Replicase proteins
To inhibit IFN signaling and the IFN-mediated antiviral 
response, the SARS-CoV-2 encodes some viral structural 
proteins and NSPs with different roles in viral replication 
and packaging [252]. The most important proteins are 
NSP1, NSP8, NSP9, and NSP16 because they limit pro-
tein transport, transcription, and translation in the host 
[253].

NSP1
This protein suppresses cell growth by interrupting the 
G-0 and G-1 phases of the cell cycle [254, 255]. It also 
binds to various ribosomal assemblies, including rest-
ing ribosomes, and translocates to pre-43S and similar 
pre-40S complexes, thereby inhibiting innate immune 
responses. Considering the importance of innate immune 
system cells in SARS-CoV-2 infection, NSP1 may be a 
suitable target for pharmaceutical agents and vaccines. 
The C-terminus of NSP1 serves as the main domain for 
interaction with ribosomes, which is required to control 
the cellular response to viral infection. Overall, NSP1 is 
a potential risk factor for coronaviruses and an attractive 
target for live attenuated vaccine development [256, 257].

NSP2
NSP2 proteins are the most variable NSPs in the corona-
virus family [258]. Because NSP2 sequences are different 
in all coronaviruses. This protein works with the host to 
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perform host functions and regulate infection and it is 
required for optimal virus replication. When NSP2 was 
deleted from the virus, the virus titer and the level of 
RNA synthesis were reduced on average compared to the 
wild type. This protein interacts with components of the 
cytoskeleton and plasma membrane of the primary site 
of virus production, as well as with vesicle components. 
A212, ZFANDs, NUMBL, USP15, STAT5B, IBTK, CYLD, 
and TRIM26 are a few other innate immune system ele-
ments that are associated with NSP2. It also associates 
with key proteins of autophagy such as WIPI1, WIPI2, 
and MAP1LC3B, as well as with important apoptosis reg-
ulators such as AVEN, BAG3, AREL1, TP53BP2, CASP8, 
and ZAK, and many kinases [259, 260]. Thereupon, this 
protein is associated with severe disruption of signal 
transduction in infected cells. On the other hand, NSP2 
may play a role in altering the cellular response to infec-
tion and signaling death. NSP2 replicas are required for 
replication and can bind to inhibitors of apoptosis 1 and 
2, leading to host cell survival. To maintain the functional 

integrity of mitochondria and defend cells against various 
stresses, this protein interacts with host PHB and PHB2 
to alter the signaling system for host cell survival. The 
COVID-19 NSP2 protein has an entry pocket. A tight 
bond is now formed between nigellidine and CYS240, 
as well as an H-bond with LEU169, VAL126, TRP243, 
ALA127, CYS132, THE256, GLY257, TYR242, and 
VAL157 [261, 262]. Finally, it promotes mitochondrial 
integrity and alleviates cellular stress to keep the virus 
alive, and they play a role in viral replication [262, 263].

NSP3
The novel coronavirus encodes a large and versatile pro-
tein with multiple domains [264]. Mac1 or X domain is 
one of the domains that can bind to ADP-ribose (ADPr) 
and act as a transcription factor [265]. Expression of 
NSP3 in macrophages activated by IFNλ indirectly 
regulates long-term expression dependent on STAT1 
pro-inflammation through IFN-stimulated genes by 
inhibiting the reduction of STAT1 through MARylation 

Fig. 6  The potential contribution of SARS-CoV-2 ORF8, NSP3, and NSP6 to cancer growth, chemoresistance, and tumor recurrence in infected cells 
(cancer cells). Reprinted with permission from ref. [248]. Copyright 2022, Springer Nature
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and increasing the pool of STAT1 molecules available 
for phosphorylation [73]. This method helps to char-
acterize cytokine storms in severe cases of COVID-19. 
In an interesting hypothesis, the IFN-stimulated gene 
ACE (SARS-CoV-2 receptor), which is associated with 
clinical symptoms and viral eradication, is thought to 
be present in many cells of the lung and small intestine 
[266]. For example, the discovery of STAT1 binding 
sites in the ACE2 promoter region by NSP3 in IFN-
stimulated macrophages may lead to overexpression 
of SARS-CoV-2 receptors on the surface of auditory 
epithelial cells and prolong the duration of infection. 
By infecting more individuals and releasing more IFN, 
it increases STAT1 activity. This mechanism leads to 
increased inflammation and viral receptors. It also 
neutralizes PARP14-dependent MARylation of STAT1 
continuous production. Consequently, it prevents the 
control and termination of the pro-inflammatory phase. 
MARylated STAT1 can also prevent viral pathogen-
esis by balancing NSP3 protein activity. STAT1 is the 
expected NSP3 target of SARS-CoV-2 in all cases. Phys-
ical contact exists between STAT1 and the N-terminal 
domain of the NSP3 protein of SARS-CoV-2, a multi-
functional protein that functions as a viral protease and 

can inhibit IFN responses [267]. STAT1-dependent ISG 
synthesis is inhibited by SARS-CoV-2 NSPs (i.e., NSP1, 
NSP3, NSP6, and NSP13) by reducing STAT1 phospho-
rylation and reducing inflammatory conditions. ORF3a 
and ORF7b inhibit STAT1 function. NSP6 and NSP13 
together with ORF7a and ORF7b inhibit STAT2 phos-
phorylation [268]. By binding to karyopherin-2, ORF6 
prevents STAT1 from translocating to the nucleus [269] 
(Fig.  7). STAT1 nuclear translocation is inhibited by 
SARS-CoV-2 3CLpro, and STAT1 protein levels and 
STAT1-induced IFN phosphorylation are enzymati-
cally reduced. It has also been suggested that 3CLpro 
may promote STAT1 autophagy. Increased expression 
of 3CLpro promotes viral replication by downregulat-
ing IFN and ISG signaling pathways [15]. PLpro can 
use the JAK/STAT pathway to de-ubiquitination and 
de- ISGylation. Its ability to precisely cleave STAT2 and 
block IFN signaling has been demonstrated [268, 270]. 
The N protein, one of the structural elements of SARS-
CoV-2, has been shown to inhibit STAT1 and STAT2 
phosphorylation and nuclear translocation, thus pre-
venting the inflammatory cascade induced by the IFN-I 
pathway. In addition to hyperinflammation, the sever-
ity of the disease is also affected by coagulation [271]. 

Fig. 7  Intracellular signaling pathways stimulated by SARS-CoV-2 and the interactions of NSPs and ORFs with them
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In order to prevent thrombotic effects in in people 
with metabolic and cardiovascular diseases, the control 
of oxidized phospholipids caused by oxidative stress 
(OxPLs) in monocyte and endothelial cells has been 
studied [272]. There are many pathways to block the 
ACE2 receptor, inhibitors of TMPRSS2 (e.g., camostat 
mesylate), drugs that target STAT1 (e.g., emapalumab), 
which are anti-IFN-γ baricitinib and ruxolitinib, two 
JAK1 and JAK2 inhibitors that block ACE2-mediated 
endocytosis, antibody monoclonal that targets the S 
protein. Furthermore, PARPs that block antiviral ADP-
ribosylation can help with treatment [268].

NSP4
This protein interacts with other proteins and causes 
fluid bubbles to form in infected cells. In addition, parts 
of new forms of the virus are created inside these bubbles 
[273]. This protein together with NSP3 and NSP6 forms 
a complex that is important in viral replication by induc-
ing DMVs. This protein destroys MAVs and controls 
NOTCH1 degradation. It ubiquitinates the chemokine 
receptor CXCR433 and directs it to the destructive path-
way of HGS and STAM, both components of the ESCRT 
complex. NSP4 has also been shown to interact with the 
dual effects of the ACE2 receptor and control its neu-
tralization. Altogether, through interaction with these 
machines, it appears as a major regenerator of the host 
membrane, and in SARS-CoV-2 infection, it disrupts two 
homeostases of methylated proteins in the membrane 
[260]. Multiple interactions occur between SARS-CoV-2 
proteins and host proteins. The most interactive viral 
proteins were E, M, NSP4, and ORF7b, which frequently 
interacted with host proteins involved in immunity 
and translation in all organ types. APOB, PCDH9, and 
NCAM1 were the top three genes with the most virus-
host protein interactions, all of which are consistent 
with symptoms of COVID-19 such as decreased apoli-
poproteins, decreased endothelial barrier function, and 
decreased immune cell proliferation. Finally, viral pro-
teins have been investigated to interact with host genes 
involved in cardiomyopathy and angiogenesis [274].

NSP5
This protein has three domains: D1, D2, and D3, which 
are unique. Domains 1 and 2 contribute to the activa-
tion of the 3-chymotrypsin-like protease (3CL protein). 
The 3CL protein from NSP5 known as M pro is one of 
the best drug targets. Autodegradation of NSP5 leads 
to the formation of a mature 3-chymotrypsin product, 
and further degradation of this protein culminates in 
the formation of eleven non-structural products known 
as NSP4/16. Substrate transfer is between the first and 
second domains. For the protein to be catalytically 

controlled, protein dimerization is essential. Glucose 
molecules make up the remaining portion of the M pro-
tein structure, which is crucial for the dimerization and 
formation of a binding substrate. On the other hand, 
two amino acids Cys141 and His41 act as catalysts in 
the active site of the protein. Recent studies have shown 
that methods can be used to produce drugs resistant to 
M pro-SARS-CoV-2 [275]. The major protease of SARS-
CoV-2 NSP5 inhibits both RIG-I and mitochondrial 
antiviral signaling (MAVS) protein. NSP5 selectively 
truncates the N-terminal 10 amino acids of RIG-I, pre-
venting MAVS activation while increasing MAVS ubiq-
uitination and proteosome-mediated degradation. NSP5 
thereby prevents the induction of IFN in an enzyme-
dependent manner by double-stranded RNA (dsRNA). 
A synthetic small molecule inhibitor blocks SARS-CoV-2 
NSP processing and NSP5-mediated cellular degrada-
tion of RIG-I and MAVS, reinitiating the innate immune 
response and halting SARS-CoV-2 replication. This study 
provides a new understanding of how SARS-CoV-2 tricks 
the immune system of COVID-19 and suggests a poten-
tial antiviral drug [190].

NSP6
NSP6 is a membrane protein approximately 34 kDa in 
size with six membrane helices whose C-terminals are 
highly protected and enter the host ER membrane. A 
ring of small membrane vesicles surrounds the micro-
tubule-organizing core (MTOC) after the transfection 
of NSP6. Since NSP6 leads to the formation of smaller 
autophagosomes, this protein may slow the prolifera-
tion of these structures. This protein may transport 
ER-regulated proteins produced by the ER and self-lyse 
autophagosomes in response to an immune response. 
When cells or organs fail, viral proteins typically lead 
to DMV double membranes (e.g., ER stress, Golgi frag-
mentation, and changes in the autophagic apparatus). 
Consequently, the virus uses these proteins to hide and 
translate its so-called accessory proteins [276, 277]. 
The mouse hepatitis virus (MHV) model virus is often 
used in laboratories around the world, unlike the three 
novel hCoV viruses, which have limitations for care-
ful study. MHV infection leads to various forms of 
autophagy activation, which are essential for the viral 
life cycle. In mouse embryonic stem cells lacking the 
autophagy-related gene ATG5, Cottam and colleagues 
found that MHV NSP6 could stimulate autophagic flux 
to form ER autophagosomes via omegasome mediators, 
but MHV could not form DMVs in these cells [278]. 
Compared to cells expressing ATG5, MHV replication 
is reduced more than 1000-fold in ATG5/embryonic 
stem cells, demonstrating that autophagy is critical for 
both DMV development and MHV replication [279]. 
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A link between human coronavirus development and 
host cell autophagy has been proposed as a model. 
Emerging human COVIDs (SARS-CoV, MERS-CoV, or 
SARS-CoV-2) alter autophagy in host cells at different 
stages of infection: (A) SARS-CoV and SARS-CoV-2 
NSP6 proteins induce omegasome intermediates in the 
initiation of autophagy (Fig. 6). To promote the forma-
tion of phagophores, all three CoVs can activate the 
ULK1 complex through the AMPK/mTOR pathway. (B) 
To prevent vesicle formation, MERS-CoV and SARS-
CoV-2 degrade BECN1 via AKT1/SKP2. However, 
BECN1 is deubiquitinated by SARS-CoV and MERS-
CoV PLpro to promote the initiation of autophagy. (C) 
SARS-CoV S proteins and NSPs induce ER stress that 
activates the unfolded protein response (UPR) and 
promotes phagophore elongation through the ATG5-
12-16L complex. (D) Autophagosome-lysosome fusion 
limits autophagosome maturation by promoting insuf-
ficient autophagy inhibited by SARS-CoV and MERS-
CoV PLpro. Meanwhile, SARS-CoV ORF8b can also 
damage lysosomes [190].

NSP7‑8
NSP7-8 acts as a cofactor for SARS-CoV-2 RDRP (RNA-
dependent RNA polymerase), also known as NSP12, 
which is an essential part of the replication and transcrip-
tion machinery [280]. NSP12 alone has the lowest activ-
ity rate, while the maximum activity rate is determined 
by the common elements NSP7-8. These proteins are not 
sufficient for NSP12 to function properly. However, the 
combination of the two increases SARS-CoV-2 RNA syn-
thesis by NSP12 [281].

NSP8 primase
This protein acts on the one hand as a primase for the 
synthesis of a primer for NSP12 and on the other hand 
in the synthesis of the RNA genome that is associated 
with the SARS-CoV-2 RNA virus. The protein also forms 
a small channel in the nucleus of an infected cell and can 
even cause molecules to move through the nuclear mem-
brane, but no reliable information is yet available [282].

NSP9
NSP9 are binder dimers and are composed of a unique 
type that binds to each other through the GXXXG non-
complex non-crossover pattern. The primary amino acid 
sequence of this protein in SARS-COV-2 is 97% related 
to the SARS-CoV virus, which is essential for virus rep-
lication. This protein is stable for single-stranded DNA 
and RNA oligonucleotides [283]. Through the use of 
reverse genetics, it was discovered that the SARS-CoV 

NSP9 gene could be altered to block the virus from 
spreading [284].

NSP10
Antiviral proteins (IFN, TNF, IL-12) present in human 
cells can destroy viral RNA. NSP10 contains viral 
genes that protect host antiviral proteins from damage. 
Nuclear elements involved in chromatin remodeling and 
mRNA processing directly interact with this protein. 
In addition, NSP10 stimulates NSP14 and NSP16  3′-5′  
exoribonuclease (ExoN)  and 2’-O-methyltransferase 
(2’-O-MTase). According to one theory, NSP10/14 may 
be a simple modification and amplification system [285]. 
During viral replication, NSP10/14 may be active. Its 
involvement begins when it corrects the mutated ribo-
nucleotides produced by the RNA polymerase and allows 
it to resume its activity [286]. NSP10/16 is also essential 
for virus survival and replication. This complex codes for 
2’-O-MTase, which helps the virus hide from the host’s 
innate immune system by altering its genetic material 
to mimic the host cell’s (human) RNA [287]. This allows 
the virus to multiply rapidly in the human body. The 
development of a therapy that destroys the SARS-CoV-2 
NSP10/16 complex helps the immune system recognize 
and eliminate the virus. The SARS-CoV-2 genome was 
modified by the NSP10/16 complex. When the protein 
that acts as its activation complex, NSP10, is present, the 
SARS-CoV NSP16 protein is functionally activated and 
produces the NSP10/16 complex [288]. The viral genome 
is genetically modified to mimic human mRNA and pro-
tect it from the host’s immune defenses [289]. This mole-
cule binds to NSP14 to form further complexes, but also 
requires a cofactor. Before NSP10/16 RNA 2’-O meth-
ylation, which is responsible for RNA cap methylation, 
guanine N7-methylation occurs mediated by NSP14 
[288, 290].

NSP12 polymerase
This protein contains seven motifs [291]. Among these, 
motifs A-F are highly protected from RDRP encoded by 
the virus [292, 293]. Motifs J, as an RDRP, are primer-
dependent in several viruses. Motif C contains impor-
tant catalytic residues (759 to 761 (SDD)) that are joined 
together by two adjacent strings in the β-turn [294, 295]. 
Motif F forms a fingertip that protrudes from the cata-
lyst chamber and interacts with the finger extension and 
thumb subdomain rings [295, 296]. On the other hand, 
segmented negative-strand RNA virus (sNSV) polymer-
ases (e.g., influenza and bunya virus) need to be attached 
to a protected hook 5′-RNA protected to activate syn-
thesis with fingertip, which is otherwise very flexible in 
the apo form [297, 298]. In the structure of coronavirus 
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polymerase, the fingertip ring is fixed adjacent to the 
finger-extension rings by interactions with the NSP7/8 
heterodimer. If this is not a heterodimer, the ring finger 
extension shows considerable flexibility which in turn 
destabilizes the finger-tip motif resulting in poor perfor-
mance NSP12 which is why heterodimers NSP7/8 on top 
of subdomain thumb RDRP linked and sandwiches the 
finger-extension rings between them to stabilize its struc-
ture. Also, this protein is expressed in Escherichia coli 
and can modify the genetic letters within the new viral 
genome. Remdesvir is an antiviral drug that interacts 
with NSP12 in other coronaviruses [297, 298].

NSP13 helicase
When SARS-CoV-2 infects host cells, a variety of mul-
tivalent RNAs can be generated, and the virus can also 
assemble viral NSPs required for viral genome replica-
tion and transcription. Of sixteen NSP proteins related 
to SARS-CoV-2, four types of NSP have been discovered 
[299]. Among SARS-CoV-2 families, the NSP13 helicase 
is a key protein for viral replication and has the highest 
sequence conservation [300]. The main function of this 
protein is to prevent the virus from dying. In contrast, 
NSP13 converts double-stranded DNA into two single-
stranded RNAs suitable for replication [301]. Deoxyri-
bonuclease and ribonucleotide triphosphatase can also 
be hydrolyzed by this enzyme. This protein is also asso-
ciated with centrosome proteins. SARS-CoV-2 NSP is 
an antagonist of IFN signaling [214]. The sequence of 
this protein is 99.8% identical to the SARS-CoV helicase 
sequence [302]. The terminal part of NSP13 is predicted 
to form a  Zn2+ cluster that is immune to coronaviruses 
and nidoviruses [303]. NSP13 has NTPase activity and 
uses the energy of ATP hydrolysis to fuse base pairs. It is 
thought to be critical for RNA-related activities such as 
transcription and translation [304]. However, this critical 
enzyme is a suitable target for drug development against 
SARS-CoV-2 [304].

NSP14
This protein is changed by the coronavirus and is released 
by the COV3L protein. In other words, this protein can 
contribute to some genetic changes in viral RNA associ-
ated with NSP15 protein through its enzymatic activity. 
Because NSP12 copies the coronavirus genome, it some-
times adds new nucleotides to form new versions. The 
NSP14 function corrects these errors and can replace 
the incorrect nucleotide with the correct one. On the 
other hand, SARS-CoV-2 has developed the capacity 
to limit host RNAs through some pathways to enable 
successful replication in the host cell. The N-terminal 
region of NSP14 also contains the N7 methyltransferase 

(N7-MTase) enzyme, which is present near the end of 
the C-terminal of NSP14 and has an ExoN domain [305]. 
The mechanism of RNA capping plays an important role 
in the virus escaping from host immune cells and failure 
in capping RNA causes RNA viral destruction and ulti-
mately, prevents the virus from replicating. Therefore, 
inhibition of the SARS-CoV virus may be possible by 
targeting the N7 region of MTase [306, 307]. The 3′ to 
5′ ExoN and guanine N7-MTase activities of the NSP14 
proteins of the coronavirus are well known. RNA poly-
merase dependent on viral RNA is believed to add mis-
matched nucleotides and the N-terminal domain of 
ExoN acts as a proofreader to facilitate the removal of 
these nucleotides [308, 309]. The proofreading activity 
of the ExoN domain is essential to maintain high levels 
of replication fidelity because coronaviruses have enor-
mous viral genomes [310, 311]. Recently, changes in ZF 
motifs and active regions of the ExoN domain caused 
SARS-CoV-2 and MERS-CoV to exhibit a lethal pheno-
type [306]. An S-adenosylmethionine (SAM)-dependent 
N7 MTase is present in the C-terminal domain of NSP14 
and is required for 5’ capping of viral RNA. The 5’ cap 
prevents recognition of viral mRNA by the host’s natu-
ral antiviral defenses and promotes viral mRNA stability 
and translation [312]. NSP10, a zinc-binding protein with 
no reported enzymatic activity, and SARS-CoV NSP14 
form a protein complex. NSP10 enhances ExoN activ-
ity but not N7-MTase activity when it interacts with the 
N-terminal ExoN domain of NSP14. Notably, SARS-CoV 
develops a lethal phenotype in response to NSP10 muta-
tions that disrupt NSP10/14 junction. Like SARS-CoV-2 
infection, SARS-CoV infection limits the synthesis of 
host proteins [313]. NSP1 overexpression reduces pro-
tein synthesis in cells, which supports previous studies 
on SARS-CoV and more recent studies on SARS-CoV-2 
[313]. Furthermore, it was found that overexpression of 
NSP14 results in an almost complete cessation of cellu-
lar protein production. Mutations that inactivate either 
ExoN or N7-MTase enzymatic activities reverse trans-
lation inhibition mediated by NSP14 [313]. ExoN or 
N7-MTase mutants with a lower enzymatic activity com-
pletely abolish NSP14-induced translational inhibition. 
Moreover, the NSP10/14 protein fusion enhances the 
capacity of NSP14 to inhibit translation [313]. However, 
this increase in activity can be reduced by changing spe-
cific interacting residues. NSP14 inhibits the induction of 
IFN-dependent ISGs, which suppress the production of 
antiviral proteins. The ability of this translational inhibi-
tor to reduce IFN-I responses [314]. This research led 
to the identification of the translational inhibitor SARS-
CoV-2 NSP14, which is encoded by the virus and blocks 
the production of host proteins, including antiviral pro-
teins [315]. It is essential to comprehend the processes by 
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which SARS-CoV-2 undermines host immune responses 
in order to build next-generation antivirals and get ready 
for forthcoming viral infections [313].

NSP15
One of the mysterious enzymes related to NSP15 is a 
nidoviral RNA uridylate-specific endoribonuclease (Nen-
doU) which carries the catalytic domain C-terminal and 
belongs to the family EndoU. Enzymes EndoU is respon-
sible for various biological functions related to RNA pro-
cessing RNA [316]. Furthermore, This protein can act 
as the hypothesis and probabilities. At first, this protein 
was directly involved in viral replication. Later it was 
shown that coronavirus viruses survive in the absence 
of this protein and perform their replication indepen-
dently, leading to doubts about the role of the enzyme 
EndoU in the process of RNA. Recently, the EndoU activ-
ity of NSP15 is responsible for the interaction of the pro-
tein with the innate immune response. There is also the 
hypothesis that this protein destroys the genome of the 
virus to hide it from the host defense. However, NSP15 
in the biology of the SARS-CoV-2 virus is essential [316].

NSP16
This protein forms a heterodimer with the NSP10 cofac-
tor and enhances the activity of 2’-O-MTase. In addition, 
the genetic material changes the virus to look like human 
RNA. This blocks MAD from recognising the viral RNA 
and stops the innate immune response, both of which 
are essential for reducing coronavirus replication and 
infection. Therefore, the immune system will be better 
equipped to identify and get rid of the virus more quickly 
if a medication or chemical molecule is developed that 
restricts the activity of NSP16 [317].

Vaccines for the SARS-CoV-2 virus
Using a wide range of technologies, including live attenu-
ated, viral vector, DNA/RNA-based vaccines, protein-
based vaccines, and inactivated vaccines, more than 100 
vaccine candidates are currently being developed by 
industry and academic institutions [58, 318]. A complete 
vaccination should provide immediate, comprehensive, 
and long-term protection by preventing serious illness, 
hospitalization, and death [319]. Businesses and aca-
demic institutions are currently working on the develop-
ment of more than 100 vaccine candidates using a range 
of technologies, including live attenuated vaccines, viral 
vector vaccines, DNA/RNA-based vaccines, protein-
based vaccines, and inactivated vaccines. DNA- and 
RNA-based platforms have the best chance of achiev-
ing the fastest production speeds because their synthesis 
does not require fermentation or cultivation. DNA-based 

vaccines have other advantages. Since the vectors used 
only encode and express the target antigen and do not 
replicate, they are notable for their safety profile. The 
problem with viral vectors is that they cannot change 
back into a form that causes disease. Another interest-
ing option is RNA-based vaccines, which have a low cost 
of production and strong safety records in animal tests 
[320]. Due to the possibility of low-cost manufacturing 
and the lack of vector-specific immunity, DNA-based 
vaccines are also a promising alternative [321]. These 
products can be used in prime and booster regimens 
with different products intended for the same patient 
because they lack vector-specific immunity (Inovio busi-
ness). In addition, RNA-based vaccines such as mRNA-
1273 (Moderna) and BNT162 (a1, b1, b2, and c2) from 
BioNTech SE/Pfizer, among others, are on the market 
[321] (Table 2).

Viral vectors
Vectors based on viruses are an effective tool for vacci-
nation. Their capacity to infect cells gives them the abil-
ity to be highly efficient, specific, and capable of inducing 
strong immune responses [320, 321] (Table 2).

Inactivated vaccines Inactivated vaccines are made 
using bacteria or viruses that have been inactivated by 
heat, chemicals, or radiation. These methods prevent the 
virus from multiplying, which makes them more stable 
and increases their level of immunity. These attributes 
allow for their use in immunocompromised individuals 
[320, 321] (Table 2).

mRNA‑based vaccine Recently, an mRNA-based vac-
cine (mRNA-1273) (NCT04470427) has been developed 
to prevent COVID-19, which evaluated the safety and 
immunogenicity of this vaccine for up to 2 years after the 
administration of the second dose. A comparable vaccine 
being developed by Curevac is still in pre-clinical testing 
[56, 322] (Table 2).

Subunit (recombinant protein) vaccines Recombinant 
protein subunit vaccinations, an infectious virus do not 
require treatment; adjuvants can be used to boost immu-
nogenicity [322, 323] (Table 2). For example, SCB-2019, 
a protein subunit vaccine candidate containing a stabi-
lised trimeric form of the spike (S) protein (S-Trimer) 
combined with two different adjuvants that increased 
to achieve neutralizing antibody titers after two vacci-
nations. Convalescent serum samples from COVID-19 
patients had similar responses. Antibodies to S-Trimer S 
protein component and its receptor-binding domain are 
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directly correlated with this neutralizing activity [324, 
325].

Live attenuated vaccines
live attenuated vaccines are produced by either employ-
ing a non-virulent strain or by creating a weaker strain 
of the virus. Numerous methods, including repeated pas-
sages in cultured cells and genetic alterations, can atten-
uate a virus. The ability to give live attenuated vaccines 
intranasally, which closely resembles a genuine infection 
and triggers mucosal immune responses, is a significant 
advantage [323] (Table 2).

Replication‑incompetent vectors A large number of vac-
cines in development are replication-incompetent vec-
tors. These vaccines are typically based on other viruses 
whose genomes have been altered to express the spike 
protein and destroyed to prevent them from replicat-
ing in  vivo [326]. Although modified vaccinia Ankara 
(MVA), human parainfluenza virus vectors, influenza 
virus, adeno-associated virus, and Sendai virus are also 
used, adenovirus (AdV) vectors account for the major-
ity of these strategies.ChAdOx1 nCoV-19, developed by 
Janssen using an AdV26-based vector and developed by 
CanSino using AdV5; A candidate from the Gamaleya 
Research Institute (Ad5/Ad26) is also undergoing phase 
III clinical trials, while another from ReiTheram (gorilla 
AdV) is undergoing phase I clinical trials [327] (Table 2).

Replication‑competent vectors Attenuated or vaccine 
strains of viruses that have been modified to express 
a transgene, in this case, the spike protein, are typically 
the sources of replication-competent vectors. Animal 
viruses that do not spread quickly and do not infect 
humans are sometimes used as well. Because the vector 
is spreading in the person who has been vaccinated and 
frequently also elicits a robust innate immune response, 
this method can lead to a more robust immune response 
[328] (Table 2).

Information on structural and non-structural viral 
proteins can be used to design valuable diagnosis tests 
and vaccines. This matter could have many advantages 
for the global health system in the new coronavirus 
pandemic that could lighten disease complications 
by suggesting a new rapid test for diagnosis or effec-
tive vaccine candidates [329]. Therefore, the emphasis 
on research on genome structures, genes, and pro-
duced proteins can lead to identifying a proper target 
for laboratory diagnosis or vaccines for controlling 
viral infection. For the last purpose candidates for the 
SARS-CoV-2 vaccine are divided into two groups: 1) 

Vaccines that are based on genes, including DNA and 
messenger RNA vaccines, and vectors of recombinant 
vaccines and live viral vaccines because Antigens are 
produced in host cells. 2) protein-based vaccines that 
include completely inactivated viruses, or vaccines 
that use protein subunits [330]. For example, Lian-
pan et  al. have shown that the S protein binding site 
with the specific name RBD is an attractive target for 
vaccine preparation despite limited immunogenic-
ity. However, variable forms of RBD could overcome 
this limitation. This RBD vaccine can significantly 
increase neutralizing antibody (NAb) titers compared 
to its normal form (monomer) and protected against 
MERS-COV, COVID-19, and SARS infections [331]. In 
an interesting study by Salman Khan et  al. structural 
proteins, S and E proteins, and non-structural pro-
teins, ORF3 and ORF5 linked together by beta-defen-
sin which have potency and are highly antigenic have 
been studied. The vaccine was designed for further 
expression transferred to E. coli. This vaccine will not 
only be effective in immunizing the population with 
MERS-CoV but also will be effective in immunization 
against COVID-19 [332]. Furthermore, four epitopes 
were selected from the S1 structural protein domain 
with 14 to 685 amino acids. The analysis showed 
that three epitopes of the selected epitopes are in the 
N-terminal domain of the S1 protein and one epitope 
is related to the binding part of the receptor. Conse-
quently, this particular segment could be a good target 
for designing an antiviral vaccine [332]. Another study 
by Naz, et  al. reported that structural S protein plays 
an important role in inducing neutralizing antibodies 
and T cell responses as well as protective immunity 
during infection. Therefore, the researchers, consider-
ing the importance of this protein in immunogenicity, 
named it a suitable candidate for a vaccine against host 
receptors (ACE2). On the other hand, vaccines made 
based on S protein, could be potential therapeutic tar-
gets against the SARS-CoV-2 virus, as it is likely to 
block the virus from interacting with the host recep-
tor of the two host cells. Prevent pulmonary vascu-
lar permeability [333]. For example, Ong et  al. devel-
oped reverse vaccination tools Vaxign revers, and the 
newly developed Vaxign-ML medicine. By examining 
the SARS-CoV-2 proteins, two or six proteins, includ-
ing the S protein and five non-structural proteins 
(NSP3, 3CL-pro, and NSP10) predicted as an adhe-
sive, which is essential for virus binding and attack 
on the host. Structural and non-structural proteins 
(NSP3, S protein, and NSP8) predicted by Vaxign-ML 
with high protective antigenic properties. The NSP3 
protein contains the epitopes of MHC cells one and 
two T cells also predicted. Linear B cell epitopes are 
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translated in specific locations and functional domains 
of the protein. These proteins can be suitable targets 
for the preparation of an effective COVID-19 vaccine 
[334]. For example, Yang et  al. showed the recombi-
nant vaccine made from the 319–545 locus of the RBD 
S protein receptor induced a potential functional anti-
body. The serum of immunized animals with this vac-
cine contains a high titer of antibody that blocks RBD 
binding to the ACE2 receptor. Inducing the antibody 
response by this vaccine activates several immune 
pathways and T cell lymphocytes (CD4). These find-
ings demonstrate the importance of RBD in vaccine 
preparation for the prevention and treatment of SARS-
CoV-2 [335]. For example, Lei et al. created a recombi-
nant protein by binding the second extracellular recep-
tor ACE2 of humans to the FC region of the human 
immunoglobulin IgG1. This protein has a high affinity 
for the RBD of SARS-CoV and SARS-CoV-2 and could 
have potential applications in the diagnosis, preven-
tion, and treatment of this virus [336].

Conclusion and future directions
The COVID-19 epidemic has been a serious threat to 
human society and the global economy since the begin-
ning of the 21st century. However, there is currently 
no definitive treatment and only a few FDA-licensed 
COVID-19 vaccines. The introduction of safety infor-
matics approaches in vaccine production has led to a 
huge revolution. Utilizing proper protein antigens can 
stimulate both the antibody response and the immune 
response triggered by the host. The immune response 
to common illnesses is limited but can be enhanced by 
the development of an epitope-based vaccine. There-
fore, judicious selection is required to isolate the ele-
ments that are essential for the desired immunological 
response. Efforts are underway to find acceptable T-cell 
epitopes and to develop effective techniques for deliver-
ing such epitopes. The advantages of developing epitope-
based vaccination include increased safety, reduced 
time, and the ability to tailor epitope combinations 
for better resistance. It also makes it easier to focus on 
the required immune responses to protected antigenic 
epitopes. The key epitopes of this virus include struc-
tural and NSPs, which can be excellent and effective 
candidates for making vaccines and treatments. It is also 
known that COVID-19 can lead to the development of 
several complications and diseases such as neurologi-
cal diseases, cancers, etc. Hence, therapeutic and pre-
ventive approaches for early-stage COVID-19 patients 
could be beneficial. Meanwhile, some roles of structural 
and NSPs of SARS-CoV-2 in multiple complications and 

diseases have been discussed, suggesting that targeting 
these proteins could be a promising therapeutic approach 
have been discussed. However, more investigations are 
required to uncover their mechanism of action in con-
tributing to the severity of COVID-19 and associated dis-
ease progression.

Abbreviations
ALT  Alanine transaminase
Alb  Albumin
ACE2  Angiotensin-converting enzyme 2
ADCC  Antibody-dependent cell-mediated cytotoxicity
ADCP  Antibody-dependent cell-mediated phagocytosis
ADAM17  A-disintegrin and metalloprotease 17
APOA1  Apolipoprotein AI
AURKA  Aurora A kinase
AST  Aspartate transaminase
BTF3  Basic transcription factor 3
BUN  Blood urea nitrogen
CTSL  Cathepsin L1
CNS  Central nervous system; chitinase 3-like 1
C12ORF60  Chromosome 12 open reading frame 60
CHCHD2  Coiled-coil-helix-coiled-coil-helix domain containing 2
CDC  Complement-dependent cytotoxicity
COVID-19  Coronavirus disease 2019
CHI3L1  Chitinase 3-like-1
CRP  C-reactive protein
Cr  Creatinine
CLRs  C-type lectin receptors
CXCL10  C-X-C motif chemokine ligand 10
CST3  Cystatin C
DC  Dendritic cells
DMVs  Double-membrane vesicles
DYNLT1  Dynein light chain Tctex-type 1
ER  Endoplasmic reticulum
EMT  Endothelial-mesenchymal transition
Eph  Erythropoietin-producing hepatocellular
FcγRs  Fc gamma receptors
FAK  Focal adhesion kinase
Fc  Fragment
GIPC1  GAIP/RGS19-interacting protein
HNRNPD  Heterogeneous nuclear ribonucleoproteins
HE  Hemagglutinin esterase
HLA-E  Histocompatibility antigen alpha chain E
HIV  Human immunodeficiency virus
HIF-1α  Hypoxia-inducible factor α-subunits
IRF3  IFN regulatory factor 3
IKKβ  IkB kinase beta
IgG  Immunoglobulin G
IP10  Induced protein 10
IFN  Interferon
IFI35  Interferon-induced 35 kDa
IL  Interleukin
LDH  Lactate dehydrogenase
LLPS  Liquid–liquid phase separation
LDLR  Low density lipoprotein receptor
MMP  Matrix metalloproteinase
MHC  Major histocompatibility complex
M proteins  Membrane proteins
MERS  Middle East respiratory syndrome
MAVS  Mitochondrial antiviral signaling
MCP1  Monocyte chemoattractant protein-1
MHV  Mouse hepatitis virus
NRGN  Neurogranin
NRP-1  Neuropilin-1
NK  Natural killer



Page 24 of 31Kakavandi et al. Cell Communication and Signaling          (2023) 21:110 

NSPs  Non-structural proteins
NT-PRONP  N-terminal (NT)-pro hormone BNP
N protein  Nucleocapsid protein
ORF  Open reading frame
PLT  Platelet
RdRP  RNA-dependent RNA polymerase
RBD  Receptor-binding domain
RTKs  Receptor tyrosine kinases
SPARC   Secreted protein acidic and cysteine rich
SERPINA 1  Serpin family A member 1
SARS-CoV2  Severe acute respiratory syndrome coronavirus 2
SERF  Small EDRK-rich factor 2
STAT3  Signal transducer and transcription activator 3
SIGN  Specific intercellular adhesion molecule-3-grabbing-integrin
S protein  Spike protein
TGF-β  Transforming growth factor-beta
TMPRSS2  Transmembrane protease, serine 2
TLR  Toll-like receptors
TNF-α  Tumor necrosis factor-alpha
UBL5  Ubiquitin-like protein 5
UBE2C  Ubiquitin conjugating enzyme E2 C
UTR   Untranslated region
UMOD  Uromodulin
VEGF  Vascular endothelial growth factor

Acknowledgements
Not applicable.

Authors’ contributions
All authors were responsible for the search, acquisition, and interpretation of 
data; S.K, HZ, IZ, and AA created the figures; HZ and BH supervised the study; 
All authors read and approved the final manuscript.

Funding
This research received no specific grant from funding agencies in the public, 
commercial, or non-profit sectors.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Bacteriology and Virology, School of Medicine, Shiraz Univer-
sity of Medical Sciences, Shiraz, Iran. 2 Research and Development Depart-
ment, Sina Medical Biochemistry Technologies Co. Ltd., Shiraz 7178795844, 
Iran. 3 Department of Microbiology, School of Medicine, Shahid Beheshti 
University of Medical Sciences, Tehran, Iran. 4 Department of Microbiol-
ogy, School of Medicine, Alborz University of Medical Sciences, Karaj, Iran. 
5 Non-Communicable Diseases Research Center, Alborz University of Medical 
Sciences, Karaj, Iran. 6 Department of Radiology, Charité - Universitätsmedizin 
Berlin, 10117 Berlin, Germany. 7 Shiraz Neuroscience Research Center, Shiraz 
University of Medical Sciences, Shiraz, Iran. 8 Network of Immunity in Infec-
tion, Malignancy and Autoimmunity (NIIMA), Universal Scientific Education 
and Research Network (USERN), Tehran, Iran. 9 Department of Biological 
Sciences and Bioengineering, Nano Bio High-Tech Materials Research Center, 
Inha University, Incheon 22212, Republic of Korea. 

Received: 6 November 2022   Accepted: 15 March 2023

References
 1. Lee A. Wuhan novel coronavirus (COVID-19): why global control is chal-

lenging? Public Health. 2020;179:A1.
 2. Team E. The epidemiological characteristics of an outbreak of 2019 

novel coronavirus diseases (COVID-19)—China, 2020. China CDC 
weekly. 2020;2(8):113.

 3. Cossarizza A, De Biasi S, Guaraldi G, Girardis M, Mussini C, Group MCW. 
SARS-CoV-2, the virus that causes COVID-19: cytometry and the new 
challenge for global health. Cytometry. 2020;97(4):340.

 4. Ortiz-Prado E, Simbaña-Rivera K, Gomez-Barreno L, Rubio-Neira M, 
Guaman LP, Kyriakidis NC, et al. Clinical, molecular, and epidemiological 
characterization of the SARS-CoV-2 virus and the Coronavirus Disease 
2019 (COVID-19), a comprehensive literature review. Diagn Microbiol 
Infect Dis. 2020;98(1):115094.

 5. Mousavizadeh L, Ghasemi S. Genotype and phenotype of COVID-
19: Their roles in pathogenesis. J Microbiol Immunol Infect. 
2021;54(2):159–63.

 6. Fallahi HR, Keyhan SO, Zandian D, Kim S-G, Cheshmi B. Being a front-line 
dentist during the Covid-19 pandemic: a literature review. Maxillofac 
Plast Reconstr Surg. 2020;42(1):1–9.

 7. Bradburne A, Tyrrell D. The propagation of “coronaviruses” in tissue-
culture. Arch Gesamte Virusforsch. 1969;28:133–50.

 8. Li F. Structure, function, and evolution of coronavirus spike proteins. 
Annu Rev Virol. 2016;3(1):237.

 9. Müller P, Maus H, Hammerschmidt SJ, Knaff PM, Mailänder V, 
Schirmeister T, et al. Interfering with Host Proteases in SARS-
CoV-2 Entry as a Promising Therapeutic Strategy. Curr Med Chem. 
2022;29(4):635–65.

 10. Gorkhali R, Koirala P, Rijal S, Mainali A, Baral A, Bhattarai HK. Structure 
and function of major SARS-CoV-2 and SARS-CoV proteins. Bioinform 
Biol Insights. 2021;15:11779322211025876.

 11. Poonam B, Gill PK. Coronavirus: History, genome structure and patho-
genesis. Coronaviruses. 2021;2(3):325–38.

 12. Yadav R, Chaudhary JK, Jain N, Chaudhary PK, Khanra S, Dhamija P, et al. 
Role of structural and non-structural proteins and therapeutic targets of 
SARS-CoV-2 for COVID-19. Cells. 2021;10(4):821.

 13. Satarker S, Nampoothiri M. Structural proteins in severe acute respira-
tory syndrome coronavirus-2. Arch Med Res. 2020;51(6):482–91.

 14. Available from: https:// www. ncbi. nlm. nih. gov/ Struc ture/ SARS- CoV-2. 
html.

 15. Astuti I. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2): An overview of viral structure and host response. Diabetes 
Metab Syndr. 2020;14(4):407–12.

 16. Gomes CP, Fernandes DE, Casimiro F, Da Mata GF, Passos MT, Varela P, 
et al. Cathepsin L in COVID-19: from pharmacological evidences to 
genetics. Front Cell Infect Microbiol. 2020;10:589505.

 17. Miller K, McGrath ME, Hu Z, Ariannejad S, Weston S, Frieman M, et al. 
Coronavirus interactions with the cellular autophagy machinery. 
Autophagy. 2020;16(12):2131–9.

 18. Balgoma D, Gil-de-Gómez L, Montero O. Lipidomics issues on human 
positive ssRNA virus infection: an update. Metabolites. 2020;10(9):356.

 19. Zhao L, Hall M, de Cesare M, MacIntyre-Cockett G, Lythgoe K, Fraser 
C, et al. The mutational spectrum of SARS-CoV-2 genomic and 
antigenomic RNA. Proc R Soc B. 1987;2022(289):20221747.

 20. Kumar S, Nyodu R, Maurya VK, Saxena SK. Morphology, genome 
organization, replication, and pathogenesis of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2). Coronavirus Disease 2019 
(COVID-19). Springer. 2020. p. 23–31. Medical Virology: from Pathogen-
esis to Disease Control. https:// doi. org/ 10. 1007/ 978- 981- 15- 4814-7_3.

 21. Willett BJ, Grove J, MacLean OA, Wilkie C, De Lorenzo G, Furnon W, et al. 
SARS-CoV-2 Omicron is an immune escape variant with an altered cell 
entry pathway. Nat Microbiol. 2022;7(8):1161–79.

 22. Christensen D, Polacek C, Sheward DJ, Hanke L, Moliner-Morro A, 
McInerney G, et al. Protection against SARS-CoV-2 transmission by a 
parenteral prime—Intranasal boost vaccine strategy. EBioMedicine. 
2022;84:104248.

 23. Focosi D, Maggi F. Do We Really Need Omicron Spike-Based Updated 
COVID-19 Vaccines? Evidence and Pipeline. Viruses. 2022;14(11):2488.

 24. Khan NA, Al-Thani H, El-Menyar A. The emergence of new SARS-CoV-2 
variant (Omicron) and increasing calls for COVID-19 vaccine boosters-
The debate continues. Travel Med Infect Dis. 2022;45:102246.

https://www.ncbi.nlm.nih.gov/Structure/SARS-CoV-2.html
https://www.ncbi.nlm.nih.gov/Structure/SARS-CoV-2.html
https://doi.org/10.1007/978-981-15-4814-7_3


Page 25 of 31Kakavandi et al. Cell Communication and Signaling          (2023) 21:110  

 25. Khandia R, Singhal S, Alqahtani T, Kamal MA, Nahed A, Nainu F, et al. 
Emergence of SARS-CoV-2 Omicron (B. 1.1. 529) variant, salient features, 
high global health concerns and strategies to counter it amid ongoing 
COVID-19 pandemic. Environ Res. 2022;209:112816.

 26. Stadtmüller M, Laubner A, Rost F, Winkler S, Patrasová E, Šimůnková 
L, et al. Emergence and spread of a sub-lineage of SARS-CoV-2 Alpha 
variant B. 1.1. 7 in Europe, and with further evolution of spike mutation 
accumulations shared with the Beta and Gamma variants. Virus Evol. 
2022;8(1):veac010.

 27. Aleem A, Samad ABA, Slenker AK. Emerging variants of SARS-CoV-2 and 
novel therapeutics against coronavirus (COVID-19). StatPearls; StatPearls 
Publishing; 2022. PMID: 34033342.

 28. Roquebert B, Trombert-Paolantoni S, Haim-Boukobza S, Lecorche E, 
Verdurme L, Foulongne V, et al. The SARS-CoV-2 B. 1.351 lineage (VOC 
β) is outgrowing the B. 1.1. 7 lineage (VOC α) in some French regions in 
April 2021. Eurosurveillance. 2021;26(23):2100447.

 29. Peng Q, Zhou R, Liu N, Wang H, Xu H, Zhao M, et al. Naturally occurring 
spike mutations influence the infectivity and immunogenicity of SARS-
CoV-2. Cell Mol Immunol. 2022;19(11):1302–10.

 30. Zhou D, Dejnirattisai W, Supasa P, Liu C, Mentzer AJ, Ginn HM, et al. 
Evidence of escape of SARS-CoV-2 variant B. 1.351 from natural and 
vaccine-induced sera. Cell. 2021;184(9):2348-61. e6.

 31. Zimerman RA, Ferrareze PAG, Cadegiani FA, Wambier CG, do Nasci-
mento Fonseca D, De Souza AR, et al. Comparative Genomics and 
Characterization of SARS-CoV-2 P 1 (Gamma) Variant of Concern From 
Amazonas, Brazil. Front Med. 2022;9:806611.

 32. Walensky RP, Walke HT, Fauci AS. SARS-CoV-2 variants of concern in the 
United States—challenges and opportunities. JAMA. 2021;325(11):1037–8.

 33. Li Z, Nie K, Li K, Hu Y, Song Y, Kang M, et al. Genome characterization 
of the first outbreak of COVID-19 delta variant B 1617 2—Guangzhou 
city, Guangdong province, China, May 2021. China CDC Weekly. 
2021;3(27):587.

 34. Mahor S, Chadha H, Prajapati S, Mishra S, Ojha S. An update on COVID-
19 outbreak: The longest pandemic. Biol Sci. 2022;2(1):114–26.

 35. Cascella M, Rajnik M, Aleem A, Dulebohn SC, Di Napoli R. Features, 
evaluation, and treatment of coronavirus (COVID-19).  In: StatPearls. 
StatPearls Publishing; 2020. https:// www. statp earls. com/ Artic leLib rary/ 
viewa rticle/ 52171.

 36. Cohen JR, Lin LD, Machamer CE. Identification of a Golgi complex-
targeting signal in the cytoplasmic tail of the severe acute respiratory 
syndrome coronavirus envelope protein. J Virol. 2011;85(12):5794–803.

 37. Kalra RS, Kandimalla R. Engaging the spikes: Heparan sulfate facilitates 
SARS-CoV-2 spike protein binding to ACE2 and potentiates viral infec-
tion. Signal Transduct Target Ther. 2021;6(1):1–2.

 38. den Boon JA, Zhan H, Unchwaniwala N, Horswill M, Slavik K, Pennington 
J, et al. Multifunctional Protein A Is the Only Viral Protein Required for 
Nodavirus RNA Replication Crown Formation. Viruses. 2022;14(12):2711.

 39. Lalchhandama K. The chronicles of coronaviruses: the electron micro-
scope, the doughnut, and the spike. Science Vision. 2020;20(2):78–92.

 40. Guan H, Wang Y, Perčulija V, Saeed AF, Liu Y, Li J, et al. Cryo-electron 
microscopy structure of the swine acute diarrhea syndrome corona-
virus spike glycoprotein provides insights into evolution of unique 
coronavirus spike proteins. J Virol. 2020;94(22):e01301-e1320.

 41. Hu J, Chen X, Lu X, Wu L, Yin L, Zhu L, et al. A spike protein S2 anti-
body efficiently neutralizes the Omicron variant. Cell Mol Immunol. 
2022;19(5):644–6.

 42. Guruprasad L. Human coronavirus spike protein-host receptor recogni-
tion. Prog Biophys Mol Biol. 2021;161:39–53.

 43. Bianchi M, Benvenuto D, Giovanetti M, Angeletti S, Ciccozzi M, 
Pascarella S. Sars-CoV-2 envelope and membrane proteins: struc-
tural differences linked to virus characteristics? BioMed Res Int. 
2020;2020:4389089.

 44. Kumar P, Kumar A, Garg N, Giri R. An insight into SARS-CoV-2 membrane 
protein interaction with spike, envelope, and nucleocapsid proteins. J 
Biomol Struct Dyn. 2023;41(3):1062–71.

 45. Kaur U, Chakrabarti SS, Ojha B, Pathak BK, Singh A, Saso L, et al. Target-
ing host cell proteases to prevent SARS-CoV-2 invasion. Curr Drug 
Targets. 2021;22(2):192–201.

 46. Dessie G, Malik T. Role of serine proteases and host cell receptors 
involved in proteolytic activation, entry of SARS-CoV-2 and its current 
therapeutic options. Infect Drug Resist. 2021;14:1883–92.

 47. Koch J, Uckeley ZM, Doldan P, Stanifer M, Boulant S, Lozach PY. TMPRSS2 
expression dictates the entry route used by SARS-CoV-2 to infect host 
cells. EMBO J. 2021;40(16):e107821.

 48. Tang T, Bidon M, Jaimes JA, Whittaker GR, Daniel S. Coronavirus mem-
brane fusion mechanism offers a potential target for antiviral develop-
ment. Antiviral Res. 2020;178:104792.

 49. Kim SY, Jin W, Sood A, Montgomery DW, Grant OC, Fuster MM, et al. 
Glycosaminoglycan binding motif at S1/S2 proteolytic cleavage site on 
spike glycoprotein may facilitate novel coronavirus (SARS-CoV-2) host 
cell entry. BioRxiv. 2020:2020–04. https:// doi. org/ 10. 1101/ 2020. 04. 14. 
041459.

 50. Nassar A, Ibrahim IM, Amin FG, Magdy M, Elgharib AM, Azzam EB, et al. 
A review of human coronaviruses’ receptors: the host-cell targets for 
the crown bearing viruses. Molecules. 2021;26(21):6455.

 51. Huang Y, Yang C, Xu X-F, Xu W, Liu S-W. Structural and functional prop-
erties of SARS-CoV-2 spike protein: potential antivirus drug develop-
ment for COVID-19. Acta Pharmacologica Sinica. 2020;41(9):1141–9.

 52. Kaur SP, Gupta V. COVID-19 Vaccine: A comprehensive status report. 
Virus Res. 2020;288:198114.

 53. Díez J, Romero C, Cruz M, Vandeberg P, Merritt W, Pradenas E, et al. Anti-
SARS-CoV-2 hyperimmune globulin demonstrates potent neutraliza-
tion and antibody-dependent cellular cytotoxicity and phagocytosis 
through N and S proteins. J Infect Dis. 2021;225(6):938–46.

 54. Emrani J, Ahmed M, Jeffers-Francis L, Teleha JC, Mowa N, Newman RH, 
et al. SARS-COV-2, infection, transmission, transcription, translation, pro-
teins, and treatment: A review. Int J Biol Macromol. 2021;193:1249–73.

 55. Liu C, Zhou Q, Li Y, Garner LV, Watkins SP, Carter LJ, et al. Research 
and development on therapeutic agents and vaccines for COVID-
19 and related human coronavirus diseases. ACS Publications. 
2020;6(3):315–31.

 56. Creech CB, Walker SC, Samuels RJ. SARS-CoV-2 vaccines. JAMA. 
2021;325(13):1318–20.

 57. Saeed U, Uppal SR, Piracha ZZ, Uppal R. SARS-CoV-2 Spike Antibody 
Levels Trend among Sinopharm Vaccinated People. Iran J Public Health. 
2021;50(7):1486.

 58. Dong Y, Dai T, Wei Y, Zhang L, Zheng M, Zhou F. A systematic review 
of SARS-CoV-2 vaccine candidates. Signal Transduct Target Ther. 
2020;5(1):1–14.

 59. Zhang J, Zeng H, Gu J, Li H, Zheng L, Zou Q. Progress and prospects on 
vaccine development against SARS-CoV-2. Vaccines. 2020;8(2):153.

 60. Liu Y, Ye Q. Nucleic Acid Vaccines against SARS-CoV-2. Vaccines. 
2022;10(11):1849.

 61. Uddin M, Mustafa F, Rizvi TA, Loney T, Al Suwaidi H, Al-Marzouqi AHH, 
et al. SARS-CoV-2/COVID-19: viral genomics, epidemiology, vaccines, 
and therapeutic interventions. Viruses. 2020;12(5):526.

 62. Mekonnen D, Mengist HM, Jin T. SARS-CoV-2 subunit vaccine adjuvants 
and their signaling pathways. Expert Rev Vaccines. 2022;21(1):69–81.

 63. Kim C, Kim JD, Seo SU. Nanoparticle and virus-like particle vaccine 
approaches against SARS-CoV-2. J Microbiol. 2022;60(3):335–46.

 64. Kandimalla R, John A, Abburi C, Vallamkondu J, Reddy PH. Current sta-
tus of multiple drug molecules, and vaccines: an update in SARS-CoV-2 
therapeutics. Mol Neurobiol. 2020;57(10):4106–16.

 65. Wu D, Koganti R, Lambe UP, Yadavalli T, Nandi SS, Shukla D. Vaccines 
and therapies in development for SARS-CoV-2 infections. J Clin Med. 
2020;9(6):1885.

 66. Rahman MM, Hasan M, Ahmed A. Potential detrimental role of 
soluble ACE2 in severe COVID-19 comorbid patients. Rev Med Virol. 
2021;31(5):1–12.

 67. Cheng H, Wang Y, Wang GQ. Organ-protective effect of angiotensin-
converting enzyme 2 and its effect on the prognosis of COVID-19. J 
Med Virol. 2020;92(7):726–30.

 68. Mangalmurti NS, Reilly JP, Cines DB, Meyer NJ, Hunter CA, Vaughan AE. 
COVID-19–associated acute respiratory distress syndrome clarified: a 
vascular endotype? Am J Respir Crit Care Med. 2020;202(5):750–3.

 69. Gagliardi MC, Tieri P, Ortona E, Ruggieri A. ACE2 expression and sex 
disparity in COVID-19. Cell Death Discovery. 2020;6(1):37.

 70. Hamid S, Rhaleb IA, Kassem KM, Rhaleb N-E. Role of kinins in hyperten-
sion and heart failure. Pharmaceuticals. 2020;13(11):347.

 71. Liu X, Long C, Xiong Q, Chen C, Ma J, Su Y, Hong K. Association of 
angiotensin converting enzyme inhibitors and angiotensin II receptor 
blockers with risk of COVID‐19, inflammation level, severity, and death 

https://www.statpearls.com/ArticleLibrary/viewarticle/52171
https://www.statpearls.com/ArticleLibrary/viewarticle/52171
https://doi.org/10.1101/2020.04.14.041459
https://doi.org/10.1101/2020.04.14.041459


Page 26 of 31Kakavandi et al. Cell Communication and Signaling          (2023) 21:110 

in patients with COVID‐19: a rapid systematic review and meta‐analysis. 
Clin Cardiol. 2020.

 72. Chen R, Wang K, Yu J, Howard D, French L, Chen Z, et al. The spatial and 
cell-type distribution of SARS-CoV-2 receptor ACE2 in the human and 
mouse brains. Front Neurol. 2021;11:573095.

 73. Zalpoor H, Akbari A, Samei A, Forghaniesfidvajani R, Kamali M, Afzalnia 
A, et al. The roles of Eph receptors, neuropilin-1, P2X7, and CD147 in 
COVID-19-associated neurodegenerative diseases: inflammasome 
and JaK inhibitors as potential promising therapies. Cell Mol Biol Lett. 
2022;27(1):1–21.

 74. Zalpoor H, Akbari A, Nabi-Afjadi M. Ephrin (Eph) receptor and 
downstream signaling pathways: a promising potential targeted 
therapy for COVID-19 and associated cancers and diseases. Hum Cell. 
2022;35(3):952–4.

 75. Jackson CB, Farzan M, Chen B, Choe H. Mechanisms of SARS-CoV-2 
entry into cells. Nat Rev Mol Cell Biol. 2022;23(1):3–20.

 76. Shrestha LB, Foster C, Rawlinson W, Tedla N, Bull RA. Evolution of the 
SARS-CoV-2 omicron variants BA. 1 to BA. 5: Implications for immune 
escape and transmission. Rev Med Virol. 2022;32(5):e2381.

 77. Dhawan M, Saied AA, Mitra S, Alhumaydhi FA, Emran TB, Wilairatana 
P. Omicron variant (B. 1.1. 529) and its sublineages: What do we know 
so far amid the emergence of recombinant variants of SARS-CoV-2? 
Biomed Pharmacother. 2022;154:113522.

 78. Nabi-Afjadi M, Mohebi F, Zalpoor H, Aziziyan F, Akbari A, Moradi-
Sardareh H, et al. A cellular and molecular biology-based update for 
ivermectin against COVID-19: is it effective or non-effective? Inflam-
mopharmacology. 2023:1–5.

 79. Lebeau G, Vagner D, Frumence E, Ah-Pine F, Guillot X, Nobecourt E, et al. 
Deciphering SARS-CoV-2 virologic and immunologic features. Int J Mol 
Sci. 2020;21(16):5932.

 80. Prasad A, Prasad M. Single virus targeting multiple organs: what we 
know and where we are heading? Front Med. 2020;7:370.

 81. Talotta R. Impaired VEGF-A-mediated neurovascular crosstalk induced 
by SARS-CoV-2 spike protein: a potential hypothesis explaining long 
COVID-19 symptoms and COVID-19 vaccine side effects? Microorgan-
isms. 2022;10(12):2452.

 82. Amor S, Fernández Blanco L, Baker D. Innate immunity during SARS-
CoV-2: evasion strategies and activation trigger hypoxia and vascular 
damage. Clin Exp Immunol. 2020;202(2):193–209.

 83. Han Y, Yang L, Lacko LA, Chen S. Human organoid models to study 
SARS-CoV-2 infection. Nat Methods. 2022;19(4):418–28.

 84. Larijani B, Foroughi-Heravani N, Abedi M, Tayanloo-Beik A, Rezaei-
Tavirani M, Adibi H, et al. Recent advances of COVID-19 modeling based 
on regenerative medicine. Front Cell Dev Biol. 2021;9:683619.

 85. Bhaskar S, Sinha A, Banach M, Mittoo S, Weissert R, Kass JS, et al. 
Cytokine storm in COVID-19—immunopathological mechanisms, 
clinical considerations, and therapeutic approaches: the REPROGRAM 
consortium position paper. Front Immunol. 2020;11:1648.

 86. Yu S, Li X, Xin Z, Sun L, Shi J. Proteomic insights into SARS-CoV-2 infec-
tion mechanisms, diagnosis, therapies and prognostic monitoring 
methods. Front Immunol. 2022;13.

 87. Sridhar S, Nicholls J. Pathophysiology of infection with SARS-
CoV-2—What is known and what remains a mystery. Respirology. 
2021;26(7):652–65.

 88. Brahmi F, Vejux A, Ghzaiel I, Ksila M, Zarrouk A, Ghrairi T, et al. Role of diet 
and nutrients in SARS-CoV-2 infection: Incidence on oxidative stress, 
inflammatory status and viral production. Nutrients. 2022;14(11):2194.

 89. Chen M, Li X, Wang S, Yu L, Tang J, Zhou S. The role of cardiac mac-
rophage and cytokines on ventricular arrhythmias. Front Physiol. 
2020;11:1113.

 90. Zaki MM, Lesha E, Said K, Kiaee K, Robinson-McCarthy L, George H, et al. 
Cell therapy strategies for COVID-19: Current approaches and potential 
applications. Sci Adv. 2021;7(33):eabg5995.

 91. Sapra L, Bhardwaj A, Azam Z, Madhry D, Verma B, Rathore S, et al. 
Phytotherapy for treatment of cytokine storm in COVID-19. Front Biosci-
Landmark. 2021;26(5):51–75.

 92. Shakaib B, Zohra T, Ikram A, Shakaib MB, Ali A, Bashir A, et al. A compre-
hensive review on clinical and mechanistic pathophysiological aspects 
of COVID-19 Malady: How far have we come? Virol J. 2021;18(1):120.

 93. Davis HE, McCorkell L, Vogel JM, Topol EJ. Long COVID: major findings, 
mechanisms and recommendations. Nat Rev Microbiol. 2023:1–14.

 94. Zamorano Cuervo N, Grandvaux N. ACE2: Evidence of role as entry 
receptor for SARS-CoV-2 and implications in comorbidities. Elife. 2020 
Nov 9;9:e61390.

 95. Mohamed ER, Noguchi M, Hamed AR, Eldahshoury MZ, Hammady 
AR, Salem EE, et al. Reduced expression of erythropoietin-producing 
hepatocyte B6 receptor tyrosine kinase in prostate cancer. Oncol Lett. 
2015;9(4):1672–6.

 96. Chen MK, Hung MC. Proteolytic cleavage, trafficking, and functions of 
nuclear receptor tyrosine kinases. FEBS J. 2015;282(19):3693–721.

 97. Sahoo AR, Buck M. Structural and Functional Insights into the 
Transmembrane Domain Association of Eph Receptors. Int J Mol Sci. 
2021;22(16):8593.

 98. Boyd AW, Bartlett PF, Lackmann M. Therapeutic targeting of EPH recep-
tors and their ligands. Nat Rev Drug Discovery. 2014;13(1):39–62.

 99. de Boer EC, van Gils JM, van Gils MJ. Ephrin-Eph signaling usage by a 
variety of viruses. Pharmacol Res. 2020;159:105038.

 100. Zalpoor H, Akbari A, Nabi-Afjadi M, Forghaniesfidvajani R, Tavakol C, 
Barzegar Z, et al. Hypoxia-inducible factor 1 alpha (HIF-1α) stimulated 
and P2X7 receptor activated by COVID-19, as a potential therapeutic 
target and risk factor for epilepsy. Hum Cell. 2022;35(5):1338–45.

 101. Zalpoor H, Liaghat M, Bakhtiyari M, Shapourian H, Akbari A, Shahveh S, 
et al. Kaempferol’s potential effects against SARS-CoV-2 and COVID-
19-associated cancer progression and chemo-resistance. Phytotherapy 
research: PTR. 2023.

 102. Hafner C, Schmitz G, Meyer S, Bataille F, Hau P, Langmann T, et al. Differ-
ential gene expression of Eph receptors and ephrins in benign human 
tissues and cancers. Clin Chem. 2004;50(3):490–9.

 103. Bong Y-S, Lee H-S, Carim-Todd L, Mood K, Nishanian TG, Tessarollo L, 
et al. ephrinB1 signals from the cell surface to the nucleus by recruit-
ment of STAT3. Proc Natl Acad Sci. 2007;104(44):17305–10.

 104. O’Malley Y, Lal G, Howe JR, Weigel RJ, Komorowski RA, Shilyansky J, et al. 
Invasion in follicular thyroid cancer cell lines is mediated by EphA2 and 
pAkt. Surgery. 2012;152(6):1218–24.

 105. Kaczmarek R, Gajdzis P, Gajdzis M. Eph Receptors and Ephrins in Retinal 
Diseases. Int J Mol Sci. 2021;22(12):6207.

 106. Barquilla A, Pasquale EB. Eph receptors and ephrins: therapeutic oppor-
tunities. Annu Rev Pharmacol Toxicol. 2015;55:465.

 107. Genet G, Guilbeau-Frugier C, Honton B, Dague E, Schneider MD, 
Coatrieux C, et al. Ephrin-B1 is a novel specific component of the lateral 
membrane of the cardiomyocyte and is essential for the stability of 
cardiac tissue architecture cohesion. Circ Res. 2012;110(5):688–700.

 108. Goichberg P, Kannappan R, Cimini M, Bai Y, Sanada F, Sorrentino A, et al. 
Age-associated defects in EphA2 signaling impair the migration of 
human cardiac progenitor cells. Am Heart Assoc. 2013;128(20):2211–23.

 109. Tognolini M, Hassan-Mohamed I, Giorgio C, Zanotti I, Lodola A. Thera-
peutic perspectives of Eph–ephrin system modulation. Drug Discovery 
Today. 2014;19(5):661–9.

 110. Chekol Abebe E, Mengie Ayele T, Tilahun Muche Z, Asmamaw Dejenie 
T. Neuropilin 1: a novel entry factor for SARS-CoV-2 infection and a 
potential therapeutic target. Biologics. 2021;15:143–52.

 111. Walia N, Lat JO, Tariq R, Tyagi S, Qazi AM, Salari SW, et al. Post-acute 
sequelae of COVID-19 and the mental health implications. Discoveries. 
2021;9(4):e140.

 112. Khatoon F, Prasad K, Kumar V. COVID-19 associated nervous system 
manifestations. Sleep Med. 2022;91:231–6.

 113. Nolen LT, Mukerji SS, Mejia NI. Post-acute neurological consequences 
of COVID-19: an unequal burden. Nat Med. 2022;28(1):20–3.

 114. Pandey K, Thurman M, Johnson SD, Acharya A, Johnston M, Klug EA, 
et al. Mental health issues during and after COVID-19 vaccine era. 
Brain Res Bull. 2021;176:161–73.

 115. Mayi BS, Leibowitz JA, Woods AT, Ammon KA, Liu AE, Raja A. The role 
of Neuropilin-1 in COVID-19. PLoS Pathog. 2021;17(1):e1009153.

 116. Oplawski M, Dziobek K, Grabarek B, Zmarzły N, Dąbruś D, Januszyk 
P, et al. Expression of NRP-1 and NRP-2 in Endometrial Cancer. Curr 
Pharm Biotechnol. 2019;20(3):254–60.

 117. Cantuti-Castelvetri L, Ojha R, Pedro LD, Djannatian M, Franz J, 
Kuivanen S, et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and 
provides a possible pathway into the central nervous system. BioRxiv. 
2020;10(2020.06):07.137802.

 118. Zalpoor H, Shapourian H, Akbari A, Shahveh S, Haghshenas L. 
Increased neuropilin-1 expression by COVID-19: a possible cause of 



Page 27 of 31Kakavandi et al. Cell Communication and Signaling          (2023) 21:110  

long-term neurological complications and progression of primary 
brain tumors. Human Cell. 2022;35(4):1301–3.

 119. Mamluk R, Gechtman ZE, Kutcher ME, Gasiunas N, Gallagher J, 
Klagsbrun M. Neuropilin-1 binds vascular endothelial growth factor 
165, placenta growth factor-2, and heparin via its b1b2 domain. J Biol 
Chem. 2002;277(27):24818–25.

 120. Shibuya M. Vascular endothelial growth factor (VEGF) and its recep-
tor (VEGFR) signaling in angiogenesis: a crucial target for anti-and 
pro-angiogenic therapies. Genes Cancer. 2011;2(12):1097–105.

 121. Zhang G, Chen L, Sun K, Khan AA, Yan J, Liu H, et al. Neuropilin-1 
(NRP-1)/GIPC1 pathway mediates glioma progression. Tumor Biology. 
2016;37(10):13777–88.

 122. Douyère M, Chastagner P, Boura C. Neuropilin-1: a key protein to 
consider in the progression of pediatric brain tumors. Front Oncol. 
2021;11:2478.

 123. Muramatsu T. Basigin (CD147), a multifunctional transmem-
brane glycoprotein with various binding partners. J Biochem. 
2016;159(5):481–90.

 124. Acosta Saltos F, Acosta Saltos AD. Entry of SARS-CoV2 through the 
basal surface of alveolar endothelial cells–A proposed mechanism 
mediated by CD147 in Covid-19. 2020.

 125. Sameshima T, Nabeshima K, Toole BP, Yokogami K, Okada Y, Goya T, 
et al. Expression of emmprin (CD147), a cell surface inducer of matrix 
metalloproteinases, in normal human brain and gliomas. Int J Cancer. 
2000;88(1):21–7.

 126. Pushkarsky T, Zybarth G, Dubrovsky L, Yurchenko V, Tang H, Guo H, 
et al. CD147 facilitates HIV-1 infection by interacting with virus-asso-
ciated cyclophilin A. Proc Natl Acad Sci. 2001;98(11):6360–5.

 127. Qiao J, Li W, Bao J, Peng Q, Wen D, Wang J, et al. The expression of 
SARS-CoV-2 receptor ACE2 and CD147, and protease TMPRSS2 in 
human and mouse brain cells and mouse brain tissues. Biochem 
Biophys Res Commun. 2020;533(4):867–71.

 128. Kim J-Y, Kim H, Suk K, Lee W-H. Activation of CD147 with cyclophilin a 
induces the expression of IFITM1 through ERK and PI3K in THP-1 cells. 
Mediators Inflamm. 2010;2010:821940.

 129. Yee C, Main NM, Terry A, Stevanovski I, Maczurek A, Morgan AJ, et al. 
CD147 mediates intrahepatic leukocyte aggregation and determines 
the extent of liver injury. PLoS ONE. 2019;14(7):e0215557.

 130. Kim J-Y, Kim W-J, Kim H, Suk K, Lee W-H. The stimulation of CD147 
induces MMP-9 expression through ERK and NF-κB in macrophages: 
implication for atherosclerosis. Immune Netw. 2009;9(3):90–7.

 131. Kumar BK, Rohit A, Prithvisagar KS, Rai P, Karunasagar I, Karunasagar 
I. Deletion in the C-terminal region of the envelope glycoprotein in 
some of the Indian SARS-CoV-2 genome. Virus Res. 2021;291:198222.

 132. Honarmand EK. SARS-CoV-2 spike glycoprotein-binding proteins 
expressed by upper respiratory tract bacteria may prevent severe 
viral infection. FEBS Lett. 2020;594(11):1651–60.

 133. Nooraei S, Bahrulolum H, Hoseini ZS, Katalani C, Hajizade A, Easton 
AJ, et al. Virus-like particles: Preparation, immunogenicity and their 
roles as nanovaccines and drug nanocarriers. J Nanobiotechnology. 
2021;19(1):1–27.

 134. Aloor A, Zhang J, Gashash EA, Parameswaran A, Chrzanowski M, Ma 
C, et al. Site-specific N-glycosylation on the AAV8 capsid protein. 
Viruses. 2018;10(11):644.

 135. Amraei R, Yin W, Napoleon MA, Suder EL, Berrigan J, Zhao Q, et al. 
CD209L/L-SIGN and CD209/DC-SIGN act as receptors for SARS-CoV-2. 
ACS Cent Sci. 2021;7(7):1156–65.

 136. Gupta A, Gupta G. Status of mannose-binding lectin (MBL) and comple-
ment system in COVID-19 patients and therapeutic applications of 
antiviral plant MBLs. Mol Cell Biochem. 2021;476(8):2917–42.

 137. Carvalho EV, Oliveira WF, Coelho LC, Correia MT. Lectins as mitosis 
stimulating factors: Briefly reviewed. Life Sci. 2018;207:152–7.

 138. Nascimento da Silva LC, Mendonça JSP, de Oliveira WF, Batista KLR, 
Zagmignan A, Viana IFT, et al. Exploring lectin–glycan interactions to 
combat COVID-19: Lessons acquired from other enveloped viruses. 
Glycobiol. 2021;31(4):358–71.

 139. Nabi-Afjadi M, Heydari M, Zalpoor H, Arman I, Sadoughi A, Sahami P, 
et al. Lectins and lectibodies: potential promising antiviral agents. Cell 
Mol Biol Lett. 2022;27(1):37.

 140. Van Erp EA, Luytjes W, Ferwerda G, Van Kasteren PB. Fc-mediated anti-
body effector functions during respiratory syncytial virus infection and 
disease. Front Immunol. 2019;10:548.

 141. Liu Q, Fan C, Li Q, Zhou S, Huang W, Wang L, et al. Antibody-dependent-
cellular-cytotoxicity-inducing antibodies significantly affect the post-
exposure treatment of Ebola virus infection. Sci Rep. 2017;7(1):1–11.

 142. Yasui F, Kohara M, Kitabatake M, Nishiwaki T, Fujii H, Tateno C, et al. 
Phagocytic cells contribute to the antibody-mediated elimination of 
pulmonary-infected SARS coronavirus. Virology. 2014;454:157–68.

 143. Tay MZ, Wiehe K, Pollara J. Antibody-dependent cellular phagocytosis 
in antiviral immune responses. Front Immunol. 2019;10:332.

 144. Alharbi SN, Alrefaei AF. Comparison of the SARS-CoV-2 (2019-nCoV) 
M protein with its counterparts of SARS-CoV and MERS-CoV species. J 
King Saud Unive-Sci. 2021;33(2):101335.

 145. Gong Y, Qin S, Dai L, Tian Z. The glycosylation in SARS-CoV-2 and its 
receptor ACE2. Signal Transduct Target Ther. 2021;6(1):1–24.

 146. Gulzar S, Husssain S. Bioinformatics study on structural proteins 
of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
COV-2) for better understanding the vaccine development. 
bioRxiv. 2020.04.21.053199. https:// doi. org/ 10. 1101/ 2020. 04. 21. 053199.

 147. Shajahan A, Pepi LE, Rouhani DS, Heiss C, Azadi P. Glycosylation of 
SARS-CoV-2: structural and functional insights. Anal Bioanal Chem. 
2021;413(29):7179–93.

 148. Fang X, Gao J, Zheng H, Li B, Kong L, Zhang Y, et al. The membrane 
protein of SARS-CoV suppresses NF-κB activation. J Med Virol. 
2007;79(10):1431–9.

 149. Scheidereit C. IκB kinase complexes: gateways to NF-κB activation and 
transcription. Oncogene. 2006;25(51):6685–705.

 150. Wong NA, Saier MH Jr. The SARS-coronavirus infection cycle: a survey of 
viral membrane proteins, their functional interactions and pathogen-
esis. Int J Mol Sci. 2021;22(3):1308.

 151. Lu S, Ye Q, Singh D, Cao Y, Diedrich JK, Yates JR III, et al. The SARS-CoV-2 
nucleocapsid phosphoprotein forms mutually exclusive condensates 
with RNA and the membrane-associated M protein. Nat Commun. 
2021;12(1):502.

 152. Shajahan A, Pepi LE, Rouhani DS, Heiss C, Azadi P. Glycosylation of SARS-
CoV-2: structural and functional insights. Anal Bioanal Chem. 2021:1–5.

 153. Troyano-Hernáez P, Reinosa R, Holguín Á. Evolution of SARS-CoV-2 
envelope, membrane, nucleocapsid, and spike structural proteins 
from the beginning of the pandemic to September 2020: a global and 
regional approach by epidemiological week. Viruses. 2021;13(2):243.

 154. Kang S, Yang M, Hong Z, Zhang L, Huang Z, Chen X, et al. Crystal struc-
ture of SARS-CoV-2 nucleocapsid protein RNA binding domain reveals 
potential unique drug targeting sites. Acta Pharmaceutica Sinica B. 
2020;10(7):1228–38.

 155. Cascarina SM, Ross ED. A proposed role for the SARS-CoV-2 nucleocap-
sid protein in the formation and regulation of biomolecular conden-
sates. FASEB J. 2020;34(8):9832–42.

 156. Perdikari TM, Murthy AC, Ryan VH, Watters S, Naik MT, Fawzi NL. SARS-
CoV-2 nucleocapsid protein undergoes liquid-liquid phase separation 
stimulated by RNA and partitions into phases of human ribonucleopro-
teins. BioRxiv. 2020.

 157. Gao T, Gao Y, Liu X, Nie Z, Sun H, Lin K, et al. Identification and func-
tional analysis of the SARS-COV-2 nucleocapsid protein. BMC Microbiol. 
2021;21(1):1–10.

 158. Smits VA, Hernández-Carralero E, Paz-Cabrera MC, Cabrera E, Hernán-
dez-Reyes Y, Hernández-Fernaud JR, et al. The Nucleocapsid protein 
triggers the main humoral immune response in COVID-19 patients. 
Biochem Biophys Res Commun. 2021;543:45–9.

 159. Dai L, Gao GF. Viral targets for vaccines against COVID-19. Nat Rev 
Immunol. 2021;21(2):73–82.

 160. Wang W, Chen J, Yu X, Lan H-Y. Signaling mechanisms of SARS-CoV-2 
Nucleocapsid protein in viral infection, cell death and inflammation. Int 
J Biol Sci. 2022;18(12):4704.

 161. Khanmohammadi S, Rezaei N. Role of Toll-like receptors in the patho-
genesis of COVID-19. J Med Virol. 2021;93(5):2735–9.

 162. Zhou Y, Little PJ, Downey L, Afroz R, Wu Y, Ta HT, et al. The role of toll-like 
receptors in atherothrombotic cardiovascular disease. ACS Pharmacol 
Transl Sci. 2020;3(3):457–71.

https://doi.org/10.1101/2020.04.21.053199


Page 28 of 31Kakavandi et al. Cell Communication and Signaling          (2023) 21:110 

 163. Salvi V, Nguyen HO, Sozio F, Schioppa T, Gaudenzi C, Laffranchi M, et al. 
SARS-CoV-2–associated ssRNAs activate inflammation and immunity 
via TLR7/8. JCI insight. 2021;6(18):e150542.

 164. Lester SN, Li K. Toll-like receptors in antiviral innate immunity. J Mol Biol. 
2014;426(6):1246–64.

 165. Chen H, Cui Y, Han X, Hu W, Sun M, Zhang Y, et al. Liquid–liquid phase 
separation by SARS-CoV-2 nucleocapsid protein and RNA. Cell Res. 
2020;30(12):1143–5.

 166. Weiss SR, Leibowitz JL. Coronavirus pathogenesis. Adv Virus Res. 
2011;81:85–164.

 167. Tilocca B, Soggiu A, Sanguinetti M, Babini G, De Maio F, Britti D, et al. 
Immunoinformatic analysis of the SARS-CoV-2 envelope protein as a 
strategy to assess cross-protection against COVID-19. Microbes Infect. 
2020;22(4–5):182–7.

 168. Stodola JK, Dubois G, Le Coupanec A, Desforges M, Talbot PJ. The OC43 
human coronavirus envelope protein is critical for infectious virus 
production and propagation in neuronal cells and is a determinant of 
neurovirulence and CNS pathology. Virology. 2018;515:134–49.

 169. Schoeman D, Fielding BC. Coronavirus envelope protein: current knowl-
edge. Virol J. 2019;16(1):1–22.

 170. Torres J, Wang J, Parthasarathy K, Liu DX. The transmembrane oligomers 
of coronavirus protein E. Biophys J. 2005;88(2):1283–90.

 171. Duart G, García-Murria MJ, Grau B, Acosta-Cáceres JM, Martínez-Gil L, 
Mingarro I. SARS-CoV-2 envelope protein topology in eukaryotic mem-
branes. Open Biol. 2020;10(9):200209.

 172. Ishida T. Review on the role of Zn2+ ions in viral pathogenesis and the 
effect of Zn2+ ions for host cell-virus growth inhibition. Am J Biomed 
Sci Res. 2019;2(1):28–37.

 173. Alspach B. Animated Videos: The Covid-19 Pandemic. 2021.
 174. Peng XL, Cheng JSY, Gong HL, Yuan MD, Zhao XH, Li Z, et al. Advances 

in the design and development of SARS-CoV-2 vaccines. Military Med 
Res. 2021;8(1):1–31.

 175. Kim C-H. SARS-CoV-2 evolutionary adaptation toward host entry and 
recognition of receptor O-Acetyl sialylation in virus–host interaction. Int 
J Mol Sci. 2020;21(12):4549.

 176. Desforges M, Desjardins J, Zhang C, Talbot PJ. The acetyl-esterase 
activity of the hemagglutinin-esterase protein of human coronavirus 
OC43 strongly enhances the production of infectious virus. J Virol. 
2013;87(6):3097–107.

 177. Shatizadeh Malekshahi S, Yavarian J, Shafiei-Jandaghi NZ. Usage of 
peptidases by SARS-CoV-2 and several human coronaviruses as recep-
tors: A mysterious story. Biotechnol Appl Biochem. 2022;69(1):124–8.

 178. Bakkers MJ, Lang Y, Feitsma LJ, Hulswit RJ, De Poot SA, Van Vliet AL, 
et al. Betacoronavirus adaptation to humans involved progressive 
loss of hemagglutinin-esterase lectin activity. Cell Host Microbe. 
2017;21(3):356–66.

 179. Wu A, Niu P, Wang L, Zhou H, Zhao X, Wang W, et al. Mutations, 
recombination and insertion in the evolution of 2019-nCoV. BioRxiv. 
2020:2020–02.

 180. Kesheh MM, Hosseini P, Soltani S, Zandi M. An overview on the seven 
pathogenic human coronaviruses. Rev Med Virol. 2022;32(2):e2282.

 181. Aldridge RW, Lewer D, Beale S, Johnson AM, Zambon M, Hayward 
AC, et al. Seasonality and immunity to laboratory-confirmed seasonal 
coronaviruses (HCoV-NL63, HCoV-OC43, and HCoV-229E): results from 
the Flu Watch cohort study. Wellcome Open Res. 2020;5:52.

 182. Fang P, Fang L, Zhang H, Xia S, Xiao S. Functions of Coronavirus Acces-
sory Proteins: overview of the State of the Art. Viruses. 2021;13(6):1139.

 183. Dijkman R, Jebbink MF, Wilbrink B, Pyrc K, Zaaijer HL, Minor PD, et al. 
Human coronavirus 229E encodes a single ORF4 protein between the 
spike and the envelope genes. Virol J. 2006;3(1):1–8.

 184. Padhan K, Minakshi R, Towheed MAB, Jameel S. Severe acute respira-
tory syndrome coronavirus 3a protein activates the mitochondrial 
death pathway through p38 MAP kinase activation. J Gen Virol. 
2008;89(8):1960–9.

 185. Fung TS, Liu DX. Human coronavirus: host-pathogen interaction. Annu 
Rev Microbiol. 2019;73(1):529–57.

 186. Enjuanes L, Almazán F, Sola I, Zuñiga S. Biochemical aspects of coro-
navirus replication and virus-host interaction. Annu Rev Microbiol. 
2006;60:211–30.

 187. Masters PS. The molecular biology of coronaviruses. Adv Virus Res. 
2006;66:193–292.

 188. Stertz S, Reichelt M, Spiegel M, Kuri T, Martínez-Sobrido L, García-Sastre 
A, et al. The intracellular sites of early replication and budding of SARS-
coronavirus. Virology. 2007;361(2):304–15.

 189. Miller S, Krijnse-Locker J. Modification of intracellular membrane struc-
tures for virus replication. Nat Rev Microbiol. 2008;6(5):363–74.

 190. Zhao Z, Lu K, Mao B, Liu S, Trilling M, Huang A, et al. The interplay 
between emerging human coronavirus infections and autophagy. 
Emerg Microbes Infect. 2021;10(1):196–205.

 191. Frieman MB, Yount B, Sims AC, Deming DJ, Morrison TE, Sparks J, et al. 
SARS coronavirus accessory ORFs encode luxury functions. The Nidovi-
ruses: Springer; 2006. p. 149–52.

 192. Hassan SS, Choudhury PP, Basu P, Jana SS. Molecular conservation and 
differential mutation on ORF3a gene in Indian SARS-CoV2 genomes. 
Genomics. 2020;112(5):3226–37.

 193. Wu KE, Fazal FM, Parker KR, Zou J, Chang HY. RNA-GPS predicts SARS-
CoV-2 RNA residency to host mitochondria and nucleolus. Cell Syst. 
2020;11(1):102-8. e3.

 194. Ajaz S, McPhail MJ, Singh KK, Mujib S, Trovato FM, Napoli S, et al. Mito-
chondrial metabolic manipulation by SARS-CoV-2 in peripheral blood 
mononuclear cells of patients with COVID-19. Am J Physiol-Cell Physiol. 
2021;320(1):C57–65.

 195. Lane RK, Hilsabeck T, Rea SL. The role of mitochondrial dys-
function in age-related diseases. Biochim Biophys Acta (BBA). 
2015;1847(11):1387–400.

 196. Pasquier C, Robichon A. Computational search of hybrid human/SARS-
CoV-2 dsRNA reveals unique viral sequences that diverge from those of 
other coronavirus strains. Heliyon. 2021;7(6):e07284.

 197. Ryback R, Eirin A. Mitochondria, a Missing Link in COVID-19 Heart 
Failure and Arrest? Front Cardiovasc Med. 2022;8:2184.

 198. Scozzi D, Cano M, Ma L, Zhou D, Zhu JH, O’Halloran JA, et al. Circulating 
mitochondrial DNA is an early indicator of severe illness and mortality 
from COVID-19. JCI Insight. 2021;6(4):e143299.

 199. Tian M, Liu W, Li X, Zhao P, Shereen MA, Zhu C, et al. HIF-1α promotes 
SARS-CoV-2 infection and aggravates inflammatory responses to 
COVID-19. Signal Transduct Target Ther. 2021;6(1):1–13.

 200. Agarwal S, Kaur S, Asuru TR, Joshi G, Shrimali NM, Singh A, et al. Dietary 
αKG inhibits SARS CoV-2 infection and rescues inflamed lungs to 
restore normal O2 saturation in animals. bioRxiv. 2022:2022–04.

 201. Serebrovska ZO, Chong EY, Serebrovska TV, Tumanovska LV, Xi L. 
Hypoxia, HIF-1α, and COVID-19: from pathogenic factors to potential 
therapeutic targets. Acta Pharmacol Sin. 2020;41(12):1539–46.

 202. Zalpoor H, Bakhtiyari M, Liaghat M, Nabi-Afjadi M, Ganjalikhani-
Hakemi M. Quercetin potential effects against SARS-CoV-2 infec-
tion and COVID-19-associated cancer progression by inhibiting 
mTOR and hypoxia-inducible factor-1α (HIF-1α). Phytother Res. 
2022;36(7):2679–82.

 203. Zalpoor H, Bakhtiyari M, Akbari A, Aziziyan F, Shapourian H, Liaghat M, 
et al. Potential role of autophagy induced by FLT3-ITD and acid cerami-
dase in acute myeloid leukemia chemo-resistance: new insights. Cell 
Commun Signal. 2022;20(1):172.

 204. Nepstad I, Hatfield KJ, Grønningsæter IS, Reikvam H. The PI3K-Akt-mTOR 
signaling pathway in human acute myeloid leukemia (AML) cells. Int J 
Mol Sci. 2020;21(8):2907.

 205. Sathaliyawala T, O’Gorman WE, Greter M, Bogunovic M, Konjufca 
V, Hou ZE, et al. Mammalian target of rapamycin controls dendritic 
cell development downstream of Flt3 ligand signaling. Immunity. 
2010;33(4):597–606.

 206. Heydt Q, Larrue C, Saland E, Bertoli S, Sarry J, Besson A, et al. Oncogenic 
FLT3-ITD supports autophagy via ATF4 in acute myeloid leukemia. 
Oncogene. 2018;37(6):787–97.

 207. Du W, Xu A, Huang Y, Cao J, Zhu H, Yang B, et al. The role of autophagy 
in targeted therapy for acute myeloid leukemia. Autophagy. 
2021;17(10):2665–79.

 208. Deeb G, Vaughan MM, McInnis I, Ford LA, Sait SN, Starostik P, et al. 
Hypoxia-inducible factor-1α protein expression is associated with poor 
survival in normal karyotype adult acute myeloid leukemia. Leuk Res. 
2011;35(5):579–84.

 209. Zalpoor H, Rezaei M, Yahyazadeh S, Ganjalikhani-Hakemi M. Flt3-ITD 
mutated acute myeloid leukemia patients and COVID-19: potential 
roles of autophagy and HIF-1α in leukemia progression and mortality. 
Hum Cell. 2022;35(4):1304–5.



Page 29 of 31Kakavandi et al. Cell Communication and Signaling          (2023) 21:110  

 210. Kapoor S, Subba P. Predicted peptide patterns from the SARS-CoV-2 
proteome for MS-MS based diagnosis. Bioinformation. 2020;16(6):477.

 211. Konno Y, Kimura I, Uriu K, Fukushi M, Irie T, Koyanagi Y, et al. SARS-CoV-2 
ORF3b is a potent interferon antagonist whose activity is increased by a 
naturally occurring elongation variant. Cell Rep. 2020;32(12):108185.

 212. Li J-Y, Liao C-H, Wang Q, Tan Y-J, Luo R, Qiu Y, et al. The ORF6, ORF8 and 
nucleocapsid proteins of SARS-CoV-2 inhibit type I interferon signaling 
pathway. Virus Res. 2020;286:198074.

 213. Lei X, Dong X, Ma R, Wang W, Xiao X, Tian Z, et al. Activation and 
evasion of type I interferon responses by SARS-CoV-2. Nat Commun. 
2020;11(1):1–12.

 214. Yuen C-K, Lam J-Y, Wong W-M, Mak L-F, Wang X, Chu H, et al. SARS-
CoV-2 nsp13, nsp14, nsp15 and orf6 function as potent interferon 
antagonists. Emerg Microbees Infect. 2020;9(1):1418–28.

 215. Huang C, Ito N, Tseng CTK, Makino S. Severe acute respiratory syn-
drome coronavirus 7a accessory protein is a viral structural protein. J 
Virol. 2006;80(15):7287–94.

 216. Pekosz A, Schaecher SR, Diamond MS, Fremont DH, Sims AC, Baric RS. 
Structure, expression, and intracellular localization of the SARS-CoV 
accessory proteins 7a and 7b. The Nidoviruses: Springer; 2006. p. 
115–20.

 217. Holcomb D, Alexaki A, Hernandez N, Laurie K, Kames J, Hamasaki-
Katagiri N, et al. Potential impact on coagulopathy of gene vari-
ants of coagulation related proteins that interact with SARS-CoV-2. 
bioRxiv. 2020:2020–09.

 218. Harshman SG, Shea M. The role of vitamin K in chronic aging diseases: 
inflammation, cardiovascular disease, and osteoarthritis. Curr Nutri Rep. 
2016;5(2):90–8.

 219. Shea MK, Booth SL, Massaro JM, Jacques PF, D’Agostino RB Sr, Dawson-
Hughes B, et al. Vitamin K and vitamin D status: associations with 
inflammatory markers in the Framingham Offspring Study. Am J Epide-
miol. 2008;167(3):313–20.

 220. Hodges SJ, Pitsillides AA, Ytrebø LM, Soper R. Anti-inflammatory actions 
of vitamin K. Vitamin K2: Vital for Health and Wellbeing. 2017;153.

 221. Moore JB, June CH. Cytokine release syndrome in severe COVID-19. 
Science. 2020;368(6490):473–4.

 222. Zhang C, Wu Z, Li J-W, Zhao H, Wang G-Q. Cytokine release syndrome in 
severe COVID-19: interleukin-6 receptor antagonist tocilizumab may be 
the key to reduce mortality. Int J Antimicrob Agents. 2020;55(5):105954.

 223. Janssen R, Visser MP, Dofferhoff AS, Vermeer C, Janssens W, Walk J. 
Vitamin K metabolism as the potential missing link between lung 
damage and thromboembolism in Coronavirus disease 2019. Br J Nutr. 
2021;126(2):191–8.

 224. Holcomb D, Alexaki A, Hernandez N, Hunt R, Laurie K, Kames J, et al. 
Gene variants of coagulation related proteins that interact with SARS-
CoV-2. PLoS Comput Biol. 2021;17(3):e1008805.

 225. Addetia A, Xie H, Roychoudhury P, Shrestha L, Loprieno M, Huang 
M-L, et al. Identification of multiple large deletions in ORF7a resulting 
in in-frame gene fusions in clinical SARS-CoV-2 isolates. J Clin Virol. 
2020;129:104523.

 226. Zhou Z, Huang C, Zhou Z, Huang Z, Su L, Kang S, et al. Structural insight 
reveals SARS-CoV-2 ORF7a as an immunomodulating factor for human 
CD14+ monocytes. IScience. 2021;24(3):102187.

 227. Hemmat N, Asadzadeh Z, Ahangar NK, Alemohammad H, Najafzadeh 
B, Derakhshani A, et al. The roles of signaling pathways in SARS-CoV-2 
infection; lessons learned from SARS-CoV and MERS-CoV. Adv Virol. 
2021;166(3):675–96.

 228. Mehta M, Prasher P, Sharma M, Shastri MD, Khurana N, Vyas M, et al. 
Advanced drug delivery systems can assist in targeting coronavirus 
disease (COVID-19): a hypothesis. Med Hypotheses. 2020;144:110254.

 229. Oladele JO, Oladele OT, Oyeleke OM, Oladiji AT. Neurological complica-
tions in COVID-19: Implications on International Health Security and 
Possible Interventions of Phytochemicals; In: Contemporary Devel-
opments and Perspectives in International Health Security. London; 
IntechOpen; 2021.

 230. Oladele JO, Ajayi EI, Oyeleke OM, Oladele OT, Olowookere BD, Adeniyi 
BM, et al. A systematic review on COVID-19 pandemic with special 
emphasis on curative potentials of Nigeria based medicinal plants. 
Heliyon. 2020;6(9):e04897.

 231. İnandıklıoğlu N, Akkoc T. Immune responses to SARS-CoV, MERS-CoV 
and SARS-CoV-2. Cell Biol Transl Med. 2020;9:5–12.

 232. Hassan SS, Choudhury PP, Roy B. Rare mutations in the accessory 
proteins ORF6, ORF7b, and ORF10 of the SARS-CoV-2 genomes. Meta 
Gene. 2021;28:100873.

 233. Gordon DE, Hiatt J, Bouhaddou M, Rezelj VV, Ulferts S, Braberg H, et al. 
Comparative host-coronavirus protein interaction networks reveal pan-
viral disease mechanisms. Science. 2020;370(6521):eaba9403.

 234. Flower TG, Buffalo CZ, Hooy RM, Allaire M, Ren X, Hurley JH. Structure of 
SARS-CoV-2 ORF8, a rapidly evolving immune evasion protein. Proc Natl 
Acad Sci. 2021;118(2):e2021785118.

 235. Park MD. Immune evasion via SARS-CoV-2 ORF8 protein? Nature Rev 
Immunol. 2020;20(7):408.

 236. Hansen TH, Bouvier M. MHC class I antigen presentation: learning from 
viral evasion strategies. Nat Rev Immunol. 2009;9(7):503–13.

 237. Zhang Y, Chen Y, Li Y, Huang F, Luo B, Yuan Y, et al. The ORF8 protein of 
SARS-CoV-2 mediates immune evasion through down-regulating MHC-
I. Proc Natl Acad Sci. 2021;118(23):e2024202118.

 238. Yoo J-S, Sasaki M, Cho SX, Kasuga Y, Zhu B, Ouda R, et al. SARS-CoV-2 
inhibits induction of the MHC class I pathway by targeting the STAT1-
IRF1-NLRC5 axis. Nat Commun. 2021;12(1):1–17.

 239. Velazquez-Salinas L, Zarate S, Eberl S, Gladue DP, Novella I, Borca MV. 
Positive selection of ORF1ab, ORF3a, and ORF8 genes drives the early 
evolutionary trends of SARS-CoV-2 during the 2020 COVID-19 pan-
demic. Front Microbiol. 2020;11:550674.

 240. Su YC, Anderson DE, Young BE, Linster M, Zhu F, Jayakumar J, et al. 
Discovery and genomic characterization of a 382-nucleotide deletion 
in ORF7b and ORF8 during the early evolution of SARS-CoV-2. MBio. 
2020;11(4):e01610-e1620.

 241. Moriyama M, Lucas C, Monteiro VS, Iwasaki A. SARS-CoV-2 variants do 
not evolve to promote further escape from MHC-I recognition. bioRxiv. 
2022.05.04.490614.

 242. Hassan SS, Aljabali AA, Panda PK, Ghosh S, Attrish D, Choudhury PP, 
et al. A unique view of SARS-CoV-2 through the lens of ORF8 protein. 
Comput Biol Med. 2021;133:104380.

 243. Rashid F, Suleman M, Shah A, Dzakah EE, Wang H, Chen S, et al. 
Mutations in SARS-CoV-2 ORF8 altered the bonding network with 
interferon regulatory factor 3 to evade host immune system. Front 
Microbiol. 2021;12:703145.

 244. Rashid F, Dzakah EE, Wang H, Tang S. The ORF8 protein of SARS-CoV-2 
induced endoplasmic reticulum stress and mediated immune evasion by 
antagonizing production of interferon beta. Virus Res. 2021;296:198350.

 245. Albutti A. Rescuing the Host Immune System by Targeting the Immune 
Evasion Complex ORF8-IRF3 in SARS-CoV-2 Infection with Natural Prod-
ucts Using Molecular Modeling Approaches. Int J Environ Res Public 
Health. 2021;19(1):112.

 246. Neches RY, Kyrpides NC, Ouzounis CA. Atypical divergence of 
SARS-CoV-2 Orf8 from Orf7a within the coronavirus lineage sug-
gests potential stealthy viral strategies in immune evasion. MBio. 
2021;12(1):e03014-e3020.

 247. Tan Y, Schneider T, Leong M, Aravind L, Zhang D. Novel immunoglobu-
lin domain proteins provide insights into evolution and pathogenesis 
of SARS-CoV-2-related viruses. MBio. 2020;11(3):e00760-e820.

 248. Zalpoor H, Akbari A, Nayerain Jazi N, Liaghat M, Bakhtiyari M. Possible 
role of autophagy induced by COVID-19 in cancer progression, chemo-
resistance, and tumor recurrence. Infect Agent Cancer. 2022;17(1):38.

 249. Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, et al. A 
SARS-CoV-2 protein interaction map reveals targets for drug repurpos-
ing. Nature. 2020;583(7816):459–68.

 250. Al Saba A, Adiba M, Saha P, Hosen MI, Chakraborty S, Nabi AN. An 
in-depth in silico and immunoinformatics approach for designing a 
potential multi-epitope construct for the effective development of vac-
cine to combat against SARS-CoV-2 encompassing variants of concern 
and interest. Comput Biol Med. 2021;136:104703.

 251. Hassan SS, Attrish D, Ghosh S, Choudhury PP, Uversky VN, Aljabali AA, 
et al. Notable sequence homology of the ORF10 protein introspects the 
architecture of SARS-CoV-2. Int J Biol Macromol. 2021;181:801–9.

 252. Wang H, Li X, Li T, Zhang S, Wang L, Wu X, et al. The genetic sequence, 
origin, and diagnosis of SARS-CoV-2. Eur J Clin Microbiol Infect Dis. 
2020;39(9):1629–35.

 253. Gu W, Gan H, Ma Y, Xu L, Cheng ZJ, Li B, et al. The molecular mecha-
nism of SARS-CoV-2 evading host antiviral innate immunity. Virol J. 
2022;19(1):1–11.



Page 30 of 31Kakavandi et al. Cell Communication and Signaling          (2023) 21:110 

 254. Moustaqil M, Ollivier E, Chiu HP, Van Tol S, Rudolffi-Soto P, Stevens C, 
et al. SARS-CoV-2 proteases cleave IRF3 and critical modulators of 
inflammatory pathways (NLRP12 and TAB1): implications for disease 
presentation across species and the search for reservoir hosts. 
Biorxiv. 2020:2020–06.

 255. Kamitani W, Narayanan K, Huang C, Lokugamage K, Ikegami T, Ito N, 
et al. Severe acute respiratory syndrome coronavirus nsp1 protein sup-
presses host gene expression by promoting host mRNA degradation. 
Proc Natl Acad Sci. 2006;103(34):12885–90.

 256. Schubert K, Karousis ED, Jomaa A, Scaiola A, Echeverria B, Gurzeler L-A, 
et al. SARS-CoV-2 Nsp1 binds the ribosomal mRNA channel to inhibit 
translation. Nat Struct Mol Biol. 2020;27(10):959–66.

 257. Tidu A, Janvier A, Schaeffer L, Sosnowski P, Kuhn L, Hammann P, et al. 
The viral protein NSP1 acts as a ribosome gatekeeper for shutting 
down host translation and fostering SARS-CoV-2 translation. RNA. 
2021;27(3):253–64.

 258. Woo PC, Huang Y, Lau SK, Yuen K-Y. Coronavirus genomics and bioinfor-
matics analysis. Viruses. 2010;2(8):1804–20.

 259. Bouhaddou M, Memon D, Meyer B, White KM, Rezelj VV, Marrero MC, 
et al. Emmie De wit, Andrew R. Leach, Tanja Kortemme, Brian Shoichet, 
Melanie Ott, Julio Saez-Rodriguez. Benjamin R tenOever, R Dyche 
Mullins, Elizabeth R Fischer, Georg Kochs, Robert Grosse, Adolfo García-
Sastre, Marco Vignuzzi, Jeffery R Johnson, Kevan M Shokat, Danielle L 
Swaney, Pedro Beltrao, and Nevan J Krogan. The global phosphoryla-
tion landscape of sars-cov-2 Infection. Cell. 2020;182(3):685–712.

 260. Laurent EM, Sofianatos Y, Komarova A, Gimeno JP, Tehrani PS, Kim DK, 
et al. Global BioID-based SARS-CoV-2 proteins proximal interactome 
unveils novel ties between viral polypeptides and host factors involved 
in multiple COVID19-associated mechanisms. BioRxiv. 2020. https:// doi. 
org/ 10. 1101/ 2020. 08. 28. 272955.

 261. Maiti S, Banerjee A, Nazmeen A, Kanwar M, Das S. Active-site molecular 
docking of nigellidine with nucleocapsid–NSP2–MPro of COVID-19 
and to human IL1R–IL6R and strong antioxidant role of Nigella sativa in 
experimental rats. J Drug Target. 2022;30(5):511–21.

 262. Maiti S, Banerjee A, Nazmeen A, Kanwar M, Das S. Active-site Molecular 
docking of Nigellidine to nucleocapsid/Nsp2/Nsp3/MPro of COVID-19 
and to human IL1R and TNFR1/2 may stop viral-growth/cytokine-flood, 
and the drug source Nigella sativa (black cumin) seeds show potent 
antioxidant role in experimental rats. 2020.

 263. Cornillez-Ty CT, Liao L, Yates JR III, Kuhn P, Buchmeier MJ. Severe acute 
respiratory syndrome coronavirus nonstructural protein 2 interacts 
with a host protein complex involved in mitochondrial biogenesis and 
intracellular signaling. J Virol. 2009;83(19):10314–8.

 264. Armstrong LA, Lange SM, Dee Cesare V, Matthews SP, Nirujogi RS, 
Cole I, et al. Biochemical characterization of protease activity of 
Nsp3 from SARS-CoV-2 and its inhibition by nanobodies. PLoS ONE. 
2021;16(7):e0253364.

 265. Frick DN, Virdi RS, Vuksanovic N, Dahal N, Silvaggi NR. Molecular basis 
for ADP-ribose binding to the Mac1 domain of SARS-CoV-2 nsp3. 
Biochemistry. 2020;59(28):2608–15.

 266. Domingo P, Mur I, Pomar V, Corominas H, Casademont J, de Benito N. 
The four horsemen of a viral Apocalypse: The pathogenesis of SARS-
CoV-2 infection (COVID-19). EBioMedicine. 2020;58:102887.

 267. Claverie J-M. A putative role of de-mono-ADP-ribosylation of STAT1 
by the SARS-CoV-2 Nsp3 protein in the cytokine storm syndrome of 
COVID-19. Viruses. 2020;12(6):646.

 268. Satarker S, Tom AA, Shaji RA, Alosious A, Luvis M, Nampoothiri M. JAK-
STAT pathway inhibition and their implications in COVID-19 therapy. 
Postgrad Med. 2021;133(5):489–507.

 269. Xia H, Cao Z, Xie X, Zhang X, Chen JYC, Wang H, et al. Evasion of type I 
interferon by SARS-CoV-2. Cell Reports. 2020;33(1):108234.

 270. Shin D, Mukherjee R, Grewe D, Bojkova D, Baek K, Bhattacharya A, et al. 
Papain-like protease regulates SARS-CoV-2 viral spread and innate 
immunity. Nature. 2020;587(7835):657–62.

 271. Prescott L. SARS-CoV-2 3CLpro whole human proteome cleavage 
prediction and enrichment/depletion analysis. Comput Biol Chem. 
2022;98:107671.

 272. Mu J, Fang Y, Yang Q, Shu T, Wang A, Huang M, et al. SARS-CoV-2 N pro-
tein antagonizes type I interferon signaling by suppressing phospho-
rylation and nuclear translocation of STAT1 and STAT2. Cell discovery. 
2020;6(1):1–4.

 273. Sakai Y, Kawachi K, Terada Y, Omori H, Matsuura Y, Kamitani W. Two-
amino acids change in the nsp4 of SARS coronavirus abolishes viral 
replication. Virology. 2017;510:165–74.

 274. Bass A, Liu Y, Dakshanamurthy S. Single-Cell and Bulk RNASeq Profiling 
of COVID-19 Patients Reveal Immune and Inflammatory Mechanisms of 
Infection-Induced Organ Damage. Viruses. 2021;13(12):2418.

 275. Asghari A, Naseri M, Safari H, Saboory E, Parsamanesh N. The novel 
insight of SARS-CoV-2 molecular biology and pathogenesis and thera-
peutic options. DNA Cell Biol. 2020;39(10):1741–53.

 276. O’Meara MJ, Guo JZ, Swaney DL, Tummino TA, Hüttenhain R. A SARS-
CoV-2-human protein-protein interaction map reveals drug targets and 
potential drug-repurposing. BioRxiv. 2020.

 277. Zhai Y, Sun F, Li X, Pang H, Xu X, Bartlam M, et al. Insights into SARS-CoV 
transcription and replication from the structure of the nsp7–nsp8 
hexadecamer. Nat Struct Mol Biol. 2005;12(11):980–6.

 278. Cottam EM, Maier HJ, Manifava M, Vaux LC, Chandra-Schoenfelder P, 
Gerner W, et al. Coronavirus nsp6 proteins generate autophagosomes 
from the endoplasmic reticulum via an omegasome intermediate. 
Autophagy. 2011;7(11):1335–47.

 279. Prentice E, Jerome WG, Yoshimori T, Mizushima N, Denison MR. Coro-
navirus replication complex formation utilizes components of cellular 
autophagy. J Biol Chem. 2004;279(11):10136–41.

 280. Peng Q, Peng R, Yuan B, Zhao J, Wang M, Wang X, et al. Structural and 
biochemical characterization of the nsp12-nsp7-nsp8 core polymerase 
complex from SARS-CoV-2. Cell Rep. 2020;31(11):107774.

 281. Konkolova E, Klima M, Nencka R, Boura E. Structural analysis of the puta-
tive SARS-CoV-2 primase complex. J Struct Biol. 2020;211(2):107548.

 282. Littler DR, Gully BS, Colson RN, Rossjohn J. Crystal structure of the SARS-
CoV-2 non-structural protein 9, Nsp9. Iscience. 2020;23(7):101258.

 283. Buchko GW, Zhou M, Craig JK, et al. Backbone chemical shift assign-
ments for the SARS-CoV-2 non-structural protein Nsp9: intermediate 
(ms – μs) dynamics in the C-terminal helix at the dimer interface. 
Biomol NMR Assign. 2021;15:107–16. https:// doi. org/ 10. 1007/ 
s12104- 020- 09992-1.

 284. Zhang C, Chen Y, Li L, Yang Y, He J, Chen C, et al. Structural basis for the 
multimerization of nonstructural protein nsp9 from SARS-CoV-2. Mol 
Biomed. 2020;1(1):1–9.

 285. Krafcikova P, Silhan J, Nencka R, Boura E. Structural analysis of the SARS-
CoV-2 methyltransferase complex involved in RNA cap creation bound 
to sinefungin. Nat Commun. 2020;11(1):1–7.

 286. Selvaraj C, Dinesh DC, Panwar U, Abhirami R, Boura E, Singh SK. 
Structure-based virtual screening and molecular dynamics simu-
lation of SARS-CoV-2 Guanine-N7 methyltransferase (nsp14) for 
identifying antiviral inhibitors against COVID-19. J Biomol Struct Dyn. 
2021;39(13):4582–93.

 287. Vithani N, Ward MD, Zimmerman MI, Novak B, Borowsky JH, Singh 
S, et al. SARS-CoV-2 Nsp16 activation mechanism and a cryp-
tic pocket with pan-coronavirus antiviral potential. Biophys J. 
2021;120(14):2880–9.

 288. Bhardwaj A, Sharma S, Singh SK. Molecular docking studies to identify 
promising natural inhibitors targeting SARS-CoV-2 nsp10-nsp16 protein 
complex. Turk J Pharm Sci. 2022;19(1):93.

 289. Dos Santos WG. Impact of virus genetic variability and host immu-
nity for the success of COVID-19 vaccines. Biomed Pharmacother. 
2021;136:111272.

 290. Chen Y, Su C, Ke M, Jin X, Xu L, Zhang Z, et al. Biochemical and struc-
tural insights into the mechanisms of SARS coronavirus RNA ribose 
2′-O-methylation by nsp16/nsp10 protein complex. PLoS Pathog. 
2011;7(10):e1002294.

 291. Kirchdoerfer RN, Ward AB. Structure of the SARS-CoV nsp12 polymerase 
bound to nsp7 and nsp8 co-factors. Nat Commun. 2019;10(1):1–9.

 292. Figueiredo-Nunes I, Trigueiro-Louro J, Rebelo-de-Andrade H. Exploring 
new antiviral targets for influenza and COVID-19: Mapping promising 
hot spots in viral RNA polymerases. Virology. 2023;578:45–60.

 293. Ahn D-G, Choi J-K, Taylor DR, Oh J-W. Biochemical characteriza-
tion of a recombinant SARS coronavirus nsp12 RNA-dependent 
RNA polymerase capable of copying viral RNA templates. Adv Virol. 
2012;157(11):2095–104.

 294. Gao Y, Yan L, Huang Y, Liu F, Zhao Y, Cao L, et al. Structure of the 
RNA-dependent RNA polymerase from COVID-19 virus. Science. 
2020;368(6492):779–82.

https://doi.org/10.1101/2020.08.28.272955
https://doi.org/10.1101/2020.08.28.272955
https://doi.org/10.1007/s12104-020-09992-1
https://doi.org/10.1007/s12104-020-09992-1


Page 31 of 31Kakavandi et al. Cell Communication and Signaling          (2023) 21:110  

 295. Jiang Y, Yin W, Xu HE. RNA-dependent RNA polymerase: Structure, 
mechanism, and drug discovery for COVID-19. Biochem Biophys Res 
Commun. 2021;538:47–53.

 296. Wang M-Y, Zhao R, Gao L-J, Gao X-F, Wang D-P, Cao J-M. SARS-CoV-2: 
structure, biology, and structure-based therapeutics development. 
Front Cell Infect Microbiol. 2020;10:587269.

 297. Yin W, Mao C, Luan X, Shen D-D, Shen Q, Su H, et al. Structural basis for 
inhibition of the RNA-dependent RNA polymerase from SARS-CoV-2 by 
remdesivir. Science. 2020;368(6498):1499–504.

 298. Mirza MU, Froeyen M. Structural elucidation of SARS-CoV-2 vital pro-
teins: Computational methods reveal potential drug candidates against 
main protease, Nsp12 polymerase and Nsp13 helicase. J Pharm Anal. 
2020;10(4):320–8.

 299. Naidu SAG, Mustafa G, Clemens RA, Naidu AS. Plant-Derived Natural 
Non-Nucleoside Analog Inhibitors (NNAIs) against RNA-Dependent 
RNA Polymerase Complex (nsp7/nsp8/nsp12) of SARS-CoV-2. J Diet 
Suppl. 2023;20(2):254–83. https:// doi. org/ 10. 1080/ 19390 211. 2021. 
20063 87.

 300. Newman JA, Douangamath A, Yadzani S, Yosaatmadja Y, Aimon A, 
Brandão-Neto J, et al. Structure, mechanism and crystallographic 
fragment screening of the SARS-CoV-2 NSP13 helicase. Nat Commun. 
2021;12(1):1–11.

 301. Mickolajczyk KJ, Shelton PM, Grasso M, Cao X, Warrington SE, Aher A, 
et al. Force-dependent stimulation of RNA unwinding by SARS-CoV-2 
nsp13 helicase. Biophys J. 2021;120(6):1020–30.

 302. White MA, Lin W, Cheng X. Discovery of COVID-19 inhibitors targeting 
the SARS-CoV-2 Nsp13 helicase. J Phys Chem Lett. 2020;11(21):9144–51.

 303. Ishida ST. Zinc (II) Immune Virucidal Activities for 2019-nCoV Preven-
tion and COVID-19 Respiratory Ailment and Pneumonia. IJMRHS. 
2020;5:21–33.

 304. Shu T, Huang M, Wu D, Ren Y, Zhang X, Han Y, et al. SARS-coronavirus-2 
Nsp13 possesses NTPase and RNA helicase activities that can be inhib-
ited by bismuth salts. Virologica Sinica. 2020;35(3):321–9.

 305. Baddock HT, Brolih S, Yosaatmadja Y, Ratnaweera M, Bielinski M, Swift 
LP, et al. Characterization of the SARS-CoV-2 ExoN (nsp14ExoN–nsp10) 
complex: implications for its role in viral genome stability and inhibitor 
identification. Nucleic Acids Res. 2022;50(3):1484–500.

 306. Ogando NS, Zevenhoven-Dobbe JC, van der Meer Y, Bredenbeek PJ, 
Posthuma CC, Snijder EJ. The enzymatic activity of the nsp14 exoribo-
nuclease is critical for replication of MERS-CoV and SARS-CoV-2. J Virol. 
2020;94(23):e01246-e1320.

 307. Ahmed-Belkacem R, Sutto-Ortiz P, Guiraud M, Canard B, Vasseur J-J, 
Decroly E, et al. Synthesis of adenine dinucleosides SAM analogs as 
specific inhibitors of SARS-CoV nsp14 RNA cap guanine-N7-methyl-
transferase. Eur J Med Chem. 2020;201:112557.

 308. Bouvet M, Imbert I, Subissi L, Gluais L, Canard B, Decroly E. RNA 3’-end 
mismatch excision by the severe acute respiratory syndrome coronavi-
rus nonstructural protein nsp10/nsp14 exoribonuclease complex. Proc 
Natl Acad Sci. 2012;109(24):9372–7.

 309. Ferron F, Subissi L, Silveira De Morais AT, Le NTT, Sevajol M, Gluais L, et al. 
Structural and molecular basis of mismatch correction and ribavirin 
excision from coronavirus RNA. Proc Natl Acad Sci. 2018;115(2):E162–71.

 310. Eckerle LD, Becker MM, Halpin RA, Li K, Venter E, Lu X, et al. Infidelity of 
SARS-CoV Nsp14-exonuclease mutant virus replication is revealed by 
complete genome sequencing. PLoS Pathog. 2010;6(5):e1000896.

 311. Eckerle LD, Lu X, Sperry SM, Choi L, Denison MR. High fidelity of murine 
hepatitis virus replication is decreased in nsp14 exoribonuclease 
mutants. J Virol. 2007;81(22):12135–44.

 312. Chen Y, Cai H, Pan JA, Xiang N, Tien P, Ahola T, et al. Functional screen 
reveals SARS coronavirus nonstructural protein nsp14 as a novel cap N7 
methyltransferase. Proc Natl Acad Sci. 2009;106(9):3484–9.

 313. Hsu JCC, Laurent-Rolle M, Pawlak JB, Wilen CB, Cresswell P. Translational 
shutdown and evasion of the innate immune response by SARS-CoV-2 
NSP14 protein. Proc Natl Acad Sci. 2021;118(24):e2101161118.

 314. Low ZY, Zabidi NZ, Yip AJW, Puniyamurti A, Chow VT, Lal SK. SARS-CoV-2 
non-structural proteins and their roles in host immune evasion. Viruses. 
2022;14(9):1991.

 315. Kumar A, Ishida R, Strilets T, Cole J, Lopez-Orozco J, Fayad N, 
et al. SARS-CoV-2 nonstructural protein 1 inhibits the interferon 
response by causing depletion of key host signaling factors. J Virol. 
2021;95(13):e00266-e321.

 316. Kim Y, Jedrzejczak R, Maltseva NI, Wilamowski M, Endres M, Godzik A, 
et al. Crystal structure of Nsp15 endoribonuclease NendoU from SARS-
CoV-2. Protein Sci. 2020;29(7):1596–605.

 317. Tazikeh-Lemeski E, Moradi S, Raoufi R, Shahlaei M, Janlou MAM, Zol-
ghadri S. Targeting SARS-COV-2 non-structural protein 16: a virtual drug 
repurposing study. J Biomol Struct Dyn. 2021;39(13):4633–46.

 318. Padron-Regalado E. Vaccines for SARS-CoV-2: lessons from other coro-
navirus strains. Infect Dis Ther. 2020;9(2):255–74.

 319. Chavda VP, Vora LK, Pandya AK, Patravale VB. Intranasal vaccines for 
SARS-CoV-2: From challenges to potential in COVID-19 management. 
Drug Discovery Today. 2021;26(11):2619–36.

 320. Ng WH, Liu X, Mahalingam S. Development of vaccines for SARS-CoV-2. 
F1000Research. 2020;9:991. https:// doi. org/ 10. 12688/ f1000 resea rch. 
25998.1.

 321. Funk CD, Laferrière C, Ardakani A. A snapshot of the global race for 
vaccines targeting SARS-CoV-2 and the COVID-19 pandemic. Front 
Pharmacol. 2020;11:937.

 322. Awadasseid A, Wu Y, Tanaka Y, Zhang W. Current advances in the devel-
opment of SARS-CoV-2 vaccines. Int J Biol Sci. 2021;17(1):8.

 323. Pascual-Iglesias A, Canton J, Ortega-Prieto AM, Jimenez-Guardeño JM, 
Regla-Nava JA. An overview of vaccines against SARS-CoV-2 in the 
COVID-19 pandemic era. Pathogens. 2021;10(8):1030.

 324. Richmond P, Hatchuel L, Dong M, Ma B, Hu B, Smolenov I, et al. Safety 
and immunogenicity of S-Trimer (SCB-2019), a protein subunit vaccine 
candidate for COVID-19 in healthy adults: a phase 1, randomised, dou-
ble-blind, placebo-controlled trial. The lancet. 2021;397(10275):682–94.

 325. Bravo L, Smolenov I, Han HH, Li P, Hosain R, Rockhold F, et al. Efficacy of 
the adjuvanted subunit protein COVID-19 vaccine, SCB-2019: a phase 2 
and 3 multicentre, double-blind, randomised, placebo-controlled trial. 
The Lancet. 2022;399(10323):461–72.

 326. bin Umair M, Akusa FN, Kashif H, Butt F, Azhar M, Munir I, et al. Viruses 
as tools in gene therapy, vaccine development, and cancer treatment. 
Arch Virol. 2022;167(6):1387–404.

 327. Krammer F. SARS-CoV-2 vaccines in development. Nature. 
2020;586(7830):516–27.

 328. Organization WH. DRAFT landscape of COVID-19 candidate vaccines–4 
March 2020. 2020.

 329. Pandey SC, Pande V, Sati D, Upreti S, Samant M. Vaccination strategies to 
combat novel corona virus SARS-CoV-2. Life Sci. 2020;256:117956.

 330. Dai L, Zheng T, Xu K, Han Y, Xu L, Huang E, et al. A universal design of 
betacoronavirus vaccines against COVID-19, MERS, and SARS. Cell. 
2020;182(3):722–33. e11.

 331. Yang S, Li Y, Dai L, Wang J, He P, Li C, et al. Safety and immunogenic-
ity of a recombinant tandem-repeat dimeric RBD-based protein 
subunit vaccine (ZF2001) against COVID-19 in adults: two randomised, 
double-blind, placebo-controlled, phase 1 and 2 trials. Lancet Infect Dis. 
2021;21(8):1107–19.

 332. Khan S, Shaker B, Ahmad S, Abbasi SW, Arshad M, Haleem A, et al. 
Towards a novel peptide vaccine for Middle East respiratory syndrome 
coronavirus and its possible use against pandemic COVID-19. J Mol Liq. 
2021;324:114706.

 333. Naz A, Shahid F, Butt TT, Awan FM, Ali A, Malik A. Designing multi-
epitope vaccines to combat emerging coronavirus disease 2019 
(COVID-19) by employing immuno-informatics approach. Front Immu-
nol. 2020;11:1663.

 334. Ong E, Wong MU, Huffman A, He Y. COVID-19 coronavirus vaccine 
design using reverse vaccinology and machine learning. Front Immu-
nol. 2020;11:1581.

 335. Yang J, Wang W, Chen Z, Lu S, Yang F, Bi Z, et al. A vaccine targeting 
the RBD of the S protein of SARS-CoV-2 induces protective immunity. 
Nature. 2020;586(7830):572–7.

 336. Lei C, Qian K, Li T, Zhang S, Fu W, Ding M, et al. Neutralization of SARS-
CoV-2 spike pseudotyped virus by recombinant ACE2-Ig. Nat Commun. 
2020;11(1):1–5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1080/19390211.2021.2006387
https://doi.org/10.1080/19390211.2021.2006387
https://doi.org/10.12688/f1000research.25998.1
https://doi.org/10.12688/f1000research.25998.1

	Structural and non-structural proteins in SARS-CoV-2: potential aspects to COVID-19 treatment or prevention of progression of related diseases
	Abstract 
	Introduction
	Spike protein
	Specific receptors of spike protein
	ACE2
	EphrinEph receptors
	Neuropilin-1 (NRP-1)
	CD147

	Targeting spike protein by using lectins and lectibodies
	Membrane protein
	Nucleocapsid protein
	Envelope protein
	Hemagglutinin esterase protein

	Nonstructural proteins of SARS-CoV-2
	Accessory proteins
	ORF3a
	ORF3b
	ORF6
	ORF7a
	ORF7b
	ORF 8a
	ORF8b
	ORF10

	Replicase proteins
	NSP1
	NSP2
	NSP3
	NSP4
	NSP5
	NSP6
	NSP7-8
	NSP8 primase
	NSP9
	NSP10
	NSP12 polymerase
	NSP13 helicase
	NSP14
	NSP15
	NSP16

	Vaccines for the SARS-CoV-2 virus
	Viral vectors
	Live attenuated vaccines


	Conclusion and future directions
	Acknowledgements
	References


