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Abstract: Coronaviruses are positive sense, single-stranded, enveloped, and non-segmented RNA 
viruses that belong to the Coronaviridae family within the order Nidovirales and suborder Coro-
navirinae. Two Alphacoronavirus strains: HCoV-229E and HCoV-NL63 and five Betacoronaviruses: 
HCoV-HKU1, HCoV-OC43, SARS-CoV, MERS-CoV, and SARS-CoV-2 have so far been recognized 
as Human Coronaviruses (HCoVs). Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 
is currently the greatest concern for humanity. Despite the overflow of research on SARS-CoV-2 
and other HCoVs published every week, existing knowledge in this area is insufficient for the com-
plete understanding of the viruses and the diseases caused by them. This review is based on the 
analysis of 210 published works, and it attempts to cover the basic biology of coronaviruses, includ-
ing the genetic characteristics, life cycle, and host-pathogen interaction, pathogenesis, the antiviral 
drugs, and vaccines against HCoVs, especially focusing on SARS-CoV-2. Furthermore, we will 
briefly discuss the potential link between extracellular vesicles (EVs) and SARS-CoV-2/COVID-19 
pathophysiology. 
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1. Introduction 
HCoVs have long been known to spread in the world population. Severe acute res-

piratory syndrome-coronavirus (SARS-CoV), severe acute respiratory syndrome-corona-
virus-2 (SARS-CoV-2), and Middle East respiratory syndrome-coronavirus (MERS-CoV) 
have appeared most recently within the last 20 years in the human population. SARS-
CoV, SARS-CoV-2, and MERS-CoV are relatively highly pathogenic as compared to other 
endemic species of HCoVs [1,2]. COVID-19, which is caused by SARS-CoV-2, initially ap-
peared in China in December 2019, has now circulated worldwide, and been declared as 
a pandemic [3,4]. As of 2 September 2021, a total of 218,205,951 cases of COVID-19, in-
cluding 4,526,583 deaths, as per the data released from World Health Organization 
(WHO) have been confirmed globally (https://covid19.who.int/. Accessed on 02 Septem-
ber 2021). About 10–15% of all COVID-19 cases have been reported to develop severe dis-
ease and approximately 5% shows critical illnesses [5]. On the basis of analysis of whole-
genome sequencing (WGS) and whole -exome sequencing (WES) data on host individu-
als, critical illnesses can be correlated with genes involved in innate antiviral defense such 
as Interferon Alpha and Beta Receptor Subunit 2 (IFNAR2) and Oligoadenylate Synthe-
tase (OAS), and the genes mediating the life-threatening late phage of COVID-19 such as 
Dipeptidyl Peptidase 9 (DPP9), Tyrosine Kinase 2 (TYK2), and Chemokine (C-C motif) 
Ligand 2 (CCL2). The genetics of individuals has thus been attributed to the susceptibility 
and host response elicited by SARS-CoV-2 as well as the severity of COVID-19 disease 
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[6,7]. On the other hand, blocking of ADAM-17 mediated Angiotensin converting enzyme 
2 (ACE2) shedding and upregulation of ACE2-Angiotensin-1-7-MasR axis of Renin Angi-
otensin System (RAS) (see Figure 1 for detailed information regarding this pathway) have 
been found to mediate enhanced COVID-19 severity in males [8]. Similarly, a mutation in 
the Toll-Like Receptor (TLR) 7 gene has also been suggested as another underlining mech-
anism for higher susceptibility of males towards COVID-19 [9]. Despite the overflow of 
research on SARS-CoV-2 and other HCoVs published every week, existing knowledge in 
this area is insufficient for complete understanding of viruses and the disease caused by 
them. So only the exhaustive studies on the virology of SARS-CoV-2, genetics of host re-
sponse and pathophysiology can offer the basis for the development and advancement of 
preventive as well as therapeutic strategies against the disease [10]. 

 
Figure 1. Flowchart of RAS. ACE, Angiotensin converting enzyme; AT1R, Angiotensin type 1 re-
ceptor; AT2R, type 2 receptor; MasR, Mas receptor. The boxes wrap the relevant enzymes catalyzing 
the reaction (created with BioRendor.com. Accessed on 09 September 2021). 

2. Coronaviruses 
Coronaviruses are positive sense, single-stranded, enveloped RNA viruses that be-

long to the Coronaviridae family within the order Nidovirales and suborder Coronaviri-
nae [1,11,12]. Expression of the replicase polyprotein via ribosomal frameshifting, gene 
expression from 3′-nested subgenomic RNAs (sg RNAs) and unique activities of enzymes 
in the replicase protein products are the peculiar features of not only coronaviruses, but 
all Nidoviruses [13]; including toroviruses, roniviruses, and arteriviruses, in addition to 
the coronaviruses [13,14]. Coronaviruses are 80–120 nm in diameter, with extreme sizes 
approximately as small as 50 nm and as large as 200 nm: roughly spherical and moderately 
pleomorphic. The non-segmented genome has a length ranging from 27.3 to 31.1 kb, mak-
ing this the largest among RNA genomes. As in eukaryotes, their messenger RNA 
(mRNA) also have 5′-cap and 3′-polyA tails [2,13]. The general structure of coronavirus 
has been depicted in the Figure 2 below. 
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Figure 2. A typical virion structure of a coronavirus (created with BioRender.com. Accessed on 28 July 2021). 

As in Figure 3, the genome of the coronaviruses is usually ordered in the following 
sequence in the 5′–3′ direction: replicase (rep) gene, spike (S), envelope (E), membrane 
(M), nucleocapsid (N), and accessory genes (interspersed between S and N proteins). The 
genome is flanked at both ends by untranslated regions (UTRs) [12,15]. 

 
Figure 3. Genomic organization of SARS-CoV, where one third of the right part of the genome encodes nine accessory 
proteins (3a, 3b, 6, 7a, 7b, 8a, 8b and 9b). These are interspersed between genes encoding structural proteins (S, E, M, N). 
UTRs are flanking the RNA at both 5′ and 3′ ends. Capping represented by solid yellow and leader sequence indicated by 
L are at 5′-end. ORF, Open reading frame; UTR, Untranslated region (created with BioRender.com. Accessed on 
07/28/2021). 

A classic coronavirus genome consists of five open reading frames (ORFs): ORFs en-
coding a 5’-polyproteins (pp): ORF1a/ab, and four 3’-structural proteins: S, E, M, and N 
[16]. The first ORFa/b (replicase (Rep) gene) encodes 15 or 16 non-structural proteins 
(nsps) (1–15 or 1–16 nsps). The nsps are required for replication of the virus [12,17,18]. 
ORF1a/b from the 5′-capped RNA genomes is translated to produce a shorter polyprotein 
(pp1a, including nsps 1–11) or a longer polyprotein (pp1ab, including nsp1–10 and nsp12–
16) based on whether the stop codon is recognized or bypassed at the end of ORF1a, re-
spectively. The minus one (−1) ribosomal frameshifting just upstream of the stop codon in 
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the overlapping region between ORF1a and ORF1b ends up in bypassing the ORF1a stop 
codon. This directs the process into the production of the larger pp1ab polyprotein 
[2,17,19]. The presence of a hairpin-like RNA pseudoknot (PK) structure and a heptanucle-
otide slippery sequence (UUUAAAC) that precedes the PK structure, is responsible for 
triggering the frameshifting event [19,20]. Both the replication of genome and the produc-
tion of the nested set of sg mRNAs are mediated by the nsps, which are encoded in the 
replicase gene and assembled into the membrane associated viral replication-transcription 
complex (RTC) together with possibly a few numbers of cellular proteins and the viral N 
protein. From these proteins, RNA dependent RNA polymerase (RdRp) (nsp12); nsp7-
nsp8 complex, which is a processivity factor for the RdRp; and helicase (nsp13) are 
formed. These are the key enzymes involved in coronavirus RNA synthesis [1,19,21]. 

Coronaviruses are known to encode a distinct set of RNA-altering activities that are 
not present in other viral RNA genomes. One of them is nsp14 (Exonuclease N, ExoN) 
proofreading activity, which is linked to the DEDD superfamily of exonucleases. It confers 
increased fidelity so that it is believed to assist in the replication-transcription process of 
larger viral genomes [1,19,21,22]. In addition, nsp14 also contains the N7-methyltransfer-
ase (N7-MTase) domain in its C-terminal, which is supposed to help in the viral mRNA 
capping [21,23]. 

Accessory and structural proteins are coded by other ORFs from the genome’s 3′- end 
[1]. The accessory proteins vary in number and in a species-specific manner. Among struc-
tural proteins, the S protein binding to the relevant receptor of target cell mediates viral 
entry and then the process of fusion with the host cell membrane is initiated [1,19,24]. The 
E protein facilitates the viral assembly by forming an ion channel in the membrane [19,25]. 
The morphogenesis of virus is mediated by the M protein through incorporation of essen-
tial viral components into new virions. Association of N protein with M protein and viral 
genome directs genome packaging into new viral particles [19]. Some coronaviruses, es-
pecially some Betacoronaviruses may also have a second peripheral short 5–10 nm long 
hemagglutinin esterase protein spike [13,26]. Interspersed between structural proteins are 
accessory proteins, which are suspected to have important roles including the interferon 
(IFN) signaling pathways and pro-inflammatory cytokine production; although they are 
considered dispensable for virus replication in cell culture [1,27]. 

While replication of coronavirus is continuous, transcription is discontinuous [21]. 
The positive-sense genomic RNA copies are synthesized during replication [1,2,12,19]. 
These mRNAs are translated to more nsps and replication transcription complexes are 
assembled into new virions [1,19,28]. In the process, diverting host endomembrane into 
replication organelles has been hypothesized to be mediated by membrane-spanning 
nsp3, nsp4, and nsp6. Subsequent discontinuous transcription and translation into various 
proteins helps run the life cycle of coronaviruses [1,12,19,29,30]. 

The family Coronaviridae is further classified into the subfamily Orthocoronavirinae 
consisting of four genera or groups (1–4): Alphacoronavirus, Betacoronavirus, Gamma-
coronavirus, and Deltacoronavirus. While Gammacoronavirus and Deltacoronavirus in-
clude avian and animal coronaviruses, causing respiratory and some other types of dis-
eases; Alphacoronavirus and Betacoronavirus consists of human and animal coronavirus 
infections that mainly result in respiratory and enteric diseases, posing a challenge for 
public health by causing severe outbreaks and even pandemics. As the latter have affected 
livestock and companion animals, they are veterinary and economic concerns as well 
[1,2,11,12,19,31,32]. 

3. Human (Pathogenic) Coronaviruses 
Two Alphacoronavirus strains (HCoV-229E and HCoV-NL63) and five Betacorona-

viruses (HCoV-HKU1, HCoV-OC43, SARS-CoV, MERS-CoV, and SARS-CoV-2) have so 
far been recognized as HCoVs [2,12,19]. HCoV-229E, HCoV-NL63, HCoV-OC43, and 
HCoV-HKU1 which are circulating in endemic forms worldwide in the human popula-
tion [2,12,33], commonly cause 10–30% cases of common colds globally and are known to 
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cause mild upper respiratory illnesses [19,34]. Two zoonotic HCoVs: MERS-CoV and 
SARS-CoV along with recently emerged SARS-CoV-2 are highly pathogenic strains [2,12]. 
These strains have been thought to have emerged into the human population from wild-
life through spillover events, causing severe illnesses of the respiratory tract especially the 
infections of lower respiratory tract. SARS-CoV appeared in 2002, MERS-CoV in 2011, and 
SARS-CoV-2 was first reported in 2019, with its devastating attack against humanity still 
in existence [19,35]. Recent sequence database survey analysis revealed that all HCoVs 
originated from animals: HCoV-NL63, HCoV-229E, SARS-CoV, and MERS-CoV from 
bats, and, HCoV-OC43 and HCoV- HKU1 from rodents [12,36–38]. In addition to the nat-
ural/reservoir host, intermediate hosts are required for the transmission of the many vi-
ruses from reservoir hosts to humans [12,18,39]. Palm civets, bovines, and dromedary 
camels are the intermediate hosts confirmed for SARS-CoV, HCoV-OC43, and MERS-CoV 
respectively [18,33,40]. Similarly, HCoV-229E is more closely related to viruses circulating 
in camels than to those in bats, suggesting camelids as the possible intermediate host be-
tween bat and human [41]. Interestingly, as amino acids sequences at the receptor binding 
domain (RBD) of the S protein of SARS-CoV-2 and coronavirus strain isolated from pan-
golins displayed 97.4% homology and 5 identical amino acid residues, the latter are most 
likely the intermediate host of the SARS-CoV-2 [18,33,42]. Intermediate hosts for the re-
maining two HCoVs are unknown so far [19,40]. The comparative properties of seven 
HCoVs and associated diseases have been summarized in Table 1 below. 
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Table 1. Comparative features of seven HCoVs and associated diseases. 

 HCoV-229E HCoV-NL63 HCoV-HKU1 HCoV-OC43 MERS-CoV SARS-CoV SARS-CoV-2 Reference 
Genus Alpha-CoV Alpha-CoV Beta-CoV Beta-CoV Beta-CoV Beta-CoV Beta-CoV [12] 

Length (bp) 27,317 27,553 29,926 30,741 30,119 29,751 29,903 [12] 
% Identity 

with SARS-
Cov2 

65.04 65.11 67.59 68.93 69.58 82.45 100 [12] 

Accession 
No. 

NC_002645 NC_005831 NC_006577 NC_006213 NC_015843 NC_004718 NC_045512 [12] 

Case fatality 
rate (CFR) 

(%) 
-* -* -* -* ~35 (838/2428) ~10 (776/8000) 

1–4 
(4,526,583/218,20

5,951 as of 2 
September 2021) 

[43] 

Basic 
Reproduction 

no. (R0) 
-* -* -* -* >1 3 2–2.5 [43] 

Host receptor APN ACE2 
O-Acetylated 

Sialic Acid 
O-Acetylated 

Sialic Acid 
DPP4 ACE2 ACE2 [43–46] 

Epidemiologi
cal effect 

Endemic Endemic Endemic Endemic 
Regional 
outbreak 

Global 
Pandemic 

Global Pandemic [12,45] 

APN, Aminopeptidase N; DPP4, Dipeptidyl peptidase 4. Case fatality rate (CFR) is the percentage of the number of deaths 
out of the total number of cases. Basic reproduction number/ratio/rate (R0) of infection is the projected number of cases 
directly created by one case in a population where all individuals are equally prone to infection [47]. * As the HCoV-229E, 
HCoV-NL63, HCoV-OC43, and HCoV-HKU1 are endemic/community acquired HCoVs causing mild respiratory infec-
tions, not so much has been studied in epidemiological level [34], so CFR and R0 were not included for them. 

4. Transmissions 
Human-to-human transmissions of coronaviruses can occur via droplets, contami-

nated hands, or surfaces. These viruses can remain infectious on inanimate surfaces for 
up to nine days [48]. SARS-CoV-2 can go directly from person-to-person, enabling their 
spread by respiratory droplets, face-to-face contact, and fomite [4,49]. Surprisingly, pre-
symptomatic carriers cause an estimated 48–62% of SARS-CoV-2 transmission [50]. Inha-
lation of virus, deposition of virus on exposed mucous membranes, and touching mucous 
membranes with soiled hands contaminated with virus are the key routes of SARS-CoV-
2 transmission. Notably the risk of SARS-CoV-2 infection has been reported to differ ac-
cording to the volume of virus to which a person is exposed. Recently it has also been 
noticed that transmission of SARS-CoV-2 from inhalation of the air droplet farther than 
six feet from a person to person can also be possible [51]. 

5. Host-Virus Interactions 
After adherence of viral S protein to the host cell receptor marking the initiation point 

of coronavirus infection, the host protease cleaves the S protein into S1 and S2 subunits 
which represents the N-terminal receptor binding domain and C-terminal domain of S 
protein, respectively [2,12,52]. Transmembrane surface serine protease 2 (TMPRSS2) helps 
in this process in case of SARS-CoV-2 [1,2,53]. However, in SARS-CoV, endocytosis me-
diated entry may possibly involve the endosomal cysteine protease Cathepsin B and L 
(Cts B and Cts L) [1,2,54]. During the binding and entry process, the virus-cell tropism 
and pathogenicity are determined by the RBD found in the surface exposed S1 subunit, 
which engages the host cell receptor. Similarly, heptad repeat (HR) regions: HR1 and HR2, 
and the fusion peptide (FP) contained in the transmembrane S2 domain mediate extensive 
conformational rearrangements [1,2,12,55,56]. For this, the formation of a six-helix bundle 
(6-HB) fusion core mediated by the interaction between HR1 and HR2 brings two cell 
surfaces in proximity. This rearrangement or change facilitates fusion of virus and the host 
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cellular membrane, which permits the passage of essential nucleocapsid into the host cel-
lular cytoplasm by facilitating correct lipid bilayer orientation and location [2,12,13,18,57–
59]. Even after the separation of S2 from S1 by the first cleavage event, the two domains 
keep their association non-covalently. The second event of cleavage at S2 is compulsory, 
which leads to the final fusion of the viral and cellular membranes enabling the actual and 
complete release of the N protein-coated viral RNA genome into the cytoplasm [2,18,19]. 
During the first cleavage of S protein in the case of SARS-CoV-2, the efficient cleavage by 
the prototype protein convertase (furin) is believed to be mediated by the acquisition of a 
polybasic cleavage site (PRRAR) at the S1–S2 boundary [1,12]. In the process, proline in-
sertion at the junction of S1 and S2 subunits may help in incorporation of O-linked glycans 
to the residues within cleavage site by the formation of a stem-loop structure. As both the 
effective infection and overcoming the species barriers might have been influenced by 
efficient S protein cleavage; such a cleavage can be proposed to be the reason for enhanced 
infection and even the evolution of SARS-CoV-2 [1,12,19,60–63]. Additionally, relatively 
increased cell tropism, enhanced zoonotic potential, and heightened transmissibility of 
SARS-CoV-2 other than HCoVs may be caused by this furin mediated pre-processing of 
the SARS-CoV-2 S protein [1,2,12,19,64,65]. After endocytosis, lipid bilayers are taken 
apart by lysosomal enzymes which are produced by type II pneumocytes. Next, the virus 
uses the host cell RNA polymerase and ribosomes for transcription of viral RNA, and the 
viral load within the host cell is increased [3]. 

For mRNA translation into Rep pp, the genomic RNA acts as mRNA [12]. In this 
process, synthesis of PP1a and PP1ab is performed by the expression of the ORF1a and 
ORF1ab, respectively, within the Rep gene [1,12,66]. Papain-like protease (PLPro) which 
is contained or encoded by gene in nsp 3) brings about autoproteolytic cleavage of pp1a 
(polyprotein 1a) so that 11 nsps (non-structural proteins) are formed. Similarly, Chymo-
trypsin-like protease (3CLpro) (which is encoded by the genes in nsp 5) brings about au-
toproteolytic cleavage of pp1ab (polyprotein 1ab) so that 15 nsps are formed 
[1,12,18,19,67]. A subset of nsps is thus generated and comes together to create the RTCs 
that reside in convoluted membrane structures derived from the rough endoplasmic re-
ticulum (ER) of the host cell. Viral transmembrane proteins provide the anchorage for the 
resulting structure. The assembled RTCs can copy and transcribe the genomic RNA 
[1,19,68,69]. Rep utilizes genomic RNA in place of a template for synthesizing negative 
sense RNA (−RNA) and −RNA acts as a template for positive sense RNA (+RNA) 
[1,2,12,21]. Consequently, discontinuous transcription enables Rep to produce a nested set 
of sg mRNAs [1,2,12,21,70]. The detailed process of coronaviral life cycle has been de-
picted below in Figure 4. 
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Figure 4. Major events in the life cycle of coronaviruses. Nsps, non-structural proteins; DMV, double membrane vesicles; 
ERGIC, endoplasmic reticulum-golgi intermediate compartment (created with BioRender.com. Accessed on 28 July 2021). 

Upstream to the majority of ORFs located in the one-third of the viral genome at its 
3′ end are the specific sites called transcription regulatory sequence (TRS). These are the 
sites where the RdRp complex terminates or pauses during −RNA synthesis. The interac-
tion between the nascent −RNA (TRS body or TRS-B) and the +RNA (TRS-Leader or TRS-
L) is the initiation point of discontinuous coronavirus RNA synthesis, which is believed 
to be mediated by RNA−RNA, RNA-protein, and protein-protein interaction maintained 
at a certain range of physical proximity. After the TRS-B has been copied, if a minimum 
threshold of the free energy (ΔG) of duplex formation between the complementary TRS-
B and the TRS-L is exceeded, switching of templates takes place. The template switching 
is jumping off TRS-B to the TRS-L of the viral genome, inserting a copy of the TRS-L. 
Copying of the L sequence completes the synthesis of −sg RNA [1,12,19,21,28,30,71,72], 
which subsequently serves as templates to generate +sg mRNAs by transcription process 
[1,2,19,21,70]. A number of accessory proteins and transmembrane structural proteins 
such as M, S, and E are then translated from +sg mRNAs and then inserted into the ER for 
folding. 

During the aforementioned processes of replication and transcription, formation of 
intermediate double-stranded RNA as well as double membrane vesicles (DMVs), convo-
luted membrane (CMs) and small open double membrane spherules (DMSs) are hypoth-
esized to be important to maintain the conductive and protective microenvironment in-
side host cell. The proteins are then carried to ER-Golgi intermediate compartment (ER-
GIC) [1,2,12,19,21,59]. By that time, the N protein is synthesized by translation of N gene 
so that progeny genomic RNA can be encapsulated with the N protein. Simultaneously, 
protein-protein interactions are enabled by M proteins to occur inside ERGIC, which 
paves the way for the assembly of complete virion [1,2,12,13,19,21,59]. Secretory pathways 
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of the smooth wall vesicles or golgi sacs are activated for the transport of the virions which 
are newly formed. Then, the fusion of vesicles with the plasma membrane takes place, 
which sheds out the mature virus particles through budding or exocytic pathways from 
the infected cell. S proteins of the released viruses, which enable them to infect the nearby 
host cells, resulting in the increase in the number of infected cells. Viral production inside 
the cell would then be amplified [2,12,13,19,21,59,73]. 

6. Immune-Evasion Strategies 
Glycosylation of viral structural proteins, formation of DMVs, and reduction of ER-

lipid content leads to ER stress during coronaviral infections [12,59]. ER stress can also be 
the result of the upregulation of glucose-regulated protein 94 and 78 (GRP94 and GRP78) 
[12,74,75]. Stress response factors such as inositol-requiring kinase 1 (IRE1), protein RNA-
like ER kinase (PERK), and activating transcription factor 6 (ATF6) are brought into action 
by unfolded protein response pathway, which is induced by ER stress. This event attempts 
to maintain the cell homeostasis either by translation attenuation, or by apoptosis. Some-
times during the process of homeostasis, kinase activities believed to be mediated by IRE1 
may also help infected host cells to escape the apoptosis induced by viral infection 
[12,59,76–78]. In addition, protecting epitopes from neutralizing antibodies by heavily gly-
cosylated S proteins of coronaviruses may be another mechanism to facilitate immune 
evasion [1,79,80]. 

The host response to virus and clearance of viral infections from host greatly rely on 
Type I IFN (T1IFN) expression [81]. SARS-CoV nsp1, which is considered as one of the 
host’s shut-off switches or pathogenicity factors, binds to the smaller 40S subunit of ribo-
some so that it induces degradation of host mRNAs including that of IFN. In this way, 
nsp1 can suppress the host’s protein translation [19,82]. In addition, nsp3 and structural 
proteins (M and N) of MERS-CoV and or SARS-CoV may work as the antagonists for IFN 
pathways [83,84]. Retinoic acid-inducible gene I (RIG-I)-like receptors and Toll-like recep-
tors (TLRs) collectively known as pattern recognition receptors (PRRs) are also found to 
be inhibited by coronaviruses, eventually leading to un-productive inflammation as the 
related signaling is indispensable in many immune pathways [85,86]. 

As long as SARS-CoV-2 can employ unique 2′-O-methyltransferase capping machin-
ery to shield its RNA from cellular innate immune recognition, this can also be a convinc-
ing way of immune evasion by SARS-CoV-2 [1,21,87]. The enzyme 2′-O-methyltransferase 
that inserts 2′ O-methyl group to the RNA of virus is also produced by SARS-CoV, which 
helps it escape detection by melanoma differentiation associated protein 5 (MDA 5). In-
duction of IFN is delayed by this enzyme, which may cause an inability to control viral 
replication, resulting in the enhanced infection, cellular damage of airway epithelia and 
the lung parenchyma, along with an eventual lethal inflammatory cytokine storm 
[2,88,89]. Another enzyme: PLPro produced by SARS-CoV-2 is required to generate the 
RTC. For this purpose, IFN stimulated gene 15 (ISG15), which is a ubiquitin-like protein, 
is cleaved from interferon responsive factor 3 (IRF3) by the help of PLPro enzyme. This 
cleavage attenuates the T1IFN responses [1,90]. Activation of mitochondrial antiviral-sig-
naling (MAVS) proteins is inhibited by SARS-CoV. MAVS protein is considered indispen-
sable for the nuclear translocation and activation of IRF3 in reaction to the activation of 
cytoplasmic RNA sensor. As tissue necrosis factor receptor-associated factors 3 and 6 
(TRAF3 and TRAF6) are key actors for the induction of IRF-3/7 in response to RIG-I and 
MDA 5 ligation, TLR3/7 and nuclear factor kappa B (NF-κB) signaling pathways, inhibi-
tion of TRAF 3/6 by SARS-CoV and also possibly by SARS-CoV-2 are consequential in 
evading the host immune system [33,91]. The phosphorylation of signal transducer and 
activator of transcription (STAT) pathway may be inhibited by SARS-CoV-2, which can 
be a mechanism to offset T1IFN signaling [33,92]. This enables the virus to propagate with-
out stimulating the innate anti-viral response machinery of the host. Even if infected cells 
undergo cell death, releasing virus particles in the later stage, virus particles are recog-
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nized by PRRs and this event induces the expression of inflammatory cytokines and adap-
tive immune cells, so that induction of T-cell apoptosis may still be the feasible strategy of 
SARS-CoV-2, enabling it to partially evade the immune response [33,93]. Similarly, re-
duced effector T-cell function and decreased proliferative capacity may be caused by 
CD8+ T cell exhaustion, which by itself is due to chronic viral infections, altogether with 
cytokine production. CD279 (PD-1) is one of the mature T cell checkpoints for the initia-
tion of apoptosis. T cell exhaustion induces the overexpression of such types of inhibitory 
receptors. After the binding of PD-1 to its ligands (PD-L1) and PD-L2, the functions of T-
cells, B-Cells and NK cells are altered and as a consequence, the immune system can be 
suppressed [4,94,95]. 

7. Pathogenesis 
Type II alveolar cells (or pneumocytes) producing surfactant, and goblet and ciliated 

cells in the airways are expected to offer a viral portal of entry in humans as the host 
receptors for, e.g., ACE2 for SARS-CoV-2, are relatively highly expressed on these cells 
[33,96,97]. Based on WES data on ACE2 variants of Italian COVID-19 patients, allelic het-
erogeneity in conformation of ACE2 may be the basis of difference in individuals in-terms 
of susceptibility to virus entry, disease onset, and progression [98]. ACE2 receptors are 
also expressed by nasal ciliated and goblet cells so after the inhalation of viral particles 
present in respiratory droplets from an infective host, viruses bind the receptors and go 
to the interior of the nose of a healthy host [33,97]. The virus encounters only a limited 
innate immune response at this time. The virus keeps maintaining the slow pace of repli-
cation until it goes down towards the conducting airways of the respiratory tract. A rela-
tively robust innate immune response can be induced as the cellular PRRs like TLRs, RIG-
1, and MDA 5 detect the virions while the proliferating virions begin circulating through 
the upper respiratory tract. Expression of T1IFN in the early stages of infection is resulted 
immediately after the recognition of virions by PRRs. Now, the generation of inflamma-
tory cytokines and chemokines marks the establishment of an anti-viral state in the in-
fected cells [33,88,89,99]. Excessive edema and granulations in the upper trachea and sub-
glottis, ulceration of the subglottis and epiglottis, and dysphonia (hoarseness) are often 
observed as the main symptoms in the patient. Mild tachypnoea and coarse breath sounds 
can also be found in a few patients while the virus is in the upper respiratory tract 
[33,100,101]. 

After the virus reaches the lower respiratory tract and proceeds all the way down to 
the lungs, various inflammatory mediators are likely to be released after the SARS-CoV-2 
buds off and subsequently damages host cells such as the type II pneumocytes. Activated 
alveolar macrophage produces tissue necrosis factor-alpha (TNF-α), interleukin-1 (IL-1) 
and IL-6. These cytokines enter the vascular system triggering further responses. Collec-
tively, they increase capillary permeability by two ways: by the contraction of blood vessel 
endothelial cells and dilation of smooth muscle. This leads to the leakage of plasma from 
the blood vessel into the interstitial spaces. Alveolar edema is resulted by those series of 
events [3,33,102,103]. IL-8 is also released by infected lung epithelial cells. The IL-8 func-
tions as a chemoattractant, recruiting T lymphocytes and neutrophils to the site of infec-
tion. As neutrophils are swiftly recruited to the sites of infection, secretion of defensins, 
an oxidative burst, and the neutrophil extracellular traps (NETs) are the mechanisms em-
ployed by neutrophils to destroy the viruses [4,104]. Both types I and II pneumocytes, 
whether infected or non-infected, are destroyed by reactive oxygen species (ROS) and 
proteases released by activated neutrophils. Destruction of types I and II pneumocytes 
lead to reduced gas exchange and alveolar collapse, respectively, along with alveolar/pul-
monary edema. The second clinical presentation is correlated with increased surface ten-
sion, which by itself, is associated with decreased production of surfactant [2,104]. Addi-
tionally, fluid, protein deposits, cell debris, macrophages, and neutrophils from the dead 
pneumocytes are collected into alveoli collectively, resulting in the pulmonary consolida-
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tion, which is characterized by the altered gas exchange and ultimately leads to the hy-
poxemia [2,105]. Similarly, IL-17, secreted mainly by T-helper cell 17 (Th17), stimulates 
production of IL-1, IL-6, IL-8, monocyte chemoattractant protein 1 (MCP-1), growth-reg-
ulated oncogene alpha (GRO- α), granulocyte-colony stimulating factor (G-CSF), granu-
locyte macrophage colony stimulating factor (GM-CSF), TNF-α, and prostaglandin 2, 
which can induce the recruitment of neutrophils, monocytes, and other immune cells. IL-
17 expression has also been reported to be correlated with several inflammatory respira-
tory diseases, besides being associated with autoimmune conditions [106,107]. In the mu-
cosal immune response, IL-17, IL-22, and TNF-α produce antimicrobial peptides. In addi-
tion, IL-22, which exhibits mucosal immune response along with IL-17 and TNF-α, upreg-
ulates mucins, fibrinogen, and anti-apoptotic proteins so that it may contribute to the de-
velopment of pulmonary edema, which itself may be severe sequelae. The progression of 
acute respiratory distress syndrome (ARDS) may be caused by enrichment of alveolar tis-
sue with mucins and fibrin in the lungs [4,107]. Further buildup of pathogenic inflamma-
tory cells may also be possible through the stimulation of IFN receptors, generation of 
chemokines such as CCL2, CCL7, and CCL12, and build-up of inflammatory cytokines 
such as TNF, IL-6, and IL-1β [3,108,109]. 

Macrophage activation syndrome (MAS) is associated with cytokine storm (CS) [110], 
which is characterized by abnormal levels of chemokines and cytokines, both pro and 
anti-inflammatory ones, such as IL-1, IL-2, IL-4, IL-6, IL-7, IL-10, IL-12, IL-13, IL-17, IFN-𝛾, TNF-ɑ, G-CSF, GM-CSF, macrophage inflammatory protein-1 alpha (MIP-1α), IFN-𝛾 in-
duced protein-10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), hepatocyte 
growth factor (HGF), and vascular endothelial growth factor (VEGF) [111]. CS may fea-
ture both ARDS and pneumonia [112]. Besides multi-organ failure in the heart, liver and 
kidneys, hyper-ferritinemia, and coagulopathy, usually presented with higher level of 
blood urea nitrogen (BUN), D-dimer, C-reactive protein (CRP), and Creatine (Cr) are char-
acteristic of not only MAS, but also of secondary Hemophagocytic lymphohistiocytosis 
(sHLH) [4]. Similarly, hyperinflammation triggers lung injury along with the severe form 
of alveolar edema and bilateral diffuse alveolar tissue damage. Mechanistically, fibrinol-
ysis as well as increased thrombus generation accumulates mucins and fibrin in inflam-
matory sites, which is responsible for pulmonary edema. The sequence of these events 
unfortunately causes severe respiratory failure and death in severely affected patients 
[4,113–116]. Bilateral lung involvement with ground-glass opacities seen in computed to-
mography (CT) scanning of the chest is the most common diagnostic feature in the severe 
cases of COVID-19. An inflammatory syndrome seen with the disease progression can 
also resemble septic shock. Similarly, the formation of hyaline membranes can be revealed 
by histological examination of the lungs [116,117]. 

Viral single stranded RNA is a pathogen associated molecular patterns (PAMPs) of 
SARS-CoV-2, which is recognized by various cellular PRRs. Dendritic cells and monocyte-
macrophages express TLR7 as a PRR so that TLR7 can initiate a strong innate immune 
response in terms of several signaling pathways and transcription factors, such as Janus 
kinase (JAK), STAT, NF-κB, activator protein 1 (AP-1), IRF3, and IRF7 [4,118]. In a recent 
study, COVID-19 susceptibility in severely affected young male has been associated with 
missense deleterious variants in the X-linked recessive TLR7 gene. Further study on this 
loss-of-function mutation can elucidate another mechanism for relatively higher suscep-
tibility of males to COVID-19 disease [9]. Similarly, less favorable outcome in COVID-19 
has been associated with poly-glutamic (PolyQ) repeat number of Androgen receptor 
(AR) and serum testosterone concentration. This fact, though cautiously, suggests the po-
tential of the shorter polyQ (≤22) and testosterone hormone as adjuvant for COVID-19 
treatment [119]. Normally after infection, the lung epithelial cells, and neutrophils prefer-
entially initiate the innate immune response. In the next stage, specific adaptive immune 
responses (both humoral and cellular immunity) are initiated [4,120], which culminates in 
approximately 7–14 days after infection. Following the presentation of antigens by antigen 
presenting cells (APCs) to the CD4+ and CD8+ T-cells, pro-inflammatory cytokines are 
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generated via the NF-κB signaling pathways. Then, virus-specific antibodies, likely to 
mount a neutralizing effect, are produced by activated B cells. In addition, antigen-specific 
T cytotoxic cells may be produced to destroy virus-infected cells. These complex events 
are the body’s attempts to control SARS-CoV-2 in the human tissue [4,114,121]. 

During viral infections, more healthy cells are targeted by CS, which is manifested 
by the elevated production of chemokines and inflammatory cytokines from monocytes 
and neutrophils in the lung tissues and peripheral blood of patients [3,122]. A higher ex-
pression level of genes encoding proinflammatory cytokines such as IL-2, IL-7, IL-10, G-
CSF, MIP-1α, and TNF-𝛼 may bring about CS [123]. While an increased expression of IL-
6 and IL-8 are already known to be involved in ARDS, many candidate genes, i.e., ACE2, 
IL-10, TNF, and VEGF are also being studied as they are believed to be associated with 
ARDS development or outcome [124]. 

Reduced production of the surfactant caused by the destruction of types I and II 
pneumocytes is associated with the surface tension within the alveolus. This contributes 
to alveolar edema in addition to alveolar collapse [3,103]. The gas exchange is compro-
mised with resulting alveolar collapse. Then, refractory hypoxemia is developed, and pe-
ripheral chemoreceptors are stimulated. The sympathetic nervous system stimulated by 
the chemoreceptors attempt to compensate the reduced gas exchange by increasing the 
respiration and heart rate. The patient’s breathing is impaired with severely reduced par-
tial pressure of oxygen, ultimately leading to ARDS [3,102]. Production of neutralizing 
antibodies are also thought to be responsible for the organ damage and poor outcome 
during the infection. In this context, through their binding to Fcγ receptors, antibody-de-
pendent enhancement (ADE) has been found to boost the uptake of virus particles bound 
in immune complexes of the host cell. Persistent viral replication intensified with ADE in 
immune cells such as APC that is newly infected, and the inflammatory responses medi-
ated by immune-complex, eventually causes tissue and organ damage, along with ARDS 
[33,125,126]. The hypothalamus of the brain is stimulated with increased levels of vascular 
cytokines: IL-1 and IL-6. Simultaneously, higher prostaglandins E2 production contrib-
utes to raise the core body temperature from normal temperature, initiating the fever. Ab-
normally elevated levels of cytokines circulating through the vascular system may reach 
other tissues sparking the systemic inflammatory response syndrome [3,102]. In terms of 
systemic infection, atrophy of the lymphatic tissues such as spleen and lymph nodes, and 
lymphopenia are common in the case of severely ill COVID-19 patients experiencing CS 
[127]. Similarly, death of inflammatory cell and lymphatic organs’ hypo-cellularity are 
common features of primary, and secondary forms of HLH (pHLH and sHLH) and asso-
ciated CS [3,33,128]. Histopathologic reports from tissue sections from a subset of COVID-
19 patients suggest that infarction, wall thickening, and focal hemorrhage are potential 
features of vasculitis. Vasculitis lesion is mediated by deposition of immune-complex and 
it is accompanied by occlusion or infiltration of lymphocytes and monocytes around and 
within the blood vessels [33,129,130]. 

Similarly, blood volume can be reduced as the capillary hyperpermeability induced 
by vascular cytokines can direct plasma to move towards deposits within tissues other 
than the lungs. As the total peripheral resistance is reduced by vasodilation, and blood 
pressure is lowered, exhausted perfusion can be the next significant sequelae in the body, 
which ultimately results in the multi-system organ failure (MSOF) [3,122]. Elevated levels 
of BUN and Cr are found to be correlated with the diminished perfusion to kidneys, ulti-
mately leading to acute renal injury. Besides, disseminated intravascular coagulation 
(DIC) has also been found to be associated with a severe feature or complication in some 
COVID-19 cases [3,131]. Data from the earlier studies in Germany showed that lympho-
penia and thrombocytopenia along with the increase in CRP, lactate dehydrogenase 
(LDH), and D-dimers were associated with a less favorable outcome for the patient. Alt-
hough the troponin level was also found to be increased, its significance was unclear [132]. 
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8. Potential Mechanisms of Co-Morbidities in COVID-19 Disease 
As the pancreatic islet cells overexpress ACE2, diabetogenic SARS-CoV-2 may insti-

gate severe imbalance in the blood glucose levels of sugar patients. This may worsen the 
inflammatory instability [133,134] suggesting the diabetic morbidity in COVID-19 infec-
tion. Higher expression of ACE2 in a normal adult has been described as the reason for 
the higher rate of infections in adults as compared to children [4]. Contrastingly, it has 
also been reported that expression of ACE2 is the highest in young women and children; 
the lowest in people suffering from chronic disease, such as sugar, obesity, and high blood 
pressure; and it declines with age, which links the ACE2 expression inversely with risk of 
unfavorable outcomes after severe presentation of disease [33,134]. In the latter view, be-
side the role of ACE2 in facilitating the binding and entry of SARS-CoV-2, it also plays a 
role in regulating both inflammation and infections. RAS is required to maintain fluid and 
electrolyte balance in blood, and ACE2/angiotensin/Mas balance is the critical component 
of RAS (Figure 1). In RAS, ACE2 catalyzes angiotensin-II processing into angiotensin 
[33,135–137], which counteracts vasoconstriction (favors vasodilation) by directing the 
pathway into MasR (anti-fibrotic) arm of RAS rather than to the pro-inflammatory/pro-
fibrotic angiotensin type 1 receptor (AT1R) one. Thus, limiting tissue inflammation while 
favoring repair mechanisms is the proposed role of ACE2 but warrants further experi-
ments to either support or deny the hypothesis [33,137,138]. 

9. Animal/Virus Models for Research on HCoV Infections 
Finding the perfect animal model that can replicate underlying etiopathogenesis and 

clinical features of COVID-19 is a pressing need of our time to scientifically fight the pan-
demic. The assessment of underlying mechanisms, potential vaccines, and therapeutic 
strategies are part of the tasks required to address the exigency created upon the scientific 
world. Such endeavors are not possible without such ideal animal models [116,139–141]. 
Different sites and organs of mice, ferrets, hamsters, and non-human primates such as 
cynomolgus and rhesus macaques facilitate the replication of SARS-CoV-2. These animals 
are also found to display at least one of the clinical symptoms of SARS-CoV-2 infections. 
Larger animal models, such as ferrets, to some extents are ideal for reproducing the 
COVID-19 pathology of humans [141]. In a study, viral antigens were detected in nasal 
turbinate, trachea, lungs, and intestine along with acute bronchiolitis present in infected 
lungs as well as the elevated temperature of the body of ferret. Airborne transmission of 
SARS-CoV-2 from infected to naïve ferrets were also reported [142]. However, as the small 
animals, such as mice and Syrian hamster, reproduce faster, they can also be a better 
model for studying SARS-CoV-2. Rapid breathing, weight loss, and alveolar damage with 
extensive apoptosis, which are almost the same human symptoms upon SARS-CoV-2 in-
fection, were also displayed by hamsters [140,141]. Though SARS-CoV-2 cannot use 
mouse ACE2, transgenic (genetically modified) mice that express human ACE2 were 
found to replicate human SARS-CoV-2 pathologies. In a study, a transgenic mouse 
showed replication of virus in the lungs, interstitial pneumonia and loss of weight, mim-
icking the infection in humans [140,141,143,144]. Alternatively, as the populations of RNA 
viruses consist of a swarm of closely related viral quasi-species, even the rare viruses in 
the swarm that contain mutations in the spike protein that increase their binding affinity 
to mouse ACE2 are expected to be selected. Given their higher levels of replication in 
mouse lungs tissue, sequential passaging of SARS-CoV-2 can be a good strategy to adapt 
SARS-CoV-2 to mouse ACE2 so that further study can be feasible with the adapted virus 
using normal mice [116,139]. Although, SARS-CoV-2 infection of humans can be effec-
tively replicated in animals, understanding the possible different results between human 
and non-human (animal) models might be complicated by the genetic diversity. In this 
context, humanized animal models such as the mice engrafted with one or more human 
tissues or cells (for, e.g., mice having human lung engraftment), are part of the renewed 
options for directly studying the coronavirus infection in human organs or tissues. These 
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can also be an effective tool for the evaluation of vaccines or drugs targeted to specific 
organs against coronavirus infections [116,140,141]. The pathology of COVID-19 can be 
reproduced and observed in a tissue-specific and systemic manner in animal models. In 
addition, cell lines and organoids can be a faster and alternative preclinical model system 
to study the virus and its interactions inside host cells, as they are not only ethically more 
feasible, but also already proven to be better at reproducing the COVID-19 symptoms in 
the context of specific cell types or organs, respectively [141]. On the other side of possi-
bility, the extensive molecular sequence alignment uncovered 54% homology among var-
ious coronavirus strains, with higher conservation or identity shown by nsps [12,145]. Im-
proved prevention and control strategies for zoonotic coronaviruses likely to emerge in 
the future can be gained by better knowledge of the coronaviruses infecting companion 
animals, their ability for transmission in cross-species manner, and the sharing of relevant 
molecular biological information [146]. Notable coronaviruses that can infect companion 
animals include, but are not limited to, feline enteric coronavirus, equine enteric corona-
virus, feline infectious peritonitis virus, ferret enteric coronavirus, ferret systemic corona-
virus, alpaca respiratory coronavirus, canine enteric coronavirus, canine respiratory coro-
navirus, and alpaca enteric coronavirus. Among them, feline infectious peritonitis virus, 
feline enteric coronavirus, canine enteric coronavirus, ferret enteric coronavirus, ferret 
systemic coronavirus, and alpaca respiratory coronavirus are Alphacoronaviruses, while 
the remaining canine respiratory coronavirus, equine enteric coronavirus, and alpaca en-
teric coronavirus are Betacoronaviruses [146,147]. 

10. Antiviral Drugs against SARS-CoV-2 
COVID-19 vaccines are now being employed as an indispensable strategy to curb the 

pandemic, but the people who are unvaccinated, whose bodies do not mount a strong 
response to the vaccine and who experience breakthrough infections may need antiviral 
drugs [148]. Optimizing different treatments for mild, moderate, severe and critical ill-
nesses caused by COVID-19 is a unique caveat in the fight against pandemic [149]. How-
ever, as there are no universally approved antivirals, it implies the fact that all the antivi-
rals listed in Section 10 are newly proposed drugs. If ongoing trials or studies proves any 
of them effective in treatments, they can get full approval everywhere throughout the 
world. 

Antiviral agents can be effective only if they are used well before the severe inflam-
matory response is mounted, and depends on the targeted mechanism [150]. In the fol-
lowing sections, antivirals including repurposed ones, which have already demonstrated 
some sort of promising efficacy against SARS-CoV-2 either in vitro or in animal studies, 
will be discussed. 

10.1. Convalescent Plasma (CP) Therapy 
CP therapy involves the blocking of virus infection to ensure the clearance of virus, 

for which sera containing anti-SARS-CoV-2 antibodies are given to patients. Patients who 
have been already infected and recovered from COVID-19 and also currently harbor high 
neutralizing antibody titers against SARS-CoV-2 are the donor source of CP therapy 
[18,151]. As the CP therapy was found effective in the treatments of patients infected with 
SARS-CoV in 2002–2003 and with MERS-CoV in 2011, CP is now considered as an alter-
native for COVID-19 treatment, but it may also have practical implications [18,150]. 

10.2. Remdesivir 
Remdesivir is an adenosine nucleotide prodrug that is capable of inhibiting RNA 

polymerase of coronaviruses even in the presence of the proofreading activity of 3′–5′ ex-
oribonuclease, which enzymatic action is supposed to be problematic for many other 
drugs. It is inserted covalently into the first replicated base pair through the primer strand. 
As the central network of the RdRp is occupied with the partial double-stranded RNA 
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template, elongation of the chain during viral RNA replication is terminated [150,152]. 
The compassionate-use study for this drug was concluded with the result that remdesivir 
might offer clinical benefit in the severe cases of COVID-19 [150,153]. 

10.3. Favipiravir 
Favipiravir is a broad-spectrum anti-viral drug that is potentially promising for spe-

cifically untreatable RNA viral infections. Chemically, it is a purine nucleotide analogue. 
The drug acts as a substrate and inhibits RdRp for which an active favipiravir-ribo-
furanosyl-5′ -triphosphate (RTP) form of Favipiravir is made through its intracellular 
phosphoribosylation [18,150,154]. Despite the encouraging profile of favipiravir in terms 
of effectiveness for treating COVID-19 patients, there is a concern with favipiravir being 
slower to work especially in the severe patients is the concern [150]. 

10.4. Chloroquine/Hydroxychloroquine 
Chloroquine and hydroxychloroquine are thought to attach to sialic acids with high 

affinity in the lungs so that they can spread across cell membranes to lysosomal vesicles 
in the cytoplasm. As the drug is trapped in the lysosome of cell, the cell increases its pH 
(decreasing its acidity). As the cell environment becomes more acidic, the cell is now un-
able to perform certain functions such as endocytosis, exosome release, or phagolysosome 
fusion. As a result, the cleavage of viral S protein cannot occur, which is a crucial stage of 
infection [150,155]. Efforts to recommend hydroxychloroquine as a therapy for COVID-19 
have so far failed. However, the potential benefits of hydroxychloroquine remain to be 
determined [150]. 

10.5. Azithromycin 
Though Azithromycin is a macrolide antibiotic, increased pH primarily caused by its 

intracellular accumulation can also impair the function of both lysosome and trans-golgi 
network. So, it could interfere in the process of SARS-CoV-2 binding to respiratory cells. 
Though, it seems useful only in the beginning days of COVID-19 infection, either azithro-
mycin alone or in combination with hydroxychloroquine, could possibly minimize both 
the requirement for hospitalization or time for clinical recovery [156–158]. 

10.6. Ivermectin 
Ivermectin is principally an antiparasitic drug. However, it is believed to target the 

host nuclear transport importin alpha/beta1 heterodimer and it has also been shown to 
block the in vitro replication of many single-stranded RNA viruses [150,159]. Although 
replication of coronaviruses takes place in the membrane-protected vesicle within the cy-
toplasm, the host cell nucleus has also been known to contain some proteins of corona-
viruses so that they are projected to be the possible target of ivermectin’s activity 
[150,159,160] suggesting the potential efficacy against SARS-CoV-2 as well. 

10.7. Lopinavir/Ritonavir 
Lopinavir (LPV) is a protease inhibitor against HIV-1 that functions by blocking the 

release of mature virions into new cells. It is given in combination with ritonavir (r) which 
through the inhibition of Cytochrome (Cyt) P450/CYP3A-mediated the metabolism of 
LPV, increasing the LPV’s plasma half-life. This is likely to enhance the LPV’s pharmaco-
kinetic and pharmacodynamic profile in-terms of its anti-viral activity and exposure 
[18,33,161]. The effectiveness of treatment with a combination of LPV/r, IFN-β1, and rib-
avirin for 14 days was assessed against only LPV/r (Control) in a prospective, open-label, 
multi-center, randomized trial with 127 human subjects infected with SARS-CoV-2 in 
Hong Kong. The study showed that viral shedding, symptoms, and duration of hospital 
stay all were significantly reduced with the combination treatment as compared to the 
control [162,163]. 
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10.8. Darunavir (DRV) 
DRV is a HIV-1 protease inhibitor, which has also been shown to have significant 

activity in blocking the in vitro replication of SARS-CoV-2. DRV in combination with Co-
bicistat (c) (DRV/c) has been shown to significantly inhibit the replication of the SARS-
CoV-2. To improve the pharmacodynamics and pharmacokinetics of darunavir, cobi-
cistat, such as ritonavir in LPV/r, can inhibit the function of Cyt P450/CYP3A and thus 
works as a booster [163,164]. 

10.9. Viral Proteinase/Protease Inhibitors 
3CLpro and PLpro are required for the breakdown of viral polyprotein into functional 

units that are finally assembled into new viruses within host cell compartments. Pyridine-
containing α-ketoamides 13a and 13b are proposed inhibitors of 3CLpro in SARS-CoV-2 
with relevant data of X-ray crystallography that have shown positive pharmacokinetic 
properties in mice. High-throughput screening and subsequent plaque-reduction assay 
with simian Vero cells have presented N3, a Michael acceptor inhibitor and ebselen, an 
organoselenium compound as potential antivirals targeting 3CLpro [165,166]. Similarly, 
mycophenolic acid is also found to target PLpro [167]. Any inhibitors targeted to proteinase 
not only block viral replication by preventing cleavage of the nsp3, but also impede nsp3 
from not only interfering the IRF3 and NF-kB innate immune pathways of host through 
deISGylation and deubiquitination but also by eliminating ISG15 from proteins involved 
in the Jak/Stat pathways. Nsp3 has also been proven to be a component of a molecular 
pore found in DMV, which is formed in the wake of viral infection and is associated with 
an embedded structure of nsp3, nsp4, and nsp6 in the rough ER. As the latter structure 
formed with nsp3 is believed to reshape the DMV, compromised cleavage of nsp3 can 
block the virus assembly and subsequent release (stage 4 onwards of virus life cycle as 
depicted in Figure 4) which is occurred by exocytosis and contributes to infection of other 
cells or other persons [168]. 

10.10. Camostat, Nafamostat Mesylate, and Umifenovir 
TMPRSS2 is a cell serine protease found in the alveolar and airway cell that mediates 

the priming of SARS-CoV-2 S protein and host cell entry driven by S protein (first stage 
of infection as depicted in the Figure 3). Camostat mesylate is a serine protease inhibitor 
and has been found to significantly reduce infection with SARS-CoV-2 in human lung 
Calu-3 cells. Nafamostat mesylate has shown inhibitory activity against the virus in sim-
ian Vero E6 cells paving the way for further study [53,169]. Umifenovir also prevents 
membrane fusion of the viral envelope and host cell cytoplasmic membrane required for 
virus entry into host cell by inhibition of clathrin-mediated endocytosis [170]. 

10.11. Recombinant Human Soluble (rhs) ACE2 
rhsACE2 protein in excess in the soluble form can compete with endogenous trans-

membrane ACE2 for binding of the S protein of SARS-CoV-2. The exogenous rhsACE2 
binds and neutralizes circulating SARS-CoV-2 virions, serving as a scavenger or decoy 
[171]. During ARDS, the accumulation of the Angiotensin converting enzyme leads to 
vasoconstriction in pulmonary blood vessels (see Figure 1 for mechanisms), causing a hy-
poxia-induced lung injury. Conversely, the ACE2 activation has likely a shielding effect 
against lung damage primarily seen in ARDS, by switching AT1R pathway to the MasR 
pathway. Therefore, employing rhACE2 could be another encouraging therapeutic ap-
proach for severe COVID-19 patients [137,163,172]. 

10.12. Monoclonal Antibodies (mAbs) 
Due to their extraordinary specificity to the virus minimizing the risk of off-target 

effects, exceptional track record of safety in humans, and their ability to organize the im-



Pathogens 2021, 10, 1218 17 of 28 
 

 

mune defense in the fight against viral infections, mAbs are one of the best classes of an-
tiviral molecules under consideration for use against SARS-CoV-2. Specifically, minimiz-
ing important pulmonary morbidities associated with the COVID-19 infections by using 
inhaled/nebulized delivery of antiviral mAb can be an early as well as optimal interven-
tion strategy [173]. However, better early signs of clinical value have been demonstrated 
by systemic mAb-based therapies, rendering them the more encouraging treatment ap-
proaches that likely reduce the progression of SARS-CoV2 into a severe form of pulmo-
nary disease and even hospitalization. This suggests that both type of the mAbs discussed 
above should be evaluated in parallel. There are two additional challenges prominent so 
far on the way: optimizing the mAb doses needed to be administered, as well as ensuring 
such novel treatment to as many patients as possible [173,174]. However, already, the U.S. 
Federal Drug Administration (FDA) has granted emergency use authorization (EUA) for 
two mAbs: bamlanivimab (produced by Eli Lilly) and casirimab/imdevimab (produced 
by Regeneron) that target S protein of SARS-CoV-2 [175]. 

10.13. T1IFN 
Given their broad effects, IFNs are often tested for antiviral activities in combination 

with other agents, such as lopinavir/ritonavir, ribavirin, remdesivir, corticosteroids, or 
IFN-γ [176]. The in vitro antiviral effect of genetically engineered IFN-α2a, IFN-α2b, IFN-
β1a, and IFN-β1b was demonstrated for SARS-CoV, MERS-CoV, and SARS CoV-2. Nev-
ertheless, recombinant interferons were found to affect neither mortality nor viral clear-
ance associated with MERS infection. However, the time of administration could be a fac-
tor. Human subjects might not have received treatment early enough during the infection 
to be fully effective, which can be a factor to be considered for its failure. Further studies 
are suggested before being certain about their therapeutic fate [33]. 

11. Vaccines against SARS-CoV2 
Appreciating the prior experience on humanity to deal with infectious diseases such 

as mumps, measles, Spanish flu, and SARS; defeating the COVID-19 pandemic by the way 
of general (mass) vaccination will decrease the economic, social, and psychological pres-
sures already mounted on human society [177]. The vaccines currently available from 
Pfizer-BioNTech, Moderna, and CureVac are mRNA type, which can be considered the 
leader of the vaccination program. Similarly, a second type of vaccine (made by Janssen-
Johnson & Johnson, AstraZeneca, Sputnik-V, and CanSino) are made using human and 
primate adenovirus vectors. In addition, the third type of vaccine is available outside of 
the U.S. These vaccines use an inactivated whole-virus SARS-CoV-2 vaccine (made by 
Bharat Biotech, Sinopharm, and Sinovac) [178]. Inactivated vaccines (made by killing or 
weakening the virus) for COVID-19 also work by inducing immune reactions (that rely 
mostly on antibody) against S proteins (depicted in Figures 2 and 4). 

The mRNA vaccines (encased in lipid nanoparticle-LNP) are administered in the up-
per arm muscle. Once the instructions (mRNA) reach inside the immune cells, the cells 
use them to make the S protein. After the S protein piece is generated, the cell breaks down 
the instructions (mRNA) and gets rid of them. Then, the cell displays the protein piece on 
its surface. As our immune systems recognize that the protein as foreign, building an im-
mune response is begun. Next, antibodies are generated, similarly to what happens in 
natural infection against COVID-19. Now, our bodies have learned how to protect against 
future infection. Similarly, in viral vector vaccine, the vector (a different harmless virus) 
containing gene encoding the S protein piece of the SARS-CoV-2 virus that causes COVID-
19, will enter a cell in our body and then use the cell’s machinery to produce a harmless S 
protein. Then, the cell displays the protein piece on its surface, inducing the immune sys-
tem [179]. Sinopharm/Sinovac is the representative of a whole inactivated vaccine in 
which the virus inactivated/killed by beta-propiolactone and absorbed in alum adjuvant, 
is injected intramuscularly, which produces immunity against future infections [180]. The 
evaluation of comparative efficacy of the available vaccines can give us the further insight 
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regarding choosing better ones. As live attenuated (weakened virus) vaccines tend to have 
higher immunogenicity, they imitate natural infection more closely and invoke a wider 
range of immune responses involving both humoral and cellular immunity as compared 
to inactivated vaccines [181]. Studies on other vaccine approaches include, but are not 
limited, to live attenuated as well as protein subunit vaccine platforms, which are also 
expected to accelerate in the days to come. 

12. Delta Variant, Other Variants, and Vaccine Effectiveness 
The latest, most contagious Delta variant of SARS-CoV-2 has been found in 85 coun-

tries so far, targeting mostly the unvaccinated population [182]. COVID-19 cases due to 
the Delta variant have recently reported to be more than 51% of all cases in the U.S., mak-
ing the Delta variant the greatest challenge of the pandemic in the country [183] According 
to CDC director Rochelle Walensky’s senate testimony on 20th July 2021, Delta now ac-
counts for 83% of all sequenced cases in the US, which is a remarkable spike in just two 
weeks, up from 50%, which was observed in the week of 4 July 2021 [184]. Substitu-
tions/mutations of T19R, (G142D*), 156del, 157del, R158G, L452R, T478K, D614G, P681R, 
and D950N of gene encoding the SARS-CoV-2 S protein is responsible for molecular evo-
lution of the Delta variant [185]. K417N is associated with the evolution of the Delta plus 
variant [186]. Mutation is possibly induced by the host environment in terms of the chang-
ing immune reaction displayed by humans in response to the infection [187]. The WHO 
has declared it a Variant of Concern (VOC) and its transmissibility is supposed to be 
greater by 60% than that of variant Alpha. Sensitivity to certain monoclonal and polyclo-
nal antibodies of members of the B.1.617 lineage (that includes the Delta variant) has also 
been reported to be reduced as compared to the original strain [188]. A 51–67% higher 
secondary attack rate than the alpha variant has also been attributed to Delta variant [189]. 

Either poor or almost no efficiency of a single dose of Pfizer; a mRNA vaccine or 
AstraZeneca; a viral vector vaccine was shown against Delta variants. However, the sec-
ond dose of vaccines produced efficient neutralizing response in 95% of subjects targeting 
variant Delta, although with 3- to 5-fold lower titer than that of Alpha. Similarly, some 
mAbs, such as Bamlavinimab, were no longer was found to neutralize variant Delta. Sera 
from naturally immunized individuals was poor in terms of the activity against Delta. 
However, vaccination of previously infected or convalescent individuals boosted the hu-
moral immune response well above the threshold of neutralization rendering vaccination 
of those individuals most likely protective against variant Delta and other circulating var-
iants [188]. 

According to the research of Pfizer, though neither published, nor peer-reviewed, the 
level of protection provided by the two doses of its COVID-19 vaccine can decrease over 
time, and a third booster dose may be needed within 6 to 12 months after taking the sec-
ond dose. The booster dose can enhance antibody levels 5 to 10 times higher over its 2-
dose shots. Pfizer is testing both the effectiveness of a third booster dose and is updating 
its version targeting the Delta variant. However, the Centers of Disease Control and Pre-
vention (CDC) and FDA say that no-vaccination is correlated with virtually all current 
COVID-19 hospitalizations and deaths in the U.S., therefore, only extensive scientific data 
can resolve the question of a booster requirement [190]. However, to be on the safe side 
for potential public health safety, the National Institutes of Health (NIH) has started a 
Phase ½ clinical trial of administering booster doses of different COVID-19 vaccines after 
the 12 to 20 weeks of the complete vaccination of adult volunteers to determine the safety 
and immunogenicity of mixed/matched boosted regimen [191]. In different cases, a third 
booster of COVID-19 vaccine has been shown to be beneficial in terms of antibody re-
sponse in a small sample of transplant recipients, which are generally considered immun-
ocompromised patients [192]. 

Alpha and Beta variants have shown approximately 50% increase in transmission. 
Similar to these two variants, the Gamma variant, which is the fourth member of VOC 
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designated by WHO, has also shown reduced neutralization by convalescent and post-
vaccination sera [193]. 

13. EVs as a New Dimension in Corona Virology 
EVs provide a way of intercellular communication by working as carriers of biomol-

ecules (proteins, lipid, mRNA, micro RNA (miRNA), etc.) for transfer among cells [3]. 
According to the guidelines of the international society of extracellular vesicles (ISEV), 
three types of vesicles: exosomes (30–120 nm in size; endosomal origin), microvesicles or 
microparticle or ectosome (100–1000 nm in size; plasma membrane origin), and apoptotic 
bodies (larger; apoptosis origin) are encompassed in the term EVs. Exosomes from in-
fected host cells have been found to express receptors for SARS-CoV-2, such as CD9 and 
ACE2, which may be involved in accelerating viral entry and evading immune cell recog-
nition, eventually promoting the infection [194]. 

Recent studies have revealed two main mechanisms for EV-mediated viral infection. 
First, EVs carry host proteins that make recipient cells more susceptible to SARS-CoV-2 
infection. SARS-CoV-2 infection requires multiple steps including ACE2-mediated recep-
tor-binding and TMPRSS2-mediated intracellular cleavage. Current studies identified 
ACE2 in EVs and demonstrated the transfer of ACE2 among various cell types via EVs 
[195]. This finding implies that SARS-CoV-2 may utilize a similar strategy to human im-
munodeficiency virus (HIV), regarding virus internalization, in which SARS-CoV-2 enters 
target cells via binding to exosomal ACE2. Similarly, we have shown that exosomes facil-
itate virus entry of adenovirus and HIV [196–198]. The second potential mechanism for 
EV-mediated viral entry involves one of the most abundantly expressed proteins on the 
surface of EVs, tetraspanin CD9 [199]. It is described that TMPRSS2 and CD9 work to-
gether in cleaving viral fusion glycoproteins and facilitate a quick entry coronavirus (e.g., 
MERS-CoV) into lung cells [200]. Furthermore, CD9 also accelerates lentiviral infection 
and enhances transduction efficiency in immune responsible cells including B cells and T 
lymphocytes [201]. These data reveal that CD9 and other tetraspanins on exosomal surface 
may be a mediator in SARS-CoV-2 infection. 

During COVID-19 infections, especially in severely ill patients, hypoxemia, endothe-
lial activation, and a profound inflammatory response are expected to increase expression 
of endothelial and leukocyte tissue factor (TF), which initiate coagulation cascade. Then, 
an active form of TF can be released, circulate throughout the entire body, and participate 
in sepsis-induced coagulopathy as well as thrombus formation. Importantly, such a TF is 
associated with large EVs [202]. Recently, SARS-CoV-2 infection is also reported to induce 
the release of TF-positive EVs into the circulation that are likely to be responsible for 
thrombosis in patients with COVID-19. The EV-TF activity was also correlated with se-
verity and mortality [203]. 

According to a new hypothesis, SARS-CoV-2 could make its way into saliva through 
various ways, among which are via nasopharyngeal epithelium draining into the mouth, 
infected oral mucosal endothelial cells, secretion from infected salivary glands, blood 
plasma-crevicular fluid route to the oral cavity, and periodontal tissue exudate [204–
208].The basis for the Rutgers saliva test can be traced to the ability of exosomes to transfer 
the human ACE2 receptor to recipient cells following fusion and internalization. This pro-
cess takes place through ACE2 interaction with the S protein of SARS-CoV-2 prior to en-
trance into the cell, suggesting a role for exosomes in viral pathogenesis. 

Mesenchymal stem cells (MSCs) have been found to show anti-inflammatory capa-
bilities and regenerative properties, likely enabling them to work as an armory of treat-
ments for COVID-19, such as cell-based therapy. Additionally, rather than cellular en-
graftment and response at the site, paracrine action via the release of EVs can be attributed 
to MSCs. The abovementioned two promising features of the MSCs warrants further re-
search to figure out how beneficial and safe MSC-EVs will be. It will also be the crucial 
question to resolve: what will be the proposed role of MSCs with optimal use? Potential 
answers can be: (i) packages of natural immunomodulatory molecules; (ii) competitors to 
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SARS-CoV-2; and/or (iii) as souped-up delivery vehicles carrying a suitable payload in-
cluding small interfering RNAs (siRNAs), miRNAs or proteins [209]. As repurposing al-
ready available antiviral drugs with an improved composition can enhance the efficacy as 
well as safety profile of drug and in other point of relevance, EVs are thought to cause 
fewer systemic side effects than by any other vehicles available to us. EVs can be projected 
to provide targeted delivery of drug, such as protease inhibitors which are also projected 
to be the potential treatment regimens against SARS-CoV-2 [18,210]. Future research 
works are expected to unravel the potential implications of EVs in the expanding field of 
corona virology, especially on SARS-CoV-2. 

14. Conclusions 
Coronaviruses are a large group of viruses that cause disease in birds and mammals. 

The pathology of infection can range from mild symptoms ranging from the common cold 
to death (SARS, MERS). Many HCoVs have been identified to have emerged from bats. 
Despite our knowledge of HCoVs and coronaviruses found in companion animals, the 
world has been taken by storm by the arrival of SARS-CoV-2, which mediated the COVID-
19 pandemic. In 2020, the world began a frantic race to produce effective non-toxic thera-
peutics as well as safe and effective vaccines. This was accomplished but still the world 
remains under siege. There is a continued need for basic science research in hopes of pre-
dicting and halting the emergence of new variants such as the Delta variant. The appear-
ance of the Delta variant has now created a new “Pandemic of the un-vaccinated”. There 
is also a continued need for surveillance and for society to follow the guidance of the CDC, 
FDA, and WHO, and in doing so hopefully we can get back to “normal”. 

Author Contributions: Writing—original draft preparation, H.N.S.; writing—review and editing, 
C.O.D.L.; writing—review, editing and supervision, Q.L.M. All authors have read and agreed to the 
published version of the manuscript. 

Funding: This work was funded by the National Institutes of Health, Grant# 1R15DA045564-02 and 
The National Science Foundation, Grant# IOS-1900377. 

Institutional Review Board Statement: Not Applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data in this review article can be used or presented for research and 
analysis purpose by appropriately citing the article. Any enquiry can be made with either corre-
sponding author at her email: qmatthews@alasu.edu. or first author at his email: 
hsharma1952@myasu.alasu.edu. 

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analysis, 
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results. 

References 
1. V’Kovski, P.; Kratzel, A.; Steiner, S.; Stalder, H.; Thiel, V. Coronavirus biology and replication: Implications for SARS-CoV-2. 

Nat. Rev. Microbiol. 2021, 19, 155–170. 
2. Varghese, P.M.; Tsolaki, A.G.; Yasmin, H.; Shastri, A.; Ferluga, J.; Vatish, M.; Madan, T.; Kishore, U. Host-pathogen interaction 

in COVID-19: Pathogenesis, potential therapeutics and vaccination strategies. Immunobiology 2020, 225, 152008. 
3. Xia, X.; Yuan, P.; Liu, Y.; Wang, Y.; Cao, W.; Zheng, J.C. Emerging roles of extracellular vesicles in COVID-19, a double-edged 

sword? Immunology 2021, 256, 117900. 
4. Yazdanpanah, F.; Hamblin, M.R.; Rezaei, N. The immune system and COVID-19: Friend or foe? Life Sci. 2020, 256, 117900. 
5. World Health Organization. Update on long-term effect of COVID-19; WHO: Geneva, Switzerland, 2 September 2021.  
6. Pairo-Castineira, E.; Clohisey, S.; Klaric, L.; Bretherick, A.D.; Rawlik, K.; Pasko, D.; Walker, S.; Parkinson, N.; Fourman, M.H.; 

Russell, C.D.; et al. Genetic mechanisms of critical illness in COVID-19. Nature 2021, 591, 92–98. 
7. COVID-19 Host Genotypic Initiative. Mapping the human genetic architecture of COVID-19. Nature. Available online: 

https://doi.org/10.1038/s41586-021-03767-x. (accessed on 03 September 2021). 2021. 
8. Viveiros, A.; Rasmuson, J.; Vu, J.; Mulvagh, S.L.; Yip, C.Y.Y.; Norris, C.M.; Oudit, G.Y. Sex differences in COVID-19: Candidate 

pathways, genetics of ACE2, and sex hormones. Am. J. Physiol. Heart Circ. Physiol. 2021, 320, H296-h304. 



Pathogens 2021, 10, 1218 21 of 28 
 

 

9. Fallerini, C.; Daga, S.; Mantovani, S.; Benetti, E.; Picchiotti, N.; Francisci, D.; Paciosi, F.; Schiaroli, E.; Baldassarri, M.; Fava, F.; et 
al. Association of Toll-like receptor 7 variants with life-threatening COVID-19 disease in males: Findings from a nested case-
control study. eLife 2021, 10, doi:10.7554/elife.67569. 

10. Hu, B.; Guo, H.; Zhou, P.; Shi, Z.L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2021, 19, 141–154. 
11. Coronaviridae Study Group of the International Committee on Taxonomy of Viruses. The species Severe acute respiratory syn-

drome-related coronavirus: Classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol. 2020, 5, 536–544. 
12. Kaur, N.; Singh, R.; Dar, Z.; Bijarnia, R.K.; Dhingra, N.; Kaur, T. Genetic comparison among various coronavirus strains for 15the 

identification of potential vaccine targets of SARS-CoV2. Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2021, 89, 
104490. 

13. Masters, P.S. The molecular biology of coronaviruses. Adv. Virus Res. 2006, 66, 193–292. 
14. Gorbalenya, A.E.; Enjuanes, L.; Ziebuhr, J.; Snijder, E.J. Nidovirales: Evolving the largest RNA virus genome. Virus Res. 2006, 

117, 17–37. 
15. Song, Z.; Xu, Y.; Bao, L.; Zhang, L.; Yu, P.; Qu, Y.; Zhu, H.; Zhao, W.; Han, Y.; Qin, C. From SARS to MERS, Thrusting Corona-

viruses into the Spotlight. Viruses 2019, 11, 59. 
16. Michel, C.J.; Mayer, C.; Poch, O.; Thompson, J.D. Characterization of accessory genes in coronavirus genomes. Virol. J. 2020, 17, 

131. 
17. van Boheemen, S.; de Graaf, M.; Lauber, C.; Bestebroer, T.M.; Raj, V.S.; Zaki, A.M.; Osterhaus, A.D.; Haagmans, B.L.; Gor-

balenya, A.E.; Snijder, E.J.; et al. Genomic characterization of a newly discovered coronavirus associated with acute respiratory 
distress syndrome in humans. mBio 2012, 3, doi:10.1128/mbio.00473-12. 

18. Krishna, G.; Pillai, V.S.; Veettil, M.V. Approaches and advances in the development of potential therapeutic targets and antiviral 
agents for the management of SARS-CoV-2 infection. Eur. J. Pharmacol. 2020, 885, 173450. 

19. Hartenian, E.; Nandakumar, D.; Lari, A.; Ly, M.; Tucker, J.M.; Glaunsinger, B.A. The molecular virology of coronaviruses. J. 
Biol. Chem. 2020, 295, 12910–12934. 

20. Bredenbeek, P.J.; Pachuk, C.J.; Noten, A.F.; Charité, J.; Luytjes, W.; Weiss, S.R.; Spaan, W.J. The primary structure and expression 
of the second open reading frame of the polymerase gene of the coronavirus MHV-A59; a highly conserved polymerase is 
expressed by an efficient ribosomal frameshifting mechanism. Nucleic Acids Res. 1990, 18, 1825–1832. 

21. Sola, I.; Almazán, F.; Zúñiga, S.; Enjuanes, L. Continuous and Discontinuous RNA Synthesis in Coronaviruses. Annu. Rev. Virol. 
2015, 2, 265–288. 

22. Minskaia, E.; Hertzig, T.; Gorbalenya, A.E.; Campanacci, V.; Cambillau, C.; Canard, B.; Ziebuhr, J. Discovery of an RNA virus 
3'→5′exoribonuclease that is critically involved in coronavirus RNA synthesis. Proc. Natl. Acad. Sci. USA 2006, 103, 5108–5113.  

23. Chen, Y.; Cai, H.; Pan, J.; Xiang, N.; Tien, P.; Ahola, T.; Guo, D. Functional screen reveals SARS coronavirus nonstructural 
protein nsp14 as a novel cap N7 methyltransferase. Proc. Natl. Acad. Sci. USA 2009, 106, 3484–3489. 

24. Li, F. Structure, Function, and Evolution of Coronavirus Spike Proteins. Annu. Rev. Virol. 2016, 3, 237–261. 
25. Wang, K.; Xie, S.; Sun, B. Viral proteins function as ion channels. Biochim. Et Biophys. Acta 2011, 1808, 510–515. 
26. Rohaim, M.A.; El Naggar, R.F.; Clayton, E.; Munir, M. Structural and functional insights into non-structural proteins of corona-

viruses. Microb. Pathog. 2021, 150, 104641. 
27. Liu, D.X.; Fung, T.S.; Chong, K.K.; Shukla, A.; Hilgenfeld, R. Accessory proteins of SARS-CoV and other coronaviruses. Antivir. 

Res. 2014, 109, 97–109. 
28. Sawicki, S.G.; Sawicki, D.L. Coronaviruses use discontinuous extension for synthesis of subgenome-length negative strands. 

Adv. Exp. Med. Biol. 1995, 380, 499–506. 
29. Wong, N.A.; Saier, M.H. Jr. The SARS-Coronavirus Infection Cycle: A Survey of Viral Membrane Proteins, Their Functional 

Interactions and Pathogenesis. Int. J. Mol. Sci. 2021, 22, 1308. 
30. Viehweger, A.; Krautwurst, S.; Lamkiewicz, K.; Madhugiri, R.; Ziebuhr, J.; Hölzer, M.; Marz, M. Direct RNA nanopore sequenc-

ing of full-length coronavirus genomes provides novel insights into structural variants and enables modification analysis. Ge-
nome Res. 2019, 29, 1545–1554. 

31. Yang, D.; Leibowitz, J.L. The structure and functions of coronavirus genomic 3′ and 5′ ends. Virus Res. 2015, 206, 120–133. 
32. Ghosh, S.; Malik, Y.S. Drawing Comparisons between SARS-CoV-2 and the Animal Coronaviruses. Microorganisms 2020, 8, 1840. 
33. Felsenstein, S.; Herbert, J.A.; McNamara, P.S.; Hedrich, C.M. COVID-19: Immunology and treatment options. Clin. Immunol. 

2020, 215, 108448. 
34. Paules, C.I.; Marston, H.D.; Fauci, A.S. Coronavirus Infections-More Than Just the Common Cold. JAMA 2020, 323, 707–708. 
35. Jonsdottir, H.R.; Dijkman, R. Coronaviruses and the human airway: A universal system for virus-host interaction studies. Virol. 

J. 2016, 13, 24. 
36. Forni, D.; Cagliani, R.; Clerici, M.; Sironi, M. Molecular Evolution of Human Coronavirus Genomes. Trends Microbiol. 2017, 25, 

35–48. 
37. Su, S.; Wong, G.; Shi, W.; Liu, J.; Lai, A.C.K.; Zhou, J.; Liu, W.; Bi, Y.; Gao, G.F. Epidemiology, Genetic Recombination, and 

Pathogenesis of Coronaviruses. Trends Microbiol. 2016, 24, 490–502. 
38. Lau, S.K.; Woo, P.C.; Li, K.S.; Tsang, A.K.; Fan, R.Y.; Luk, H.K.; Cai, J.P.; Chan, K.H.; Zheng, B.J.; Wang, M.; et al. Discovery of 

a novel coronavirus, China Rattus coronavirus HKU24, from Norway rats supports the murine origin of Betacoronavirus 1 and 
has implications for the ancestor of Betacoronavirus lineage A. J. Virol. 2015, 89, 3076–3092. 



Pathogens 2021, 10, 1218 22 of 28 
 

 

39. Woo, P.C.; Lau, S.K.; Lam, C.S.; Lau, C.C.; Tsang, A.K.; Lau, J.H.; Bai, R.; Teng, J.L.; Tsang, C.C.; Wang, M.; et al. Discovery of 
seven novel Mammalian and avian coronaviruses in the genus deltacoronavirus supports bat coronaviruses as the gene source 
of alphacoronavirus and betacoronavirus and avian coronaviruses as the gene source of gammacoronavirus and deltacorona-
virus. J. Virol. 2012, 86, 3995–4008. 

40. Ye, Z.W.; Yuan, S.; Yuen, K.S.; Fung, S.Y.; Chan, C.P.; Jin, D.Y. Zoonotic origins of human coronaviruses. Int. J. Biol. Sci. 2020, 
16, 1686–1697. 

41. Corman, V.M.; Eckerle, I.; Memish, Z.A.; Liljander, A.M.; Dijkman, R.; Jonsdottir, H.; Juma Ngeiywa, K.J.; Kamau, E.; Younan, 
M.; Al Masri, M.; et al. Link of a ubiquitous human coronavirus to dromedary camels. Proc. Natl. Acad. Sci. USA 2016, 113, 9864–
9869. 

42. Zheng, J. SARS-CoV-2: An Emerging Coronavirus that Causes a Global Threat. Int. J. Biol. Sci. 2020, 16, 1678–1685. 
43. Asrani, P.; Hasan, G.M.; Sohal, S.S.; Hassan, M.I. Molecular Basis of Pathogenesis of Coronaviruses: A Comparative Genomics 

Approach to Planetary Health to Prevent Zoonotic Outbreaks in the 21st Century. Omics: A J. Integr. Biol. 2020, 24, 634–644. 
44. Fehr, A.R.; Perlman, S. Coronaviruses: An overview of their replication and pathogenesis. Methods Mol. Biol. 2015, 1282, 1–23. 
45. Huang, X.; Dong, W.; Milewska, A.; Golda, A.; Qi, Y.; Zhu, Q.K.; Marasco, W.A.; Baric, R.S.; Sims, A.C.; Pyrc, K.; et al. Human 

Coronavirus HKU1 Spike Protein Uses O-Acetylated Sialic Acid as an Attachment Receptor Determinant and Employs Hemag-
glutinin-Esterase Protein as a Receptor-Destroying Enzyme. J. Virol. 2015, 89, 7202–7213. 

46. Hulswit, R.J.G.; Lang, Y.; Bakkers, M.J.G.; Li, W.; Li, Z.; Schouten, A.; Ophorst, B.; van Kuppeveld, F.J.M.; Boons, G.J.; Bosch, 
B.J.; et al. Human coronaviruses OC43 and HKU1 bind to 9-O-acetylated sialic acids via a conserved receptor-binding site in 
spike protein domain A. Proc. Natl. Acad. Science USA 2019, 116, 2681–2690. 

47. Fraser, C.; Donnelly, C.A.; Cauchemez, S.; Hanage, W.P.; Van Kerkhove, M.D.; Hollingsworth, T.D.; Griffin, J.; Baggaley, R.F.; 
Jenkins, H.E.; Lyons, E.J.; et al. Pandemic potential of a strain of influenza A (H1N1): Early findingSciences. Science 2009, 324, 
1557–1561. 

48. Geller, C.; Varbanov, M.; Duval, R.E. Human coronaviruses: Insights into environmental resistance and its influence on the 
development of new antiseptic strategies. Viruses 2012, 4, 3044–3068. 

49. Chen, J. Pathogenicity and transmissibility of 2019-nCoV-A quick overview and comparison with other emerging viruses. Mi-
crobes Infect. 2020, 22, 69–71. 

50. Wiersinga, W.J.; Rhodes, A.; Cheng, A.C.; Peacock, S.J.; Prescott, H.C. Pathophysiology, Transmission, Diagnosis, and Treat-
ment of Coronavirus Disease 2019 (COVID-19): A Review. JAMA 2020, 324, 782–793. 

51. Center for Disease Control and Prevention. SARS-CoV-2 Transmission. In COVID-19 Scientific Brief; 7 May 2021 ed.; 2021. 
52. Feng, Y.; Gao, G.F. Towards our understanding of SARS-CoV, an emerging and devastating but quickly conquered virus. Comp. 

Immunol. Microbiol. Infect. Dis. 2007, 30, 309–327. 
53. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; 

Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease 
Inhibitor. Cell 2020, 181, 271–280.e8. 

54. Kawase, M.; Shirato, K.; van der Hoek, L.; Taguchi, F.; Matsuyama, S. Simultaneous treatment of human bronchial epithelial 
cells with serine and cysteine protease inhibitors prevents severe acute respiratory syndrome coronavirus entry. J. Virol. 2012, 
86, 6537–6545. 

55. Millet, J.K.; Whittaker, G.R. Physiological and molecular triggers for SARS-CoV membrane fusion and entry into host cells. 
Virology 2018, 517, 3–8. 

56. Tortorici, M.A.; Veesler, D. Structural insights into coronavirus entry. Adv. Virus Res. 2019, 105, 93–116. 
57. Xia, S.; Yan, L.; Xu, W.; Agrawal, A.S.; Algaissi, A.; Tseng, C.K.; Wang, Q.; Du, L.; Tan, W.; Wilson, I.A.; et al. A pan-coronavirus 

fusion inhibitor targeting the HR1 domain of human coronavirus spike. Sci. Adv. 2019, 5, eaav4580. 
58. Abu-Farha, M.; Thanaraj, T.A.; Qaddoumi, M.G.; Hashem, A.; Abubaker, J.; Al-Mulla, F. The Role of Lipid Metabolism in 

COVID-19 Virus Infection and as a Drug Target. Int. J. Mol. Sci. 2020, 21, 3544. 
59. Fung, T.S.; Liu, D.X. Coronavirus infection, ER stress, apoptosis and innate immunity. Front. Microbiol. 2014, 5, 296. 
60. Chan, C.M.; Woo, P.C.; Lau, S.K.; Tse, H.; Chen, H.L.; Li, F.; Zheng, B.J.; Chen, L.; Huang, J.D.; Yuen, K.Y. Spike protein, S, of 

human coronavirus HKU1: Role in viral life cycle and application in antibody detection. Exp. Biol. Med. 2008, 233, 1527–1536. 
61. Nao, N.; Yamagishi, J.; Miyamoto, H.; Igarashi, M.; Manzoor, R.; Ohnuma, A.; Tsuda, Y.; Furuyama, W.; Shigeno, A.; Kajihara, 

M.; et al. Genetic Predisposition to Acquire a Polybasic Cleavage Site for Highly Pathogenic Avian Influenza Virus Hemagglu-
tinin. mBio 2017, 8, doi:10.1128/mbio.02298-16. 

62. Vankadari, N.; Wilce, J.A. Emerging WuHan (COVID-19) coronavirus: Glycan shield and structure prediction of spike glyco-
protein and its interaction with human CD26. Emerg. Microbes Infect. 2020, 9, 601–604. 

63. Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-
CoV-2 Spike Glycoprotein. Cell 2020, 181, 281–292.e6. 

64. Hoffmann, M.; Kleine-Weber, H.; Pöhlmann, S. A Multibasic Cleavage Site in the Spike Protein of SARS-CoV-2 Is Essential for 
Infection of Human Lung Cells. Mol. Cell 2020, 78, 779–784.e5. 

65. Rabaan, A.A.; Al-Ahmed, S.H.; Haque, S.; Sah, R.; Tiwari, R.; Malik, Y.S.; Dhama, K.; Yatoo, M.I.; Bonilla-Aldana, D.K.; Rodri-
guez-Morales, A.J. SARS-CoV-2, SARS-CoV, and MERS-COV: A comparative overview. Le Infez. Med. 2020, 28, 174–184. 

66. Brierley, I.; Boursnell, M.E.; Binns, M.M.; Bilimoria, B.; Blok, V.C.; Brown, T.D.; Inglis, S.C. An efficient ribosomal frame-shifting 
signal in the polymerase-encoding region of the coronavirus IBV. EMBO J. 1987, 6, 3779–3785. 



Pathogens 2021, 10, 1218 23 of 28 
 

 

67. Baker, S.C.; Yokomori, K.; Dong, S.; Carlisle, R.; Gorbalenya, A.E.; Koonin, E.V.; Lai, M.M. Identification of the catalytic sites of 
a papain-like cysteine proteinase of murine coronavirus. J. Virol. 1993, 67, 6056–6063. 

68. Knoops, K.; Kikkert, M.; Worm, S.H.; Zevenhoven-Dobbe, J.C.; van der Meer, Y.; Koster, A.J.; Mommaas, A.M.; Snijder, E.J. 
SARS-coronavirus replication is supported by a reticulovesicular network of modified endoplasmic reticulum. PLoS Biol. 2008, 
6, e226. 

69. Angelini, M.M.; Akhlaghpour, M.; Neuman, B.W.; Buchmeier, M.J. Severe acute respiratory syndrome coronavirus nonstruc-
tural proteins 3, 4, and 6 induce double-membrane vesicles. mBio 2013, 4, doi:10.1128/mBio.00524-13. 

70. Sawicki, S.G.; Sawicki, D.L.; Siddell, S.G. A contemporary view of coronavirus transcription. J. Virol. 2007, 81, 20–29. 
71. Sola, I.; Moreno, J.L.; Zúñiga, S.; Alonso, S.; Enjuanes, L. Role of nucleotides immediately flanking the transcription-regulating 

sequence core in coronavirus subgenomic mRNA synthesis. J. Virol. 2005, 79, 2506–2516. 
72. Zúñiga, S.; Sola, I.; Alonso, S.; Enjuanes, L. Sequence motifs involved in the regulation of discontinuous coronavirus subgenomic 

RNA synthesis. J. Virol. 2004, 78, 980–994. 
73. Krijnse-Locker, J.; Ericsson, M.; Rottier, P.J.; Griffiths, G. Characterization of the budding compartment of mouse hepatitis virus: 

Evidence that transport from the RER to the Golgi complex requires only one vesicular transport step. J. Cell Biol. 1994, 124, 55–
70. 

74. Jiang, H.Y.; Wek, S.A.; McGrath, B.C.; Scheuner, D.; Kaufman, R.J.; Cavener, D.R.; Wek, R.C. Phosphorylation of the alpha 
subunit of eukaryotic initiation factor 2 is required for activation of NF-kappaB in response to diverse cellular stresses. Mol. 
Cell. Biol. 2003, 23, 5651–5663. 

75. Yeung, Y.S.; Yip, C.W.; Hon, C.C.; Chow, K.Y.; Ma, I.C.; Zeng, F.; Leung, F.C. Transcriptional profiling of Vero E6 cells over-
expressing SARS-CoV S2 subunit: Insights on viral regulation of apoptosis and proliferation. Virology 2008, 371, 32–43. 

76. Urano, F.; Wang, X.; Bertolotti, A.; Zhang, Y.; Chung, P.; Harding, H.P.; Ron, D. Coupling of stress in the ER to activation of 
JNK protein kinases by transmembrane protein kinase IRE1. Science 2000, 287, 664–666. 

77. Szegezdi, E.; Logue, S.E.; Gorman, A.M.; Samali, A. Mediators of endoplasmic reticulum stress-induced apoptosis. EMBO Rep. 
2006, 7, 880–885. 

78. Sung, S.C.; Chao, C.Y.; Jeng, K.S.; Yang, J.Y.; Lai, M.M. The 8ab protein of SARS-CoV is a luminal ER membrane-associated 
protein and induces the activation of ATF6. Virology 2009, 387, 402–413. 

79. Watanabe, Y.; Allen, J.D.; Wrapp, D.; McLellan, J.S.; Crispin, M. Site-specific glycan analysis of the SARS-CoV-2 spike. Science 
2020, 369, 330–333. 

80. Walls, A.C.; Tortorici, M.A.; Frenz, B.; Snijder, J.; Li, W.; Rey, F.A.; DiMaio, F.; Bosch, B.J.; Veesler, D. Glycan shield and epitope 
masking of a coronavirus spike protein observed by cryo-electron microscopy. Nat. Struct. Mol. Biol. 2016, 23, 899–905. 

81. Ben Addi, A.; Lefort, A.; Hua, X.; Libert, F.; Communi, D.; Ledent, C.; Macours, P.; Tilley, S.L.; Boeynaems, J.M.; Robaye, B. 
Modulation of murine dendritic cell function by adenine nucleotides and adenosine: Involvement of the A(2B) receptor. Eur. J. 
Immunol. 2008, 38, 1610–1620. 

82. Narayanan, K.; Huang, C.; Lokugamage, K.; Kamitani, W.; Ikegami, T.; Tseng, C.T.; Makino, S. Severe acute respiratory syn-
drome coronavirus nsp1 suppresses host gene expression, including that of type I interferon, in infected cells. J. Virol. 2008, 82, 
4471–4479. 

83. Fung, T.S.; Liu, D.X. Human Coronavirus: Host-Pathogen Interaction. Annu. Rev. Microbiol. 2019, 73, 529–557. 
84. Lim, Y.X.; Ng, Y.L.; Tam, J.P.; Liu, D.X. Human Coronaviruses: A Review of Virus—Host Interactions. Dis. 2016, 4, 26. 
85. Taefehshokr, N.; Taefehshokr, S.; Hemmat, N.; Heit, B. Covid-19: Perspectives on Innate Immune Evasion. Front. Immunol. 2020, 

11, 580641. 
86. Vabret, N.; Britton, G.J.; Gruber, C.; Hegde, S.; Kim, J.; Kuksin, M.; Levantovsky, R.; Malle, L.; Moreira, A.; Park, M.D.; et al. 

Immunology of COVID-19: Current State of the Science. Immunity 2020, 52, 910–941. 
87. Encinar, J.A.; Menendez, J.A. Potential Drugs Targeting Early Innate Immune Evasion of SARS—Coronavirus 2 via 2′-O-Meth-

ylation of Viral RNA. Viruses 2020, 12, 525. 
88. Nikolich-Zugich, J.; Knox, K.S.; Rios, C.T.; Natt, B.; Bhattacharya, D.; Fain, M.J. SARS-CoV-2 and COVID-19 in older adults: 

What we may expect regarding pathogenesis, immune responses, and outcomes. GeroScience 2020, 42, 505–514. 
89. Züst, R.; Cervantes-Barragan, L.; Habjan, M.; Maier, R.; Neuman, B.W.; Ziebuhr, J.; Szretter, K.J.; Baker, S.C.; et al. Ribose 2′-O-

methylation provides a molecular signature for the distinction of self and non-self mRNA dependent on the RNA sensor Mda5. 
Nat. Immunol. 2011, 12, 137–143. 

90. Shin, D.; Mukherjee, R.; Grewe, D.; Bojkova, D.; Baek, K.; Bhattacharya, A.; Schulz, L.; Widera, M.; Mehdipour, A.R.; Tascher, 
G.; et al. Papain-like protease regulates SARS-CoV-2 viral spread and innate immunity. Nature 2020, 587, 657–662. 

91. Kindler, E.; Thiel, V.; Weber, F. Interaction of SARS and MERS Coronaviruses with the Antiviral Interferon Response. Adv. Virus 
Res. 2016, 96, 219–243. 

92. de Wit, E.; van Doremalen, N.; Falzarano, D.; Munster, V.J. SARS and MERS: Recent insights into emerging coronaviruses. Nat. 
Rev. Microbiol. 2016, 14, 523–534. 

93. Yi, Y.; Lagniton, P.N.P.; Ye, S.; Li, E.; Xu, R.H. COVID-19: What has been learned and to be learned about the novel coronavirus 
disease. Int. J. Biol. Sci. 2020, 16, 1753–1766. 

94. Chiappelli, F.; Khakshooy, A.; Greenberg, G. CoViD-19 Immunopathology and Immunotherapy. Bioinformation 2020, 16, 219–
222. 



Pathogens 2021, 10, 1218 24 of 28 
 

 

95. Diao, B.; Wang, C.; Tan, Y.; Chen, X.; Liu, Y.; Ning, L.; Chen, L.; Li, M.; Liu, Y.; Wang, G.; et al. Reduction and Functional 
Exhaustion of T Cells in Patients with Coronavirus Disease 2019 (COVID-19). Front. Immunol. 2020, 11, 827. 

96. Hamming, I.; Timens, W.; Bulthuis, M.L.; Lely, A.T.; Navis, G.; van Goor, H. Tissue distribution of ACE2 protein, the functional 
receptor for SARS coronavirus. A first step in understanding SARS pathogenesis. J. Pathol. 2004, 203, 631–637. 

97. Sungnak, W.; Huang, N.; Bécavin, C.; Berg, M.; Queen, R.; Litvinukova, M.; Talavera-López, C.; Maatz, H.; Reichart, D.; Sam-
paziotis, F.; Worlock, K.B.; et al. SARS-CoV-2 entry factors are highly expressed in nasal epithelial cells together with innate 
immune genes. Nat. Med. 2020, 26, 681–687. 

98. Benetti, E.; Tita, R.; Spiga, O.; Ciolfi, A.; Birolo, G.; Bruselles, A.; Doddato, G.; Giliberti, A.; Marconi, C.; Musacchia, F.; et al. 
ACE2 gene variants may underlie interindividual variability and susceptibility to COVID-19 in the Italian population. Eur. J. 
Hum. Genet. EJHG 2020, 28, 1602–1614. 

99. Decroly, E.; Imbert, I.; Coutard, B.; Bouvet, M.; Selisko, B.; Alvarez, K.; Gorbalenya, A.E.; Snijder, E.J.; Canard, B. Coronavirus 
nonstructural protein 16 is a cap-0 binding enzyme possessing (nucleoside-2′O)-methyltransferase activity. J. Virol. 2008, 82, 
8071–8084. 

100. Oliver, C.M.; Campbell, M.; Dulan, O.; Hamilton, N.; Birchall, M. Appearance and management of COVID-19 laryngo-tracheitis: 
Two case reports. F1000Research 2020, 9, 310. 

101. Ghinai, I.; McPherson, T.D.; Hunter, J.C.; Kirking, H.L.; Christiansen, D.; Joshi, K.; Rubin, R.; Morales-Estrada, S.; Black, S.R.; 
Pacilli, M.; et al. First known person-to-person transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
in the USA. Lancet 2020, 395, 1137–1144. 

102. Amawi, H.; Abu Deiab, G.I.; AA, A.A.; Dua, K.; Tambuwala, M.M. COVID-19 pandemic: An overview of epidemiology, path-
ogenesis, diagnostics and potential vaccines and therapeutics. Ther. Deliv. 2020, 11, 245–268. 

103. Hussain, A.; Kaler, J.; Tabrez, E.; Tabrez, S.; Tabrez, S.S.M. Novel COVID-19: A Comprehensive Review of Transmission, Man-
ifestation, and Pathogenesis. Cureus 2020, 12, e8184. 

104. Barnes, B.J.; Adrover, J.M.; Baxter-Stoltzfus, A.; Borczuk, A.; Cools-Lartigue, J.; Crawford, J.M.; Daßler-Plenker, J.; Guerci, P.; 
Huynh, C.; Knight, J.S.; et al. Targeting potential drivers of COVID-19: Neutrophil extracellular traps. J. Exp. Med. 2020, 6, 217. 

105. Sarkar, M.; Niranjan, N.; Banyal, P.K. Mechanisms of hypoxemia. Lung India Off. Organ Indian Chest Soc. 2017, 34, 47–60. 
106. Casillo, G.M.; Mansour, A.A.; Raucci, F.; Saviano, A.; Mascolo, N.; Iqbal, A.J.; Maione, F. Could IL-17 represent a new therapeu-

tic target for the treatment and/or management of COVID-19-related respiratory syndrome? Pharmacol. Res. 2020, 156, 104791. 
107. Wu, D.; Yang, X.O. TH17 responses in cytokine storm of COVID-19: An emerging target of JAK2 inhibitor Fedratinib. J. Micro-

biol. Immunol. Infect. Wei Mian Yu Gan Ran Za Zhi 2020, 53, 368–370. 
108. Channappanavar, R.; Fehr, A.R.; Vijay, R.; Mack, M.; Zhao, J.; Meyerholz, D.K.; Perlman, S. Dysregulated Type I Interferon and 

Inflammatory Monocyte-Macrophage Responses Cause Lethal Pneumonia in SARS-CoV-Infected Mice. Cell Host Microbe 2016, 
19, 181–193. 

109. Tang, Y.; Liu, J.; Zhang, D.; Xu, Z.; Ji, J.; Wen, C. Cytokine Storm in COVID-19: The Current Evidence and Treatment Strategies. 
Front. Immunol. 2020, 11, 1708. 

110. Schulert, G.S.; Grom, A.A. Macrophage activation syndrome and cytokine-directed therapies. Best Pract. Res. Clin. Rheumatol. 
2014, 28, 277–292. 

111. Costela-Ruiz, V.J.; Illescas-Montes, R.; Puerta-Puerta, J.M.; Ruiz, C.; Melguizo-Rodríguez, L. SARS-CoV-2 infection: The role of 
cytokines in COVID-19 disease. Cytokine Growth Factor Rev. 2020, 54, 62–75. 

112. Abdin, S.M.; Elgendy, S.M.; Alyammahi, S.K.; Alhamad, D.W.; Omar, H.A. Tackling the cytokine storm in COVID-19, chal-
lenges and hopes. Life Sci. 2020, 257, 118054. 

113. Li, X.; Geng, M.; Peng, Y.; Meng, L.; Lu, S. Molecular immune pathogenesis and diagnosis of COVID-19. J. Pharm. Anal. 2020, 
10, 102–108. 

114. Li, X.; Xu, S.; Yu, M.; Wang, K.; Tao, Y.; Zhou, Y.; Shi, J.; Zhou, M.; Wu, B.; Yang, Z.; et al. Risk factors for severity and mortality 
in adult COVID-19 inpatients in Wuhan. J. Allergy Clin. Immunol. 2020, 146, 110–118. 

115. Ji, H.L.; Zhao, R.; Matalon, S.; Matthay, M.A. Elevated Plasmin(ogen) as a Common Risk Factor for COVID-19 Susceptibility. 
Physiol. Rev. 2020, 100, 1065–1075. 

116. Muñoz-Fontela, C.; Dowling, W.E.; Funnell, S.G.P.; Gsell, P.S.; Riveros-Balta, A.X.; Albrecht, R.A.; Andersen, H.; Baric, R.S.; 
Carroll, M.W.; Cavaleri, M.; et al. Animal models for COVID-19. Nature 2020, 586, 509–515. 

117. Chau, V.Q.; Oliveros, E.; Mahmood, K.; Singhvi, A.; Lala, A.; Moss, N.; Gidwani, U.; Mancini, D.M.; Pinney, S.P.; Parikh, A. The 
Imperfect Cytokine Storm: Severe COVID-19 With ARDS in a Patient on Durable LVAD Support. JACC. Case Rep. 2020, 2, 1315–
1320. 

118. Prompetchara, E.; Ketloy, C.; Palaga, T. Immune responses in COVID-19 and potential vaccines: Lessons learned from SARS 
and MERS epidemic. Asian Pac. J. Allergy Immunol. 2020, 38, 1–9. 

119. Baldassarri, M.; Picchiotti, N.; Fava, F.; Fallerini, C.; Benetti, E.; Daga, S.; Valentino, F.; Doddato, G.; Furini, S.; Giliberti, A.; et 
al. Shorter androgen receptor polyQ alleles protect against life-threatening COVID-19 disease in European males. EBioMedicine 
2021, 65, 103246. 

120. Rokni, M.; Ghasemi, V.; Tavakoli, Z. Immune responses and pathogenesis of SARS-CoV-2 during an outbreak in Iran: Compar-
ison with SARS and MERS. Rev. Med Virol. 2020, 30, e2107. 

121. Li, G.; Fan, Y.; Lai, Y.; Han, T.; Li, Z.; Zhou, P.; Pan, P.; Wang, W.; Hu, D.; Liu, X.; et al. Coronavirus infections and immune 
responses. J. Med Virol. 2020, 92, 424–432. 



Pathogens 2021, 10, 1218 25 of 28 
 

 

122. Ye, Q.; Wang, B.; Mao, J. The pathogenesis and treatment of the ‘Cytokine Storm’ in COVID-19. J. Infect. 2020, 80, 607–613. 
123. Rastogi, M.; Pandey, N.; Shukla, A.; Singh, S.K. SARS coronavirus 2: From genome to infectome. Respir. Res. 2020, 21, 318. 
124. Junejo, Y.; Ozaslan, M.; Safdar, M.; Khailany, R.A.; Rehman, S.; Yousaf, W.; Khan, M.A. Novel SARS-CoV-2/COVID-19: Origin, 

pathogenesis, genes and genetic variations, immune responses and phylogenetic analysis. Gene Rep. 2020, 20, 100752 
125. Takada, A.; Kawaoka, Y. Antibody-dependent enhancement of viral infection: Molecular mechanisms and in vivo implications. 

Rev. Med Virol. 2003, 13, 387–398. 
126. Jin, Y.; Yang, H.; Ji, W.; Wu, W.; Chen, S.; Zhang, W.; Duan, G. Virology, Epidemiology, Pathogenesis, and Control of COVID-

19. Viruses 2020, 12, 372. 
127. Chen, G.; Wu, D.; Guo, W.; Cao, Y.; Huang, D.; Wang, H.; Wang, T.; Zhang, X.; Chen, H.; Yu, H.; et al. Clinical and immunolog-

ical features of severe and moderate coronavirus disease 2019. J. Clin. Investig. 2020, 130, 2620–2629. 
128. Usmani, G.N.; Woda, B.A.; Newburger, P.E. Advances in understanding the pathogenesis of HLH. Br. J. Haematol. 2013, 161, 

609–622. 
129. Yao, X.H.; Li, T.Y.; He, Z.C.; Ping, Y.F.; Liu, H.W.; Yu, S.C.; Mou, H.M.; Wang, L.H.; Zhang, H.R.; Fu, W.J.; et al. A pathological 

report of three COVID-19 cases by minimal invasive autopsies]. Zhonghua Bing Li Xue Za Zhi Chin. J. Pathol. 2020, 49, 411–417. 
130. Schnabel, A.; Hedrich, C.M. Childhood Vasculitis. Front. Pediatrics 2018, 6, 421. 
131. Arachchillage, D.R.J.; Laffan, M. Abnormal coagulation parameters are associated with poor prognosis in patients with novel 

coronavirus pneumonia. J. Thromb. Haemost. JTH 2020, 18, 1233–1234. 
132. Kluge, S.; Janssens, U.; Welte, T.; Weber-Carstens, S.; Marx, G.; Karagiannidis, C. German recommendations for critically ill 

patients with COVID-19. Med. Klin. Intensivmed. Und Notf. 2020, 115 (Suppl. 3), 111–114. 
133. Yang, J.K.; Lin, S.S.; Ji, X.J.; Guo, L.M. Binding of SARS coronavirus to its receptor damages islets and causes acute diabetes. 

Acta Diabetol. 2010, 47, 193–199. 
134. Chen, J.; Jiang, Q.; Xia, X.; Liu, K.; Yu, Z.; Tao, W.; Gong, W.; Han, J.J. Individual variation of the SARS-CoV-2 receptor ACE2 

gene expression and regulation. Aging Cell 2020, 19, e13168 
135. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.M.; Wang, W.; Song, Z.G.; Hu, Y.; Tao, Z.W.; Tian, J.H.; Pei, Y.Y.; et al. A new coronavirus 

associated with human respiratory disease in China. Nature 2020, 579, 265–269. 
136. Hamre, D.; Procknow, J.J. A new virus isolated from the human respiratory tract. Proc. Soc. Exp. Biol. Med. 1966, 121, 190–193. 
137. Sparks, M.A.; Crowley, S.D.; Gurley, S.B.; Mirotsou, M.; Coffman, T.M. Classical Renin-Angiotensin system in kidney physiol-

ogy. Compr. Physiol. 2014, 4, 1201–1228. 
138. Simões e Silva, A.C.; Silveira, K.D.; Ferreira, A.J.; Teixeira, M.M. ACE2, angiotensin-(1–7) and Mas receptor axis in inflammation 

and fibrosis. Br. J. Pharmacol. 2013, 169, 477–492. 
139. Singh, A.; Singh, R.S.; Sarma, P.; Batra, G.; Joshi, R.; Kaur, H.; Sharma, A.R.; Prakash, A.; Medhi, B. A Comprehensive Review 

of Animal Models for Coronaviruses: SARS-CoV-2, SARS-CoV, and MERS-CoV. Virol. Sin. 2020, 35, 290–304. 
140. Yuan, L.; Tang, Q.; Cheng, T.; Xia, N. Animal models for emerging coronavirus: Progress and new insights. Emerg. Microbes 

Infect. 2020, 9, 949–961. 
141. Takayama, K. In Vitro and Animal Models for SARS-CoV-2 research. Trends Pharmacol. Sci. 2020, 41, 513–517. 
142. Kim, Y.I.; Kim, S.G.; Kim, S.M.; Kim, E.H.; Park, S.J.; Yu, K.M.; Chang, J.H.; Kim, E.J.; Lee, S.; Casel, M.A.B.; et al. Infection and 

Rapid Transmission of SARS-CoV-2 in Ferrets. Cell Host Microbe 2020, 27, 704–709.e2. 
143. Chan, J.F.; Zhang, A.J.; Yuan, S.; Poon, V.K.; Chan, C.C.; Lee, A.C.; Chan, W.M.; Fan, Z.; Tsoi, H.W.; Wen, L.; et al. Simulation 

of the Clinical and Pathological Manifestations of Coronavirus Disease 2019 (COVID-19) in a Golden Syrian Hamster Model: 
Implications for Disease Pathogenesis and Transmissibility. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2020, 71, 2428–2446. 

144. Bao, L.; Deng, W.; Huang, B.; Gao, H.; Liu, J.; Ren, L.; Wei, Q.; Yu, P.; Xu, Y.; Qi, F.; et al. The pathogenicity of SARS-CoV-2 in 
hACE2 transgenic mice. Nature 2020, 583, 830–833. 

145. Chen, Y.; Liu, Q.; Guo, D. Emerging coronaviruses: Genome structure, replication, and pathogenesis. J. Med Virol. 2020, 92, 418–
423. 

146. Haake, C.; Cook, S.; Pusterla, N.; Murphy, B. Coronavirus Infections in Companion Animals: Virology, Epidemiology, Clinical 
and Pathologic Features. Viruses 2020, 12, 1023. 

147. Decaro, N.; Lorusso, A. Novel human coronavirus (SARS-CoV-2): A lesson from animal coronaviruses. Vet. Microbiol. 2020, 244, 
108693. 

148. Health, H. Treatments for COVID-19. Available online: https://www.health.harvard.edu/diseases-and-conditions/treatments-
for-covid-19 (accessed on 03 September 2021). 

149. National Institutes of Health. COVID-19 Treatment Guidelines. 8 July 2021 ed.; NIH: Bethesda, MD, USA, 2021. 
150. Stratton, C.W.; Tang, Y.W.; Lu, H. Pathogenesis-directed therapy of 2019 novel coronavirus disease. J. Med. Virol. 2021, 93, 1320–

1342. 
151. Rojas, M.; Rodríguez, Y.; Monsalve, D.M.; Acosta-Ampudia, Y.; Camacho, B.; Gallo, J.E.; Rojas-Villarraga, A.; Ramírez-Santana, 

C.; Díaz-Coronado, J.C.; Manrique, R.; et al. Convalescent plasma in Covid-19: Possible mechanisms of action. Autoimmun. Rev. 
2020, 19, 102554. 

152. Yin, W.; Mao, C.; Luan, X.; Shen, D.D.; Shen, Q.; Su, H.; Wang, X.; Zhou, F.; Zhao, W.; Gao, M.; et al. Structural basis for inhibition 
of the RNA-dependent RNA polymerase from SARS-CoV-2 by remdesivir. Science 2020, 368, 1499–1504. 

153. Grein, J.; Ohmagari, N.; Shin, D.; Diaz, G.; Asperges, E.; Castagna, A.; Feldt, T.; Green, G.; Green, M.L.; Lescure, F.X.; et al. 
Compassionate Use of Remdesivir for Patients with Severe Covid-19. N. Engl. J. Med. 2020, 382, 2327–2336. 



Pathogens 2021, 10, 1218 26 of 28 
 

 

154. Mifsud, E.J.; Hayden, F.G.; Hurt, A.C. Antivirals targeting the polymerase complex of influenza viruses. Antivir. Res. 2019, 169, 
104545. 

155. Kaufmann, A.M.; Krise, J.P. Lysosomal sequestration of amine-containing drugs: Analysis and therapeutic implications. J. 
Pharm. Sci. 2007, 96, 729–746. 

156. Siddiqi, H.K.; Mehra, M.R. COVID-19 illness in native and immunosuppressed states: A clinical-therapeutic staging proposal. 
The Journal of heart and lung transplantation: The official publication of the International Society for Heart Transplantation 
2020, 39, 405–407. 

157. Nujić, K.; Banjanac, M.; Munić, V.; Polančec, D.; Eraković Haber, V. Impairment of lysosomal functions by azithromycin and 
chloroquine contributes to anti-inflammatory phenotype. Cell. Immunol. 2012, 279, 78–86. 

158. Echeverría-Esnal, D.; Martin-Ontiyuelo, C.; Navarrete-Rouco, M.E.; De-Antonio Cuscó, M.; Ferrández, O.; Horcajada, J.P.; Grau, 
S. Azithromycin in the treatment of COVID-19: A review. Expert Rev. Anti-Infect. Ther. 2021, 19, 147–163. 

159. Yang, S.N.Y.; Atkinson, S.C.; Wang, C.; Lee, A.; Bogoyevitch, M.A.; Borg, N.A.; Jans, D.A. The broad spectrum antiviral iver-
mectin targets the host nuclear transport importin α/β1 heterodimer. Antivir. Res. 2020, 177, 104760. 

160. Enjuanes, L.; Almazán, F.; Sola, I.; Zuñiga, S. Biochemical aspects of coronavirus replication and virus-host interaction. Annu. 
Rev. Microbiol. 2006, 60, 211–230. 

161. Uchida, H.; Ma, L.; Ueda, H. Epigenetic gene silencing underlies C-fiber dysfunctions in neuropathic pain. J. Neurosci. Off. J. Soc. 
Neurosci. 2010, 30, 4806–4814. 

162. Hung, I.F.; Lung, K.C.; Tso, E.Y.; Liu, R.; Chung, T.W.; Chu, M.Y.; Ng, Y.Y.; Lo, J.; Chan, J.; Tam, A.R.; et al. Triple combination 
of interferon beta-1b, lopinavir-ritonavir, and ribavirin in the treatment of patients admitted to hospital with COVID-19: An 
open-label, randomised, phase 2 trial. Lancet 2020, 395, 1695–1704. 

163. Sahebnasagh, A.; Avan, R.; Saghafi, F.; Mojtahedzadeh, M.; Sadremomtaz, A.; Arasteh, O.; Tanzifi, A.; Faramarzi, F.; 
Negarandeh, R.; Safdari, M.; et al. Pharmacological treatments of COVID-19. Pharmacol. Rep. PR 2020, 72, 1446–1478. 

164. Mathias, A.A.; German, P.; Murray, B.P.; Wei, L.; Jain, A.; West, S.; Warren, D.; Hui, J.; Kearney, B.P. Pharmacokinetics and 
pharmacodynamics of GS-9350: A novel pharmacokinetic enhancer without anti-HIV activity. Clin. Pharmacol. Ther. 2010, 87, 
322–329. 

165. Zhang, L.; Lin, D.; Sun, X.; Curth, U.; Drosten, C.; Sauerhering, L.; Becker, S.; Rox, K.; Hilgenfeld, R. Crystal structure of SARS-
CoV-2 main protease provides a basis for design of improved α-ketoamide inhibitors. Science 2020, 368, 409–412. 

166. Jin, Z.; Du, X.; Xu, Y.; Deng, Y.; Liu, M.; Zhao, Y.; Zhang, B.; Li, X.; Zhang, L.; Peng, C.; et al. Structure of M(pro) from SARS-
CoV-2 and discovery of its inhibitors. Nature 2020, 582, 289–293. 

167. Kato, F.; Matsuyama, S.; Kawase, M.; Hishiki, T.; Katoh, H.; Takeda, M. Antiviral activities of mycophenolic acid and IMD-0354 
against SARS-CoV-2. Microbiol. Immunol. 2020, 64, 635–639. 

168. National Institutes of Health. SARS-COV-2 ANTIVIRAL THERAPEUTICS SUMMIT REPORT; Summit Sponsored by the Na-
tional Institute of Allergy and Infectious Diseases and the National Center for Advancing Translational Sciences. NIH: Bethesda, 
MD, USA, 2020. 

169. Wang, M.; Cao, R.; Zhang, L.; Yang, X.; Liu, J.; Xu, M.; Shi, Z.; Hu, Z.; Zhong, W.; Xiao, G. Remdesivir and chloroquine effectively 
inhibit the recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 2020, 30, 269–271. 

170. McKee, D.L.; Sternberg, A.; Stange, U.; Laufer, S.; Naujokat, C. Candidate drugs against SARS-CoV-2 and COVID-19. Pharmacol. 
Res. 2020, 157, 104859. 

171. Monteil, V.; Kwon, H.; Prado, P.; Hagelkrüys, A.; Wimmer, R.A.; Stahl, M.; Leopoldi, A.; Garreta, E.; Hurtado Del Pozo, C.; et 
al. Inhibition of SARS-CoV-2 Infections in Engineered Human Tissues Using Clinical-Grade Soluble Human ACE2. Cell 2020, 
181, 905–913.e7. 

172. Zhang, H.; Penninger, J.M.; Li, Y.; Zhong, N.; Slutsky, A.S. Angiotensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor: 
Molecular mechanisms and potential therapeutic target. Intensive Care Med. 2020, 46, 586–590. 

173. Cruz-Teran, C.; Tiruthani, K.; McSweeney, M.; Ma, A.; Pickles, R.; Lai, S.K. Challenges and opportunities for antiviral monoclo-
nal antibodies as COVID-19 therapy. Adv. Drug Deliv. Rev. 2021, 169, 100–117. 

174. Lai, S.K.; McSweeney, M.D.; Pickles, R.J. Learning from past failures: Challenges with monoclonal antibody therapies for 
COVID-19. J. Control. Release Off. J. Control. Release Soc. 2021, 329, 87–95. 

175. Chung, J.Y.; Thone, M.N.; Kwon, Y.J. COVID-19 vaccines: The status and perspectives in delivery points of view. Adv. Drug 
Deliv. Rev. 2021, 170, 1–25. 

176. Sallard, E.; Lescure, F.X.; Yazdanpanah, Y.; Mentre, F.; Peiffer-Smadja, N. Type 1 interferons as a potential treatment against 
COVID-19. Antivir. Res. 2020, 178, 104791. 

177. Bayat, M.; Asemani, Y.; Najafi, S. Essential considerations during vaccine design against COVID-19 and review of pioneering 
vaccine candidate platforms. Int. Immunopharmacol. 2021, 97, 107679. 

178. COVID-19 vaccines. In Drugs and Lactation Database (LactMed); National Library of Medicine: Bethesda, MD, USA, 2006. 
179. Centers for Disease Control and Prevention. Understanding how Covid-19 Vaccine Work. CDC, Atlanta, Georgia, USA, 2021. 
180. Xia, S.; Duan, K.; Zhang, Y.; Zhao, D.; Zhang, H.; Xie, Z.; Li, X.; Peng, C.; Zhang, Y.; Zhang, W.; et al. Effect of an Inactivated 

Vaccine Against SARS-CoV-2 on Safety and Immunogenicity Outcomes: Interim Analysis of 2 Randomized Clinical Trials. 
JAMA 2020, 324, 951–960. 

181. Enjuanes, L.; Zuñiga, S.; Castaño-Rodriguez, C.; Gutierrez-Alvarez, J.; Canton, J.; Sola, I. Molecular Basis of Coronavirus Viru-
lence and Vaccine Development. Adv. Virus Res. 2016, 96, 245–286. 



Pathogens 2021, 10, 1218 27 of 28 
 

 

182. World Health Organization. COVID-19 Virtual Press Conference Transcript, 25 June 2021; WHO: Geneva, Switzerland, 2021. 
183. Centers for Disease Control and Prevention. COVID Data Tracker, Variant Proportion; 3 July 2021 ed.; updated 21 July 2021; CDC: 

Atlanta, GA, USA, 2021. 
184. Edwards, E. Delta variant now accounts for 83 percent of new Covid cases. NBC News. Available online: 

https://www.nbcnews.com/health/health-news/delta-variant-now-accounts-83-percent-new-covid-cases-n1274482. Accessed 
on 20 July 2021. 

185. Aleem, A.; Akbar Samad, A.B.; Slenker, A.K. Emerging Variants of SARS-CoV-2 and Novel Therapeutics Against Coronavirus 
(COVID-19). In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021. Copyright © 2021, StatPearls Publishing LLC.: 
Treasure Island, FL, USA, 2021. 

186. Verma, J.; Subbarao, N. Insilico study on the effect of SARS-CoV-2 RBD hotspot mutants’ interaction with ACE2 to understand 
the binding affinity and stability. Virology 2021, 561, 107–116. 

187. Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, R.K.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A.; 
Peacock, S.J.; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev. Microbiol. 2021, 19, 409–424. 

188. Planas, D.; Veyer, D.; Baidaliuk, A.; Staropoli, I.; Guivel-Benhassine, F.; Rajah, M.M.; Planchais, C.; Porrot, F.; Robillard, N.; 
Puech, J.; et al. Reduced sensitivity of SARS-CoV-2 variant Delta to antibody neutralization. Nature 2021, 596, 276–280. 

189. England, P.H. SARS-CoV-2 Variants of Concern and Variants under Investigation. In England Technical Briefing 16. assets.pub-
lishing.service.gov.uk. London, UK, 2021. 

190. Colby, C and Teague K. CNET Health and Wellness. Available online: https://www.cnet.com/health/covid-booster-vaccine-tim-
ing-in-flux-as-scientists-say-shot-not-needed-for-most-what-to-know-today/ (accessed on 14 September 2021). 

191. National Institutes of Health. NIH Clinical Trial Evaluating Mixed COVID-19 Vaccine Schedules Begins; NIH: Bethesda, MD, 
USA, 2021. 

192. Werbel, W.A.; Boyarsky, B.J.; Ou, M.T.; Massie, A.B.; Tobian, A.A.R.; Garonzik-Wang, J.M.; Segev, D.L. Safety and Immuno-
genicity of a Third Dose of SARS-CoV-2 Vaccine in Solid Organ Transplant Recipients: A Case Series. Ann. Intern. Med. 2021., 
L21–0282. Advance Online Publication July 15, 2021, https://doi.org/10.7326/L21-0282. 

193. Centers for Disease Control and Prevention. SARS-CoV-2 Variant Classifications and Definitions; CDC: Atlanta, GA, USA, 2021. 
194. Hassanpour, M.; Rezaie, J.; Nouri, M.; Panahi, Y. The role of extracellular vesicles in COVID-19 virus infection. Infect. Genet. 

Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2020, 85, 104422. 
195. sWang, J.; Chen, S.; Bihl, J. Exosome-mediated transfer of ACE2 (angiotensin-converting enzyme 2) from endothelial progenitor 

cells promotes survival and function of endothelial cell. Oxid Med Cell Longev. 2020, 4213541, doi: 10.1155/2020/4213541. 
196. Matthews, Q.L. Neural stem cell-derived exosomes mediate viral entry. J Vis Exp, 2014, 9, 4893–7. 
197. Sims, B.; Farrow, A.L.; Williams, S.D.; Bansal, A. Krendelchtchikov, A.; Gu, L.; Matthews, Q.L. Role of TIM-4 in exosome-de-

pendent entry of HIV-1 into human immune cells. Int J Nanomed. 2017, 12, 4823–4833. 
198. Sims, B.; Farrow, A.L.; Williams, S.D.; Bansal, A.; Krendelchtchikov, A.; Matthews, Q.L. Tetraspanin blockage reduces exosome-

mediated HIV-1 entry. Arch. Virol. 2018, 163, 1683–1689. 
199. Xia, X.; Wang, Y.; Huang, Y.; Zhang, H.; Lu, H.; Zheng, J.C. Exosomal miRNAs in central nervous system diseases: biomarkers, 

pathological mediators, protective factors and therapeutic agents. Prog. Neurobiol. 2019, 183, 101694. 
200. Earnest, J.T.; Hantak, M.P.; Li, K.; Jr, P.B.M.; Perlman, S.; Gallagher, T. The tetraspanin CD9 facilitates MERS-coronavirus entry 

by scaffolding host cell receptors and proteases. PLOS Pathog. 2017, 13, e1006546. 
201. Boker KO, Lemus-Diaz N, Rinaldi Ferreira R, Schiller L, Schneider S, Gruber, J. The impact of the CD9 tetraspanin on lentivirus 

infectivity and exosome secretion. Mol Ther. 2018, 26, 634–647 
202. Guervilly, C.; Bonifay, A.; Burtey, S.; Sabatier, F.; Cauchois, R.; Abdili, E.; Arnaud, L.; Lano, G.; Pietri, L.; Robert, T.; et al. Dis-

semination of extreme levels of extracellular vesicles: Tissue factor activity in patients with severe COVID-19. Blood Adv. 2021, 
5, 628–634. 

203. Rosell, A.; Havervall, S.; von Meijenfeldt, F.; Hisada, Y.; Aguilera, K.; Grover, S.P.; Lisman, T.; Mackman, N.; Thålin, C. Patients 
With COVID-19 Have Elevated Levels of Circulating Extracellular Vesicle Tissue Factor Activity That Is Associated with Sever-
ity and Mortality-Brief Report. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 878–882. 

204. Czumbel, L.M.; Kiss, S.; Farkas, N.; Mandel, I.; Hegyi, A.; Nagy, Á.; Lohinai, Z.; Szakács, Z.; Hegyi, P.; Steward, M.C.; et al. 
Saliva as a Candidate for COVID-19 Diagnostic Testing: A Meta-Analysis. Front. Med. 2020, 7, 465. 

205. To, K.K.; Tsang, O.T.; Leung, W.S.; Tam, A.R.; Wu, T.C.; Lung, D.C.; Yip, C.C.; Cai, J.P.; Chan, J.M.; Chik, T.S.; et al. Temporal 
profiles of viral load in posterior oropharyngeal saliva samples and serum antibody responses during infection by SARS-CoV-
2: An observational cohort study. Lancet. Infect. Dis. 2020, 20, 565–574. 

206. Lu, B.; Huang, Y.; Huang, L.; Li, B.; Zheng, Z.; Chen, Z.; Chen, J.; Hu, Q.; Wang, H. Effect of mucosal and systemic immunization 
with virus-like particles of severe acute respiratory syndrome coronavirus in mice. Immunology 2010, 130, 254–261. 

207. Liu, L.; Wei, Q.; Alvarez, X.; Wang, H.; Du, Y.; Zhu, H.; Jiang, H.; Zhou, J.; Lam, P.; Zhang, L.; et al. Epithelial cells lining salivary 
gland ducts are early target cells of severe acute respiratory syndrome coronavirus infection in the upper respiratory tracts of 
rhesus macaques. J. Virol. 2011, 85, 4025–4030. 

208. Crenshaw, B.J.; Jones, L.B.; Bell, C.R.; Kumar, S.; Matthews, Q.L. Perspective on Adenoviruses: Epidemiology, Pathogenicity, 
and Gene Therapy. Biomedicines 2019, 7, 61. 

  



Pathogens 2021, 10, 1218 28 of 28 
 

 

209. O'Driscoll, L. Extracellular vesicles from mesenchymal stem cells as a Covid-19 treatment. Drug Discov. Today 2020, 25, 1124–
1125. 

210. Kumar, S.; Zhi, K.; Mukherji, A.; Gerth, K. Repurposing Antiviral Protease Inhibitors Using Extracellular Vesicles for Potential 
Therapy of COVID-19. Viruses 2020, 12, 486. 


