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Starting in the Wuhan city of China, the indiscriminate spread of Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)

and sudden escalation in the number of Coronavirus disease-2019 (COVID-19) cases has brought desolation to mankind. To control

the ongoing disastrous pandemic, it is important to congregate the highest level of information on the ecology of this notorious

microbe. The similarities between SARS-CoV-2 and SARS-CoV can be traced back to their phylogenetic relationship, however, gaining

insight into the divergent features of the novel coronavirus demands extensive research. This article brings together the previously

known facts about SARS-coronaviruses and contrasts them with the new findings on SARS-CoV-2 from the most recent studies for

future reference.
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Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), infamously responsible for causing one of the largest pan-
demics of 21 century, the Coronavirus disease-2019 (COVID-19)
outbreak (2019 - 2020), has emerged unpredictably creating
a state of global health emergency. By the end of June 2020, the
WHO COVID-19 dashboard recorded around 10 million confirmed
cases and deaths exceeding 5 lakhs worldwide. SARS coronavirus
(SARS-CoV or SARS-CoV-1), the ancestor to SARS-CoV-2, was the
culprit behind the 2003 Severe acute respiratory syndrome (SARS)
outbreak (2002 - 2004). The SARS outbreak gave rise to more than
8000 reported cases globally with a mortality rate of ~10%.

Coronaviruses are a group of related RNA viruses that infect
and cause diseases in mammals and birds. They typically produce
respiratory as well as gastrointestinal symptoms among different
species they infect. In humans, these viruses cause clinical mani-

festations ranging from mild upper respiratory tract infection to a

lethal form of pneumonia, the Severe acute respiratory syndrome
(SARS).

This article comprehensively discusses the biology of SARS-
coronaviruses, SARS-CoV-2 and SARS-CoV, with emphasis on the
unique properties of SARS-CoV-2.

Evolution and zoonosis

The novel coronavirus, SARS-CoV-2, is homologous to SARS-CoV
and shares about 80% of the gene sequence of SARS-CoV. While the
six major open reading frames (ORFs) of SARS-CoV-2 genes share
less than 80% identity in nucleotides to SARS-CoV, the seven con-
served replicase domains in ORF1ab has 94.6% sequence identity
in amino acids between SARS-CoV-2 and SARS-CoV [1], suggesting
the possibility that these two viruses might belong to the same spe-

cies.

Genome sequencing showed that the genome organization of all
bat SARS-like-CoVs is almost identical to that of the SARS-CoVs iso-
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lated from humans or civets, and they shared an overall sequence
identity of 88% to 92% [2,3]. The sequence identity between
SARS-CoV-2 and bat-SL-CoVZC45 or bat-SL-CoVZXC21, the closest
relatives, is lower than 90% [2]. However, SARS-CoV-2 has 96.2%
overall genome sequence identity to Bat-CoV-RaTG13, a bat coro-
navirus detected in Rhinolophus affinis from Yunnan province [1].
Bats are thus considered to be the potential natural host of SARS-

coronaviruses.

Palm civets were implicated to be the intermediate host for
SARS-CoV. The genome sequences of SARS-CoVs from palm civ-
ets were almost identical to the genomes from human SARS-CoVs
[3,4]. The intermediate host for SARS-CoV-2 is suggested to be the
pangolin as the genome similarity between SARS-CoV-2 and the
identified coronaviruses from pangolins is approximately 85.5%
to 92.4%, lower than that seen with the Bat-CoV-RaTG13 [1,5]. In-
terestingly, the pangolin coronavirus and SARS-CoV-2 share iden-
tical amino acids at the five critical residues of RBD of S protein,
while the bat coronavirus RaTG13 shares such identity with SARS-
CoV-2 only in one residue. However, the receptor-binding domain
of S protein from one sub-lineage of the pangolin coronaviruses
shows 97.4% similarity in amino acid sequences to that of SARS-
CoV-2, even higher than that seen with Bat-CoV-RaTG13 (89.2%)
[5]. Although other possible intermediate hosts for SARS-CoV-2 in-
cluding snakes, raccoons, cats, mice have also been suggested, no

conclusive evidence has been found.

Foodborne spread and/or close contact is thought to be the
mode of zoonotic transmission from the primary reservoir or the
intermediate host to human beings, however, the exact route has
not been elucidated, and the precise mechanism of this cross-spe-

cies leap still remains a mystery.

Microbiology

The SARS-coronaviruses belong to the genus Betacoronavi-
rus, subgenus Sarbecovirus and subgroup 2B. They are are large,
spherical to pleomorphic particles. The diameter of virus particles
of SARS-CoV-2 and SARS-CoV, ranges from 60 - 140 nm [6] and 100
- 130 nm [7], respectively. The virion particles are composed of
an outer envelope, and the genomic RNA enclosed within helical

nucleocapsid (Figure 1).
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Figure 1: Structural organization of coronavirus.

Envelope

The envelope consists of a lipid bilayer in which the Envelope
(E), Spike (S) and Membrane (M) structural proteins are embedded
and anchored [8]. The ratio of E:S:M in the lipid bilayer is approx.
1:20:300 [9]. The envelope of the virus in electron micrographs
appears as a distinct pair of electron-dense shells which are rela-
tively opaque to the electron beam used to scan the virus particles
[10,11].

Envelope (E) protein

Envelope (E) protein is a small (~8 - 12 kDa; ~76 - 109 amino
acids), hydrophobic, integral protein present in the lipid bilayer.
Composed of an N-terminal domain, a long alpha-helical trans-
membrane domain, and a C-terminal hydrophilic domain, this pro-
tein is proposed to have multiple membrane topologies. E protein
is involved in critical aspects of the virus life cycle such as assem-
bly, envelope formation, and viral egress (by altering host secre-
tory pathway) as well as maintains the structural shape of the virus
particle. It functions as an ion-channeling viroporin and interacts
with other coronavirus proteins and host cell proteins. Although
the exact mechanism remains unclear, this protein also has a role in
the host stress response. The coronaviruses lacking E protein make

promising vaccine candidates [12,13].

Spike (S) protein
The spike (S) protein is a transmembrane glycoprotein that
assembles into homotrimers (oligomers) on the virion surface to

form the spikes. It is a large (~180 - 200 kDa), class I fusion protein
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that has the characteristic alpha-helical coiled-coil structure. It is
composed of 1100 - 1600 amino acids and is highly glycosylated as
it contains 21 - 35 N-glycosylation sites [15]. The function of S pro-
tein is to mediate receptor binding and membrane fusion between
the virus and the host cell. Moreover, S protein is the common tar-
get of neutralizing antibodies and thus, it is the most commonly

used viral antigen in the production of vaccines [15-19].

The surface spike has 3 segments: (a) Ectodomain, (b) Single-
pass transmembrane anchor domain, and (c) Short intracellular
tail [14]. The ectodomain of S protein (Figure 2) is composed of
2 subunits- S1 and S2. S1 subunit (N-terminal), the globular head
of the spike, contains 2 subdomains- an N-terminal domain (NTD)
and a C-terminal domain (CTD). The C-terminal domain serves as
the receptor binding domain (RBD) and binds proteinaceous re-
ceptors exclusively. S2 subunit (C-terminal) forms the stem which
anchors the spike in the viral envelope, and contains 2 Heptad re-
peats (HRs), a typical feature of class I viral fusion proteins. The
heptad repeats comprise a repetitive heptapeptide, abcdefg, with a
and d being hydrophobic residues, characteristic of the formation

of coiled-coil that participates in the fusion process [16-19].

Figure 2: Spike (S) protein of coronavirus.

The given figure depicts the 2 subunits of the spike protein- S1 and
S2. The smaller arrow points to the boundary between S1/S2-the
first cleavage site that separates the RBD and Fusion Domain of S
protein. The bigger arrow points to the second cleavage site at S2
which harbors the fusion peptide (FP). Following cleavage at S2,
the fusion peptide (FP) gets exposed that inserts into the mem-
brane, and the heptad repeats (HR1 and HR2) present in the S2
subunit join to form an antiparallel six-helix bundle (post-fusion
conformation). The formation of the bundle allows for the mixing
of viral and cellular membranes, resulting in fusion and ultimately,
release of the viral genome into the host cell’s cytoplasm. TMD rep-

resents the transmembrane domain of the spike protein (S).

Some notable differences between the S proteins of SARS-CoV-2
and SARS-CoV have been demonstrated. First, the spike protein of
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SARS-CoV-2 is longer than that of SARS-CoV [20]. Second, the S
proteins of SARS-CoV-2 share about 76% of amino acid identities
with SARS-CoV, while the amino acid sequence of potential RBD of
SARS-CoV-2 is only about 74% homologous to that of SARS-CoV.
Third, there are three short insertions in the N-terminal domain
of SARS-CoV-2 which may confer to sialic acid binding activity, and
four out of five key residue changes in the receptor-binding motif,
as compared to SARS-CoV. Fourth, the S glycoprotein of SARS-CoV-2
harbors a Furin (a Golgi-resident host protease) cleavage site at the
boundary between the S1/S2 subunits, which is processed during

biogenesis and sets this virus apart from SARS-CoV [21,22].

Membrane (M) protein

Membrane (M) protein is the most abundant envelope protein.
It is a type III transmembrane glycoprotein (~230 amino acids)
composed of three parts- a short amino-terminal domain on the
outside of the virion membrane, three transmembrane domains,
and a long carboxy-terminal domain on the inside of the virion par-
ticle. Lateral interactions between M proteins are thought to medi-
ate the formation of virion envelope and are responsible for main-
taining the structural shape of the virion particle. The M protein
plays a key role in virus assembly and mediates the incorporation

of the spikes into the viral envelope [13].

Nucleocapsid

Encoded by the 9% ORF of the genome, the nucleocapsid (N)
protein is a structural and multifunctional protein, that constitutes
the only protein present in the nucleocapsid. It is a ~46 kDa protein
composed of 422 amino acids, and has two independent domains,
an N-terminal domain (NTD), and a C-terminal domain (CTD). The
N-terminal region consists mostly of positively charged amino ac-
ids that are responsible for RNA binding. A lysine-rich region pres-
ent at the C-terminus, is predicted to be capable of self-association.
Besides these, an SR (serine arginine)-rich motif is present in the
middle region which is highly disordered, plays an important role
in effective viral replication, and serves as a linker between the
NTD and CTD [23].

N protein binds the viral genome in a beads-on-a-string type
conformation. Two specific RNA substrates have been identified
for N protein to help package the genome- the TRSs (Transcription
Regulatory Sequences) and the genomic packaging signal. The N

protein also binds to nsp3, a key component of the replicase-com-
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plex that helps tether the viral genome to the replicase-transcrip-
tase complex, thus enhancing the efficiency of viral transcription.
The CTD, and a part of the linker region of N protein, interact with
CTD of M protein to aid in the process of virus self-assembly [23].

In the host cell, the N protein is abundantly produced and
causes perturbation of cellular processes that have pathological
consequences. The disturbances at the cellular level include- de-
regulation of host cell cycle, inhibition of host cell cytokinesis, in-
hibition of host cell translation machinery, inhibition of interferon
production, modulation of TGF-f signaling pathway, upregulation
of COX2 production, upregulation of Activator Protein 1 (AP1) ac-
tivity, induction of apoptosis, upregulation of prothrombinase gene

transcription and association with host cell proteins [23].

The abundance and high hydrophilicity of N protein contributes
to potent immunity after coronavirus infection. SARS-CoV N pro-
tein is extremely antigenic as it produces a highly restricted IgG-
dominated antibody response directed against the nucleocapsid.
Thus, N protein can also be used in the production of vaccines [23].
However, SARS-CoV-1 N protein can also inhibit IFN-y response,
thus neutralizing the host immune response. This property of N
protein has not yet been determined in SARS-CoV-2, which sup-

ports the low mortality caused by this novel coronavirus [24].

Genome

Coronaviruses contain a linear, positive-sense, single-stranded
RNA genome. The genome size is approx. 30 kilobases (kb). Pre-
cisely, SARS-CoV-2 has 29,903, and SARS-CoV has 29,751 nucleo-
tides in the complete DNA sequence length [25]. They have one
of the largest genomes among RNA viruses. Their genome has
a 5'-methylated cap and a 3'-polyadenylated tail, that allows
the positive-sense RNA genome to be directly translated by the
host cell’s ribosome on virus entry. The virus genome has 14 open

reading frames (ORFs) which overlap in some cases [11].

The genome organization for a coronavirus is 5'-leader-UTR-
replicase/transcriptase-spike (S)-envelope (E)-membrane (M)-
nucleocapsid (N)-3'UTR-poly (A) tail. The ORFs-1a and 1b, which
occupy the first two-thirds of the genome, encode the replicase-
transcriptase complex polyprotein (pplab). The later ORFs-2, 4,
5 and 9a encode, respectively, the four major structural proteins:

spike, envelope, membrane, and nucleocapsid. The later ORFs also
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encode for eight unique proteins (ORF3a to ORF9b), known as the
accessory proteins, the functions of which are not well understood
[11].

Life cycle
Attachment and entry

The attachment of the virus to the host cell is mediated by the
interaction between spike protein on the surface of the virion par-
ticle, and its corresponding receptor within the host tissues. In hu-
mans, the RBD at the C-terminus of the S1 subunit recognizes and
attaches to the Angiotensin-converting enzyme 2 (ACE2) receptor
[26]. This interaction is the primary determinant for coronavirus
to infect a host species and also governs the tissue tropism of the
virus. Following receptor binding, the virus can gain access to the
host cell cytosol by different paths, depending upon the host pro-
tease available to cleave, and activate the receptor-attached spike

protein [27].

The virus entry into the cell cytosol is generally accomplished
by acid-dependent proteolytic cleavage of the S protein by the ser-
ine protease, TMPRSS2, or TMPRSS11D, on the cell surface [28].
The activation of the C-terminal part of the spike protein triggers
the fusion of the viral envelope with the host cell’'s membrane by in-
ducing conformational changes [29]. This mechanism is less likely
to trigger host cell antiviral immunity, and is, therefore, more ef-
ficient for viral replication. Alternatively, the virus can gain access
to the host cell cytosol by endocytosis and uptake of the virus in an
endosome. The receptor-attached spike protein is then activated by
the host’s pH-dependent cysteine protease, Cathepsin-L. Activation
of the receptor-attached spike protein induces a conformational
change, and the subsequent fusion of the viral envelope with the
endosomal wall [27]. The precise conformational changes that oc-
cur during the fusion of viral and host cellular membranes are not
fully understood (Figure 2) [30,31].

Genome translation

After fusion, nucleocapsid passes into the cytoplasm, where
the viral genome is released [11]. The genome acts as a messenger
RNA. The host cell’s ribosomes translate two-thirds of the genome
containing the replicase gene (corresponding to the ORFs-repla
and replb) into two large overlapping co-terminal polyproteins,

pplaand pplab.
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To express both the polyproteins, the virus utilizes a slippery
sequence (5’-UUUAAAC-3’), and a downstream RNA pseudoknot
at the end of ORF1a, which causes ribosomal frameshifting from
the ORF repla into the ORF replb. In most cases, the ribosome
unwinds the pseudoknot structure, and continues translation
until it encounters the repla stop codon. Occasionally, the pseu-
doknot blocks the ribosome from continuing elongation, causing
it to pause on the slippery sequence, changing the reading frame
by moving back one nucleotide, a -1 frameshift, before the ribo-
some can melt the pseudoknot structure, and extend translation

into rep1b, resulting in the translation of polyprotein, pplab [11].

The polyproteins, ppla and pplab, contain the nonstructural
proteins (nsps) 1 - 11 and 1 - 16, respectively. In pplab, nsp11
from ppla becomes nsp12 following extension of pp1la into pp1b.
These polyproteins are subsequently cleaved into 16 individual
nsps. SARS-coronaviruses encode the following proteases- a single
papain-like protease, PLpro (encoded by nsp3) and a serine type
protease, 3Clpro or Mpro (encoded by nsp5), that cleave the rep-
licase polyproteins. The PLpro cleaves the nspl/2, nsp2/3 and
nsp3/4 boundaries, while the 3Clpro/Mpro is responsible for the

remaining 11 cleavage events [11]..

Replication and transcription

Viral RNA synthesis follows the translation and assembly of
the viral replicase complex. Viral RNA synthesis produces both ge-
nomic and sub-genomic RNAs. Sub-genomic RNAs serve as mRNAs
for the structural, and accessory genes which reside downstream
of the replicase polyproteins genes. Because of the relatively large
genome size as compared to other RNA viruses, increased fidelity
and processivity during RNA synthesis becomes important, which
is accomplished with the help of various enzymes; for example, 3'-
5’ Exoribonuclease (ExoN), encoded by nsp14, proofreads the viral

genome.

RNA-dependent RNA polymerase (RdRp), encoded by nsp12,
is the main replicase-transcriptase complex (RTC) protein that
is directly involved in the transcription and replication of RNA,
while the other nsps in the complex assist in these processes. Dur-
ing transcription, RdRp directly mediates the synthesis of nega-
tive-sense sub-genomic RNA molecules from the positive-sense
genomic RNA. This is followed by the transcription of these neg-
ative-sense sub-genomic RNA molecules to their corresponding

positive-sense mRNAs [11]. During replication of the viral genome,
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RdRp directly mediates the synthesis of negative-sense genomic
RNA from the positive-sense genomic RNA. This is followed by the
replication of positive-sense genomic RNA from the negative-sense
genomic RNA [11]. Both genomic and sub-genomic RNAs are pro-
duced through negative-strand intermediates that are only about
1% as abundant as their positive-sense counterparts and contain

both polyuridylate and anti-leader sequences [32].

During the coronavirus replication, the leader and body TRS
segments fuse during the production of sub-genomic RNAs. It is
largely believed to occur during the discontinuous extension of
negative-strand RNA. The current model proposes that the RdRp
pauses at any one of the body TRS sequences (TRS-B). Following
this pause, the RdRp either continues elongation to the next TRS,
or it switches to amplifying the leader sequence at the 5’ end of
the genome, guided by the complementarity of the body TRS (TRS-
B) to the leader TRS (TRS-L). The anti-leader sequence is present
at the 3’ end of the negative-strand sub-genomic RNAs. However,
it is not fully understood how the RdRp bypasses all of the TRS-B
sequences to produce full length negative-strand genomic RNA and
how the TRS-B sequence gets directed to the TRS-L, and how much

complementarity is necessary [11].

The replicated positive-sense genomic RNA becomes the ge-
nome of the progeny viruses. The various smaller mRNAs are tran-
scripts from the last third of the virus genome which follow the
reading frames, ORFla and ORF1b. These mRNAs are translated
into the four structural proteins (S, E, M and N) that become a part
of the progeny virus particles, and also eight other accessory pro-

teins which assist the virus in their replication process [11].

Assembly and release

Following replication and sub-genomic RNA synthesis, the viral
structural proteins, S, E, and M are translated and inserted into the
endoplasmic reticulum (ER). These proteins move and traffic along
the secretory pathway into the endoplasmic reticulum-golgi inter-
mediate component (ERGIC). The viral genomes packaged within
the N proteins, bud into the membrane of ERGIC containing the vi-
ral structural proteins, forming the mature virion particles. Once
the virion particles are assembled completely, they are transported
to the cell surface packaged within vesicles and released by exocy-
tosis [11].
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Transmission

The commonest mode of transmission of SARS-CoV-2 and SARS-
CoV is ‘respiratory droplets’ (size > 5 - 10 microns). These droplets
travel from an infected person to a healthy individual while cough-
ing, and/or sneezing, when propelled at a short physical distance,
usually up to 3 feet (Direct contact). These droplets released by
the infected person come in direct contact with the healthy per-
son’s mucous membranes of the nose, mouth and conjunctiva of
the eyes, and get deposited over them. The airborne spread occurs
through ‘droplet nuclei’ (size < 5 microns) that remain infectious
when suspended in air over long distances and time, and are pro-
duced during coughing, sneezing, breathing, speaking, laughing,
and by aerosol-generating procedures such as nebulization, high-
flow oxygen therapy, endotracheal intubation. Airborne transmis-
sion of SARS-CoV-2 and SARS-CoV can occur during aerosol gen-
erating procedures [7,33,34]. WHO, together with the scientific
community, has been actively discussing and evaluating whether
SARS-CoV-2 may also spread through aerosols in the absence of
aerosol generating procedures, particularly in indoor settings with
poor ventilation. Another mode of transmission is through contact
with fomites (external surfaces contaminated by the infectious re-
spiratory droplets) (Indirect contact) [33,34].

In recent works, live SARS-CoV-2 has been detected in the stools
suggesting the possibility of feco-oral transmission, while SARS-
CoV-2 RNA has been detected in the urine of a few patients. To
date, however, no reports have been published on the transmis-
sion of SARS-CoV-2 through either feces or urine [33]. SARS-CoV
is also excreted in the stools and feco-oral transmission is strongly
suspected [7]. However, such modes of transmission have not been

well documented in epidemiological and clinical settings.

The significance of RO in infectious disease dynamics

The basic reproductive number (R) of COVID-19 and SARS is,
3.8 [35] and 0.19-1.08 [36] respectively. An R  value > 1.0 indicates
the infection will be able to start spreading in a population, and it
will be harder to control the epidemic. The different characteris-
tics of the COVID-19 pandemic compared to the 2003 SARS out-
break can be hinted by its relatively higher R value, that is associ-
ated with longer incubation period, mild-to-moderate symptoms

or latent infection, and a low mortality rate [37].
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Pathogenesis
Pulmonary damage

When the respiratory droplet containing the virus enters the
nose, nasopharynx, or oropharyng, it infects the lining epithelial
cells. Local replication of the virus stimulates innate immune re-
sponse which is the first line of defense against foreign invaders.
The virus burden at this stage is low, but the host becomes infec-
tious. The infection further propagates and the virus migrates fur-
ther down from the upper airways to the lower respiratory tract.
The immune system elicits a stronger response, and adaptive im-
munity comes into action. Virus-infected epithelial cells produce
IFN-B, and IFN-A to protect the adjacent cells from invasion by the
virus particles. SARS-coronaviruses infect type 2 pneumocytes
preferentially. The virus replicates within these cells to produce a
large army of progeny virion particles which get released to infect
the adjacent cells. The infected host cells undergo apoptosis due
to the cytopathic effects of the virus. ACE2 is highly expressed on
the apical surface of the alveolar epithelial cells. The changes in the
levels of angiotensin-converting enzyme 2 and related molecules
leads to increased vascular permeability, along with destruction of
alveolar lining epithelium. This leads to acute lung injury, charac-
terized by diffuse alveolar damage (DAD) with the formation of hy-
aline-rich fibrous membranes, and a few multinucleated giant cells.
The virus spills into the peripheral blood from the lungs. Increased
expression of ACE2 receptors on the endothelial lining of the blood
vessels increases the risk for endothelial damage, and thus, throm-

botic complications [38].

Immune response

Alveolar epithelial cells, pulmonary alveolar macrophages
(PAMs), and dendritic cells (DCs) are the immune cells responsible
for innate immunity in the airway. PAMs are located on the apical
surface of alveolar epithelial cells, and DCs are present underneath
the alveolar epithelium. ACE2 receptors are highly expressed on
the apical side of alveolar epithelium while the evidence for the
presence of ACE2 receptors on macrophages, and DCs is limited.
It has been observed that SARS-CoV binds to dendritic cell-specific
intercellular-adhesion-molecule-3-grabbing (DC-
SIGN), and DC-SIGN related proteins (DC-SIGNR, L-SIGN) that are
highly expressed on DCs and macrophages. However, the presence
of such additional receptors to which SARS-CoV-2 binds needs fur-

nonintegrin
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ther research. Infection of immune cells by SARS-coronaviruses is
usually abortive, though the production of cytokines, and chemo-

kines continue [38].

PAMs and DCs phagocytose the virus-infected apoptotic cells
and move to the nearby draining lymph nodes for antigen presen-
tation to T cells. CD4+ cells activate B cells to stimulate the produc-
tion of virus-specific antibodies (polyclonal response), while CD8+
T cells are recruited to kill the virus-infected cells. Lymphopenia
has been observed in these patients. There is a decrease in both
CD4+ and CD8+ cells, however, their ratio remains unaffected [39].
Direct infection of T cells by SARS-coronaviruses has been pro-
posed as one of the explanations for this finding. It may also be
caused by cortisol production from activation of the hypothalamic-
pituitary-adrenal axis in response to stress. However, the precise

mechanism is not well understood.

There is an upregulation of acute-phase reactants like serum
amyloid A, and mannose-binding lectin (MBL). MBL has been
shown to lower the infectivity of the virus by binding and blocking
the carbohydrate-recognition domain of S protein [38]. Elevated
levels of C-reactive protein (CRP), a non-specific inflammatory
marker, have also been observed in these patients, and demon-
strate a positive association with the severity of the disease course.
Thus, CRP serves as a useful marker in clinical settings to monitor

the response to therapy and predict the prognosis.

Cytokine storm in the host is a pathognomonic finding in SARS-
coronaviruses infections. During the first 2 weeks of illness, the
production of proinflammatory cytokines such as IL-18, IL-6, IL-8,
IL-12, IFN-y, IP-10, and MCP1 by the infected lung epithelial cells,
monocytes, macrophages, dendritic cells, is markedly escalated. T
cells also increase the secretion of TNF-q, IFN-y, and IL-2. CXCL10
or IP-10 produced in response to IFN-y signaling, binds to cell sur-
face chemokine receptor, CXCR3 and serves as a chemo-attractant
for various cells of the immune system. The levels of CXCL10 can
predict the subsequent course of the illness and serve as a use-
ful disease marker. Sometimes, the presence of anti-inflammatory
molecules like IL-10, TGF-B and PGE, in the serum of SARS patients
provides a clue to the prolonged and severe disease course [40].
Inhibition of phagocytosis by macrophages and DCs, is mediated
by IL-6 and IL-8 produced by SARS-coronaviruses infected epithe-

lial cells. Severe inflammation leads to the formation of oxidized
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phospholipids, which in turn, further stimulates IL-6 production
from lung macrophages. IL-8 also serves as a chemoattractant for

neutrophils that can cause acute lung injury.

SARS-coronaviruses have evolved various strategies to evade the
host antiviral type 1 interferon response, that mediates the switch
over from innate immunity to adaptive immunity, to prolong viral
replication and survival. Patients with poor outcomes have demon-

strated dysregulated type 1 and type 2 interferon responses [41].

Clinical presentation

The incubation period for COVID-19 is thought to extend to 14
days, with a median time of 4 - 5 days from exposure to symptoms
onset [42], while that for SARS is typically 2 to 7 days, although in

some cases it may be as long as 10 - 14 days [34]

COVID-19 and SARS, both have a similar clinical presentation
with flu-like symptoms such as fever, coryza, dry cough, malaise,
and headache, during the initial stages. However, in some patients,
the mild illness may progress to severe disease, an atypical viral
pneumonia, presenting with high fever or chills, cough with mini-
mal sputum production, and dyspnea (Table 1) [43]. Many cases
have been reported with no symptoms including fever (asymp-
tomatic carriers). Critical illness leading to serious complications
(Table 1) [44] is more commonly seen in those with comorbid heart
disease, and diabetes as well as other pre-existing conditions that
weaken the host immunity. Pulmonary thrombosis and embolism

leading to respiratory failure can prove to be fatal complications.

Clinical features Complications
e Fever (88.7%) e Sepsis
e Cough (67.8%) e Respiratory failure
e Fatigue (38.1%) e Acute respiratory dis-

tress syndrome (ARDS)

o Sputum production (33.7%) | * Heartfailure

e Shortness of breath (18.7%) |*®
e Sore throat (13.9%) ®
e Headache (13.6%) ®
e Diarrhea (3.8%)
e Vomiting (5.0%)

Septic shock
Coagulation dysfunction

Liver failure (rare)

e New loss of taste or smell

Table 1: Clinical presentation of COVID-19.
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Diagnosis

The diagnosis of COVID-19 and SARS can be made using the
following modalities- RT-PCR detection of viral RNA in clinical
samples, serologic detection of specific antibodies to the virus, and

growth of the virus in cell culture.

For all practical purposes, real-time RT-PCR, a type of nucleic
acid amplification test (NAAT), is used for the diagnosis of these
illnesses, considering the turnaround time and ease of administra-
tion. This test can be carried out on various types of samples such
as upper respiratory specimens (preferably nasopharyngeal swab,
or oropharyngeal swab), and/or lower respiratory specimens
(sputum, if produced, endotracheal aspirate or bronchoalveolar la-
vage) in patients with severe respiratory disease, blood sample, or
stool sample and/or rectal swab. The suspected cases of COVID-19
are confirmed by detection of unique sequences of virus RNA using
RT-PCR with additional confirmation by nucleic acid sequencing
when necessary. The viral genes targeted for detection include the
N, E, S, and RdRp genes. RNA extraction should be done in a labora-
tory with biosafety level II facility [45].

Serologic testing to detect virus-specific IgM and IgG antibod-
ies in serum samples can also be done using IFA (Immunofluores-
cence Assay) or ELISA (Enzyme-linked Immunosorbent Assay).
Such serologic assays can aid investigation of an ongoing outbreak
and retrospective assessment of the attack rate or extent of an
outbreak. In cases where NAAT assays are negative and there is a
strong epidemiological link to COVID-19 infection, paired serum
samples (in the acute and convalescent phase) might support di-
agnosis once validated serology tests are available. Serum samples
can be stored for these purposes [45]. Cross reactivity to other
coronaviruses can be challenging [46] and confirmation by virus
neutralization must be considered to avoid the possibility of false

positives due to other human coronaviruses-0C43 and 229E.

Isolation of SARS-coronavirus using viral culture from any
specimen would be confined to a laboratory with biosafety level III
containment and should also be confirmed second time by nucleic
acid sequencing when necessary. This method is not routinely em-
ployed for clinical diagnosis due to the risk of spreading the vi-
rus, and is mainly reserved for research activities. Human airway
epithelial cell lines were used for the isolation of the virus initially
[47].
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Therapeutic interventions

The management protocols for COVID-19 and SARS focus main-
ly on supportive care to provide symptomatic relief. Nonetheless,
several targeted chemotherapeutic agents have been used in clini-
cal settings and have shown positive results (Table 2) [48-50]. The
recent advances in the treatment of COVID-19 are briefly discussed

below.

Antivirals

Protease inhibitors: Lopinavir, Ritonavir
Nucleoside analogs: Ribavirin
Immunomodulators
Corticosteroids

Interferons: IFN-a, IFN-f
Intravenous Immunoglobulins (IVIG)
Other agents

Zinc

IL-6 receptor blocker: Tocilizumab
Recent advances

Remdesivir

Favipiravir

Chloroquine

Ivermectin

Table 2: Chemotherapeutic agents for the treatment
of COVID-19 and SARS.

Remdesivir is an adenosine analog with broad-spectrum anti-
viral activity. It gets incorporated into the viral RNA and causes
premature chain termination. Favipiravir, a guanine analog, was
first developed for the treatment of avian influenza. It targets con-
servative catalytic domain of RNA-dependent RNA polymerase, in-
terrupting the addition of nucleotides during viral RNA replication.
Recent in vitro studies have shown Favipiravir to be safe and effec-
tive against SARS-CoV-2 [49].

Chloroquine is an antimalarial drug which has proven efficacy
as an antiviral agent against SARS-coronaviruses. It increases en-
dosomal pH, and thus makes the environment unfavorable for the
virus/host cell fusion. It also prevents further spread of the SARS-

coronaviruses. Chloroquine affects the glycosylation of angioten-
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sin-converting enzyme-2 (ACE2) receptor, an essential process for
binding the viral spike protein. Moreover, it has immunomodulato-
ry effects such as suppressing the production, and release of TNF-a
and IL-6. It also works as a novel class of autophagy inhibitor,
which may interfere with viral infection and replication. A com-
bination of Remdesivir and Chloroquine has shown to effectively
inhibit SARS-CoV-2 during in vitro experiments [49].

Ivermectin, an anti-parasitic agent, has demonstrated antiviral
properties in vitro. The antiviral activity is mediated by inhibition
of Importin (IMP) a/f receptor, which is responsible for transport-
ing viral proteins into the host cell nucleus, an essential part of the
virus life cycle. This property of ivermectin is being tested in vivo

as a part of various clinical trials [50].

Conclusion

Despite being identical, SARS-CoV-2 and SARS-CoV have caused
two different kinds of pandemics. SARS-CoV-2 has proven to be
more infectious and transmissible while SARS-CoV was more viru-
lent. Since SARS-CoV-2 has created havoc that is difficult to control,
further research studies are required to answer a few questions.
It is important to identify the stages at which the chain of trans-
mission can be interrupted. The role of community transmission
needs to be investigated. It remains unknown whether antibodies
from the previous infection will offer short-term or long-term pro-

tection, if the SARS-CoV-2 mutates over time.
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