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Abstract
Infection caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which belongs to the Coronaviridae family and is a
positive-sense single-stranded RNA virus originating from Wuhan, China,
was declared a global public health emergency on 11 March 2020.
SARS-CoV-2 infection in humans is characterized by symptoms such as
fever and dyspnea accompanied by infrequent incidence of lymphopenia,
gastrointestinal complications such as elevated hepatic aminotransferases,
and diarrhea. Originating in bats, the SARS-CoV-2 virus has been
transmitted to humans likely via an intermediate host that is yet to be
discovered. Owing to the absence of any vaccines or definite anti-viral
drugs alongside the greater mobility of people across the globe,
international and national efforts in containing and treating SARS-CoV-2
infection are experiencing severe difficulties. In this review, we have
provided a picture of SARS-CoV-2 epidemiological characteristics, the
clinical symptoms experienced by patients of varying age groups, the
molecular virology of SARS-CoV-2, and the treatment regimens currently
employed for fighting SARS-CoV-2 infection as well as their outcomes.
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Introduction
Following the emergence of atypical pneumonia in Guangdong 
province in 2002–2003, scientific investigators in Hong Kong 
discovered severe acute respiratory syndrome coronavirus 
(SARS-CoV) as the causative agent. SARS-CoV spread across 
the globe, infecting approximately 800 people with a case fatal-
ity rate of about 10%. Infection by SARS-CoV was accompanied 
by symptoms such as fever, coughing, and respiratory dis-
tress often leading to pneumonic changes in the lungs1. Around 
2011–2012, the world experienced the emergence of another 
coronavirus, Middle East respiratory syndrome coronavirus 
(MERS-CoV). Upon infection by the latter, patients demon-
strated symptoms and CT findings similar to those seen in the 
SARS-CoV outbreak2. Although MERS-CoV exhibited a greater 
case fatality rate than did SARS-CoV, human-to-human trans-
mission was seldom observed. Here, we review the current 
findings regarding the emergence of the novel coronavirus 
(SARS-CoV-2) in Wuhan, China, in 2019, its origin, epidemi-
ology, plethora of associated clinical findings, and molecular 
virology, and the therapeutic strategies being subjected to inves-
tigation to combat the global health emergency triggered by this 
virus.

Origin and epidemiology
Since 2019, infection by SARS-CoV-2, which belongs to 
the Coronaviridae family, has resulted in an international glo-
bal health issue. As of 28 March 2020, according to a World 
Health Organization report, 512,701 people globally have been 
infected, resulting in 23,495 deaths. Following the emergence 
of pneumonia-like cases of unknown origin in Wuhan, Hubei 
Province, China, deep sequencing analysis from patients’ lower 
respiratory tract samples revealed the cause of illness as a 
novel betacoronavirus, 2019-nCoV. Further analysis of 
genomes sequenced from the bronchoalveolar lavage (BAL) 
fluid of nine patients revealed that the genome of the causative 
agent bears about 79% and 50% similarity to SARS-CoV and 
MERS-CoV, respectively3. On the other hand, maximum 
sequence similarity was observed with the bat coronaviruses 
bat-SL-CoVZC45 and bat-CoVZXC21 (87.99% and 87.23%, 
respectively). The eight complete genomes of 2019-nCoV iso-
lated displayed about 99.98% sequence identity with each other, 
thus pointing to its very recent emergence in the human popu-
lation. Work by Yuen and colleagues also demonstrated that 
2019-nCoV genomes exhibit greatest similarity with bat  
SARS-like coronaviruses bat-SL-CoVZC45 and bat-CoVZXC214. 
Although the origin of the 2019-nCoV has been traced to bats, 
reports point towards the possibility of pangolins as a prob-
able origin for SARS-CoV-25. Not only does the pangolin-CoV 
possess 91.02% similarity with 2019-nCoV at the whole genome 
level but also five critical amino acids of the S1 domain of 
2019-nCoV spike (S) protein were found to be conserved in 
pangolin-CoV. The authors suggested possible divergence of 
pangolin SARS-CoV into two distinct lineages, one capable of 
infecting bats (RaTG13) and the other humans (SARS-CoV-2). 
Comparison of similarities in nucleotide sequence and S protein 
receptor-binding domain amongst RaTG13, SARS-CoV-2, and 
pangolin SARS-CoV led to the formulation of this divergence 
theory pointing towards the role of pangolin SARS-CoV as the 

probable closest common ancestor to RaTG13 and SARS-CoV-2.  
However, the authors did not provide any hint indicating the 
chance of emergence of SARS-CoV-2 directly from pangolin 
SARS-CoV-2. A study by Liu et al.6, however, pointed directly 
to the fact that SARS-CoV-2 did not evolve directly from pan-
golin SARS-CoV on the basis of S-gene nucleotide sequence 
comparison amongst bat coronavirus, pangolin SARS-CoV, and 
SARS-CoV-2. The authors also support the view that 
SARS-CoV-2 originated via multiple recombination events in 
nature whose exact sequence determination will necessitate fur-
ther investigations. In addition to the theory that natural selec-
tion acted upon 2019-nCoV in an animal host prior to zoonotic 
transfer, the possibility of natural selection in humans post- 
zoonotic transfer has been opined by some7. It might also be 
possible that the SARS-CoV-2 progenitor, while undergoing 
transmission in humans following zoonotic transfer, acquired 
genomic features necessary for the pandemic to take off.

Li et al.8 describe the epidemiological characteristics of 
nCoV-induced pneumonia (NCIP) by studying the demographic 
information, exposure history, and illness timelines of con-
firmed cases of SARS-CoV-2 reported by 22 January 2020. In 
brief, the median age of patients confirmed with NCIP was 
59 years. A total of 55% of the NCIP cases reported before 
1 January 2020 were found to be directly associated with a visit to 
the Huanan seafood wholesale market in contrast to very few 
(8.6%) of the subsequent cases, thus providing evidence of 
human-to-human transmission occurring among close contacts. 
The mean incubation period was found to be 5.2 days, with the 
95th percentile of distribution at 12.5 days. During this early 
period of outbreak, using the mean serial interval, which was 
calculated to be 7.5 days, the reproductive number was esti-
mated to be 2.2. The SARS-CoV-2 outbreak, with its epicenter in 
Wuhan, was demonstrated to result in a possible nosocomial 
spread and beyond Wuhan4. Patients, after contracting the virus in 
Wuhan, were found to travel to Shenzhen, thus infecting those 
who did not have any history of travelling to Wuhan. This study 
was also the first to identify an asymptomatic male patient 
(10 years old) whose lung CT scan presented with “ground-
glass opacity” pneumonic changes. Subsequent to the spread of 
the virus within Wuhan and outside, reports began to emerge 
suggesting the spread of the virus beyond Chinese national 
boundaries. Observations published suggested the spread of 
the SARS-CoV-2 virus outside China to Taiwan9 and the United 
States10. Another study by Sun et al.11 reported the epidemio-
logical profile of the SARS-CoV-2 infection of 507 patients 
from mainland China as well as exported cases on the basis 
of a crowdsource platform (from 13 to 31 January 2020). The 
age distribution of SARS-CoV-2 patients displayed a skew towards 
older age groups, with a median age of 45 years. The median 
age of the patients who had died during reporting was observed 
to be 70 years, thus indicating that older age groups are at 
greater risk of poor outcomes. The relative risk measurement 
for the age group below 15 years was found to be significantly 
low, i.e. 0.5. A report by Wu et al.12 provided an estimation of 
the clinical severity of SARS-CoV-2 infection based upon 
data up to 28 February 2020. The authors used a transmission 
dynamics model updated with real-time input data and data 
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from additional sources to predict symptomatic case fatality 
risk (sCFR), the relative susceptibility to symptomatic infection 
on the basis of different age groups. Overall, the sCFR in Wuhan 
was found to be 1.4% (0.9–2.1%). When the sCFR was ana-
lyzed on the basis of different age groups, it was found to be 
0.3%, 0.5%, and 2.6% for <30 years, 30–59 years, and 
>59 years, respectively. The age groups <30 years and >59 years 
were found to be 0.16 and 2.0 times more susceptible to symp-
tomatic infections, respectively. In addition to these clinical 
severity measures, the basic reproduction number and mean 
serial interval were observed to be 1.94 (1.82–2.06) and 7.0 
(5.8–8.1) days, respectively. However, it should be kept in mind 
that the basic reproductive number varies widely depending upon 
socio-economic, behavioral, biological, and environmental 
factors and hence must be interpreted with deep caution13.

Molecular virology: genome characteristics, spike 
protein structure, and its implication in human ACE2 
receptor binding
Coronaviruses comprise a group of viruses whose infection is 
characterized by signs and symptoms such as fever, respiratory 
distress, gastrointestinal complications, etc. The genomes of 
coronaviruses range from 26 to 32 Kb and consist of 6 to 11 
open reading frames (ORFs)14. The first ORF, which com-
prises up to nearly 67% of the entire genome, codes for 16 non- 
structural proteins (nsps)15. On the other hand, the remaining ORFs 
code for accessory and four structural proteins, namely matrix 
(M), S, envelope (E), and nucleocapsid (N) proteins. A study 
published by Lu et al.3 provided one of the first reports stating 
the characteristics of the SARS-CoV-2 genome and the puta-
tive human receptor utilized for its entry. Whole genome 
sequencing followed by comparison revealed 87.99% and 
87.23% sequence similarity with SARS-like bat coronaviruses 
bat-SL-CoVZC45 and bat-SL-CoVZXC21, respectively, which 
was found to be significantly greater than its similarity with 
SARS-CoV and MERS-CoV (79% and 50%, respectively). 
Comparison of the predicted coding regions of 2019-nCoV with 
bat-SL-CoVZC45 and bat-SL-CoVZXC21 revealed similar 
genome organization and 12 predicted coding regions (1ab, 
S, 3, E, M, 7, 8, 9, 10b, N, 13, and 14). The lengths of most 
proteins encoded by 2019-nCoV were found to be similar to 
those of bat SARS-like coronaviruses, with only a few minor 
modifications. The S protein of 2019-nCoV was found to be 
longer than that of bat SARS-like coronaviruses, SARS-CoV, and 
MERS-CoV. Although the 2019-nCov S protein possesses 
76.2% sequence similarity with that of SARS-CoV, S1 domain 
of 2019-nCoV possesses 50 amino acids which were found to 
be conserved in S1 domain of SARS-CoV. Even gene sequence 
comparison revealed a greater similarity between 2019-nCoV 
receptor binding domain of S protein and SARS-CoV than 
bat-SARS-like coronaviruses. Analysis of the 2019-nCoV 
genome by another group16 suggested 14 ORFs encoding for 
27 proteins. Genes comprising ORF1ab and 1a were observed 
to be located at the 5’ terminus, thus encoding pp1ab and pp1a 
proteins, respectively. Together, pp1ab and pp1a encode 15 nsps 
including nsp1 to nsp10 and nsp12 through nsp16. The 
3’ terminus was found to harbor genes for S, E, M, N, and 
eight accessory proteins (3a, 3b, p6, 7a, 7b, 8b, 9b, and orf14). 

As documented by Lu et al., the protein sequence of 
2019-nCoV was found to be similar when compared to 
SARS-CoV16, although certain differences were observed and 
deserve special mention. The accessory protein 8a found in 
SARS-CoV was not present in 2019-nCov. The 8b protein of 
2019-nCov was found to be larger (124 amino acids) than that 
of SARS-CoV (84 amino acids). On the contrary, 2019-nCoV 
protein 3b was discovered to significantly differ in length 
(22 amino acids) to that of SARS-CoV (154 amino acids). 
Combined, 380 amino acid substitutions were found in 
2019-nCoV and the respective protein sequences of SARS-CoV 
and bat-SARS-like coronaviruses. However, no amino acid 
sequence differences were observed for proteins like nsp7, nsp13, 
E, M, p6, and 8B. Further research investigating the significance 
of the differences in amino acid sequence thus might provide 
insight into the differences in host selection, transmissibility, 
tropism, and pathogenicity.

Coronaviruses use S protein for entry to target cells. S protein 
consists of two functional subunits, S1 and S2. The S1 subunit 
contributes to receptor binding followed by the fusion of 
host cell endosomal membrane with viral envelope aided by 
S2 subunit. Following interaction of the S1 subunit with the cel-
lular receptor, host-derived proteases are known to cleave at 
the S1/S2 and S2’ junctions, resulting in a series of irre-
versible conformational changes, hence culminating into 
nucleocapsid entry17–19. One of the notable features of the 
2019-nCoV S protein is a polybasic Q

677
TNSPRRARSV

687
 

site situated at the S1/S2 junction7. Numerous such polybasic 
sites were found in the S protein sequence of multiple highly 
pathogenic avian influenza viruses20, which upon abrogation 
culminated in the amelioration of their pathogenicity. 
However, upon mutation of the furin-mediated cleavage site 
within the aforementioned sequence, SARS-CoV-2-mediated 
entry into Vero and human angiotensin-converting enzyme 2 
(hACE2)-expressing cells was moderately affected, hence indi-
cating its possible role in virus tropism and transmissibility. 
As suggested by Andersen et al.7, the incorporation of proline 
into the polybasic site might result in the addition of O-linked 
glycans flanking the cleavage site, thus helping to form mucin- 
like domains, which in turn can shield epitopes or key residues 
in the 2019-nCoV S protein21.

Phylogenetic analysis of the receptor-binding domain of four 
different lineages of coronaviruses revealed a closer rela-
tionship between 2019-nCoV and SARS-CoV than with 
bat-SL-CoVZC45 and bat-SL-CoVZXC21, despite high simi-
larity of 2019-nCoV with the latter two at the whole genomic 
level3. In addition, since 76% similarity was obtained at the 
level of amino acid sequence of S protein of 2019-nCoV and 
SARS-CoV, the role of the hACE2 protein (which was reported 
to act as the receptor for SARS-CoV) as a putative receptor for 
2019-nCoV was subjected to intensive analysis. A study by 
Zhou et al.22 provided the first evidence for the role of ACE2 as 
the cellular entry receptor for 2019-nCoV. Infection of HeLa 
cells expressing hACE2 protein resulted in infection by 
2019-nCoV, which was found to be reversed in the absence of 
hACE2, thus proving that hACE2 indeed plays a role in the entry 
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of 2019-nCoV. Moreover, this study also showed that 
2019-nCoV does not use other coronavirus receptors like ami-
nopeptidase N (APN) and dipeptidyl peptidase 4 (DPP4) for 
its entry into host cells. In agreement with previous findings, a 
report by Hoffmann et al.23 also supported the role of hACE2 as 
the entry receptor protein for 2019-nCoV. Directed expression of 
hACE2 protein or bat ACE2 resulted in infection of 
non-susceptible BHK-21 cells by 2019-nCoV. In addition to the 
role of human ACE2 protein in viral entry, the report also men-
tioned the role of endosomal proteases cathepsins B and L and 
serine protease TMPRSS2 in the priming of S protein for 
2019-nCoV entry. Ammonium chloride-mediated failure in 
acidifying the endosomes resulted in inhibition of SARS-CoV-2 
S-mediated viral entry, pointing towards a role for cathepsins B 
and L. The clinically proven TMPRSS2 inhibitor camostat  
mesylate was also demonstrated to inhibit viral entry mediated 
by 2019-nCoV S protein. Full inhibition of S protein-induced 
viral entry was reported when camostat mesylate and E-64d and 
an inhibitor of cathepsin B/L were added together, thus reveal-
ing a cohesive role for TMPRSS2 and cathepsin B/L in S protein 
priming and viral entry.

Spectra of clinical characteristics in patients 
suffering from 2019-nCoV infection
The battery of clinical manifestations upon infection by 
SARS-CoV-2 infection ranges from common symptoms like 
fever, cough, and myalgia to infrequently reported rhinorrhea, 
confusion, dizziness, vomiting, and diarrhea (Figure 1a). A 
study published by Huang et al.24 reported that most patients 
present with fever, dry cough, dyspnea, and ground-glass opac-
ity on chest CT scans, resembling the clinical features docu-
mented in SARS-CoV and MERS-CoV infections2,25. Very few 
patients also presented with the same for upper respiratory tract 
infections like sneezing, sore throat, and rhinorrhea. However, 
less common symptoms like headache, hemoptysis, and diarrhea 
were also observed in a few of the patients from the cohort. 
Unlike SARS-CoV and MERS-CoV infections presenting 
with gastrointestinal complications like diarrhea, vomiting in 
20–25% of cases2,25, the aforementioned study also demonstrated 
that only 8% of the cohort experienced diarrhea. Biochemical 
analysis demonstrated increased plasma IL1B, IL1RA, IL-7, IL-8, 
IL-9, IL-10, basic FGF, GCSF, GMCSF, interferon (IFN)-γ, 
IP-10, MCP-1, MIP-1A, MIP-1B, PDGF, TNF-α, and VEGF 
concentrations compared to healthy adults. In addition, 
ICU-admitted patients exhibited higher plasma abundance 
of IL-2, IL-7, IL-10, GCSG, IP-10, MCP-1, and TNF-α than 
did non-ICU-admitted patients. Thus, 2019-nCOV patients were 
shown to demonstrate activation of both Th1 and Th2 arms of 
immunity, which differs from other SARS-CoV infections26. 
In agreement with the previous report, Chen et al.27 also 
reported a greater prevalence of common signs and symptoms 
like fever, dry cough, and dyspnea compared to less common 
symptoms like muscle ache, confusion, headache, nausea, 
vomiting, and diarrhea. Elevated serum alanine aminotrans-
ferase, aspartate aminotransferase, lactate dehydrogenase, and 
lymphopenia were observed in a substantial number of 
patients, as shown by Huang et al.24. Although elevated hepatic 
aminotransferases in the blood of 2019-nCoV patients may 

indicate acute liver injury via viral hepatitis, Bangash et al.28 
suggested that the elevation of aminotransferase concentration 
may arise as a result of altered immune interactions involving 
hepatic cytotoxic T-cells and Kupffer cells. A report explaining 
radiological findings from 2019-nCoV patients29 provides 
a detailed account of pulmonary architecture upon 2019-nCoV 
infection. The mean number of lung segments involved was 
observed to be 10.5. A predilection was observed for right 
lower lobes, which is probably attributed to the short and 
straight anatomical structure of the right bronchus. CT scans of 
patients with subclinical illness exhibited unilateral involvement 
with multifocal ground-glass opacities. During the first week of 
symptom appearance, bilateral involvement was noticed. The 
lesion was diffuse in nature with a reduction in the frequency 
of ground-glass opacity, followed by transition to consolida-
tion and mixed-pattern development during the second week 
post-symptom onset. Interlobular or interseptal thicken-
ing was noted, suggesting a resemblance to CT findings from 
SARS-CoV30,31 and MERS-CoV infections32,33. The authors also 
proposed a positive correlation between NCIP and old age as 
well as comorbidities such as chronic obstructive pulmonary 
disease, diabetes, and other chronic pathological states. Multi-
ple reports highlighting the cardiac perturbations observed in 
the context of SARS-CoV-2 infection are currently emerg-
ing. A study by Inciardi et al.34 documented a case study of a  
53-year-old female patient where SARS-CoV-2 infection was 
observed to be associated with multiple cardiac complica-
tions. The patient’s left ventricular wall exhibited an increase in 
thickness, diastolic impairment, reduced ejection fraction, and 
circumferential pericarditis. Another report by Creel-Bulos 
et al.35 reported incidences of acute cor pulmonale in patients 
suffering from SARS-CoV-2 infection. The complication was 
associated with right ventricular dilatation with systolic impair-
ment and presence of pulmonary thromboembolism. Although 
SARS-CoV-2 has been hypothesized to be able to infect car-
diomyocytes owing to their high expression of ACE2 and 
incidences of coagulopathy in COVID-19, further studies are 
necessary before concluding that there is any causative rela-
tionship between SARS-CoV-2 infection and cardiological 
malfunctions.

Helms et al.36 reported neurological features of 58 patients 
suffering from COVID-19. A total of 84% of the patients 
exhibited neurological features like agitation and confusion, 
corticospinal tract signs (hyperreflexia), leptomeningeal space 
enlargement, and bilateral frontotemporal hypoperfusion. 
However, not all signs and symptoms were being noticed 
together in any particular individual patients. Few patients upon 
magnetic resonance imaging (MRI) were observed to have 
experienced acute/sub-acute ischemic stroke. A similar report 
by Mao et al.37 documented a case series and the neurologi-
cal features associated with SARS-CoV-2 infection based upon 
patients’ subjective descriptions. Neurologic complications 
including cerebrovascular disease, conscious disturbance, and 
skeletal muscle injury were observed in 36.4% of patients. The 
prevalence of taste and smell disorders was also observed in a 
minority (5%) of patients. Incidences of loss of smell and/or 
taste were also demonstrated by Bénézit et al.38 in a retrospective 

Page 4 of 14

F1000Research 2020, 9(F1000 Faculty Rev):638 Last updated: 23 JUN 2020



Figure 1. Severe acute respiratory syndrome coronavirus (SARS-CoV)-2-induced clinical symptoms and the mechanistic basis 
culminating in infection-induced cytokine storm. Figure 1a depicts the major organ systems affected in the course of SARS-CoV-2 infection 
in patients. The involvement of pulmonary, cardiovascular, renal, and nervous systems observed in patients has been shown in the figure with 
major clinical findings related to respective organ dysfunction. Figure 1b elucidates the mechanistic basis for pulmonary immunopathology 
associated with SARS-CoV-2 infection. Owing to infection of alveolar pneumocytes by SARS-CoV-2, cells undergo pyroptosis, upon 
which chemicals like ATP molecules, ASC oligomers, and viral RNA are released. These chemicals play a major role in activating alveolar 
macrophages. Alveolar macrophages, upon activation, result in the synthesis and secretion of a battery of chemokines and cytokines into 
the interstitial space. Chemokines promote the extravasation of granulocytes and lymphocytes into the lung parenchyma to help combat 
the infection. Macrophages and neutrophils secrete proinflammatory mediators such as interleukin (IL)-1, IL-6, monocyte chemoattractant 
protein (MCP)-1, macrophage inflammatory protein (MIP)-1, interferon gamma (IFN-γ)-induced protein 10 (IP-10), and tumor necrosis factor 
(TNF)-α, thus activating adaptive immune cells (such as T-helper cells, etc.) and natural killer (NK) cells to secrete IFN-γ, which in turn 
stimulates neutrophils and macrophages to secrete IL-1, IL-6, MCP-1, MIP-1, IP-10, and TNF-α. This vicious cycle of inflammation culminates 
in unwanted tissue damage, resulting in the pulmonary pathology observed in COVID-19.
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study of data collected using a web-based questionnaire. Hypo-
geusia and hyposmia were found to be strongly correlated 
with COVID-19 both separately and in a combined fashion. 
Since the nervous system possesses ACE2 receptors, exposure 
of the olfactory epithelium to the virus may help contribute to 
the manifestations described above. In agreement with the notion 
that SARS-CoV-2 possesses neuroinvasive potential, a case 
study reported by Moriguchi et al.39 described the neurological 
findings of a 24-year-old male patient upon infection by 
SARS-CoV-2. Viral RNA was detected in the cerebrospinal fluid 
(CSF). The patient was found in an unconscious state and was 
observed to experience transient generalized seizure during tran-
sit to the hospital. Imaging resulted in the discovery of right 
lateral ventriculitis, right medial temporal lobe encephalitis, 
and hippocampal atrophy. Further reports mentioning neuro-
logical symptoms and imaging findings will help understand the 
dynamic spectra of manifestations. Investigations using animal 
models to elucidate neuroinvasive mechanisms will further help 
unfold SARS-CoV-2 biology, thus providing significant insights 
for the development of future therapeutic strategies.

In accordance with the previous study, results stated by 
Yang et al.40 similarly showed a positive correlation among old 
age, comorbidities like diabetes, and 2019-nCoV infection- 
induced death. Out of the 52 critically ill patients enrolled for 
the study (mean age: 59.7 years), 32 patients died, resulting in 
a mortality rate of 61.5%. The mean age of survivors was also 
found to be less when compared to that of non-survivors 
(51.9 years versus 64.6, respectively), thus indicating a poor 
outcome of infection in critically ill patients with greater age. 
Analysis of upper respiratory specimens of infected patients 
(age ranging from 26–76 years) revealed higher viral loads 
with onset of symptoms followed by a gradual decline with the 
progression of time41. Moreover, viral load found in the nasal 
passageway was greater than in the throat, which resembles that 
of influenza42 but not of SARS-CoV infection43. Besides the 
prevalence of co-morbid conditions (such as diabetes melli-
tus and hypertension), the other determining factors deciding 
increased mortality of elderly COVID-19 patients are still under 
investigation. However, altered pulmonary dendritic cell matura-
tion and T-cell activation might contribute to amplified immune 
reaction in the lungs, resulting in increased mortality44. Based 
upon the future demographic scenario according to the World 
Health Organization, which predicts the population size above 
the age of 65 years to be almost double that under 5 years 
of age, the effect of SARS-CoV-2 infection on elderly patients 
underscores the importance of elucidating the mechanistic 
differences in the immune response and thus pathology in 
elderly and non-elderly patient groups45.

Lu et al.46 provide evidence for infection in children being 
accompanied by a milder clinical course when compared to that 
in adults. Lymphopenia was observed in 3.5% of children 
(6 out of 171). In addition to fever, the other common signs 
and symptoms included cough and pharyngeal erythema. A 
similar study by Liu et al.47 also points towards lymphopenia 
observed in children infected with 2019-nCoV. Lesser severity 

of clinical symptoms in pediatric patients when compared 
to adults has also been demonstrated by Xu et al.48. Although 
fewer cases of lymphopenia, leukopenia, or elevated transami-
nases were observed than in adults, rectal swabs of 8 out of 
10 patients were found to be positive for viral RNA as quanti-
fied by real-time RT-PCR. Shedding of viral RNA was found 
to continue even after viral RNA became undetectable in nasopha-
ryngeal swabs. Qui et al.49 published a study in concordance 
with the aforementioned ones, demonstrating less severe signs, 
symptoms, and laboratory findings in pediatric patients with 
a mean age of 8.3 years. A large proportion of asymptomatic 
patients were observed, thus highlighting the implication of 
the latter upon controlling disease spread. However, multiple 
recent reports of pediatric COVID-19 cases point towards vari-
able disease severity, signs, and symptoms. A report by Pain 
et al.50 documented an atypical case of a 14-year-old 
COVID-19 pediatric patient presenting without respiratory dis-
tress. Gradually, the patient developed symptoms like lympho-
penia, increased D-dimer, elevation of serum ALT and AST, 
dyspnea, and cytokine storm. Upon treatment with the IL-1 
inhibitor anakinra, conditions were found to improve followed by 
the absence of viral RNA in nasopharyngeal samples and stool. 
Similar findings were reported by Dallan et al.51, where 
adolescent patients with an age ranging from 10–12 years were 
found to present with hypotensive shock, compensated shock 
with cold periphery and late capillary filling time, and multi-organ 
dysfunction syndrome (MODS). Transmission of SARS-CoV-2 
in premature infants has also been documented to be associ-
ated with elevation of serum inflammatory markers, respira-
tory distress, and MODS (associated with renal, liver, and bone 
marrow dysfunction)52. Administration of the IL-6 inhibitor 
tocilizumab and remdesivir eventually resulted in the restoration 
of respiratory physiology and improvement of organ func-
tions. These studies thus highlight the variability of signs and 
symptoms presented by pediatric COVID-19 patients and its 
significance in the early and proper diagnosis of these patients 
in order to avoid poor disease outcomes.

Data published by Chen et al.53 evaluated the clinical char-
acteristics and risk for intrauterine vertical transmission of 
SARS-CoV-2 in pregnant women undergoing Cesarean sec-
tion. No differences in clinical characteristics were observed 
in pregnant patients with respect to non-pregnant adults. Chest 
CT scans revealed multifocal bilateral ground-glass opacity. 
Common symptoms exhibited by patients consisted of fever 
and cough, whereas the less common ones were sore throat, 
myalgia, malaise, diarrhea, and shortness of breath. Similar 
evidence was also provided by Li et al.54, stating that clinical 
manifestations of pregnant women upon 2019-nCoV infection 
did not differ from those of non-pregnant adults. Chen et al.53 
showed no vertical transmission of virus, as demonstrated by 
the absence of viral RNA in amniotic fluid, cord blood, and 
neonatal throat swab. Although one out of seven neonates 
tested positive for viral RNA on throat swab 36 hours after 
birth54, the placenta and cord blood were found to be nega-
tive for 2019-nCoV RNA, thus warranting further investigation 
to determine intrauterine vertical transfer.
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General pathology and immunopathogenesis
Multiple autopsy reports of patients suffering from COVID-19 
have surfaced, providing a vivid description of the pathol-
ogy associated with infection with SARS-CoV-255–57. Reported 
findings of autopsy examination of deceased COVID-19 patients 
revealed incidences of pulmonary embolism and reticular 
infiltration of lungs with bilateral diffuse ground-glass opac-
ity on CT scans. Pulmonary interstitium appeared to be heavy 
and firm upon gross examination. Examination of cut surfaces of 
lung tissue exhibited alternate areas of tan-gray consolidation 
with patchy hemorrhagic areas. Histological analyses of pul-
monary tissue indicated activated pneumocytes, microvascular 
thrombosis, capillary congestion due to deposition of fibrin 
thrombi, alveolar basement membrane edema, alveolar septum 
degeneration, and hyaline membrane deposition, thus culmi-
nating in ventilation-perfusion mismatch. In addition, both 
granulocytic and lymphocytic infiltration was observed in 
the pulmonary interstitium. Incidences of deep vein thrombo-
sis were also noted in a significant proportion of patients. The 
presence of CD61+ megakaryocytes with nuclear hyperchroma-
sia and atypia were also denoted by autopsy findings. Entrap-
ment of neutrophils in fibers deposited in the pulmonary 
interstitium indicate a role for neutrophil extracellular traps 
(NETs) in COVID-19 pathogenesis.

Cardiac findings like myocardial hypertrophy and focal car-
diomyocyte necrosis were found56,57 upon autopsy studies. 
Although cardiac muscle fibers were subjected to necrotic 
death, rare infiltration of lymphocytes adjacent to (but not sur-
rounding) the necrotic cells rules out the development of virus- 
induced myocarditis. The abovementioned studies were successful 
in isolating viral genomic RNA from the liver, kidney, and 
brain, denoting viral spread from pulmonary to distant tissues. 
Analysis of renal tissue revealed damage to the nephronal tubu-
lar lumen and epithelium along with virus-like structures in 
podocytes and glomerular endothelial cells. A study by 
Varga et al.58 indicated lymphocytic endotheliitis in the vascu-
lature of organs such as the heart, lungs, liver, small intestine, 
and kidneys upon post-mortem analysis, thus underscoring the 
importance of vascular physiology in maintaining hemostasis 
and preventing multi-organ dysfunction.

The pulmonary pathology observed in the course of COVID-19 
progression has been generally attributed to direct effect 
due to viral propagation and the exaggerated wave of inflamma-
tory response imposed to combat viral infection (Figure 1b). 
Infection of pneumocytes by SARS-CoV-2 has been reported 
to result in upregulation of hACE2 receptors, thus fur-
ther enhancing viral entry into the cell and promoting viral 
propagation59, which ultimately leads to pneumocyte death and 
pulmonary pathology. This virus-induced ACE2 upregulation 
has been observed to be mediated in an IFN-dependent 
fashion. On the other hand, one report24 indicates a role for 
an exaggerated inflammatory response as exemplified by the 
upregulation of serum proinflammatory markers such as 
IL-6, IP-10, MCP-1, and MIP-1α upon severity of COVID-19, 
thus indicating the induction of a severe cascade of 

proinflammatory reactions and its effect upon disease patho-
genesis. In addition, serum level D-dimer was observed to be 
enhanced in critical COVID-19 patients, suggesting induction 
of coagulopathy. Besides the insight provided by autopsy stud-
ies regarding the immune landscape of the pulmonary system in 
the context of COVID-19, work by Liao et al.60 demonstrated the 
role of FCN1+ macrophages in aggravating the severity of pulmonary 
pathology upon infection by SARS-CoV-2. FCN1+ macro-
phages are characterized by high levels of chemokine production 
implicated in the cytokine storm. Indeed, an increased popu-
lation of FCN1+ macrophages was found in the BAL fluid from 
critically ill COVID-19 cases when compared to that from mild 
cases, thus implicating its role in resulting overt inflammatory 
sequence of events followed by poor prognosis. Pneumocyte 
pyroptosis upon infection by SARS-CoV-2 results in the secre-
tion of a plethora of immune-activating molecules. These 
molecular species typically exhibit immunostimulatory effects 
upon the innate immune cells of the lungs, including alveolar 
macrophages, thus eliciting a wave of inflammatory reactions. 
The cytokines and chemokines secreted by these innate immune 
cells further help in the recruitment of adaptive immune cells 
like CD8+ T-cells, CD4+ T-cells, and B-cells61. Extravasation 
of these adaptive immune cells with NK cells upon the call ema-
nating from inflamed pulmonary interstitium leads to activa-
tion of these newly secreting cells, which further respond by 
secreting proinflammatory mediators such as IFN-γ. These 
chemicals help in further activation of already activated innate 
immune cells, hence creating a vicious inflammatory reaction. 
Indeed, reduced type I and III IFN abundance in blood tran-
scriptome accompanied by enhanced cytokine (including IL-6) 
and chemokine levels are speculated to contribute to COVID-19 
pathogenesis62. The lymphopenia in serum accompanied by 
SARS-CoV-2 infection is hypothesized to result from this altered 
distribution of lymphocytes from serum to lung parenchyma, 
as suggested by Cao et al.63. However, some results64 point 
towards the role for direction infection-induced exhaustion of 
CD8+ T-cells, thus resulting in the diminution of blood lymphocyte 
count. SARS-CoV-2-induced lymphopenia along with elevated 
neutrophil count in blood comprise the increased neutrophil-to-
lymphocyte ratio, which has been implicated as an independ-
ent risk factor negatively regulating disease outcome65. This 
elevated neutrophil-to-lymphocyte ratio has been observed to be 
associated with NET formation in serum66. Exposure of in vitro 
neutrophils from healthy control subjects to COVID-19-derived 
patient serum induced NET formation, thus suggesting a role 
for an as-yet-unknown factor promoting the latter. Moreover, the 
propensity of NET formation was indeed found to be positively 
correlated with the severity of disease. SARS-CoV-2-induced 
cytokine storm has also been stated to have implications in 
the management of patients suffering from systemic lupus 
erythematous (SLE)67. Owing to higher susceptibility of ROS-
induced (for example, in the instance of viral infection) DNA 
hypomethylation, SLE patients are more prone to ACE2, proin-
flammatory cytokines, and their transcription factors like NF-κB 
overexpression, ultimately culminating in enhanced viral 
propagation and cytokine storm development. Thus, besides 
having implications in disease progression and outcome, 
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COVID-19-associated cytokine storm warrants strict manage-
ment of lupus erythematosus in SLE patients in order to avoid 
overt outcomes in the face of SARS-CoV-2 infection.

Although SARS-CoV-2 infection has been associated with 
diffuse bilateral alveolar damage, autopsy reports point towards 
frequent incidences of capillary thrombus and intravascular 
clotting in both lungs and extra-pulmonary sites. Overt immune 
response against SARS-CoV-2 has been mentioned to con-
tribute to this diffuse coagulopathy63,68. The cytokine IL-6 has 
been implicated in triggering the coagulation cascade activ-
ity concomitantly with reduced fibrinolysis. However, owing 
to high expression of ACE2 receptor in blood vessel endothelial 
cells, direct cell death as a result of endothelial cell infection 
by SARS-CoV-2 may predispose the coagulation system to 

overt activation, hence leading to intravascular clotting disorder. 
Ventilation-perfusion mismatch resulting in hypoxia may also 
activate the clotting cascade in the pulmonary vasculature in an 
inflammation-dependent manner. Further investigations aimed 
at elucidating the mechanistic basis for this exaggerated immune 
system activation upon infection by SARS-CoV-2 might 
provide sufficient insights into the development of therapeutic 
strategies against COVID-19.

Therapy and vaccine development: where are we?
Although no preventive or therapeutic strategies against 
2019-nCoV exist to date, researchers across the globe are con-
tinuing to search for one (Table 1). In the confrontation of a glo-
bal health emergency, the repurposing of drugs has become a 
very popular choice for researchers in the quest for therapeutics.

Table 1. Summary of the major therapeutic strategies under clinical trial, their respective preliminary outcomes, and 
the putative mechanisms behind their actions.

Therapy: drug/drug 
combinations & others Putative mechanism of action Recent developments in clinical 

trials References(s)

Remdesivir
Possibly by inducing mutagenesis 
and/or premature viral replication 

termination

A numerical reduction in time to 
clinical improvement,albeit not 

statistically significant
69

Hydroxychloroquine Interfere with viral entry as well as 
post-entry steps

Open-label randomized controlled 
trial indicated no improvement of 

COVID-19 patients
70

Ritonavir-Iopinavir HIV-protease inhibitor
No sifnificant reduction in mortality 

upon drug administration with 
respect control

71

Favipiravir
Upon incorporation into viral RNA 
genome, favipiravir helps inhibit 

RNA-dependent RNA polymerase

Significant improvement in chest 
CT findings and reduction in virus 

clearance time
72

Tocilizumab

Monoclonal antibody directed 
against IL-6, thus hypothesized to 
ameliorate the intensity of cytokine 

storm

Drastic improvement in chest CT 
findings and reduction in oxygen 

support and serum proinflammatory 
markers

73,74

Anakinra
Blocking IL-1α and IL-1β receptor, 
thus stated to reduce severity of 

cytokine storm

Prominent improvement in respiratory 
functions and decline in mortality 75

Interferon beta-1β, 
Ritonavir-lopinavir, ribavirn

Intereferon beta-1β: by inductiog 
antiviral immunity 

 
Ritonavir-Iopinavir: HIV-protease 

inhibitor Ribavirin: guanosine 
analog hypothesized to inhibit viral 

replication by incorporating itself into 
viral genome and thus introducing 

mutations

Significantly rapid virus clearance 
from nasopharyngeal and 

oropharyngeal swab and rapid 
improvement in clinical symptoms

76

Baricitinib
Inhibitor of Janus kinase activation, 
thus reducing severity of cytokine 

storm

Prominent improvement in respiratory 
and clinical functions and significant 

reduction in time to recovery
77

Convalescent plasma (CP) 
therapy

Neutralization of SARS-CoV-2 viral 
particles, thus imparting protection

Improvement in chest radiological 
findings, clearance of vira RNA, 

restoration of normal CRP level, and 
correction of lymphopenia

78

Adn5-nCoV vaccine 
candidate

Vaccine comprises adenovirus 
type-5 vector expressing S protein, 
thus conferring both B- and T-cell 

immunity

Significant B- and T-cell immunity 
was observed to be developed upon 

administration of vaccine
79
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A report by Zhou et al.80 presented an integrative antiviral 
drug repurposing methodology by employing a system phar-
macology-based network medicine platform, which helped to 
identify the possible therapeutic efficacy of 16 candidate repur-
posable drugs and three potential drug combinations. Drugs 
like toremifene, equilin, irbesartan, sirolimus, mercaptopurine, 
melatonin, and eplerenone, on the basis of their interactions 
with host proteins and the proximity measures of those target 
proteins with coronavirus-induced proteome changes, are pos-
sible future therapeutics in combating 2019-nCoV infection 
following further preclinical and clinical studies.

Data published by Wang et al.81 reported the in vitro effi-
cacy of remdesivir and chloroquine in abrogating infection by 
2019-nCoV. Remdesivir is a nucleoside analog that has been 
reported to affect viral propagation either by inducing muta-
genesis or by resulting in premature replication termination82. 
Chloroquine, on the other hand, is an anti-malarial drug that 
has been shown to possess broad-spectrum anti-viral activity83. 
Chloroquine has been demonstrated to ameliorate viral entry 
by inhibiting viral envelope fusion with the endosomal mem-
brane as well by altering the glycosylation status of SARS-CoV 
receptors84. A report by Wang et al.81 illustrated the effects 
of remdesivir at a post-entry step, whereas chloroquine was 
observed to inhibit viral propagation at both entry and post-entry 
stages. A similar study by Liu et al.85 assessed the therapeutic 
efficiency of hydroxychloroquine (HQ) against SARS-CoV-2 
infection in vitro in comparison to that of chloroquine owing to 
the fact that HQ is 40% less toxic than chloroquine in animals. 
HQ was found to inhibit viral propagation at both entry and 
post-entry steps, albeit with a moderately lower potency than 
chloroquine. In addition to its antiviral activity, the authors sug-
gest that the anti-inflammatory properties of HQ might also 
lead to reduced magnitude of inflammatory reaction in the 
face of cytokine storm elicited by 2019-nCoV, thus reducing 
inflammation-induced pulmonary damage. The results of an 
open-label non-randomized clinical trial published by Guatret 
et al.86 indicate improved outcomes in 2019-CoV patients upon 
administration of HQ with or without azithromycin. In a group 
of 26 patients, 70% of patients receiving HQ treatment were 
found to be negative for viral RNA at day 6 post-inclusion. 
Within the same period of time, 100% of patients receiving HQ 
along with azithromycin were observed to be negative for viral 
RNA on nasopharyngeal swab. Contrary to the beneficial effects 
of HQ shown by the abovementioned trial, a recent 
multi-center, open-label randomized controlled trial involv-
ing 150 participants indicated no improvement in virus clear-
ance upon administration of HQ at a dose of 1,200 mg daily 
for 3 days followed by a maintenance dose of 800 mg for 
2–3 weeks for patients with mild-to-moderate/severe dis-
ease, respectively70. In addition, a significantly greater propor-
tion of patients exhibited adverse effects such as diarrhea upon 
treatment with HQ when compared to standard care, thus rais-
ing questions about the real efficacy and safety profile in 
COVID-19 patients. Similarly, in contrast to the promising 
outcome of remdesivir action in vitro against SARS-CoV-2 
infection, a recently published report69 indicated no statistically 
significant clinical benefits of remdesivir administration 
in the context of COVID-19. However, a numerical reduction 
in time to clinical improvement was noted in patients treated 

early with the drug. Future trials involving a larger number of 
participants are thus warranted to confirm this finding.

A clinical trial to assess the therapeutic activity of ritonavir- 
lopinavir combination conducted by Cao et al.71 did not show 
any beneficial effect of therapy in the setting of 2019-nCoV 
infection. Ritonavir and lopinavir are HIV protease inhibitors 
which have already been demonstrated to be effective in treating 
SARS-CoV infection in patients87. The mortality rate was 
found to be similar in the drug-treated and control group of 
patients (receiving standard care) at 28 days post-onset of ther-
apy. However, a post-hoc subgroup analysis revealed reduced 
mortality of patients receiving ritonavir-lopinavir within 12 days 
of symptom onset when compared to that of patients receiving 
standard care within the same time window.

Favipiravir is a purine nucleoside analog which, upon entry 
into the cell, undergoes ribosylation and phosphorylation 
followed by incorporation into viral RNA genome during 
virus replication88. Upon incorporation into the viral genome, 
it helps inhibit viral RNA-dependent RNA polymerase (RdRp) 
enzyme, thus culminating in abrogated viral replication. Owing 
to the fact that SARS-CoV-2 is an RNA virus whose replica-
tion is dependent upon RdRp, favipiravir was subjected to 
investigation to assess its therapeutic potential72. Treatment 
with favipiravir was associated with shorter virus clearance 
time and significant improvement in chest CT findings, thus 
indicating its possible use as a treatment strategy for 
COVID-19. However, a future multi-center controlled rand-
omized trial is necessary before commenting on the efficacy of 
favipiravir against SARS-CoV-2 infection.

As mentioned previously, the pathogenesis of COVID-19 is  
believed to heavily depend upon the ensuing cytokine storm 
against virus propagation. IL-6, being implicated in the 
SARS-CoV-2-induced cytokine storm, has been targeted using 
the monoclonal antibody tocilizumab. A report by Xu et al.73 
demonstrated the outcome of tocilizumab treatment via an 
intravenous route upon COVID-19 outcome in critically ill 
patients. Administration of tocilizumab resulted in a reduction 
in blood proinflammatory markers such as CRP, improved chest 
CT findings, restoration of lymphopenia, and improved oxygen 
support. Subcutaneous administration of tocilizumab74 was also 
observed to reduce oxygen support requirements in patients 
with multiple co-morbid conditions. A further clinical trial 
(NCT04317092) is underway which will provide clear insight into 
this drug’s therapeutic efficacy in treating COVID-19. Besides 
using IL-6 as a therapeutic target for COVID-19, an inhibitor 
against IL-1 has also been subjected to investigation for 
its effect upon disease progression75. Anakinra is an IL-1α and 
IL-β receptor blocker which has been observed to abrogate 
IL-1 signaling and thus been employed as a treatment for mul-
tiple autoimmune disorders89. Upon treatment with anakinra 
for 21 days, significant restoration of serum CRP level was noted 
in comparison to the control group. Improvement in respira-
tory function was also associated with significant reduction in 
mortality with respect to the control group. A similar strategy 
aiming to inhibit the effects of proinflammatory mediators by 
the use of the anti-inflammatory drug baricitinib has been 
shown to successfully control disease progression77. Baricitinib, 
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reported to inhibit Janus kinase activation, is licensed for treat-
ing autoimmune conditions such as rheumatoid arthritis90.  
Treatment of a small group of COVID-19 patients using baric-
itinib resulted in significant improvement of clinical and respira-
tory functions along with drastic reduction in time to recovery. 
Promising results in COVID-19 clinical trials aiming to inhibit 
proinflammatory mediators thus underscore the role of cytokine 
storm in disease severity and outcome. A study by Hung 
et al.76 provided the outcome of COVID-19 patients upon use 
of a drug combination consisting of IFN beta-Ib, lopinavir- 
ritonavir, and ribavirin. Use of this combination led to rapid 
clearance of viral RNA from nasopharyngeal and oropharyn-
geal samples, which was also accompanied by rapid alleviation 
of symptoms in comparison with the control group.

An unpublished study91 aiming to evaluate the neutralizing 
potential of antibodies against SARS-CoV-2 in a recovered 
COVID-19 cohort points to a very dynamic range of neutral-
izing activity, as exhibited by an undetectable level of the virus 
in some patients. Albeit this finding raises concerns regarding 
the potential of antibody response to protect against reinfec-
tion by SARS-CoV-2, a report by Chandrashekar et al. estab-
lished a macaque model for SARS-CoV-2 infection wherein 
re-challenge with SARS-CoV-2 failed to induce reinfection in a 
humoral as well as cell-mediated immunity-dependent fashion. 
In agreement with the study mentioned above stating the role of 
SARS-CoV-2-induced humoral immunity in preventing rein-
fection, a study by Duan et al.78 demonstrated the effective-
ness of convalescent plasma from recovered COVID-19 patients 
in treating individuals suffering from severe COVID-19. 
Parameters like serum CRP level and lymphocyte count were 
found to be restored to normal values. Significant improvement 
was observed in radiological chest findings accompanied by clear-
ance of viral RNA post-plasma therapy. This study thus highlights 
the low risk of treatment and potential of convalescent plasma 
therapy in neutralizing viral particles and thus conferring 
protection against severe COVID-19 progression and out-
come. Another study estimating the efficacy of convalescent 
serum as a treatment in a larger cohort is currently underway 
(NCT04264858), which upon completion will help direct 
therapeutic strategies in the face of this pandemic.

Researchers across the world are racing against time to 
develop a vaccine against 2019-nCoV. However, because of the 
lack of any existing vaccine against coronaviruses, build-
ing the processes and capacities will demand painstaking labor 

and time. A joint effort by Moderna and the vaccine research 
center at the National Institutes of Health has led to the 
design of an mRNA-based vaccine (mRNA for S gene encap-
sulated in lipid nanoparticles92), which is currently undergoing 
a recently started phase 1 clinical trial (NCT04283461). 
Curevac is also working on an mRNA-based vaccine which 
has been reported very recently to exhibit promising results 
in preclinical analysis, as denoted by the development of a 
significant titer of neutralizing SARS-CoV-2-antibodies93. A 
very recent study by Zhu et al.79 assessed the safety profile and 
efficacy of an adenoviral vector-based RNA vaccine possess-
ing the gene for S protein. This vaccine candidate was found to 
be well tolerated and capable of eliciting both B- and T-cell 
immunity 28 and 14 days after administration, respectively, thus 
warranting further large-scale study before it can be utilized for 
prophylaxis against SARS-CoV-2 infection. Realistically, con-
sidering the time required for efficacy and safety assessment, 
the establishment of mass production processes, large-scale vac-
cine production, and distribution in both high- and low-income 
countries followed by vaccination, which requires trained indi-
viduals, it will be very difficult for a SARS-CoV-2 vaccine to 
be available before another 12–18 months94.

Conclusion
Infection by SARS-CoV-2 has been declared a global health 
emergency owing to the rapid spread of the virus irrespective of 
national boundaries and the destructive impacts it has imposed 
upon the healthcare system as well as the economy. The devel-
opment of a vaccine is a time-consuming, cumbersome, and 
expensive process, especially when novel vaccine platforms 
are being proposed for disease control. On the other hand, the 
repurposing/repositioning of existing drugs might provide 
researchers with a more realistic way to search for and use already 
approved drugs in this time of urgent need. Although scien-
tists across the world are continuing their search for therapies 
or vaccines to fight off SARS-CoV-2 infection, a wide gap still 
exists in our knowledge of SARS-CoV-2 biology. Owing to 
the lack of any definitive proof of the virus’ origin or regarding 
the role of any intermediate carrier/reservoir animal species, fur-
ther work aiming to elucidate the viral emergence and molecu-
lar basis of species barrier jump might help in the prevention 
of any future pandemics like the current one. Further 
understanding of disease progression warrants the develop-
ment of an animal model of SARS-CoV-2 infection which might 
provide detailed insights into the disease’s biology and point 
towards the development of multiple possible therapeutic 
strategies.
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