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A B S T R A C T

The pandemic of coronavirus disease 2019 (COVID‐19) has already evoked massive influence. The global pan-
demic has been ravaging the whole world for a year, with the number of confirmed human infection cases over
150 million and a death toll exceeding 3 million. Although the genomic sequence of the cognate pathogen
SARS‐CoV‐2 (severe acute respiratory syndrome coronavirus 2) has been quickly determined, there are still
many unknown aspects, including the virus origin and evolution trend, and the effectiveness of current vacci-
nes and drugs against the mutating virus. This review summarizes current knowledge and advances about
COVID‐19, including virus origin, transmission and infection, with the aim to improve the understanding of
COVID‐19 and provide a new perspective for future studies.
© 2021 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The emergence of COVID‐19 is a milestone in mankind history,
irrespective of whether SARS‐CoV‐2 can be completely eliminated like
SARS‐CoV, or whether it becomes a seasonal epidemic in the human
population like other human‐infecting coronaviruses. To date, the sci-
entific knowledge gained in response to this pandemic has improved
our understanding of SARS‐CoV‐2 and the cognate disease, and will
benefit the control and prevention of emerging infectious disease in
the future.

However, our concerns have been deepened by the warning from
WHO (World Health Organization), that the world is in a “new and
dangerous phase”: small‐scale re‐emergence, and the accelerating
deterioration of the situation in many countries, especially in South
America, Africa and India. Within this context the COVID‐19 pandemic
continues (Fig. 1), and the virus population is rapidly diversifying in
different countries [1] (Fig. 2). The most difficult choice for governing
bodies is to balance pandemic control and social/economic sacrifices
in response to this unprecedented situation.

To combat with the ongoing COVID‐19, we reviewed and summa-
rized current knowledge across diverse aspects, with the aim to pro-
vide a new perspective for COVID‐19 studies now and going forward.
2. Origin of SARS-CoV-2

Many scientists believed that identification of the “original host
animal” is vital to contain the COVID‐19 pandemic, and to prevent fur-
ther pandemics in the future [2]. But current research about the virus
origin is still unclear.

Phylogenetic analysis, through the comparative analysis of genome
sequences, has the potential to provide evidence for the original or
intermediate host(s) of a pathogen, which is essential for us to under-
stand its origin and transmission. According to the sequence homolgy
between different coronaviruses, SARS‐CoV‐2 is most similar to a bat
(http://
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coronavirus RaTG13 (with a sequence homology of 96.2% across the
whore genome), suggesting SARS‐CoV‐2 may originate from bats
[3–5].

Many studies have shown that some other animals, such as pan-
golin (The pangolin coronavirus isolate shares a sequence homology
of 91.02% with SARS‐CoV‐2), can be infected by closely‐related coro-
naviruses [6]. The species could therefore be potentially used as model
animals for evaluating vaccines and therapeutic drugs. Avian [7] and
Reptilia [8] are unlikely to be the intermediate animals for transmitting
SARS‐CoV‐2 to humans, whereas a similar coronavirus, PsNV (Pacific
salmon nidovirus), causing respiratory symptom manifestations has
been identified in salmon [7]. This observation is reminiscent of the
small‐scale outbreak of SARS‐CoV‐2 in a fresh food supermarket, sug-
gesting that aquatic animals may also be possible intermediate hosts of
this virus. An alternative possibility is that SARS‐CoV‐2 virion in con-
taminated water or environment may maintain infectivity at low tem-
Fig. 1. The number of new confirmed infection cases in different countries. The l
Finland, Germany, India, Russia, Sweden, the United States, and the United Kingdo
be due to the various models and measures adopted by different countries.

Fig. 2. Global COVID-19 infection curve from the outbreak to Dec 25. The cumulati
rate is fast. The number is still growing, with no signs of containment.
peratures, which offers the chance to cause human infections via
contact with the contaminated water or animals.

The use of reverse genetics systems together with synthetic biology
to recreate CoVs, including SARS‐CoV‐2, has been reported by labs in
the USA and other European countries [9–13]. Humans still do not
know why the virus suddenly emerged. Identifying the “Patient Zero” -
would be particularly important to understand this pandemic and con-
trol future possible pandemics [14]. It is possible that the virus may
gradually acquire key mutations during ongoing transmission in the
human or animal populations which could lead to a highly adapted
and more difficult to eradicate pathogen [15]. It has been reported
that dominant D614G substitution in S protein may increase infectivity
by nearly ten fold [16]. E484K reduced susceptibility to neutralization
by antibodies, identified as part of lineage of South Africa. In addition
to the E484K and D614G mutations in the spike protein, the Indian
mutant strain can evade and weaken the human immune response to
ine chart represents the daily new cases in Australia, Brazil, China, Denmark,
m (data from WorldoMeters). These statistically significant discrepancies may

ve number of cases around the world is small in the early stage, but the growth
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the virus. It also has a chromosomal rearrangement of 6 nucleotides
(H146del and Y145del)[17].
3. Cell entry of SARS-CoV-2

This step is thus a critical determinant for the efficiency of virus
entry [18] and host tropism [19]. It has been reported that SARS‐
CoV‐1 and MERS‐CoV can enter host cells via endocytosis and require
the proteolysis of S protein by cathepsin in the endosome to trigger
membrane fusion [20]. The SARS‐CoV‐2 might utilize similar mecha-
nisms for cell entry and membrane fusion [21].

Compared with SARS‐CoV‐1 S protein, the unique features of SARS‐
CoV‐2 S protein may lead to differences in the ability to bind the recep-
tor [22], which may partly explain its higher infectivity than other
human coronaviruses. Other putative receptor molecules in addition
to ACE2 have also been proposed, including CD209 (cluster of differ-
entiation 209) and CLEC4M (C‐type lectin domain family 4 member
M) and neuropilin‐1 [23,24]. These molecules also indicate candidate
targets for antiviral intervention. These facts also suggest that the
infection mechanism of SARS‐CoV‐2 has not been fully understood.
There are still many other questions remain unanswered, such as
whether other receptors/factors are involved. Non‐proteinaceous fac-
tors, such as fatty acids, should not be overlooked, as they may also
play some important roles in the interaction between the viral S pro-
tein and host receptors [25].

Since the identification of SARS‐CoV‐2, this virus has undergone
several significant nutations (e.g. D614G from UK [26], N501Y from
South Africa [27], E484K from Brazil [28]) that boosted its ability of
infection, transmission and immune evasion. However, the underlying
mechanisms for these properties are not fully understood, which war-
rent detailed analysis at the molecular and disease level.
4. Tissue tropism and pathogenesis of SARS-CoV-2

The clinical manifestations of SARS‐CoV‐2 are similar to that of
SARS‐CoV‐1. The main organ of virus infection is lung, and the
patients may develop ARDS (Acute Respiratory Distress Syndrome),
leading to respiratory failure and even death [29]. Of note, some clin-
ical cases also revealed other clinical manifestations in addition to res-
piratory system pathology [30].

More and more clinical studies have shown that SARS‐CoV‐2 not
only attacks the lung but also causes injury in other organs of the
human body, especially in critically illed patients. SARS‐CoV‐2 can
directly infect extra‐pulmonary organs which express ACE2 and
TMPRSS2 [31]. Further, SARS‐CoV‐2 infection may cause some unex-
pected complications, such as impaired sensory capacity, abnormal
hepatic and renal functions, brain and heart damages, impaired gas-
trointestinal function [32].

Moreover, increase of XIAP associated factor 1 (XAF1)‐, tumor
necrosis factor (TNF)‐, and FAS‐induced T cell apoptosis in COVID‐
19 patients was observed [33]. In addition, severe COVID‐19 patients
showed a stronger response to interferons and virus infection com-
pared to mild patients and healthy ones [33].

A striking clinical feature of the SARS‐CoV‐2 infection is the signif-
icant increase in thrombotic and micro‐vascular complications, or
COVID‐19‐associated coagulopathy (CAC) [34]. The incidence rate of
thrombotic complication in COVID‐19 patients in ICU is as high as
31% [35]. SARS‐CoV‐2 may also infect vascular endothelial cells
(EC) [36], which express the receptor ACE2 [37]. A recent study sug-
gests that endothelial cell (EC) injury plays a significant role in the
pathogenesis of CAC, and the level of soluble thrombomodulin in
the blood are correlated with mortality [38]. In addition, it is reported
that the injury of ECs may be a key driver of COVID‐19 severity and
death [38].

SARS‐CoV‐2 can also destroy the blood–brain barrier and invade
the central nervous system by attacking the vascular system [39], caus-
ing some neurological complications, such as partial loss of sight/
smell/taste [40] (see Supplementary Table), headache, aortic ischemic
stroke and spinal cord injury (SCI) [41]. It has also been reported that
about 10% of patients have gastrointestinal symptoms, such as diar-
rhea, vomiting, etc [39]. This may be driven by infection of gastroin-
testinal epithelial cells which express high levels of ACE2. These
evidences indicate that the SARS‐CoV‐2 can actively infect the diges-
tive system.
5. Population susceptiblity

The early reports of epidemiological studies did not reveal signifi-
cant differences in the susceptibility to SARS‐CoV‐2 of human popula-
tions with different ages or genders. The accumulating data implies
that the elderly bears a higher chance of infection and could result
in a higher mortality rate due to the degeneration of immunity. There-
fore, these people should be given a high priority for testing and pro-
tection. Although children are much less likely than adults to
experience severe complications from the infection because of healthy
blood vessels, kids with Kawasaki syndrome and other artery diseases
are at a high risk of developing severe symptoms by SARS‐CoV‐2 infec-
tion [42]. It noteworthy that the relatively higher infection rate of
younger population could be attributed to the insufficient social dis-
tancing and less mask protection [1].

Generally, males reveal a higher rate of infection and mortality
than females. This might be the result of several factors, including the -
higher expression of ACE2 in lung cells of males, primarily type II lung
cells, perhaps other tissues as well, and also sex hormones levels,
immunological factors and smoking [43–45]. Interestingly, the
ACE2 receptor is expressed in the reproductive organs of males, such
as the testes and prostate, but not in the ovaries of females [46]. It is
proposed that AR (androgen receptor) activation induces the expres-
sion of ACE2 and TMPRSS2 genes, resulting in gender differences
[39]. The long‐term exposure to smoke triggers the expansion of respi-
ratory secretory cell populations, which as a result up‐regulates the
expression of ACE2 and may increase the susceptibility for SARS‐
CoV‐2 infection [47].

GWAS also revealed that the susceptibility to SARS‐CoV‐2 infection
may also be related to blood types. The epidemiological data indicated
that the blood group A was associated with a higher risk of acquiring
COVID‐19, whereas blood group O might be more resistant to the
infection [48].
6. Key factors of COVID-19 transmission

The SARS‐CoV‐2 is thought to be transmitted mainly by close con-
tact with one another which is generally defined as a distance of about
6 feet or 2 m [49]. This concept leads to the proposal of “social distanc-
ing” as an effective measure for preventing infections [50].

Because the virion itself is very fragile, it would be inactivated
when exposed outside the cells for a certain period. The virus is mainly
transmitted through airborne respiratory droplets when an infected
person coughs, sneezes or talks, thus the virus transmission can be
cut off by a face mask [51]. It is also publicly accepted that face mask
is one of the most critical PPEs (Private Protection Equipment).

Mother‐to‐child transmission of COVID‐19 is controversial and
there is a lack of data to confirm this route as a major concern.
Although increased SARS‐CoV‐2 specific IgM (immunoglobulin M)
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antibodies have been detected in some new‐born infants [31,52],
viral nucleic acid tests of amniotic fluid and cord blood were nega-
tive. Recent studies have reported the positive detection of SARS‐
CoV‐2 in breast milk [53] and semen [54], which alerts the poten-
tial risk of virus infection by breastfeeding and sexual transmission
[55].

Another issue is how long the live virus could keep alive on the sur-
face of solid substances that people could touch with bare hands. An
experiment on how long the virus could survive reveals a significant
difference in wood, stainless steel, copper and cardboard which are
widely used for packages [56]. Another study showed the 9‐hour sur-
vival of SARS‐CoV‐2 on human skin may increase the risk of contact
transmission, thus, it is widely accepted that hands should be washed
after touching any hard surfaces [57].

It is also well known that most living cells and viruses are sensitive
to the extreme environmental conditions, such as high temperature
and low moisture. This leads to the misunderstanding that the virion
could only be stable under the “cold and wet” conditions in winter
and would be inactivated by the “dry and hot” weather in summer.
It is not the case for COVID‐19, as evidenced by the outbreaks in trop-
ical countries.

The infection of workers in slaughterhouses in Germany, the USA,
and other countries, as well as the detection of live virus in seafood
markets, raise concerns for another transmission‐enhancing factor,
for example, “cold‐chain”.

The advancement of technologies to sequence trace amount of
DNA/RNA, has opened the door to detect viruses or viral products in
various environments. Italian scientists detected the traces of SARS‐
CoV‐2 RNA in sewage water samples collected in December 2019,
which suggested that the virus had been circulating much earlier in
the country, several months before the outbreak at the end of February
2020. It is also hypothesized that the SARS‐CoV‐2 might originate
from the cryosphere that can hide many unexpected and ancient
pathogens, which needs to be confirmed in the future.
7. Expectations for vaccine

Developing vaccines is a crucial measure for long‐term protection
against SARS‐CoV‐2 [58], as evidenced by the successful eradication
of smallpox in humans and rinderpest in cattle. Great efforts have been
made globally for developing vaccines against the virus. A hallmark
feature of coronaviruses is the presence of a 30→50 exonuclease that
proofreads RNA products in transcription and replication [59], which
suggests a more stable genome than many other RNA viruses and indi-
cates the possibility of successful vaccine development. This is in sharp
contrast to the situation of developing universal vaccines against
diverse strains of influenza virus or HIV that have a higher rate of
genomic mutation and in the case of influenza, re‐assortment.

Most of current vaccine strategies, have been applied to generate
SARS‐CoV‐2 vaccines, such as attenuated or inactivated, adenovirus‐
vector‐based [60], mRNA [61] and recombinant protein ones [62].
In addition, a team of researchers are proposing to give a booster dose
of the measles, mumps and rubella (MMR) vaccine to people to test
whether it can elict broad‐spectrum viral immunity, which may help
to prevent some of the most severe effects of COVID‐19 [63].
8. Development of drugs

Considerable efforts have been made for the development of effec-
tive drugs to treat the disease. For example, common steroids could
be an affordable and effective treatment for COVID‐19 [64]. A clinical
trial revealed that dexamethasone reduced the risk of death in criti-
cally ill patients [65]. Some other drugs, like baricitinib, which has
been used for treating adults with moderate to severe rheumatoid
arthritis (RA) [66], have also been evaluated in clinical trials. There
is a rationale for therapies to stabilize the endothelium while tackling
viral replication, particularly with anti‐inflammatory/anti‐cytokine
drugs, ACE2 inhibitors [18], and statins. The American FDA (Food
and Drug Administration) and agencies in several other countries have
cancelled the emergency use authorization of hydroxychloroquine
[67,68] and chloroquine [69] for COVID‐19 treatment. Clinical evi-
dence has revealed that these two drugs do not appear effective against
SARS‐CoV‐2. The broadly‐reactive nucleoside analog drugs remesdivir
and favipiravir have shown antiviral efficacy in clinical reports but
with a certain side effects. Mode of action studies of these two drugs
will enable modification of them, which presents as promising first
response measures to deal with emerging SARS‐CoV‐2 variants and
threat of newly emerging viruses [70–72].

9. Perspectives

Although there has been massive scientific effort to understand
COVID‐19, there are many knowledge gaps yet to be filled. Although
similar, SARS‐CoV‐2 has proven starkly different to SARS‐CoV which
was eliminated without the need for vaccine development (Fig. 3).
The key to understand the biology and virus‐host interactions of
SARS‐CoV‐2 requires knowledge of mutation and evolution of this
virus at both inter‐ and intra‐host levels. However, despite quite a
few polymorphic sites that have been identified among SARS‐CoV‐2
variants, intra‐host variant spectra and their evolutionary dynamics
remain mostly unknown. Recently, a SARS‐CoV‐2 mutant has
appeared in London, UK, and caused global attention as the mutant
virus has a stronger transmission ability [26]. This development war-
rents additional and more detailed viral surveillance at the genomic
level. We should guarantee the annual surveillance of coronaviruses
in humans and animals, and also in different environment, and then
combine the coronavirus genomic sequence information as a database.
With this database, we can easily trace the orignin of potential novel
human‐infecting coronaviruses, just like what we have done for influ-
enza viruses.

The emergence of new variants will also challenge the efficacies of
current vaccines and drugs. Moreover, functional studies are required
as the phenotypes that arise through the interaction between the virus,
its hosts and environmental changes cannot be simply extrapolated by
the genome sequence information. Therefore, new methods should be
applied to systematically study the COVID‐19, and also the potential
emerging infectious pathogens.

To deal with the challenge of future threats of new pathogens, we
should call for a change from a reactive culture to a proactive one,
including the establishment of global network of virus surveillance
and development of broad‐spectrum antiviral drugs and universal vac-
cines [73].

Acknowledgements

We would like to express our gratitude to all the data providers
including the GISAID database (https://www.gisaid.org/) and the
related website (https://www.worldometers.info/coronavirus/). We
also thank Prof. Frederick Dubee, who provided us with valuable tech-
nical support and language assistance in this review. This study was
supported by the Strategic Priority Research Program of CAS



Fig. 3. Timeline of difference between SARS and COVID-19 with global infection curve from outbreak to December 25, 2020. The event characteristics of COVID-
19 are significantly different from SARS. COVID-19 lasts longer and is more difficult to control.

206 Y. Wu et al. / Biosafety and Health 3 (2021) 202–209
(XDB29010000), the National Science and Technology Major Project
(2018ZX10101004), National Key Research and Development Pro-
gram of China (2020YFC0845900), the National Natural Science Foun-
dation of China (NSFC) (82041016, 81871658 and 81802010), a grant
from the Bill & Melinda Gates Foundation and is partially supported by
the Yanqi Lake Meeting organized by the Academic Divisions of CAS.
R.P. is supported by the Young Elite Scientist Sponsorship Program
(YESS) by China Association for Science and Technology (CAST)
(2018QNRC001). Y.S. is also supported by the Youth Innovation Pro-
motion Association of CAS.



Y. Wu et al. / Biosafety and Health 3 (2021) 202–209 207
Conflict of interest

The authors declare that there are no conflicts of interest.

Author contributions

YuhanWu: Conceptualization, Writing ‐ Review & Editing. Zhuob-
ing Peng: Visualization, Investigation. Yongxue Yan: Visualization,
Investigation. Jintao Hu: Visualization, Investigation, Writing ‐
Review & Editing. Yalong Wang: Visualization, Investigation. Xiaoyu
Wang: Writing ‐ Review & Editing. Ruchao Peng: Writing ‐ Review &
Editing. Daniel Watterson:Writing ‐ Review & Editing. Yi Shi: Super-
vision, Writing ‐ Review & Editing.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bsheal.2021.06.001.

References

[1] J. Liao, S. Fan, J. Chen, J. Wu, S. Xu, Y. Guo, C. Li, X. Zhang, C. Wu, H. Mou, C.
Song, F. Li, G. Wu, J. Zhang, L. Guo, H. Liu, J. Lv, L. Xu, C. Lang, Epidemiological
and clinical characteristics of COVID-19 in adolescents and young adults,
Innovation 1 (1) (2020), 100001. https://doi.org/10.1016/j.xinn.2020.04.001.

[2] J. Andreani, M. Le Bideau, I. Duflot, P. Jardot, C. Rolland, M. Boxberger, N. Wurtz,
J.M. Rolain, P. Colson, B. La Scola, D. Raoult, In vitro testing of combined
hydroxychloroquine and azithromycin on SARS-CoV-2 shows synergistic effect,
Microb. Pathog. 145 (2020),104228. https://doi.org/10.1016/j.micpath.2020.
104228.

[3] J. Shi, Z. Wen, G. Zhong, H. Yang, C. Wang, B. Huang, R. Liu, X. He, L. Shuai, Z.
Sun, Y. Zhao, P. Liu, L. Liang, P. Cui, J. Wang, X. Zhang, Y. Guan, W. Tan, G. Wu, H.
Chen, Z. Bu, Susceptibility of ferrets, cats, dogs, and other domesticated animals to
SARS-coronavirus 2, Science 368 (6494) (2020) 1016–1020, https://doi.org/
10.1126/science.abb7015.

[4] Y. Zhou, P. Vedantham, K. Lu, J. Agudelo, R. Carrion Jr., J.W. Nunneley, D.
Barnard, S. Pohlmann, J.H. McKerrow, A.R. Renslo, G. Simmons, Protease
inhibitors targeting coronavirus and filovirus entry, Antiviral Res. 116 (2015)
76–84, https://doi.org/10.1016/j.antiviral.2015.01.011.

[5] A.C. Paskey, J.H.J. Ng, G.K. Rice, W.N. Chia, C.W. Philipson, R.J.H. Foo, R.Z. Cer,
K.A. Long, M.R. Lueder, X.F. Lim, K.G. Frey, T. Hamilton, D.E. Anderson, E.D.
Laing, I.H. Mendenhall, G.J. Smith, L.F. Wang, K.A. Bishop-Lilly, Detection of
recombinant rousettus bat coronavirus GCCDC1 in lesser dawn bats (Eonycteris
spelaea) in Singapore, Viruses 12 (5) (2020), 539. https://doi.org/10.3390/
v12050539.

[6] T. Zhang, Q. Wu, Z. Zhang, Probable pangolin origin of SARS-CoV-2 associated
with the COVID-19 outbreak, Curr. Biol. 30 (7) (2020) 1346–1351, https://doi.
org/10.1016/j.cub.2020.03.022.

[7] G.J. Mordecai, K.M. Miller, E. Di Cicco, A.D. Schulze, K.H. Kaukinen, T.J. Ming, S.
Li, A. Tabata, A. Teffer, D.A. Patterson, H.W. Ferguson, C.A. Suttle, Endangered
wild salmon infected by newly discovered viruses, Elife 8 (2019), e47615.
https://doi.org/10.7554/eLife.47615..

[8] Z. Liu, X. Xiao, X. Wei, J. Li, J. Yang, H. Tan, J. Zhu, Q. Zhang, J. Wu, L. Liu,
Composition and divergence of coronavirus spike proteins and host ACE2
receptors predict potential intermediate hosts of SARS-CoV-2, J. Med. Virol. 92
(6) (2020) 595–601, https://doi.org/10.1002/jmv.v92.610.1002/jmv.25726.

[9] V.D. Menachery, B.L. Yount, K. Debbink, S. Agnihothram, L.E. Gralinski, J.A.
Plante, R.L. Graham, T. Scobey, X.-Y. Ge, E.F. Donaldson, S.H. Randell, A.
Lanzavecchia, W.A. Marasco, Z.-L. Shi, R.S. Baric, A SARS-like cluster of circulating
bat coronaviruses shows potential for human emergence, Nat. Med. 21 (12) (2015)
1508–1513, https://doi.org/10.1038/nm.3985.

[10] P. Gao, S. Ma, D. Lu, C. Mitcham, Y. Jing, G. Wang, Prudently conduct the
engineering and synthesis of the SARS-CoV-2 virus, Synth. Syst. Biotechnol. 5 (2)
(2020) 59–61, https://doi.org/10.1016/j.synbio.2020.03.002.

[11] K.G. Andersen, A. Rambaut, W.I. Lipkin, E.C. Holmes, R.F. Garry, The proximal
origin of SARS-CoV-2, Nat. Med. 26 (4) (2020) 450–452, https://doi.org/
10.1038/s41591-020-0820-9.

[12] M.M. Becker, R.L. Graham, E.F. Donaldson, B. Rockx, A.C. Sims, T. Sheahan, R.J.
Pickles, D. Corti, R.E. Johnston, R.S. Baric, M.R. Denison, Synthetic recombinant
bat SARS-like coronavirus is infectious in cultured cells and in mice, J. Proc. Natl.
Acad. Sci. 105 (50) (2008) 19944–19949, https://doi.org/10.1073/
pnas.0808116105.

[13] T. Thi Nhu Thao, F. Labroussaa, N. Ebert, P. V’kovski, H. Stalder, J. Portmann, J.
Kelly, S. Steiner, M. Holwerda, A. Kratzel, M. Gultom, K. Schmied, L. Laloli, L.
Hüsser, M. Wider, S. Pfaender, D. Hirt, V. Cippà, S. Crespo-Pomar, S. Schröder, D.
Muth, D. Niemeyer, V.M. Corman, M.A. Müller, C. Drosten, R. Dijkman, J. Jores, V.
Thiel, Rapid reconstruction of SARS-CoV-2 using a synthetic genomics platform,
Nature 582 (2020) 561–565, https://doi.org/10.1038/s41586-020-2294-9.

[14] D.M. Auerbach, W.W. Darrow, H.W. Jaffe, J.W. Curran, Cluster of cases of the
acquired immune deficiency syndrome. Patients linked by sexual contact, Am. J.
Med. 76 (3) (1984) 487–492, https://doi.org/10.1016/0002-9343(84)90668-5.

[15] Q. Peng, R. Peng, B. Yuan, J. Zhao, M. Wang, X. Wang, Q. Wang, Y. Sun, Z. Fan, J.
Qi, G.F. Gao, Y. Shi, Structural and biochemical characterization of the nsp12-
nsp7-nsp8 core polymerase complex from SARS-CoV-2, Cell Rep. 31 (11) (2020),
107774. https://doi.org/10.1016/j.celrep.2020.107774.

[16] B. Korber, W.M. Fischer, S. Gnanakaran, H. Yoon, J. Theiler, W. Abfalterer, B.
Foley, E.E. Giorgi, T. Bhattacharya, M.D. Parker, D.G. Partridge, C.M. Evans, T.M.
Freeman, T.I. de Silva, C.C. LaBranche, D.C. Montefiori, Tracking changes in SARS-
CoV-2 spike: Evidence that D614G increases infectivity of the COVID-19 virus, Cell
182 (2020) 812–827, https://doi.org/10.1016/j.cell.2020.06.043.

[17] S. Srivastava, S. Banu, P. Singh, D.T. Sowpati, R.K. Mishra, SARS-CoV-2 genomics:
an Indian perspective on sequencing viral variants, J. Biosci. 46 (1) (2021), 22.
https://doi.org/10.1007/s12038-021-00145-7.

[18] B. Ju, Q. Zhang, J. Ge, R. Wang, J. Sun, X. Ge, J. Yu, S. Shan, B. Zhou, S. Song, X.
Tang, J. Yu, J. Lan, J. Yuan, H. Wang, J. Zhao, S. Zhang, Y. Wang, X. Shi, L. Liu, J.
Zhao, X. Wang, Z. Zhang, L. Zhang, Human neutralizing antibodies elicited by
SARS-CoV-2 infection, Nature 584 (7819) (2020) 115–119, https://doi.org/
10.1038/s41586-020-2380-z.

[19] M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Kruger, T. Herrler, S. Erichsen, T.
S. Schiergens, G. Herrler, N.H. Wu, A. Nitsche, M.A. Muller, C. Drosten, S.
Pohlmann, SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked
by a Clinically Proven Protease Inhibitor, Cell 181 (2020) 271-280.e8, https://doi.
org/10.1016/j.cell.2020.02.052.

[20] S. Matsuyama, N. Nao, K. Shirato, M. Kawase, S. Saito, I. Takayama, N. Nagata, T.
Sekizuka, H. Katoh, F. Kato, M. Sakata, M. Tahara, S. Kutsuna, N. Ohmagari, M.
Kuroda, T. Suzuki, T. Kageyama, M. Takeda, Enhanced isolation of SARS-CoV-2 by
TMPRSS2-expressing cells, Proc. Natl. Acad. Sci. U. S. A. 117 (13) (2020)
7001–7003, https://doi.org/10.1073/pnas.2002589117.

[21] S. Xia, Y. Zhu, M. Liu, Q. Lan, W. Xu, Y. Wu, T. Ying, S. Liu, Z. Shi, S. Jiang, L. Lu,
Fusion mechanism of 2019-nCoV and fusion inhibitors targeting HR1 domain in
spike protein, Cell. Mol. Immunol. 17 (7) (2020) 765–767, https://doi.org/
10.1038/s41423-020-0374-2.

[22] D. Wrapp, N. Wang, K.S. Corbett, J.A. Goldsmith, C.L. Hsieh, O. Abiona, B.S.
Graham, J.S. McLellan, Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation, Science 367 (6483) (2020) 1260–1263, https://doi.org/
10.1126/science.abb2507.

[23] L. Cantuti-Castelvetri, R. Ojha, L.D. Pedro, M. Djannatian, J. Franz, S. Kuivanen, F.
van der Meer, K. Kallio, T. Kaya, M. Anastasina, T. Smura, L. Levanov, L.
Szirovicza, A. Tobi, H. Kallio-Kokko, P. Österlund, M. Joensuu, F.A. Meunier, S.J.
Butcher, M.S. Winkler, B. Mollenhauer, A. Helenius, O. Gokce, T. Teesalu, J.
Hepojoki, O. Vapalahti, C. Stadelmann, G. Balistreri, M. Simons, Neuropilin-1
facilitates SARS-CoV-2 cell entry and infectivity, Science 370 (6518) (2020)
856–860, https://doi.org/10.1126/science.abd2985.

[24] J.L. Daly, B. Simonetti, K. Klein, K.E. Chen, M.K. Williamson, C. Antón-Plágaro, D.
K. Shoemark, L. Simón-Gracia, M. Bauer, R. Hollandi, U.F. Greber, P. Horvath, R.B.
Sessions, A. Helenius, J.A. Hiscox, T. Teesalu, D.A. Matthews, A.D. Davidson, B.M.
Collins, P.J. Cullen, Y. Yamauchi, Neuropilin-1 is a host factor for SARS-CoV-2
infection, Science 370 (6518) (2020) 861–865, https://doi.org/10.1126/science.
abd3072.

[25] C. Toelzer, K. Gupta, S.K.N. Yadav, U. Borucu, F. Garzoni, O. Staufer, J. Capin, J.
Spatz, D. Fitzgerald, I. Berger, C. Schaffitzel, Free fatty acid binding pocket in the
locked structure of SARS-CoV-2 spike protein, Science 370 (2020) 725–730,
https://doi.org/10.1126/science.abd3255.

[26] J.W. Tang, P.A. Tambyah, D.S. Hui, Emergence of a new SARS-CoV-2 variant in the
UK, J. Infect. 82 (2021) e27–e28, https://doi.org/10.1016/j.jinf.2020.12.024.

[27] J.W. Tang, O.T. Toovey, K.N. Harvey, D.D.S. Hui, Introduction of the South African
SARS-CoV-2 variant 501Y. V2 into the UK, J. Infect. 82 (2021) e8–e10,
https://doi.org/10.1016/j.jinf.2021.01.007.

[28] O.T. Toovey, K.N. Harvey, P.W. Bird, J.W.-T.W.-T.T. Tang, Introduction of
Brazilian SARS-CoV-2 484K. V2 related variants into the UK, J. Infect. 82
(2021) e23–e24, https://doi.org/10.1016/j.jinf.2021.01.025.

[29] G. Cavalli, G. De Luca, C. Campochiaro, E. Della-Torre, M. Ripa, D. Canetti, C.
Oltolini, B. Castiglioni, C. Tassan Din, N. Boffini, A. Tomelleri, N. Farina, A.
Ruggeri, P. Rovere-Querini, G. Di Lucca, S. Martinenghi, R. Scotti, M. Tresoldi, F.
Ciceri, G. Landoni, A. Zangrillo, P. Scarpellini, L. Dagna, Interleukin-1 blockade
with high-dose anakinra in patients with COVID-19, acute respiratory distress
syndrome, and hyperinflammation: a retrospective cohort study, Lancet
Rheumatol 2 (6) (2020) e325–e331, https://doi.org/10.1016/S2665-9913(20)
30127-2.

[30] J.R.M. Black, C. Bailey, J. Przewrocka, K.K. Dijkstra, C. Swanton, COVID-19: the
case for health-care worker screening to prevent hospital transmission, Lancet 395
(10234) (2020) 1418–1420, https://doi.org/10.1016/S0140-6736(20)30917-X.

[31] L. Dong, J. Tian, S. He, C. Zhu, J. Wang, C. Liu, J. Yang, Possible vertical
transmission of SARS-CoV-2 from an infected mother to her newborn, JAMA 323
(18) (2020) 1846–1848, https://doi.org/10.1001/jama.2020.4621.

[32] T.Y.M. Leung, A.Y.L. Chan, E.W. Chan, V.K.Y. Chan, C.S.L. Chui, B.J. Cowling, L.
Gao, M.Q. Ge, I.F.N. Hung, M.S.M. Ip, P. Ip, K.K. Lau, C.S. Lau, L.K.W. Lau, W.K.
Leung, X. Li, H. Luo, K.K.C. Man, V.W.S. Ng, C.W. Siu, E.Y.F. Wan, Y.K. Wing, C.S.
M. Wong, K.H.T. Wong, I.C.K. Wong, Short- and potential long-term adverse health

https://doi.org/10.1016/j.bsheal.2021.06.001
https://doi.org/10.1016/j.xinn.2020.04.001
https://doi.org/10.1016/j.micpath.2020.104228
https://doi.org/10.1016/j.micpath.2020.104228
https://doi.org/10.1126/science.abb7015
https://doi.org/10.1126/science.abb7015
https://doi.org/10.1016/j.antiviral.2015.01.011
https://doi.org/10.3390/v12050539
https://doi.org/10.3390/v12050539
https://doi.org/10.1016/j.cub.2020.03.022
https://doi.org/10.1016/j.cub.2020.03.022
https://doi.org/10.7554/eLife.47615
https://doi.org/10.1002/jmv.v92.610.1002/jmv.25726
https://doi.org/10.1038/nm.3985
https://doi.org/10.1016/j.synbio.2020.03.002
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1073/pnas.0808116105
https://doi.org/10.1073/pnas.0808116105
https://doi.org/10.1016/0002-9343(84)90668-5
https://doi.org/10.1016/j.celrep.2020.107774
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1007/s12038-021-00145-7
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1073/pnas.2002589117
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1126/science.abd2985
https://doi.org/10.1126/science.abd3072
https://doi.org/10.1126/science.abd3072
https://doi.org/10.1126/science.abd3255
https://doi.org/10.1016/j.jinf.2020.12.024
https://doi.org/10.1016/j.jinf.2021.01.007
https://doi.org/10.1016/j.jinf.2021.01.025
https://doi.org/10.1016/S2665-9913(20)30127-2
https://doi.org/10.1016/S2665-9913(20)30127-2
https://doi.org/10.1016/S0140-6736(20)30917-X
https://doi.org/10.1001/jama.2020.4621


208 Y. Wu et al. / Biosafety and Health 3 (2021) 202–209
outcomes of COVID-19: a rapid review, Emerging Microbes Infect. 9 (1) (2020)
2190–2199, https://doi.org/10.1080/22221751.2020.1825914.

[33] L. Zhu, P. Yang, Y. Zhao, Z. Zhuang, Z. Wang, R. Song, J. Zhang, C. Liu, Q. Gao, Q.
Xu, X. Wei, H.-X. Sun, B. Ye, Y. Wu, N. Zhang, G. Lei, L. Yu, J. Yan, G. Diao, F.
Meng, C. Bai, P. Mao, Y. Yu, M. Wang, Y. Yuan, Q. Deng, Z. Li, Y. Huang, G. Hu, Y.
Liu, X. Wang, Z. Xu, P. Liu, Y. Bi, Y. Shi, S. Zhang, Z. Chen, J. Wang, X. Xu, G. Wu,
F.-S. Wang, G.F. Gao, L. Liu, W.J. Liu, Single-cell sequencing of peripheral
mononuclear cells reveals distinct immune response landscapes of COVID-19 and
influenza patients, Immunity 53 (3) (2020) 685–696.e3, https://doi.org/10.1016/
j.immuni.2020.07.009.

[34] S.M. Kissler, C. Tedijanto, E. Goldstein, Y.H. Grad, M. Lipsitch, Projecting the
transmission dynamics of SARS-CoV-2 through the postpandemic period, Science
368 (6493) (2020) 860–868, https://doi.org/10.1126/science.abb5793.

[35] F.A. Klok, M. Kruip, N.J.M. van der Meer, M.S. Arbous, D. Gommers, K.M. Kant, F.
H.J. Kaptein, J. van Paassen, M.A.M. Stals, M.V. Huisman, H. Endeman, Incidence
of thrombotic complications in critically ill ICU patients with COVID-19, Thromb.
Res. 191 (2020) 145–147, https://doi.org/10.1016/j.thromres.2020.04.013.

[36] J.J. DiNicolantonio, M. McCarty, Thrombotic complications of COVID-19 may
reflect an upregulation of endothelial tissue factor expression that is contingent on
activation of endosomal NADPH oxidase, Open Heart 7 (1) (2020), e001337.
https://doi.org/10.1136/openhrt-2020-001337.

[37] W.J. Guan, Z.Y. Ni, Y. Hu, W.H. Liang, C.Q. Ou, J.X. He, L. Liu, H. Shan, C.L. Lei, D.
S.C. Hui, B. Du, L.J. Li, G. Zeng, K.Y. Yuen, R.C. Chen, C.L. Tang, T. Wang, P.Y.
Chen, J. Xiang, S.Y. Li, J.L. Wang, Z.J. Liang, Y.X. Peng, L. Wei, Y. Liu, Y.H. Hu, P.
Peng, J.M. Wang, J.Y. Liu, Z. Chen, G. Li, Z.J. Zheng, S.Q. Qiu, J. Luo, C.J. Ye, S.Y.
Zhu, N.S.C. Zhong, China Medical Treatment Expert Group for, Clinical
Characteristics of Coronavirus Disease 2019 in China, N. Engl. J. Med. 382 (18)
(2020) 1708–1720, https://doi.org/10.1056/NEJMoa2002032.

[38] G. Goshua, A.B. Pine, M.L. Meizlish, C.H. Chang, H. Zhang, P. Bahel, A. Baluha, N.
Bar, R.D. Bona, A.J. Burns, C.S. Dela Cruz, A. Dumont, S. Halene, J. Hwa, J. Koff,
H. Menninger, N. Neparidze, C. Price, J.M. Siner, C. Tormey, H.M. Rinder, H.J.
Chun, A.I. Lee, Endotheliopathy in COVID-19-associated coagulopathy: evidence
from a single-centre, cross-sectional study, Lancet Haematol. 7(8) (2020) e575-
e582, https://doi.org/10.1016/S2352-3026(20)30216-7.

[39] S. Wu, L. Miao, Q. Zhou, C. Gao, J. Liu, Q. Zhan, B. Guo, F. Li, Y. Wang, H. Xu, H.
Yan, R. Wu, S. Zhang, J. Zheng, J. Yang, S. Wang, W. Yu, H. Niu, F. Li, L. Yang, J.
Huang, X. Lu, J. Chen, Y. Tong, L. Ma, Y. Zhou, Q. Guo, Suppression of androgen
receptor (AR)-ACE2/TMPRSS2 axis by AR antagonists may be therapeutically
beneficial for male COVID-19 patients, SSRN Electronic J. (2020), https://doi.org/
10.2139/ssrn.3580526.

[40] P. Dawson, E.M. Rabold, R.L. Laws, E.E. Conners, R. Gharpure, S. Yin, S. Buono, T.
Dasu, S. Bhattacharyya, R.P. Westergaard, I.W. Pray, D. Ye, S.A. Nabity, J.E. Tate,
H.L. Kirking, Loss of taste and smell as distinguishing symptoms of COVID-19,
medRxiv (2020), https://doi.org/10.1101/2020.05.13.20101006.

[41] M. Rodriguez-Cola, I. Jimenez-Velasco, F. Gutierrez-Henares, E. Lopez-Dolado, C.
Gambarrutta-Malfatti, E. Vargas-Baquero, A. Gil-Agudo, Clinical features of
coronavirus disease 2019 (COVID-19) in a cohort of patients with disability due
to spinal cord injury, Spinal Cord Ser Cases 6 (1) (2020), 39. https://doi.org/10.
1038/s41394-020-0288-3.

[42] L. Verdoni, A. Mazza, A. Gervasoni, L. Martelli, M. Ruggeri, M. Ciuffreda, E.
Bonanomi, L. D'Antiga, An outbreak of severe Kawasaki-like disease at the Italian
epicentre of the SARS-CoV-2 epidemic: an observational cohort study, Lancet 395
(10239) (2020) 1771–1778, https://doi.org/10.1016/s0140-6736(20)31103-x.

[43] H. Song, B. Seddighzadeh, M.R. Cooperberg, F.W. Huang, Expression of ACE2, the
SARS-CoV-2 receptor, and TMPRSS2 in prostate epithelial cells, bioRxiv (2020),
https://doi.org/10.1101/2020.04.24.056259.

[44] I.E. Sama, A. Ravera, B.T. Santema, H. van Goor, J.M. Ter Maaten, J.G.F. Cleland,
M. Rienstra, A.W. Friedrich, N.J. Samani, L.L. Ng, K. Dickstein, C.C. Lang, G.
Filippatos, S.D. Anker, P. Ponikowski, M. Metra, D.J. van Veldhuisen, A.A. Voors,
Circulating plasma concentrations of angiotensin-converting enzyme 2 in men and
women with heart failure and effects of renin-angiotensin-aldosterone inhibitors,
Eur. Heart J. 41 (19) (2020) 1810–1817, https://doi.org/10.1093/eurheartj/
ehaa373.

[45] D.O. Acheampong, I.K. Barffour, A. Boye, E. Aninagyei, S. Ocansey, M.T. Morna,
Male predisposition to severe COVID-19: review of evidence and potential
therapeutic prospects, Biomed. Pharmacother. 131 (2020), 110748. https://doi.
org/10.1016/j.biopha.2020.110748.

[46] A. Shastri, J. Wheat, S. Agrawal, N. Chaterjee, K. Pradhan, M. Goldfinger, N.
Kornblum, U. Steidl, A. Verma, J. Shastri, Delayed clearance of SARS-CoV2 in male
compared to female patients: High ACE2 expression in testes suggests possible
existence of gender-specific viral reservoirs, medRxiv (2020), https://doi.org/10.
1101/2020.04.16.20060566.

[47] J.C. Smith, E.L. Sausville, V. Girish, M.L. Yuan, A. Vasudevan, K.M. John, J.M.
Sheltzer, Cigarette smoke exposure and inflammatory signaling increase the
expression of the SARS-CoV-2 receptor ACE2 in the respiratory tract, Dev. Cell 53
(5) (2020) 514-529.e3, https://doi.org/10.1016/j.devcel.2020.05.012.

[48] J. Zhao, Y. Yang, H. Huang, D. Li, D. Gu, X. Lu, Z. Zhang, L. Liu, T. Liu, Y. Liu, Y.
He, B. Sun, M. Wei, G. Yang, X. Wang, L. Zhang, X. Zhou, M. Xing, P.G. Wang,
Relationship between the ABO blood group and the COVID-19 susceptibility,
MedRxiv (2020), https://doi.org/10.1101/2020.03.11.20031096.

[49] L. Setti, F. Passarini, G. De Gennaro, P. Barbieri, M.G. Perrone, M. Borelli, J.
Palmisani, A. Di Gilio, P. Piscitelli, A. Miani, Airborne transmission route of
COVID-19: Why 2 meters/6 feet of inter-personal distance could not be enough,
Int. J. Environ. Res. Public Health 17 (8) (2020) 2932, https://doi.org/10.3390/
ijerph17082932.

[50] D.K. Chu, E.A. Akl, S. Duda, K. Solo, S. Yaacoub, H.J. Schünemann, A. El-harakeh,
A. Bognanni, T. Lotfi, M.J.T.L. Loeb, Physical distancing, face masks, and eye
protection to prevent person-to-person transmission of SARS-CoV-2 and COVID-
19: a systematic review and meta-analysis, Lancet 395 (2020) 1973–1987,
https://doi.org/10.1016/S0140-6736(20)31142-9.

[51] H. Zeng, C. Xu, J. Fan, Y. Tang, Q. Deng, W. Zhang, X. Long, Antibodies in infants
born to mothers with COVID-19 pneumonia, JAMA 323 (18) (2020) 1848–1849,
https://doi.org/10.1001/jama.2020.4861.

[52] R. Groß, C. Conzelmann, J.A. Müller, S. Stenger, K. Steinhart, F. Kirchhoff, J.
Münch, Detection of SARS-CoV-2 in human breastmilk, Lancet 395 (10239)
(2020) 1757–1758, https://doi.org/10.1016/s0140-6736(20)31181-8.

[53] Li D., Jin M., Bao P., Zhao W., Zhang S., Clinical characteristics and results of
semen tests among men with coronavirus disease 2019, JAMA Netw Open 3 (5)
(2020), e208292. https://doi.org/10.1001/jamanetworkopen.2020.8292.

[54] H. Chen, J. Guo, C. Wang, F. Luo, X. Yu, W. Zhang, J. Li, D. Zhao, D. Xu, Q. Gong, J.
Liao, H. Yang, W. Hou, Y. Zhang, Clinical characteristics and intrauterine vertical
transmission potential of COVID-19 infection in nine pregnant women: a
retrospective review of medical records, Lancet 395 (10226) (2020) 809–815,
https://doi.org/10.1016/S0140-6736(20)30360-3.

[55] G. Kampf, D. Todt, S. Pfaender, E. Steinmann, Corrigendum to “Persistence of
coronaviruses on inanimate surfaces and their inactivation with biocidal agents” [J
Hosp Infect 104 (2020) 246–251], J. Hospital Infect. 105 (3) (2020) 587, https://
doi.org/10.1016/j.jhin.2020.06.001.

[56] R. Hirose, H. Ikegaya, Y. Naito, N. Watanabe, T. Yoshida, R. Bandou, T. Daidoji, Y
Itoh., T. Nakaya, Survival of SARS-CoV-2 and influenza virus on the human skin:
Importance of hand hygiene in COVID-19, Clin. Infect. Dis. (2020), ciaa1517.
https://doi.org/10.1093/cid/ciaa1517..

[57] D.P. Misra, V. Agarwal, A.Y. Gasparyan, O. Zimba, Rheumatologists' perspective on
coronavirus disease 19 (COVID-19) and potential therapeutic targets, Clin.
Rheumatol. 39 (7) (2020) 2055–2062, https://doi.org/10.1007/s10067-020-
05073-9.

[58] R.L. Graham, M.M. Becker, L.D. Eckerle, M. Bolles, M.R. Denison, R.S. Baric, A live,
impaired-fidelity coronavirus vaccine protects in an aged, immunocompromised
mouse model of lethal disease, Nat. Med. 18 (12) (2012) 1820–1826, https://doi.
org/10.1038/nm.2972.

[59] F.C. Zhu, Y.H. Li, X.H. Guan, L.H. Hou, W.J. Wang, J.X. Li, S.P. Wu, B.S. Wang, Z.
Wang, L. Wang, S.Y. Jia, H.D. Jiang, L. Wang, T. Jiang, Y. Hu, J.B. Gou, S.B. Xu, J.
J. Xu, X.W. Wang, W. Wang, W. Chen, Safety, tolerability, and immunogenicity of
a recombinant adenovirus type-5 vectored COVID-19 vaccine: a dose-escalation,
open-label, non-randomised, first-in-human trial, Lancet 395 (10240) (2020)
1845–1854, https://doi.org/10.1016/S0140-6736(20)31208-3.

[60] C. Liu, Q. Zhou, Y. Li, L.V. Garner, S.P. Watkins, L.J. Carter, J. Smoot, A.C. Gregg,
A.D. Daniels, S. Jervey, Research and development on therapeutic agents and
vaccines for COVID-19 and related human coronavirus diseases, ACS Cent. Sci. 6
(2020) 315–331, https://doi.org/10.1021/acscentsci.0c00272.

[61] Y. Dong, T. Dai, Y. Wei, L. Zhang, M. Zheng, F. Zhou, A systematic review of SARS-
CoV-2 vaccine candidates, Signal Transduct. Target Ther. 5 (1) (2020), 237.
https://doi.org/10.1038/s41392-020-00352-y.

[62] P.L. Fidel, M.C. Noverr, Could an unrelated live attenuated vaccine serve as a
preventive measure to dampen septic inflammation associated with COVID-19
infection?, MBio 11 (3) (2020) e00907–e920, https://doiorg/10.1128/
mBio.00907-20.

[63] C. Tang, Y. Wang, H. Lv, Z. Guan, J. Gu, Caution against corticosteroid-based
COVID-19 treatment, Lancet 395 (10239) (2020) 1759–1760, https://doi.org/
10.1016/S0140-6736(20)30749-2.

[64] J. Villar, C. Ferrando, D. Martínez, A. Ambrós, T. Muñoz, J.A. Soler, J.M. Segura, P.
Serna-Grande, A. Serrano, M. Soro, A. Tallet, J. Villar, et al, Dexamethasone
treatment for the acute respiratory distress syndrome: a multicentre, randomised
controlled trial, The Lancet Respiratory Medicine 8 (3) (2020) 267–276, https://
doi.org/10.1016/S2213-2600(19)30417-5.

[65] J.S. Smolen, M.C. Genovese, T. Takeuchi, D.L. Hyslop, W.L. Macias, T. Rooney, L.
Chen, C.L. Dickson, J. Riddle Camp, T.E. Cardillo, T. Ishii, K.L. Winthrop, Safety
profile of baricitinib in patients with active rheumatoid arthritis with over 2 years
median time in treatment, J. Rheumatol. 46(1) (2019) 7-18， https://doi.org/10.
3899/jrheum.171361.

[66] E.S. Rosenberg, E.M. Dufort, T. Udo, L.A. Wilberschied, J. Kumar, J. Tesoriero, P.
Weinberg, J. Kirkwood, A. Muse, J. DeHovitz, D.S. Blog, B. Hutton, D.R. Holtgrave,
H.A. Zucker, Association of treatment with hydroxychloroquine or azithromycin
with in-hospital mortality in patients with COVID-19 in New York State, JAMA
323 (24) (2020) 2493–2502, https://doi.org/10.1001/jama.2020.8630.

[67] W. Tang, Z. Cao, M. Han, Z. Wang, J. Chen, W. Sun, Y. Wu, W. Xiao, S. Liu, E. Chen,
W. Chen, X. Wang, J. Yang, J. Lin, Q. Zhao, Y. Yan, Z. Xie, D. Li, Y. Yang, L. Liu, J.
Qu, G. Ning, G. Shi, Q. Xie, Hydroxychloroquine in patients with mainly mild to
moderate coronavirus disease 2019: open label, randomised controlled trial, BMJ
369 (2020), m1849. https://doi.org/10.1136/bmj.m1849.

[68] M.R. Mehra, S.S. Desai, F. Ruschitzka, A.N. Patel, RETRACTED:
Hydroxychloroquine or chloroquine with or without a macrolide for treatment
of COVID-19: a multinational registry analysis, Lancet (2020), https://doi.org/
10.1016/s0140-6736(20)31180-6.

https://doi.org/10.1080/22221751.2020.1825914
https://doi.org/10.1016/j.immuni.2020.07.009
https://doi.org/10.1016/j.immuni.2020.07.009
https://doi.org/10.1126/science.abb5793
https://doi.org/10.1016/j.thromres.2020.04.013
https://doi.org/10.1136/openhrt-2020-001337
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1016/S2352-3026(20)30216-7
https://doi.org/10.2139/ssrn.3580526
https://doi.org/10.2139/ssrn.3580526
https://doi.org/10.1101/2020.05.13.20101006
https://doi.org/10.1038/s41394-020-0288-3
https://doi.org/10.1038/s41394-020-0288-3
https://doi.org/10.1016/s0140-6736(20)31103-x
https://doi.org/10.1101/2020.04.24.056259
https://doi.org/10.1093/eurheartj/ehaa373
https://doi.org/10.1093/eurheartj/ehaa373
https://doi.org/10.1016/j.biopha.2020.110748
https://doi.org/10.1016/j.biopha.2020.110748
https://doi.org/10.1101/2020.04.16.20060566
https://doi.org/10.1101/2020.04.16.20060566
https://doi.org/10.1016/j.devcel.2020.05.012
https://doi.org/10.1101/2020.03.11.20031096
https://doi.org/10.3390/ijerph17082932
https://doi.org/10.3390/ijerph17082932
https://doi.org/10.1016/S0140-6736(20)31142-9
https://doi.org/10.1001/jama.2020.4861
https://doi.org/10.1016/s0140-6736(20)31181-8
https://doi.org/10.1001/jamanetworkopen.2020.8292
https://doi.org/10.1016/S0140-6736(20)30360-3
https://doi.org/10.1016/j.jhin.2020.06.001
https://doi.org/10.1016/j.jhin.2020.06.001
https://doi.org/10.1093/cid/ciaa1517
https://doi.org/10.1007/s10067-020-05073-9
https://doi.org/10.1007/s10067-020-05073-9
https://doi.org/10.1038/nm.2972
https://doi.org/10.1038/nm.2972
https://doi.org/10.1016/S0140-6736(20)31208-3
https://doi.org/10.1021/acscentsci.0c00272
https://doi.org/10.1038/s41392-020-00352-y
https://doi.org/10.1128/mBio.00907-20
https://doi.org/10.1128/mBio.00907-20
https://doi.org/10.1016/S0140-6736(20)30749-2
https://doi.org/10.1016/S0140-6736(20)30749-2
https://doi.org/10.1016/S2213-2600(19)30417-5
https://doi.org/10.1016/S2213-2600(19)30417-5
https://doi.org/10.3899/jrheum.171361
https://doi.org/10.3899/jrheum.171361
https://doi.org/10.1001/jama.2020.8630
https://doi.org/10.1136/bmj.m1849
https://doi.org/10.1016/s0140-6736(20)31180-6
https://doi.org/10.1016/s0140-6736(20)31180-6


Y. Wu et al. / Biosafety and Health 3 (2021) 202–209 209
[69] W. Yin, C. Mao, X. Luan, D.-D. Shen, Q. Shen, H. Su, X. Wang, F. Zhou, W. Zhao, M.
Gao, S. Chang, Y.-C. Xie, G. Tian, H.-W. Jiang, S.-C. Tao, J. Shen, Y. Jiang, H. Jiang,
Y. Xu, S. Zhang, Y. Zhang, H.E. Xu, Structural basis for inhibition of the RNA-
dependent RNA polymerase from SARS-CoV-2 by remdesivir, Science 368 (2020)
1499–1504, https://doi.org/10.1126/science.abc1560 %J Science.

[70] L. Yan, J. Ge, L. Zheng, Y. Zhang, Y. Gao, T. Wang, Y. Huang, Y. Yang, S. Gao, M.
Li, Z. Liu, H. Wang, Y. Li, Y. Chen, L.W. Guddat, Q. Wang, Z. Rao, Z. Lou, Cryo-EM
structure of an extended SARS-CoV-2 replication and transcription complex
reveals an intermediate state in cap synthesis, Cell 184 (2020) 184–193.E10,
https://doi.org/10.1016/j.cell.2020.11.016.

[71] Q. Peng, R. Peng, B. Yuan, M. Wang, J. Zhao, L. Fu, J. Qi, Y. Shi, Structural basis of
SARS-CoV-2 polymerase inhibition by favipiravir, Innovation 2 (1) (2021),
100080. https://doi.org/10.1016/j.xinn.2021.100080..

[72] Y. Shi, New virus, new challenge, Innovation 1 (1) (2020), 100005. https://doi.
org/10.1016/j.xinn.2020.04.005.

https://doi.org/10.1016/j.cell.2020.11.016
https://doi.org/10.1016/j.xinn.2021.100080
https://doi.org/10.1016/j.xinn.2020.04.005
https://doi.org/10.1016/j.xinn.2020.04.005

	Current knowledge of COVID-19: Advances, challenges and future perspectives
	1. Introduction
	2. Origin of SARS-CoV-2
	3. Cell entry of SARS-CoV-2
	4. Tissue tropism and pathogenesis of SARS-CoV-2
	5. Population susceptiblity
	6. Key factors of COVID-19 transmission
	7. Expectations for vaccine
	8. Development of drugs
	9. Perspectives
	Acknowledgements
	Conflict of interest
	Author contributions
	Supplementary data
	References


