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Abstract

Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 infection has spread rapidly across the world and become
an international public health emergency. Both SARS-CoV-2 and SARS-CoV belong to subfamily Coronavirinae in the
family Coronaviridae of the order Nidovirales and they are classified as the SARS-like species while belong to different
cluster. Besides, viral structure, epidemiology characteristics and pathological characteristics are also different. We
present a comprehensive survey of the latest coronavirus—SARS-CoV-2—from investigating its origin and evolution
alongside SARS-CoV. Meanwhile, pathogenesis, cardiovascular disease in COVID-19 patients, myocardial injury and
venous thromboembolism induced by SARS-CoV-2 as well as the treatment methods are summarized in this review.

Keywords: SARS-CoV-2, COVID-19, Cytokine storm, Cardiovascular disease, Myocardial injury, Venous thromboembolism,
Treatment

Background
The COVID-19 pandemic has resulted in more than 6.6
million confirmed cases worldwide. Previous studies
showed that both SARS-CoV-2 and SARS-CoV belong to
the subfamily Coronavirinae of the Nidovirales coronaviri-
dae, and are classified as SARS-like species, but belong to
different clusters. To further explore the characteristics of
SARS-CoV-2, we compared different aspects of the virus
with those of SARS-CoV; the clinical manifestations and
treatment methods are also summarized.

Introduction
Coronaviruses belong to the subfamily Coronavirinae in
the family Coronaviridae of the order Nidovirales and
can cause respiratory, digestive, and nervous system dis-
eases in humans and many other animals. Coronavirus
particles are spherical with a diameter of approximately
80 to 160 mm. The envelope surface is covered with

spike (S) protein, and the membrane (M) proteins and
envelope (E) proteins are located among the S proteins.
The genomic RNA and phosphorylated nucleocapsid (N)
protein form a spiral nucleocapsid, which is located
within the envelope [1, 2]. The coronavirus genome is
comprised of a single-stranded positive-strand RNA ran-
ging from 26 Kb to 32 Kb in length, constituting the lon-
gest known genome among RNA viruses [3]. This
genome has a 5′ cap structure, a 3′ polyadenylate tail
structure, and six open reading frames (ORFs), of which
the first (ORF1) near the 5′ terminus encodes 16 non-
structural proteins (nsp1–16) involved in viral replica-
tion and transcription; other ORFs encode the four
major structural proteins (S, M, N, and P) and eight
accessory proteins (3a, 3b, p6, 7a, 7b, 8b, 9b, and
ORF14), playing an important role in the assembly of
viral particles.
According to genetic and antigenic characteristics,

coronaviruses can be divided into four genera: α, β, γ,
and δ. Among them, α and β coronaviruses only infect
mammals, while γ and δ mainly infect birds, although
some can also infect mammals [4, 5]. Except for SARS-

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: zhangb@smu.edu.cn; zhaowei@smu.edu.cn
2Guangdong Provincial Key Laboratory of Tropical Disease Research, School
of Public Health, Southern Medical University, Guangzhou 510515, China
Full list of author information is available at the end of the article

Yang et al. Virology Journal          (2020) 17:117 
https://doi.org/10.1186/s12985-020-01369-z

http://crossmark.crossref.org/dialog/?doi=10.1186/s12985-020-01369-z&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:zhangb@smu.edu.cn
mailto:zhaowei@smu.edu.cn


CoV and Middle East Respiratory Syndrome Corona-
virus (MERS-CoV), most coronaviruses do not cause se-
vere diseases in humans. It has been confirmed that the
recent outbreak and epidemic of coronavirus disease
2019 (COVID-19) was caused by a new coronavirus that
has been named SARS-CoV-2. Different from SARS-
CoV and MERS-CoV in genetics and epidemiology,
SARS-CoV-2 is a novel β-coronavirus [6, 7]. As of now,
three types of highly pathogenic coronaviruses have been
confirmed, namely SARS-CoV, MERS-CoV, and SARS-
CoV-2 [8].
In our review, we explore the differences in the origin

and evolution, amino acid composition and protein
structure, epidemiological and pathological characteris-
tics between SARS-CoV-2 and SARS-CoV. In addition,
the pathogenesis of SARS-CoV-2 has been summarized.
Based on our expertise, comorbidity of cardiovascular
diseases (CVD) in COVID-19 patients and SARS-CoV-
2-induced myocardial injury and venous thromboembol-
ism (VTE) are fully discussed, and medicines with recent
clinical trial outcomes are also introduced.

Differences between SARS-CoV-2 and SARS-CoV
Classification
According to the principle of international commission
on virus classification, the coronavirus identification
mainly depends on the similarity of the amino acid se-
quences of the seven domains encoded by ORF1ab, in-
cluding ADRP, nsp5, and nsp12–16. Due to the
extremely similar (more than 90%) amino acid sequences
in the seven domains, both SARS-CoV-2 and SARS-CoV
belong to the subfamily Coronavirinae in the family Cor-
onaviridae of the order Nidovirales and are classified as
SARS-like species, although they are classified into
different clusters. The former belongs to the bat-like
coronavirus cluster and the latter to the SARS cluster.
Phylogenetic analysis showed that SARS-CoV-2 has a
longer branch length compared to its closest relatives,
including bat-SL-CoVZC45 and bat-SL-CoVZXC21; fur-
thermore, it is genetically different from SARS-CoV.
SARS-CoV-2 has only 79.5 and 40% homology with
SARS-CoV and MERS-CoV, respectively, indicating a
large genetic distance. At the same time, the S-protein
homology between SARS-CoV and SARS-CoV-2 is also
relatively low at 76.5% [9–12].

Amino acid composition and protein structure
While SARS-CoV-2 is very similar to SARS-CoV in
amino acid composition and protein structure, with both
having an Orf1ab encoding 16 predicted Nsps as well as
the 4 typical coronavirus structural proteins, they also
show some differences, mainly in the S, ORF8, ORF3b,
and ORF10 proteins, with limited detectable homology
between them.

Like SARS-CoV, the entry of SARS-CoV-2 is mediated
by the recognition of the receptor binding domain (RBD)
in the S protein and the angiotensin converting enzyme 2
(ACE2) receptor on the surface of the host cell, and the
activation of S protein is related to TMPRSS2, whose in-
hibitors can prevent virus invasion [13]. Most of the
SARS-CoV-induced polyclonal antibodies can prevent the
S-mediated entry of the virus, which further illustrates the
similarity between these two coronaviruses. However, ac-
cording to previous researches, the outer subdomain of
the receptor-binding domain in the S protein of SARS-
CoV-2 has only 40% amino acid homology with other
SARS-associated coronaviruses [3]. A recent research
found that Furin protease cleavage site exists at the
boundary between the S1 subunit and S2 subunit in the S
protein of SARS-CoV-2, and it is processed during the
biosynthesis [14]. This is similar to several highly patho-
genic avian influenza viruses [15] and pathogenic Newcas-
tle disease virus [16], but distinguishes SARS-CoV-2 from
SARS-CoV. The existence of the cleavage site of the Furin
protease enhances the tissue and cell tropism and trans-
missibility of SARS-CoV-2, and alters its pathogenicity.
Wrapp et al. [17] obtained the trimeric structure of the S
protein by 3D reconstruction technology based on the
genomic sequence of SARS-CoV-2, and found that it is
structurally different from that of SARS-CoV. In addition,
the affinity of S protein of SARS-CoV-2 to ACE2 in-
creased by 10–20 times compared with that of SARS-
CoV. Blocking the process of viral entry is an important
way to prevent and control viral infections; identifying and
understanding the protein molecules on the surface of the
new coronavirus, related receptors of target cell, as well as
their interaction mechanisms can provide a basis for ef-
fectively preventing viruses from invading host cells. RBD
is recognized primarily via polar residues by the extracel-
lular peptidase domain of ACE2. Yan et al. [18] analyzed
the electron microscope structure of the complex of S
protein and ACE2, and found that in the procedure of the
virus-target cell binding, the loop region on RBD crossed
the α1 helix of ACE2, and the loop regions of β3, β4 and
α2 helix are also involved in the combination of RBD and
ACE2. Superimposing of the structures of SARS-COV-
RBD and SARS-COV-2-RBD suggests a very high degree
of similarity between the two, but there are still differ-
ences. The R426, Y484, T487, V404, and L472 residues in
SARS-COV-RBD were replaced by N439, Q498, N501,
K417, and F486 in the SARS-COV-2-RBD respectively.
The replacement of L472 by F486 will enhance the van
der Waals effect, and that of R426 by N439 will eliminate
the salt bridge effect of D329 in ACE2, which, however,
would be strengthened when V404 is replaced by K417.
The existence of these mutations may be a significant
reason SARS-COV-specific RBD antibody drugs fail to
work on SARS-COV-2.
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The motif VLVVL (amino acids 75–79) was re-
ported in SARS-CoV ORF8b, which can trigger the
intracellular stress pathway and activate the NLRP3
endosome, while no functional domains containing
this motif has been found in SARS-CoV-2. ORF8 is
related to the evolution of SARS-associated corona-
viruses, and plays a significant role in virus replica-
tion, transmission, and adaptation to its hosts. In
SARS-CoV-2, ORF8 consists of 121 amino acids,
while it exists as ORF8a (39 amino acids) and ORF8b
(84 amino acids) in SARS-CoV. The ORF3b protein
contains 154 amino acids in SARS-CoV, but only 67
amino acids in SARS-CoV-2. In addition, the ORF3b
protein of SARS-CoV-2 contains four new helical
structures, and shows no homology to that of SARS-
CoV. Although ORF3b protein is not necessary for
virus replication, it may be related to its pathogenicity
and its importance in SARS-CoV-2 requires further
study [19].
Recently, a study carried out by multiple teams in the

United States, France, and the UK cloned, tagged and
expressed 26 of the 29 SARS-CoV-2 proteins in human
cells, and suggested that ORF10 of SARS-CoV-2 shows
limited homology with that of SARS-CoV. The study
found that ORF10 of SARS-CoV-2 is small in size (38
amino acids), but contains an alpha helical region, which
can be linked to a Cullin 2 (CUL2) RING E3 ligase com-
plex, especially the CUL2ZYG11B complex, and hijack it
for ubiquitination and restriction factor degradation.
Alternatively, ZYG11B may bind to the N-terminal
glycine in Orf10 to target it for degradation, which is
closely related to virus replication [20].
Currently, it is believed that the SARS-CoV-2 gen-

ome is more stable than SARS-CoV, but it is still ne-
cessary to strengthen the monitoring of viral genome
mutations as the epidemic progresses. Some large-
scale viral genome studies suggest that 149 mutation
sites have appeared in SARS-CoV-2. Due to the se-
quence difference in site 28,144 in the viral RNA gen-
ome, SARS-CoV-2 is divided into two subtypes: L and
S. The L type spreads more widely, and has more
mutations and a stronger ability to spread. Compared
with other coronavirus, the gene sequence of S pro-
tein in SARS-CoV-2 changes greatly, suggesting that
this segment may show a higher mutation rate [21].
Su et al. used a second-generation sequencing plat-
form to analyze the nasal swab samples of patients di-
agnosed with COVID-19 and found that the 3′-end
of the SARS-CoV-2 genome has a fragment with 382
nt missing, resulting in the destruction of the func-
tion of the ORF8 region, which may relate to how
SARS-CoV-2 adapts to human survival [22]. Distinc-
tions in the structure between SARS-CoV and SARS-
CoV-2 are shown in Fig. 1.

Epidemiological characteristics
Studies indicate that SARS-CoV has an incubation
period of 2 to 10 days and a median incubation period of
4 to 7 days, while the incubation period of SARS-CoV-2
is mostly within 14 days, and the median is 3–4 days.

Sources of infection
The SARS epidemic in 2003 first occurred in Guang-
dong Province. Sources of SARS-CoV infection include
infected animals and humans. At present, it is generally
believed that the virus originates from bats, and civet is
a possible intermediate host, and humans are the final
hosts [23].
At the end of 2019, the first outbreak of pneumonia

caused by SARS-CoV-2 occurred in Wuhan, Hubei [24].
Besides infected animals and COVID-19 patients,
asymptomatic infectors are the most important source
of infection for SARS-CoV-2 [25]. Studies have demon-
strated that SARS-CoV-2 is of bat origin [12, 26], with
pangolin or civet as one of the possible intermediate
hosts, and humans are the ultimate hosts [27]. It is
worth noting that a recent study isolated one corona-
virus from a Malayan pangolin showing 100, 98.6, 97.8,
and 90.7% amino acid identity with SARS-CoV-2 in the
E, M, N and S genes, respectively, and the receptor-
binding domain within the S protein of the Pangolin-
CoV is virtually identical to that of SARS-CoV-2, with
only one noncritical amino acid difference. This suggests
that SARS-CoV-2 might have originated from the
recombination of a Pangolin-CoV-like virus with a Bat-
CoV-RaTG13-like virus [28]. However, more research is
required to confirm this.

Routes of transmission
SARS-CoV is transmitted through close-up droplets and
contact, while SARS-CoV-2 has a wider range of trans-
mission routes. In addition to short-distance droplet
transmission and contact transmission, SARS-CoV-2 can
also be transmitted through aerosols in the enclosed
space and urine, and mother-to-child transmission may
also exist [29–31]. The Chinese Center for Disease Con-
trol and Prevention isolated the SARS-CoV-2 strain
from a feces sample of a confirmed patient in Heilong-
jiang Province, indicating that SARS-CoV-2 can survive
in the stool; it has been demonstrated that after intragas-
tric administration of SARS-CoV-2, transgenic mice that
express human ACE2 can get the infection and show
related pathological changes [32]. This suggests that
fecal-oral transmission may also be one of its transmis-
sion modes [29, 33].

Susceptible population
The population is generally susceptible to SARS-CoV,
mostly young adults; and people are also generally
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susceptible to SARS-CoV-2. Epidemiological analysis
shows that 77.8% of patients with COVID-19 are
between 30 and 69 years of age, with the highest propor-
tion in the 50 to 60 years age group, while the infection
rate of children is relatively low [8, 34].
It is generally believed that SARS-CoV-2 has a stron-

ger propagation capability than SARS-CoV. A previous

study showeed basic reproduction number (R0) was 2.9
[35, 36]. Based on the epidemiological data of 425 pa-
tients, another study showed the basic reproduction
number R0 of this new coronary pneumonia to be 2.20
[37, 38]. Moreover, there is a study that predicts the R0
value of SARS-CoV-2 to be 3.28 [39]. Yang et al. [40]
predicted the R0 to be 3.77—higher than SARS-CoV—

Fig. 1 Distinctions of amino acid composition and protein structure. Differences between SARS-CoV and SARS-CoV-2 are mainly in S protein,
ORF8 protein and ORF3b protien. a The external subdomain of the receptor binding domain of the spike protein in SARS-CoV-2 shares only 40%
amino acid identity with other SARS-related coronaviruses; b ORF8 in SARS-CoV-2 does not contain a known functional domain or motif while in
SARS-CoV ORF8b the presence of the aggregation motif VLVVL has been found; c The ORF8a protein is absent in SARS-CoV-2; There are 121
amino acids that encode the 8b protein in SARS-CoV-2, while only 84 are involved in SARS-CoV. d ORF3b of SARS-CoV-2 has a novel protein with
four helices and 67 amino acids that encode the 3b protein in SARS-CoV-2 while 154 amino acids are involved in SARS-CoV
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but because of the uncertainty, the accuracy of the esti-
mate is limited. The latest research shows that the R0 of
SARS-CoV-2 is about 2.68, which is roughly similar to
the R0 reported by World Health Organization (WHO)
and the Chinese Center for Disease Control and Preven-
tion [41, 42]. SARS-CoV-2 is highly contagious and up
to June 17, 2020, SARS-CoV-2 infection had occurred in
as many as 216 countries and the cumulative number of
COVID-19 patients globally had reached 8,061,550,
according to the data from WHO.
SARS-CoV-2 spreads easily but it is less lethal. The

mortality rate of SARS-CoV-2 was lower than that of
SARS-CoV. Studies have shown that approximately 23 to
32% of patients with SARS will develop severe disease and
are prone to death [43]. A report by WHO shows that 774
of 8098 SARS patients died, with a case fatality rate of
9.6%. In elderly patients, case fatality rate was up to 50%
[36]. SARS-CoV-2 has a wider range of transmission than
SARS-CoV or MERS-CoV, and infects a larger number of
patients, but the ratio of critically ill COVID-19 patients is
relatively lower. Epidemiological characteristics of more
than 70,000 cases described that 80.9% COVID-19 pa-
tients presented mild/moderate illness. Meanwhile, the
crude death rate of COVID-19 was 2.3% and the death
rate was 0.015/10 person-days [34], much lower than the
mortality rates of SARS [44]. Severe illness and death are
more common in older patients with underlying condi-
tions. Meanwhile, SARS-CoV-2 not only affects the lungs,
but also the heart and kidneys, causing multiple organ
failure. Consequently, therapy for severe COVID patients
is more difficult than that for SARS.

Origin and evolution
During the widespread epidemic of SARS-CoV-2 in the
world, analysis of the SARS-CoV-2 genomic system evo-
lution network revealed three variants, which the re-
searchers tentatively named A, B, and C. Among them,
A is an ancestor type; B is derived from A through two
mutations of the synonymous mutation T8782C and the
non-synonymous mutation C28144T, which is derived
from A. The difference between type C and its parent
type B is the non-synonymous mutation G26144T, and
this mutation converts glycine to valine. Notably, the dif-
ferent types have different geographical distributions in
the world. A and C mainly exist in Europe and the
United States, while B mainly exists in East Asia, sug-
gesting that Wuhan, the first outbreak spot of type B
SARS-CoV-2 may not be the origin of SARS-CoV-2.
This provides a new idea for the origin and evolution of
SARS-CoV-2 [45].

Pathological characteristics
Autopsy results in SARS patients suggest that SARS-
CoV infection causes severe pulmonary edema,

pulmonary congestion, hilar lymphadenopathy, and
spleen shrinkage in general [46, 47]. Histological features
of patients with SARS include bronchial epithelial exfoli-
ation, loss of cilia and squamous metaplasia, diffuse al-
veolar damage, formation of hyaline membranes, and
severe fibrosis of the lung tissue. SARS-CoV can be
detected in lymphocytes, monocytes, lymphoid tissues,
and respiratory tract as well as in intestinal mucosa,
renal tubular epithelial cells, and neurons [48, 49].
Certain pathological characteristics of COVID-19 pa-

tients have been identified. Pulmonary pathological results
attained by Tian et al. [50] suggested that the early patho-
logical changes induced by SARS-CoV-2 pneumonia in-
clude pathological interstitial pneumonia and prominent
pulmonary edema, with protein exudation and minor in-
flammatory cell infiltration. Xu et al. [51] performed a case
dissection on a patient and the results showed that bilat-
eral diffuse alveolar damage with cellular fibromyxoid exu-
dates and hyaline membrane formation corresponded to
acute respiratory distress symptoms (ARDS); moreover,
the overall pathological characteristics of the lung were
similar in SARS and MERS. Inflammatory infiltration of
lymphocyte-dominated mononuclear cells and other viral
cytopathic-like changes were seen in the lung, but no
intranuclear or intracytoplasmic viral inclusions were
found. Minor inflammatory infiltration of mononuclear
cells was present in the myocardial interstitium and the
existence of viral myocarditis could not be ruled out, but
no obvious damage to the myocardium was found. Based
on the pathology report of one particular patient, the im-
pact of SARS-CoV-2 on the cardiovascular system cannot
be determined; hence, additional sample research and ana-
lysis are necessary. Another autopsy of a COVID-19
patient in China found that mucus exudation was more
obvious than that in SARS patients and lung damage
involving diffuse alveolar damage and pulmonary hyaline
membrane formation was serious. Histopathologic
changes seen on postmortem transthoracic needle biop-
sies from a COVID-19 patient with hypertension and dia-
betes showed diffuse alveolar damage. Virus was more
highly detected in alveolar epithelial cells, while viral pro-
tein expression was low in blood vessels or in the intersti-
tial areas [52]. A recent pathological study of African
American patients found that in addition to diffuse alveo-
lar injury, inflammatory cell infiltration, and hyaline mem-
brane formation, COVID-19 patients also have thrombi in
peripheral small vessels with obvious bleeding in the
lungs, while no obvious thrombus was found in other or-
gans, including kidney, spleen, pancreas, and liver. At the
same time, it was reported that there are a large number
of CD61+ megakaryocytes in the alveolar capillaries, and a
large number of platelets are actively produced. The large
aggregation of platelets and fibrin deposition may jointly
promote the production of thrombi within peripheral
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small vessels in lungs [53]. However, evidence of damage
to other organs and/or systems requires more substantial
autopsy results.
The differences between SARS-CoV and SARS-CoV-2

are shown in Table 1.

Pathogenic mechanisms of SARS-CoV-2
As in SARS-CoV, the S protein of SARS-CoV-2 aids in
cell invasion by binding to ACE2 receptors on the host
cell surface, causing a series of lung injury responses
[54].

SARS-CoV-2-induced direct damage
When SARS-CoV-2 invades the human body, the RBD
on the S1 subunit of the S protein binds to ACE2
expressed on the host cell surface. Subsequently the

conformation of the S protein undergoes a significant
structural rearrangement, resulting in shedding of the S1
subunit and transition of the S2 subunit to a highly
stable post-fusion conformation, which in turn mediates
the fusion of the virus with the host cell membrane and
cell entry [2]. After entering the cell, SARS-CoV-2 multi-
plies and eventually lyses the host cell, causing extensive
alveolar damage and ARDS in infected patients.

Down-regulation of ACE2
In addition to mediating the entry of SARS-CoV and
SARS-CoV-2 into host cells, ACE2 is also an important
mediator of inflammation in the human body. It is
mainly expressed in the small intestine, testis, adipose
tissue, kidney, heart and thyroid, and lung tissue in the
human body, and is also expressed in relatively low

Table 1 Characteristics of SARS-CAoV and SARS-CoV-2

Differences SARS-CoV SARS-CoV-2

Virological
characteristics

Classification the SARS cluster bat-like coronavirus cluster

Amino acid
composition of
ORF8b

aggregation motif VLVVL in SARS-CoV ORF8b no functional domain or motif in SARS-CoV-2 ORF8b

Number of amino
acids encoding 8b
protein

84 121

Number of amino
acids encoding 3b
protein

154 67

ORF3b protein / having four helices

8a protein existing nonexistent

Epidemiological
characteristics

sources of infection wild animals, patients wild animals, patients and asymptomatic infector

intermediate host civet Pangolin?

routes of
transmission

respiratory tract transmission, contact
transmission

respiratory tract transmission, contact transmission, may
be including digestive tract transmission?, urine? and
mother-to-child transmission?

susceptible
populations

susceptibility to the entire population, mainly
in adults

susceptibility to the entire population

Infectiousness(R0) 2–3 1.2–3.58 [42, 136–139]

crude death rate 11% 1.4–7.0% [140–143]

Clinical
characteristics

respiratory
symptoms

High fever, cough are common low fever, and temperature does not rise in some cases,
cough

Gastrointestinal
symptoms

Common (diarrhea is rare) uncommon; can be the initial symptoms

cardiovascular
symptoms

/ palpitations and chest pain can be the initial symptoms

concominant
diseases

including cardio-cerebrovascular diseases,
hypertension, diabetes

higher frequency including cardio-cerebrovascular dis-
eases, hypertension, diabetes

imaging features pulmonary consolidation and exudation ground glass opacity, pulmonary consolidation and
exudation

pathological
characteristics

lung pulmonary edema accompanied by
exudation of fibrin; Pulmonary fibrosis is a
common characteristic.

pulmonary edema accompanied by exudation of fibrin;
mainly mucus exudation; thrombi within peripheral small
vessels in lungs.

We compare the different aspects including characteristics of virology, epidemiology, clinical manifestations and pathology between SARS-CoV-2 and SARS-CoV in
the table in order to provide a further understanding of the virus. ORF: open reading frame; R0: basic reproduction number
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amounts in the colon, liver, bladder and adrenal glands,
blood, spleen, bone marrow, brain, blood vessels, and
muscles [55]. ACE2 is an enzyme that converts angio-
tensin (Ang) I to Ang 1–9, Ang II to Ang 1–7, and the
latter can interact with MAS receptors, thereby inhibit-
ing the harmful vasodilation and pro-fibrosis mediated
by the AT1 receptor and mediating a variety of benefi-
cial negative feedback regulation [56]. A lack of ACE2
will increase the levels of the two Ang peptides, thereby
activating the Ang AT 1 and AT 2 receptors expressed
on the surface of alveolar epithelium, vascular endothe-
lium, intestinal epithelium, and kidney cells. During the
fusion of the viral envelope with the host cell membrane
and cell entry, ACE2 is internalized accordingly due to
its binding to the virus, thereby down regulating ACE2
on the cell surface [56]. The dysregulation of the ACE2-
Ang II-AT1 receptor axis and the ACE2-Ang1–7-Mas
receptor axis is an important cause of endothelial cell
damage, inflammation, and thrombosis [55].

Immune dysfunction
The disturbance of the immune system is also one of the
factors that contributes to tissue and cell damage in pa-
tients with COVID-19. In both COVID-19 patients and
animal models of SARS-CoV-2 infection, significant in-
flammatory cell infiltration, increased inflammatory me-
diators, thickened alveolar septa, and significant vascular
system damage have been observed [32]. At present,
pathological reports indicate that severe immune injury
is an important pathogenic mechanism of SARS-CoV-2.

Cytokine storm
A large number of studies have shown that the progres-
sion of severe COVID-19 patients is closely related to the
massive production and activation of cytokines and in-
flammatory mediators. The inflammatory response is
strong during SARS-CoV-2 infection, and the uncon-
trolled inflammation of the lungs caused by it may be the
main cause of death in some cases. Intensive care unit
(ICU) patients have higher levels of interleukin (IL)-1β,
IL-1Ra, IL-7, IL-8, IL-9, IL-10, basic FGF, GCSF, GM-
CSF, IFN-γ, CXCL10, CCL2, CCL3, CCL4, PDGF, TNF-α,
and VEGF in the plasma than healthy controls, and higher
levels of IL-2, IL-7, IL-10, GCSF, CXCL10, CCL2, CCL3,
and TNF than non-ICU patients [57]. In addition, neutro-
phils, elevated D-dimers, and blood urea nitrogen were
found in deceased patients infected with COVID-19, sug-
gesting that death may be the result of cytokine storms,
inflammatory responses, and acute kidney injury [58].
Nlrp3γ inflammasome, as a powerful pro-inflammatory
system in the body, is also an important cause of cytokine
storm. Nlrp3γ is expressed in many cells, including im-
mune, endothelial, hematopoietic, lung epithelial, kidney,
and heart cells. High levels of Ang II may over-activate

Nlrp3γ in these cells and trigger an immune response
through intracellular caspase-1, thereby releasing a large
number of inflammatory factors, such as IL-1β and IL-18,
and creating gasdermin D pore channels in cell mem-
branes to mediate the release of several biologically active
danger-associated molecular pattern molecules, finally
mediating cell apoptosis and lysis [56].

Activation of complement system
The complement system is also involved in immune in-
jury in COVID-19 patients. In the peripheral blood
mononuclear cells of COVID-19 patients, the genes re-
lated to complement activation are enriched, and the
serum complement levels in patients with severe
COVID-19 are higher than those in mild cases and
healthy controls, indicating that complement-mediated
immune injury may be one of the causes of cell damage
and aggravation of the disease in patients with COVID-
19 [59, 60]. Mannose-binding lectin (MBL), a pattern
recognition protein present in serum can be combined
with MBL-associated serine protease 2 (MASP-2) to ini-
tiate the complement-activated lectin pathway by bind-
ing to sugar molecules on the surface of pathogens. The
SARS-CoV-2 N protein can interact with MASP-2, indu-
cing MASP-2 to automatically activate and cleave com-
plement protein C4 [59]. Massive deposition of MBL,
MASP-2, and C3 and C4 lysates (C4a, C4d) in lung
tissue and the membrane attack complex formed with
C5b-9 can cause damage and lysis of alveolar cells.

Lymphocyte dysfunction
Lymphopenia, a common feature in patients with
COVID-19, was identified in a patient by flow cytometry
while lymphocytes were found to be over-activated. This
potentially constitutes a key factor related to disease se-
verity and mortality. The number of CD4+ and CD8+ T
cells in the peripheral blood of patients was greatly re-
duced, while a higher number of double positive HLA-
DR and CD38 suggested the activation of T cells. In
addition, the number of CCR4+ CCR6+ Th17 cells with
a high pro-inflammatory effect was increased and CD8+

T cells had a high concentration of cytotoxic granules
including perforin and granulysin. Over-activation of T
cells characterized by an increase in Th17 and high cyto-
toxicity of CD8+ T cells could partially explain the
severe immune damage in SARS-CoV-2-infected
patients. Viral infection rarely caused a Th17 response,
but over-activation of Th17/CD8 was detected in
patients with COVID-19 requiring medical attention.
However, the latest research indicates that patients

with severe COVID-19 also have impaired cytotoxic
lymphocyte killing function [61]. All subtypes of lym-
phocytes in patients with COVID-19 are reduced, in-
cluding T cells, B cells, and NK cells. In quantitative
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analysis of CD4+ and CD8+ T cells at different stages of
maturity [61], it was found that compared with healthy
subjects, the frequency of TEMRA (CD45RA+ CCR7−)
and senescent CD8+ T cells (CD57 +) in COVID-19 pa-
tients was significantly higher. However, Tem
(CD45RA7−CCR77−) and HLA-DR+ CD8+ T cells did
not show related changes compared with healthy sub-
jects, exhibiting a skewing of CD8+ T cells towards a ter-
minally differentiated/senescent phenotype; similar
findings were also observed for CD4+ T cells. Research
on NK cells showed that, in addition to a reduced num-
ber of the cells in patients with COVID-19, their ability
to produce IFN-α, perforin, and granzymes was also re-
duced, leading to an impaired virus clearance function.
IL-6 may play a major role in the process of the dysfunc-
tion of NK cell [61, 62]. In patients with severe COVID-
19, the decrease in NK cells and their dysfunction are
significantly inversely proportional to the level of IL-6 in
the serum, while anti-IL-6 receptor monoclonal antibody
tocilizumab treatment is able to reverse this process,
suggesting that high levels of IL-6 exposure can down-
regulate the expression of perforin and granzyme in NK
cell. In conclusion, the senescence of CD4+ and CD8+ T
cells as well as the impaired function of NK cells can
lead to the evasion of SARS-CoV-2 from the immune
attack and clearance in patients with severe COVID-19.

Clinical manifestations
Basic clinical characteristics of COVID-19
SARS-CoV-2 infection causes systemic and respiratory
symptoms such as fever, muscle soreness, cough, and
dyspnea. Guan et al. [30] collected data of 1099 con-
firmed COVID-19 patients from 552 hospitals in 30
provinces, autonomous regions, and municipalities in
China and demonstrated that cough (67.8%) is the most
common symptom among patients, while only 43.8% of
patients were diagnosed with fever. ARDS, respiratory
failure, multiple organ dysfunction syndrome, as well as
septic shock, metabolic acidosis, and coagulation
dysfunction were found to manifest in severe cases.
Meanwhile, nausea, vomiting, diarrhea, and other gastro-
intestinal symptoms as well as chest pain, heart palpita-
tions, and other cardiovascular symptoms can also be
the first symptoms in patients with COVID-19. Labora-
tory tests show normal or decreased peripheral blood
leukocytes, reduced lymphocyte counts, and abnormal-
ities in liver enzymes, myocardial enzymes, and C-
reactive protein. In severe cases, increases in D-dimer
and inflammatory factors are detected. Computerized
tomography showed that ground-glass opacity is the
most common radiologic characteristic and “paving
stone sign” may appear in the advanced stage [63, 64].
At present, the diagnosis is primarily based on the
pathogenic examination of nucleic acid detection.

However, nucleic acid detection is subject to factors
such as material selection, which may cause a certain
false negative rate. Therefore, patients presenting epi-
demiological characteristics, clinical manifestations, and
typical imaging characteristics with negative nucleic acid
detection are classified as clinically confirmed cases that
must be treated in isolation in the clinic.

COVID-19 and CVD
Many studies report that patients with COVID-19 often
have comorbidities—commonly CVD. Based on the
published data in China, the prevalence of CVD in
COVID-19 patients varied from 1% [65] to 39% [66]. CDC
COVID-19 Response Team analyzed the data from 50
U.S. states, four U.S. territories, and affiliated islands and
showed that 9.0% of patients were suffering from CVD
[67]. Buckner et al. [68], however, demonstrated that the
ratio reached to 38% in Washington State. Mehra et al.
[69] enrolled 8910 patients with COVID-19 from 169 hos-
pitals in Asia, Europe, and North America and showed
that 10.2% of the patients had coronary artery disease.
Meta-analysis confirmed considerable prevalence of CVD
among COVID-19 patients. Li et al. [70] reported that the
prevalence of cardia-cerebrovascular diseases in COVID-
19 patients was 16.4% and another study [71] showed
11.9% of patients with COVID-19 also had CVD. Various
proportions of COVID-19 patients with CVD have been
singled out due to selection bias and different data sam-
ples. It is also worth noting that various definitions of
CVD were used in the different studies. For example,
some studies recognized coronary heart disease and heart
failure as CVD, while some also included cerebrovascular
disease and hypertension. Therefore, these results should
be cautiously interpreted [72]. Broader data analysis with
uniform definition for CVD remains necessary to deter-
mine the proportion of COVID-19 patients with CVD.
CVD is regarded as a risk factor of COVID-19 progres-

sion and is associated with higher risk of mortality of pa-
tients with COVID-19. A previous cross-sectional study
reported that COVID-19 patients with CVD and hyper-
tension were more likely to be transferred to the ICU [58].
Furthermore, the co-incidence of COVID-19 with coron-
ary heart disease (5.8% vs. 1.8%) was higher in patients
with severe COVID-19 than in non-severe patients [30].
Studies [73, 74] found that CVD was associated with dis-
ease severity(OR = 3.14; 95% CI 2.32–4.24; OR = 2.74; 95%
CI 1.50–5.00) and also the higher prevalence of CVD in
critical/mortal COVID-19 patients compared to the non-
critical group was shown(OR = 4.78, 95% CI = 2.71–8.42)
in another latest study [75]. The Chinese Center for Dis-
ease Control and Prevention announced that the crude
mortality of COVID-19 was approximately 0.9%, while in
patients with CVD, it rose to 10.5%. Zhang et al. [74] en-
rolled 541 patients with COVID-19 and showed the
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mortality of patients with CVD reached to 22.2%. Presence
of CVD was associated with higher mortality (OR = 4.85,
95% CI 3.07–7.70). These studies suggest that more inten-
sive medical care should be provided to patients with
COVID-19 having CVD to prevent disease progression
and poor prognosis [76].

COVID-19 and myocardial injury
Myocardial injury is one of the most common complica-
tions in patients with COVID-19, especially those in se-
vere condition, with rates reported variously and often
indicating a poor prognosis. The prevalence of patients
with myocardial injury complication varies from 7.2%
[58] to 27.8% [77]. In our upcoming meta-analysis, 7
studies were included and the analysis indicated that the
pooled prevalence of myocardial injury complication in
COVID-19 patients is 17.0%. In addition, myocardial in-
jury is more commonly seen in severe cases. Huang
et al. [57] and Wang et al. [58] demonstrated that the in-
cidence of myocardial injury was 30.7 and 22.2%, re-
spectively. Li et al. [78] showed that the ratio was 34.9%
in severe patients. Moreover, it has been proved that
myocardial injury is associated with higher risk of in-
hospital mortality. The mortality was 51.2% in myocar-
dial injury group, while that in patients without myocar-
dial injury was 4.5% (P < 0.001) [79]. Similar results were
also demonstrated in other studies [80–82]. Although
the specific mechanisms by which SARS-CoV-2 causes
myocardial injury remain unclear, they may be related to
the following:

i. Direct damage Due to the wide expression of
ACE2 receptors in cardiomyocytes, a large number
of SARS-CoV-2 may directly invade cardiomyocytes
through binding to the receptor, which may cause
the cardiac damage. Besides, replication and
reproduction of SARS-CoV-2 rely on substrates in
cardiomyocytes, which may lead to abnormal
metabolism of cardiomyocytes and consequent
damage.

ii. Down-regulation of ACE2 Levels of Ang II, an
inflammatory factor regulatory protein, are elevated
by SARS-CoV-2 infection, leading to the production
of reactive oxygen species and oxidative stress
injury of myocardial cells [83, 84]. After Ang II rec-
ognizes the AT 1 receptor, several kinases, includ-
ing extracellular regulated protein kinases 1/2, c-Jun
N-terminal kinase/signal transducer and activator of
transcription, calcium kinase II and protein kinase
C, are also activated. In addition, the down-
regulation of ACE2 caused by SARS-CoV-2 acti-
vates the ADAM-17/TACE pathway, which leads to
increased release of TNF-α and subsequent myocar-
dial inflammatory damage [85, 86]. However,

changes in the content of Ang II and ACE2, the ini-
tiating factors, and the specific molecular mecha-
nisms that damage the body, require further study.

iii. Immune damage and cytokine storm Similar to
SARS-CoV and MERS-CoV, SARS-CoV-2 induces
the release of a large number of cytokines, causing a
cytokine storm that damages myocardial cells [87].
TNF-α, produced by activated macrophages, may
be a main chemokine in patients with COVID-19,
causing the release of a series of pro-inflammatory
factors that also plays an essential role in myocar-
dial damage [88]. The specific molecular mecha-
nisms involving immune damage and cytokine
storms with myocardial damage must be studied
further.

iv. Oxygen supply-demand imbalance. Pulmonary
pathology suggests that SARS-CoV-2 infection is
mainly due to exudative changes, leading to hypox-
emia or respiratory failure. In addition, patients
with COVID-19 have systemic symptoms such as
fever, leading to increased oxygen demand, which
further exacerbates the imbalance between oxygen
supply and demand. Mitochondrial damage and
oxidative stress induced by the imbalance between
oxygen supply and demand are important patho-
physiological mechanisms of cardiac damage caused
by viral infection [89, 90]. It is speculated that myo-
cardial damage induced by SARS-CoV-2 may also
be related to oxidative stress. Mitochondrial struc-
ture and function are dysfunctional under hypoxic
conditions, the production of antioxidant sub-
stances is reduced, and the level of reactive oxygen
species is increased, which induces myocardial dam-
age. In addition, endoplasmic reticulum stress
induced by hypoxia promotes increase of pro-
apoptotic factors and expression of apoptosis gene
through activation of PERK-ATF4-CHOP (protein
kinase R-like endoplasmic reticulum kinase-
transcription activator 4-C/EBP homologous pro-
tein) pathway, thereby inducing cardiomyocyte
apoptosis and myocardial injury [91]. The different
mechanisms of myocardial injury induced by SARS-
CoV-2 are shown in Fig. 2.

COVID-19 and VTE
SARS-CoV-2-induced hypercoagulability and VTE have
received great attention recently [92, 93]. Middeldorp
et al. [94] showed that 19.6% pf patients with COVID-19
show VTE complication. Llitjos et al. [95], Klok et al.
[96], and Cui SP et al. [97] demonstrated that the preva-
lence of VTE was up to 69.2, 27, and 24.7%, respectively,
in ICU-COVID-19 patients. It has been shown that the
level of D-dimer is higher in COVID-19 patients [98].
Compared with the non-severe patients of COVID-19, a
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higher proportion of elevated D-dimer was observed
among severe cases [99, 100] and higher level of D-
dimer is one of the risk factors for disease progression
[101–103]. Besides, higher concentrations of D-dimer
(aHR = 1.10 [1.01–1.19] per decile increase) were inde-
pendently associated with in-hospital mortality [104]. A
retrospective cohort study also demonstrated that D-
dimer > 1 μg/mL on admission was associated with
higher risk of death (OR = 18.4, 95% CI: 2.6–128.6, p =
0.003) [105]. SARS-CoV-2 induces endothelial injury
and cytokine storm may explain the appearance of VTE
and elevated D-dimer in COVID-19 patients [106, 107]
while the exact molecular mechanisms still need to be
elucidated. In clinics, VTE and dynamic changes in D-

dimer levels should be considered to prevent the clinical
deterioration of patients with COVID-19.

COVID-19 therapy
Treatment of COVID-19 patients is fully discussed now-
adays and with worldwide researchers’ efforts, effective
therapy strategies are shared to improve the prognosis of
patients with COVID-19. Therapies including medicine,
specific immunotherapy and cell therapy are expected to
play an effective role in treating COVID-19 patients.
Here, based on recent research and/or Chinese experi-
ence, we comprehensively introduce some effective
treatments of patients with COVID-19.

Fig. 2 Potential mechanisms of myocardial injury induced by SARS-CoV-2. a SARS-CoV-2 damages cardiomyocytes directly; b SARS-CoV-2 infection reduces
ACE2 thus AngII is up-regulated. Kinases in cardiomyocytes are activated to induce an inflammation effect causing myocardial injury; c Inflammatory cytokines
release; d Oxygen supply-demand imbalance
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Medicine therapy
Traditional Chinese medicine (TCM)
TCM shows encouraging results in improving symptoms
and decreasing the deterioration, mortality, and recur-
rence rates of COVID-19. In China, 91.5% of patients
with COVID-19 have used TCM and efficiency exceeded
90%. Chinese scholars have proposed that TCM can
modulate the dysfunction of ACE2 caused by viral infec-
tion in multiple pathways. Moreover, it can inhibit ribo-
somal proteins to obstruct viral replication, conferring a
protective effect in humans. Additionally, TCM inhibits
the excessive production of activated cytokines and elim-
inates the inflammatory response by regulating Th17
and cytokine-related pathways, which may provide pro-
tective effects in COVID-19 patients. A recent study
showed that 8 core herbal combinations and 10 new for-
mulae were regarded as potentially useful candidates for
COVID-19 treatment [108]. Lianhuaqingwen capsule,
which is a repurposed marketed Chinese herb product
has been confirmed for influenza treatment. A prospect-
ive multicenter open-label randomized controlled trial
[109] proved that it could also be considered to amelior-
ate clinical symptoms of COVID-19 after 14 days of use.
However, further assessment through double blind and
longer follow-up duration trials is necessary.

Chloroquine and Hydroxychloroquine
Chloroquine and hydroxychloroquine are used for
treating malaria and whether they can be a potential
drug for COVID-19 treatment is currently controver-
sial. A previous study showed that the use of chloro-
quine in 100 COVID-19 patients was potentially able
to inhibit the virus and it was suggested to be used
in clinical treatment in Chinese guideline. Hydroxy-
chloroquine, as an analog of chloroquine, was shown
to have a stronger inhibitory effect on SARS-CoV-2
than chloroquine in vitro experiments with a higher
safety. In addition, low-dose hydroxychloroquine may
also play an immunoregulatory role in severely in-
fected patients who cannot use glucocorticoids and
immunosuppressants, and relieve the cytokine storm
[110]. Conversely, a recent study demonstrated that
there was no evidence for the efficacy of chloroquine
or hydroxychloroquine against COVID-19. Further-
more, it increased the risk of serious cardiac compli-
cations and mortality of patients. However, because of
the high dose of chloroquine or hydroxychloroquine
used in this study as well as suspicion on data
sources and data consistency, these results cannot be
used to reach consensus. Notably, the article was
retracted by Lancet [111]. Thus, the clinical value of
repurposing these drugs for COVID-19 therapy still
requires further investigation and high-quality
research.

Remdesivir
Remdesivir, an adenosine nucleotide analogue prodrug
having broad-spectrum antiviral activity, is expected to
become a potent drug for COVID-19 [112]. However,
two recent randomized controlled trials showed contra-
dictory results. A Chinese study [113] enrolled 237 se-
vere COVID-19 patients and demonstrated that
compared with the placebo group, no improvement in
mortality was found after taking remdesivir for 28 days
(13.9% versus 12.8%). This study failed to complete full
enrollment due to the end of the disease outbreak and 2:
1 randomization in trial, leading to lower inspection effi-
ciency, both of which may decrease credibility of the
conclusion. A larger American study [114], which in-
cluded 1063 patients with COVID-19, demonstrated that
remdesivir was effective for treatment. It showed that
median recovery time in remdesivir group was 11 days
compared to 15 days in the placebo group (P < 0.001),
and 14-day mortality was 7.1 and 11.9% in remdesivir
group and placebo group, respectively. Researchers are
optimistic regarding the use of remdesivir for COVID-
19 treatment, although more clinical trials are required
to provide strong evidence.

Lopinavir/ritonavir
Lopinavir/Ritonavir, a kind of viral replication inhibitor,
was used for SARS patients [115] and it may be effective
for SARS-CoV-2 infection. A recent randomized, con-
trolled, open-label trial [116] included 199 patients with
COVID-19 and showed that the time to clinical im-
provement between lopinavir-ritonavir group and
standard-care group was not different (HR = 1.31, 95%
CI: 0.95 to 1.80). Besides, 28-day mortality was similar in
the two groups, while gastrointestinal adverse events
were more common in COVID-19 patients treated with
lopinavir/ritonavir at 400/100 mg twice daily. The trial
showed disappointing results with lopinavir/ritonavir.
However, patients in this study were at the late stage in
infection and tissue damage had already appeared, while
viral replication inhibitor is more effective in early
infection, which may explain inefficacy of the treatment.
In addition, Baden et al. [117] also pointed out that the
concentration of the drug used in patients failed to in-
hibit viral replication and both groups were heteroge-
neous, which may lead to inaccurate conclusion.
Therefore, future high-quality blind randomized clinical
trials should be carried out to examine the efficacy of
lopinavir/ritonavir against COVID-19.

Immunomodulatory therapy
There is much attention recently on the use of dexa-
methasone, tocilizumab and anakinra for COVID-19. In a
large RECOVERY trial [118], 2100 COVID-19 patients
were enrolled for evaluating the efficacy of dexamethasone
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for treatment. Surprisingly, it showed that dexamethasone
was able to reduce mortality by up to one third in hospita-
lised patients with severe complication. Dexamethasone, a
cheap and widely available steroid, has such a large effect
on reducing mortality of COVID-19 patients and it is ex-
pected to be an effective and affordable drug for treat-
ment. Tocilizumab, the first IL-6 receptor inhibitor has a
significant effect on the treatment of COVID-19 patients.
A study [119] demonstrated that tocilizumab improved
the clinical outcome in severe and critical patients and it
has been recommended to use in severe COVID-19 pa-
tients in China. Recently, some randomized controlled tri-
als are being launched, which will provide a more
comprehensive knowledge on the use of tocilizumab in
COVID-19 patients. A retrospective study [120] with 29
COVID-19 patients found that respiratory function was
improved among 72% COVID-19 patients after using
high-dose anakinra. Another study [121] which enrolled 8
severe COVID-19 patients with secondary hemophagocy-
tic lymphohistiocytosis also showed the benefits of
respiratory function after taking anakinra. However, lager
randomized controlled trials are needed to verify the
efficacy and safety of anakinra on COVID-19 patients
treatment.

Specific immunotherapy
Vaccination
COVID-19 vaccine including nucleic acid vaccine (in-
cluding mRNA vaccine, DNA vaccine), recombinant
genetic engineering (protein recombinant) vaccine, inac-
tivated vaccine, attenuated influenza virus vector vac-
cine, and adenovirus vector vaccine are yet to be
explored [122, 123]. Faced with SARS-CoV-2 infection,
global scientific researchers are stepping up the develop-
ment of vaccines. Coronavirus glycoproteins are poten-
tial vaccine targets for SARS-CoV and MERS-CoV. Due
to the lack of immunological research on SARS-CoV-2
and its similarity with SARS-CoV, most studies use
SARS-CoV immune information to assist the develop-
ment of a SARS-CoV-2 vaccine. Cytotoxic T-lymphocyte
cell epitopes and B cell epitopes on the surface of SARS-
CoV-2 are potential targets for the SARS-CoV-2 vaccine
[124]. Some researchers think that the entire S protein
or the S1 protein containing the RBD is an antigen that
can be used for vaccine development [125]; however,
some studies have pointed out that vaccines targeting
antibodies against S2 linear epitopes may be more effect-
ive, because of less genetic mismatches rendering SARS-
CoV-derived antibodies ineffective compared with S1
subunit [126].
After the outbreak of SAR-CoV-2, at least 37 bio-

pharmaceutical companies or academic institutions have
used multiple platforms including mRNA, DNA, adeno-
viral vectors, and recombinant proteins to develop

preventive vaccines [125]. In China, 5 vaccines (1 for
adenovirus vector vaccine, 4 for inactivated vaccines) are
under phase II clinical trials. Recently, Zhu et al. [127]
published the first inspiring clinical result of vaccine in
human. In this dose-escalation, single-center, open-label,
non-randomized, phase 1 trial of an Ad5 vectored
COVID-19 vaccine, all 108 participants showed immune
response after vaccination. From day 14 post-
vaccination, rapid specific T-cell responses were found
and peak of humoral immunity against SARS-CoV-2 ap-
peared on day 28 post-vaccination. It suggested that the
Ad5 vectored COVID-19 vaccine was worth further
exploration. Besides, nucleic acid-based vaccines consti-
tute the most advanced strategy in the development of
new pathogen vaccines. With the recent improvements
in the stability and efficiency of protein translation and
the optimization of delivery systems such as lipid nano-
particles (LNPs), nucleic acid vaccines (including DNA
and RNA vaccines) are a promising approach that needs
further investigation [128, 129]. However, vaccine-
mediated harmful immune responses, the time and cost
of research and development, the availability of large-
scale production, and the ownership and management of
vaccines will all be huge challenges that need to be over-
come, and strengthening international cooperation is
essential for accelerating research to develop new
coronavirus vaccines.

Passive immunity
Injection of monoclonal antibodies is important for the
short-term prevention of viral infections and it is used as
an effective treatment upon viral infection. The SARS
monoclonal antibody targets the S protein RBD on the
SARS-CoV envelope. The RBDs in SARS-CoV-2 and
SARS-CoV exhibit homology, prompting speculation
that SARS monoclonal antibody is effective against
COVID-19. A previous study determined that SARS
monoclonal antibody CR3022 bound to the SARS-CoV-
2 RBD and the epitope of CR3022 in SARS-CoV-2 RBD
did not overlap with the ACE2 binding site. It was be-
lieved that CR3022—either alone or in combination with
other neutralizing antibodies—might act as a therapeutic
candidate for the prevention and treatment of SARS-
CoV-2 infection. However, some of the strongest SARS-
CoV-specific neutralizing antibodies (such as M396 and
CR3014) failed to bind to the SARS-CoV-2 spike pro-
tein, establishing that differences in the RBD influenced
the cross-reactivity of neutralizing antibodies [130]. It is
vital to develop a new monoclonal antibody that can
specifically bind to the SARS-CoV-2 RBD.
For patients with rapid disease progression, passive

plasma therapy is an effective treatment. WHO recom-
mends the use of convalescent plasma or serum to treat
COVID-19 when vaccines or effective antiviral drugs are
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not available. In China, immune plasma therapy has
been clinically effective for patients with severe COVID
[131]. However, a randomized clinical trial [132] en-
rolled 103 patients with severe or life-threatening
COVID-19 and showed that compared with the standard
treatment group, there was no advancement in time to
clinical improvement within 28 days after convalescent
plasma therapy. This study was terminated early and
was an open-label study, which may be underpowered to
explore the differences in result. Further research is
expected to provide a more accurate evaluation.
Antibody-dependent enhancement is common in

various viruses [133] and it is a focus for vaccine design
and passive immunization. Both SARS-CoV and MERS-
CoV RBD-specific neutralizing antibodies can mediate
antibody-dependent enhancement effects [134]. Whether
SARS-CoV-2 exhibits an antibody-dependent enhance-
ment effect remains to be investigated.

Cell therapy
Cell therapy is expected to emerge as a new way to
fight SARS-CoV-2; indeed, projects on stem cell ther-
apy for COVID-19 have been established in China
(ChiCTR2000030020). Mesenchymal stem cells have
immunomodulatory effects based on their location at
the site of inflammation, regulating inflammation-
related cytokines and reducing inflammation [135].
Via paracrine cytokines, they are expected to inhibit
the cytokine storm and the overwhelming immune re-
sponse caused by SARS-CoV-2. Consequently, alveolar
epithelial cells and vascular endothelial cells are pro-
tected. NK cells can also improve human immunity
and exert effective antiviral effects. Recently, Food
and Drug Administration approved the use of mesen-
chymal stem cells to treat severe COVID-19 patients
and clinical trial of mesenchymal stem cells in the
treatment of COVID-19 has also launched in the UK.
However, mesenchymal stem cells and NK cells still
have a long way to go before their routine use in
clinics.

Conclusion
The outbreak of COVID-19 induced by SARS-CoV-2
has gained much attention worldwide. By June 17, 2020,
SARS-CoV-2 infection cases have occurred in as many
as 216 countries, areas or territories, and a total of 8,061,
550 cases have been confirmed; the scientists are now
concentrated on researching the virus for a comprehen-
sive understanding and for the development of prevent-
ive and management measures. Here, we summarized
the differences between SARS-CoV-2 and SARS-CoV
with regards to classification, amino acid composition
and protein structure, and epidemiological and patho-
logical characteristics. The pathogenic mechanisms of

SARS-CoV-2 have been also discussed. Based on our
expertise, we have focused on CVD in patients with
COVID-19 and myocardial injury and VTE induced by
SARS-CoV-2. Meanwhile, the information of potential
medicines and therapies including TCM, chloroquine
and hydroxychloroquine, remdesivir, lopinavir/ritonavir
and immunomodulatory therapy, and specific immuno-
therapies and cell therapy have been summarized.

Abbreviations
COVID-19: Coronavirus disease 2019; ORFs : Open reading frames; nsps: Non-
structural proteins; RBD: Receptor binding domain; ACE2: Angiotensin
converting enzyme2; WHO: World Health Organization; R0: Basic
reproduction number; ARDS: Acute respiratory distress syndrome;
IFN: Interferon; IL: Interleukin; CVD: Cardiovascular disease; VTE: Venous
thromboembolism; TCM: Traditional Chinese medicine

Acknowledgements
Not applicable.

Authors’ contributions
Conceptualization, Yicheng Yang, Wei Zhao and Zhiqiang Xiao; validation,
Xiaoen He, Zhiran Qin, Jianghai Yu and Qing Hua Wu; writing—original draft
preparation, Yicheng Yang, Zhiqiang Xiao and Bo Sun; writing—review and
editing, Jingxiu Yao, Wei Zhao and Bao Zhang; funding acquisition, Wei Zhao
and Bao Zhang. The authors read and approved the final manuscript.

Funding
This research was funded by the [National Key R&D Program of China] under
Grant [number 2018YFC1602206]; [Yangjiang Science and Technology Program
key projects] under Grant [number 2019010]; [Guangzhou Science and
Technology Program key projects] under Grant [number 201803040006] and
[Guangdong Science and Technology Program key projects] under Grant
[number 2018B020207006].

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1State Key Laboratory of Cardiovascular Disease, Fuwai Hospital, National
Center for Cardiovascular Diseases, Chinese Academy of Medical Sciences
and Peking Union Medical College, Beijing 100037, China. 2Guangdong
Provincial Key Laboratory of Tropical Disease Research, School of Public
Health, Southern Medical University, Guangzhou 510515, China. 3Department
of clinical medicine, Zhengzhou university, 100 Science Avenue, Zhengzhou
450001, China. 4Second Clinical Medical College, Southern Medical University,
Guangzhou 510515, China. 5Yang Jiang Hospital, Yangjiang 510515,
Guangdong Province, China.

Received: 6 April 2020 Accepted: 23 June 2020

References
1. Li G, Fan Y, Lai Y, Han T, Li Z, Zhou P, Pan P, Wang W, Hu D, Liu X, et al.

Coronavirus infections and immune responses. J Med Virol. 2020;92:424–32.
2. Jin Y, Yang H, Ji W, Wu W, Chen S, Zhang W, Duan G. Virology,

Epidemiology, Pathogenesis, and Control of COVID-19. Viruses. 2020;12.
3. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, Wang W, Song H, Huang B, Zhu N,

et al. Genomic characterisation and epidemiology of 2019 novel

Yang et al. Virology Journal          (2020) 17:117 Page 13 of 17



coronavirus: implications for virus origins and receptor binding. Lancet
(London, England). 2020;395:565–74.

4. Woo PCY, Lau SKP, Lam CSF, Lau CCY, Tsang AKL, Lau JHN, Bai R, Teng JLL,
Tsang CCC, Wang M, et al. Discovery of seven novel mammalian and avian
coronaviruses in the genus deltacoronavirus supports bat coronaviruses as
the gene source of alphacoronavirus and betacoronavirus and avian
coronaviruses as the gene source of gammacoronavirus and
deltacoronavirus. J Virol. 2012;86:3995–4008.

5. Cui J, Li F, Shi Z-L. Origin and evolution of pathogenic coronaviruses. Nat
Rev Microbiol. 2019;17:181–92.

6. Mahase E. Coronavirus covid-19 has killed more people than SARS and
MERS combined, despite lower case fatality rate. BMJ (Clinical research ed).
2020;368:m641.

7. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W, Lu
R, et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019.
N Engl J Med. 2020;382:727–33.

8. Liu J, Zheng X, Tong Q, Li W, Wang B, Sutter K, Trilling M, Lu M, Dittmer U,
Yang D. Overlapping and discrete aspects of the pathology and
pathogenesis of the emerging human pathogenic coronaviruses SARS-CoV,
MERS-CoV, and 2019-nCoV. J Med Virol. 2020;92(5):491–4.

9. Lancet T. Emerging understandings of 2019-nCoV. Lancet (London, England).
2020;395:311.

10. Xu X, Chen P, Wang J, Feng J, Zhou H, Li X, Zhong W, Hao P.
Evolution of the novel coronavirus from the ongoing Wuhan outbreak
and modeling of its spike protein for risk of human transmission.
Science China Life sciences; 2020.

11. Horton R. Offline: 2019-nCoV outbreak-early lessons. Lancet (London,
England). 2020;395:322.

12. Zhou P, Yang X, Wang X, Hu B, Zhang L, Zhang W, Si H, Zhu Y, Li B, Huang
C, et al. A pneumonia outbreak associated with a new coronavirus of
probable bat origin. Nature. 2020.

13. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S,
Schiergens TS, Herrler G, Wu NH, Nitsche A, et al. SARS-CoV-2 Cell Entry
Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven
Protease Inhibitor. Cell. 2020.

14. Wang Q, Zhang Y, Wu L, Niu S, Song C, Zhang Z, Lu G, Qiao C, Hu Y,
Yuen KY, et al. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell. 2020.

15. Klenk HD, Garten W. Host cell proteases controlling virus pathogenicity.
Trends Microbiol. 1994;2:39–43.

16. Steinhauer DA. Role of hemagglutinin cleavage for the pathogenicity of
influenza virus. Virology. 1999;258:1–20.

17. Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh C-L, Abiona O, Graham
BS, McLellan JS. Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation. Science (New York, NY). 2020;367:eabb2507.

18. Yan R, Zhang Y, Guo Y, Xia L, Zhou Q. Structural basis for the recognition of
the 2019-nCoV by human ACE2. bioRxiv. 2020;956946.

19. Chan J, Kok K, Zhu Z, Chu H, To K, Yuan S, Yuen K. Genomic
characterization of the 2019 novel human-pathogenic coronavirus isolated
from a patient with atypical pneumonia after visiting Wuhan. Emerg
Microbes Infect. 2020;9:221–236.

20. Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, O'Meara
MJ, Rezelj VV, Guo JZ, Swaney DL, et al. A SARS-CoV-2 protein interaction
map reveals targets for drug repurposing. Nature; 2020.

21. Tang X, Wu C, Li X, Song Y, Yao X, Wu X, Duan Y, Zhang H, Wang Y, Qian Z,
et al. On the origin and continuing evolution of SARS-CoV-2. Natl Sci Rev.
2020;7:1012–3.

22. Su YC, Anderson DE, Young BE, Zhu F, Linster M, Kalimuddin S, Low JG, Yan
Z, Jayakumar J, Sun L, et al. Discovery of a 382-nt deletion during the early
evolution of SARS-CoV-2. bioRxiv. 2020;2020.2003.2011:987222.

23. Luk HKH, Li X, Fung J, Lau SKP, Woo PCY. Molecular epidemiology, evolution
and phylogeny of SARS coronavirus. Infect Genet Evol. 2019;71:21–30.

24. Li X, Zai J, Zhao Q, Nie Q, Li Y, Foley BT, Chaillon A. Evolutionary history,
potential intermediate animal host, and cross-species analyses of SARS-CoV-
2. J Med Virol; 2020.

25. Du Z, Xu X, Wu Y, Wang L, Cowling BJ, Meyers LA. Serial Interval of COVID-
19 among Publicly Reported Confirmed Cases. Emerg Infect Dis. 2020;26.

26. Lai CC, Shih TP, Ko WC, Tang HJ, Hsueh PR. Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and coronavirus disease-2019
(COVID-19): the epidemic and the challenges. Int J Antimicrob Agents
2020:105924.

27. Lam TT-Y, Shum MH-H, Zhu H-C, Tong Y-G, Ni X-B, Liao Y-S, Wei W,
Cheung WY-M, Li W-J, Li L-F, et al: Identification of 2019-nCoV related
coronaviruses in Malayan pangolins in southern China. bioRxiv 2020:
2020.2002.2013.945485.

28. Xiao K, Zhai J, Feng Y, Zhou N, Zhang X, Zou JJ, Li N, Guo Y, Li X, Shen X,
et al. Isolation of SARS-CoV-2-related coronavirus from Malayan pangolins.
Nature; 2020.

29. Lu C, Liu X, Jia Z. 2019-nCoV transmission through the ocular surface must
not be ignored. Lancet (London, England); 2020.

30. Guan W, Ni Z, Hu Y, Liang W, Ou C, He J, Liu L, Shan H, Lei C, Hui
DSC, et al. clinical characteristics of coronavirus disease 2019 in China.
N Engl J Med; 2020.

31. Nishiura H, Linton NM, Akhmetzhanov AR. Initial Cluster of Novel
Coronavirus (2019-nCoV) Infections in Wuhan, China Is Consistent with
Substantial Human-to-Human Transmission. J Clin Med. 2020;9.

32. Sun SH, Chen Q, Gu HJ, Yang G, Wang YX, Huang XY, Liu SS, Zhang NN, Li
XF, Xiong R, et al. A mouse model of SARS-CoV-2 infection and
pathogenesis. Cell Host Microbe; 2020.

33. ES A: Potential fecal transmission of SARS-CoV-2: current evidence and
implications for public health. International journal of infectious diseases :
IJID : official publication of the International Society for Infectious Diseases
2020, 95:363–370.

34. [The epidemiological characteristics of an outbreak of 2019 novel
coronavirus diseases (COVID-19) in China]. Zhonghua liu xing bing xue za
zhi = Zhonghua liuxingbingxue zazhi 2020, 41:145–151.

35. CM P, LM C, YH G, CO B: Comparing nonpharmaceutical interventions
for containing emerging epidemics. Proc Natl Acad Sci U S A 2017,
114:4023–4028.

36. Stadler K, Masignani V, Eickmann M, Becker S, Abrignani S, Klenk HD,
Rappuoli R. SARS--beginning to understand a new virus. Nat Rev Microbiol.
2003;1:209–218.

37. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, Ren R, Leung KSM, Lau
EHY, Wong J, et al. Early Transmission Dynamics in Wuhan, China, of
Novel Coronavirus-Infected Pneumonia. The New England journal of
medicine; 2020.

38. Riou J, Althaus CL. pattern of early human-to-human transmission of Wuhan
2019 novel coronavirus (2019-nCoV), December 2019 to January 2020. Euro
surveillance : bulletin Europeen sur les maladies transmissibles = European
communicable disease bulletin. 2020;25.

39. Liu Y, Gayle AA, Wilder-Smith A, Rocklöv J. The reproductive number of
COVID-19 is higher compared to SARS coronavirus. Journal of travel
medicine; 2020.

40. Yang Y, Lu Q, Liu M, Wang Y, Zhang A, Jalali N, Dean N, Longini I,
Halloran ME, Xu B, et al: Epidemiological and clinical features of the
2019 novel coronavirus outbreak in China. medRxiv 2020:2020.2002.
2010.20021675.

41. Hellewell J, Abbott S, Gimma A, Bosse NI, Jarvis CI, Russell TW, Munday JD,
Kucharski AJ, Edmunds WJ, Centre for the Mathematical Modelling of
Infectious Diseases COVID-19 Working Group, Funk S, Eggo RM. Feasibility
of controlling COVID-19 outbreaks by isolation of cases and contacts.
Lancet Glob Health. 2020;8:e488-e496.

42. Chen T, Rui J, Wang Q, Zhao Z, Cui J, Yin L. A mathematical model for
simulating the phase-based transmissibility of a novel coronavirus.
Infectious diseases of poverty. 2020;9:24.

43. Venkataraman T, Frieman MB. The role of epidermal growth factor receptor
(EGFR) signaling in SARS coronavirus-induced pulmonary fibrosis. Antivir Res
.2017;143:142–150.

44. Munster VJ, Koopmans M, van Doremalen N, van Riel D, de Wit E. A novel
coronavirus emerging in China - key questions for impact assessment. N
Engl J Med. 2020;382:692–694.

45. Forster P, Forster L, Renfrew C, Forster M. Phylogenetic network analysis of
SARS-CoV-2 genomes. Proc Natl Acad Sci U S A. 2020;117:9241–9243.

46. Nicholls JM, Poon LL, Lee KC, Ng WF, Lai ST, Leung CY, Chu CM, Hui PK,
Mak KL, Lim W. Lung pathology of fatal severe acute respiratory syndrome.
Lancet (London, England). 2003;361:1773–1778.

47. Ding Y, Wang H, Shen H, Li Z, Geng J, Han H, Cai J, Li X, Kang W, Weng D,
et al. The clinical pathology of severe acute respiratory syndrome (SARS): a
report from China. J Pathol. 2003;200:282–289.

48. Bradley BT, Bryan A. emerging respiratory infections: the infectious disease
pathology of SARS, MERS, pandemic influenza, and legionella. Semin Diagn
Pathol. 2019;36:152–159.

Yang et al. Virology Journal          (2020) 17:117 Page 14 of 17



49. Gu J, Gong E, Zhang B, Zheng J, Gao Z, Zhong Y, Zou W, Zhan J, Wang S,
Xie Z, et al. Multiple organ infection and the pathogenesis of SARS. J Exp
Med. 2005;202:415–424.

50. Tian S, Hu W, Niu L, Liu H, Xu H, Xiao S-Y. Pulmonary pathology of early
phase SARS-COV-2 pneumonia; 2020.

51. Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, Liu S, Zhao P, Liu H, Zhu L,
et al. Pathological findings of COVID-19 associated with acute respiratory
distress syndrome. Lancet Respir Med. 2020;S2213–2600(2220):30076–X.

52. Zhang H, Zhou P, Wei Y, Yue H, Wang Y, Hu M, Zhang S, Cao T, Yang C, Li
M, et al. Histopathologic Changes and SARS-CoV-2 Immunostaining in the
Lung of a Patient With COVID-19. Annals of internal medicine; 2020.

53. Fox SE, Akmatbekov A, Harbert JL, Li G, Quincy Brown J, Vander Heide RS.
pulmonary and cardiac pathology in African American patients with COVID-
19: an autopsy series from New Orleans. Lancet Respir Med; 2020.

54. Wan Y, Shang J, Graham R, Baric RS, Li F. Receptor recognition by novel
coronavirus from Wuhan: An analysis based on decade-long structural
studies of SARS. Journal of virology; 2020.

55. Verdecchia P, Cavallini C, Spanevello A, Angeli F. COVID-19: ACE2centric
infective disease? Hypertension (Dallas, Tex : 1979); 2020.

56. Ratajczak MZ, Kucia M. SARS-CoV-2 infection and overactivation of Nlrp3
inflammasome as a trigger of cytokine "storm" and risk factor for damage of
hematopoietic stem cells. Leukemia; 2020.

57. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, Xu J, Gu X,
et al. Clinical features of patients infected with 2019 novel coronavirus in
Wuhan, China. Lancet (London, England). 2020;395:497–506.

58. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, Wang B, Xiang H, Cheng Z,
Xiong Y, et al. Clinical Characteristics of 138 Hospitalized Patients With 2019
Novel Coronavirus-Infected Pneumonia in Wuhan, China. JAMA; 2020.

59. McKechnie JL, Blish CA. The innate immune system: fighting on the front
lines or fanning the flames of COVID-19? Cell host & microbe; 2020.

60. YXiong Y, Liu Y, Cao L, Wang D, Guo M, Jiang A, Guo D, Hu W, Yang J, Tang
Z, et al. Transcriptomic characteristics of bronchoalveolar lavage fluid and
peripheral blood mononuclear cells in COVID-19 patients. Emerging
microbes & infections. 2020;9:761–770.

61. Mazzoni A, Salvati L, Maggi L, Capone M, Vanni A, Spinicci M, Mencarini J,
Caporale R, Peruzzi B, Antonelli A, et al. Impaired immune cell cytotoxicity in
severe COVID-19 is IL-6 dependent. The Journal of clinical investigation; 2020.

62. Cifaldi L, Prencipe G, Caiello I, Bracaglia C, Locatelli F, De Benedetti F,
Strippoli R. Inhibition of natural killer cell cytotoxicity by interleukin-6:
implications for the pathogenesis of macrophage activation syndrome.
Arthritis & rheumatology (Hoboken, NJ). 2015;67:3037–3046.

63. Chung M, Bernheim A, Mei X, Zhang N, Huang M, Zeng X, Cui J, Xu W,
Yang Y, Fayad ZA et al. CT Imaging Features of 2019 Novel coronavirus
(2019-nCoV). Radiology. 2020:200230.

64. Lei J, Li J, Li X, Qi X. CT Imaging of the 2019 Novel coronavirus (2019-nCoV)
pneumonia. Radiology. 2020:200236.

65. Lian J, Jin X, Hao S, Cai H, Zhang S, Zheng L, Jia H, Hu J, Gao J, Zhang
Y, et al. Analysis of Epidemiological and Clinical features in older
patients with Corona Virus Disease 2019 (COVID-19) out of Wuhan.
Clinical infectious diseases : an official publication of the Infectious
Diseases Society of America; 2020.

66. Li J, Wang X, Chen J, Zhang H, Deng A. Association of Renin-Angiotensin
System Inhibitors With Severity or Risk of Death in Patients With
Hypertension Hospitalized for Coronavirus Disease 2019 (COVID-19)
Infection in Wuhan, China. JAMA cardiology; 2020.

67. Preliminary Estimates of the Prevalence of Selected Underlying Health
Conditions Among Patients with Coronavirus Disease 2019 - United States,
February 12–March 28, 2020. MMWR Morb Mortal Wkly Rep. 2020;69:382–6.

68. Buckner FS, McCulloch DJ, Atluri V, Blain M, McGuffin SA, Nalla AK, Huang
ML, Greninger AL, Jerome KR, Cohen SA, et al. clinical features and
outcomes of 105 hospitalized patients with COVID-19 in Seattle,
Washington. Clinical infectious diseases : an official publication of the
Infectious Diseases Society of America; 2020.

69. Mehra MR, Desai SS, Kuy S, Henry TD, Patel AN. cardiovascular disease, drug
therapy, and mortality in Covid-19. N Engl J Med; 2020.

70. Li B, Yang J, Zhao F, Zhi L, Wang X, Liu L, Bi Z, Zhao Y. Prevalence and
impact of cardiovascular metabolic diseases on COVID-19 in China. Clinical
research in cardiology : official journal of the German Cardiac Society. 2020;
109:531–538.

71. Rodriguez-Morales AJ, Cardona-Ospina JA, Gutiérrez-Ocampo E, Villamizar-
Peña R, Holguin-Rivera Y, Escalera-Antezana JP, Alvarado-Arnez LE, Bonilla-

Aldana DK, Franco-Paredes C, Henao-Martinez AF, et al. Clinical, laboratory
and imaging features of COVID-19: A systematic review and meta-analysis.
Travel Med Infect Dis. 2020;34:101623.

72. Tadic M, Cuspidi C, Mancia G, Dell'Oro R, Grassi G. COVID-19, hypertension
and cardiovascular diseases: Should we change the therapy?
Pharmacological research. 2020;158:104906.

73. Aggarwal G, Cheruiyot I, Aggarwal S, Wong J, Lippi G, Lavie CJ, Henry BM,
Sanchis-Gomar F, et al. Association of Cardiovascular Disease With
Coronavirus Disease 2019 (COVID-19) Severity: A Meta-Analysis. Curr Probl
Cardiol. 2020:100617.

74. Zhang J, Lu S, Wang X, Jia X, Li J, Lei H, Liu Z, Liao F, Ji M, Lv X, et al. Do
underlying cardiovascular diseases have any impact on hospitalised patients
with COVID-19? Heart (British Cardiac Society); 2020.

75. Varikasuvu SR, Dutt N. cardiovascular disease as a risk factor of disease
progression in COVID-19: the corrected effect size and forest plot. The
Journal of infection; 2020.

76. Chatterjee NA, Cheng RK. Cardiovascular disease and COVID-19:
implications for prevention, surveillance and treatment. Heart (British
Cardiac Society); 2020.

77. Guo T, Fan Y, Chen M, Wu X, Zhang L, He T, Wang H, Wan J, Wang X, Lu Z.
Cardiovascular Implications of Fatal Outcomes of Patients With Coronavirus
Disease 2019 (COVID-19). JAMA cardiology; 2020.

78. Li X, Xu S, Yu M, Wang K, Tao Y, Zhou Y, Shi J, Zhou M, Wu B, Yang Z, et al.
Risk factors for severity and mortality in adult COVID-19 inpatients in
Wuhan. The Journal of allergy and clinical immunology; 2020.

79. Shi S, Qin M, Shen B, Cai Y, Liu T, Yang F, Gong W, Liu X, Liang J, Zhao Q,
et al. Association of Cardiac Injury With Mortality in Hospitalized Patients
With COVID-19 in Wuhan, China. JAMA cardiology; 2020.

80. Ni W, Yang X, Liu J, Bao J, Li R, Xu Y, Guo W, Hu Y, Gao Z. Acute Myocardial
Injury at Hospital Admission is Associated with All-cause Mortality in COVID-
19. J Am College Cardiol; 2020.

81. Aikawa T, Takagi H, Ishikawa K, Kuno T. Myocardial injury characterized by
elevated cardiac troponin and in-hospital mortality of COVID-19: an insight
from a meta-analysis. J Med Virol; 2020.

82. Li X, Guan B, Su T, Liu W, Chen M, Bin Waleed K, Guan X, Gary T, Zhu Z.
Impact of cardiovascular disease and cardiac injury on in-hospital mortality
in patients with COVID-19: a systematic review and meta-analysis. Heart
(British Cardiac Society); 2020.

83. Doughan AK, Harrison DG, Dikalov SI. Molecular mechanisms of angiotensin
II-mediated mitochondrial dysfunction: linking mitochondrial oxidative
damage and vascular endothelial dysfunction. Circ Res. 2008;102:488–496.

84. Bourgonje AR, Abdulle AE, Timens W, Hillebrands JL, Navis GJ, Gordijn SJ,
Bolling MC, Dijkstra G, Voors AA, Osterhaus AD, et al. Angiotensin-
converting enzyme-2 (ACE2), SARS-CoV-2 and pathophysiology of
coronavirus disease 2019 (COVID-19). J Pathol; 2020.

85. Crackower MA, Sarao R, Oudit GY, Yagil C, Kozieradzki I, Scanga SE,
Oliveira-dos-Santos AJ, da Costa J, Zhang L, Pei Y, et al. Angiotensin-
converting enzyme 2 is an essential regulator of heart function. Nature.
2002;417:822–828.

86. Oudit GY, Kassiri Z, Patel MP, Chappell M, Butany J, Backx PH, Tsushima RG,
Scholey JW, Khokha R, Penninger JM. Angiotensin II-mediated oxidative
stress and inflammation mediate the age-dependent cardiomyopathy in
ACE2 null mice. Cardiovasc Res. 2007;75:29–39.

87. Coperchini F, Chiovato L, Croce L, Magri F, Rotondi M. The cytokine storm
in COVID-19: An overview of the involvement of the chemokine/
chemokine-receptor system. Cytokine Growth Factor Rev; 2020.

88. Li L, Zhou Q, Xu J. Myocardial injury and COVID-19: possible mechanisms.
Life Sci. 2020;253:117723.

89. Wei J, Gao D, Wang H, Yan R, Liu Z, Yuan Z, Liu J, Chen M. Impairment of
myocardial mitochondria in viral myocardial disease and its reflective
window in peripheral cells. PLoS One. 2014;9:e116239.

90. Li Y, Ge L, Yang P, Tang J, Lin J, Chen P, Guan X. Carvedilol treatment
ameliorates acute coxsackievirus B3-induced myocarditis associated with
oxidative stress reduction. Eur J Pharmacol. 2010;640:112–116.

91. Durante W. Targeting endoplasmic reticulum stress in hypoxia-induced
cardiac injury. Vasc Pharmacol. 2016;83:1–3.

92. Connors JM, Levy JH. COVID-19 and its implications for thrombosis and
anticoagulation. Blood. 2020;135:2033–2040.

93. Al-Samkari H, KarpLeaf RS, Dzik WH, Carlson JC, Fogerty AE, Waheed A, Goodarzi
K, Bendapudi P, Bornikova L, Gupta S, et al. COVID and coagulation: bleeding and
thrombotic manifestations of SARS-CoV2 infection. Blood; 2020.

Yang et al. Virology Journal          (2020) 17:117 Page 15 of 17



94. Middeldorp S, Coppens M, van Haaps TF, Foppen M, Vlaar AP, Müller MCA,
Bouman CCS, Beenen LFM, Kootte RS, Heijmans J, et al. Incidence of venous
thromboembolism in hospitalized patients with COVID-19. J Thrombosis
Haemostasis; 2020.

95. Llitjos JF, Leclerc M, Chochois C, Monsallier JM, Ramakers M, Auvray M,
Merouani K. High incidence of venous thromboembolic events in
anticoagulated severe COVID-19 patients. J Thrombosis Haemostasis; 2020.

96. Klok FA, Kruip MJHA, van der Meer NJM, Arbous MS, Gommers DAMPJ, Kant
KM, Kaptein FHJ, van Paassen J, Stals MAM, Huisman MV, Endeman H.
Incidence of thrombotic complications in critically ill ICU patients with
COVID-19. Thromb Res. 2020;191:145–147.

97. Cui S, Chen S, Li X, Liu S, Wang F. Prevalence of venous thromboembolism
in patients with severe novel coronavirus pneumonia. J Thrombosis
Haemostasis. 2020;18:1421–1424.

98. Han H, Yang L, Liu R, Liu F, Wu K, Li J, Liu X, Zhu C. Prominent changes in
blood coagulation of patients with SARS-CoV-2 infection. Clin Chem Lab
Med; 2020.

99. Zhang J, Dong X, Cao Y, Yuan Y, Yang Y, Yan Y, Akdis CA, Gao Y. Clinical
characteristics of 140 patients infected with SARS-CoV-2 in Wuhan, China.
Allergy; 2020.

100. Liu X, Li Z, Liu S, Sun J, Chen Z, Jiang M, Zhang Q, Wei Y, Wang X, Huang Y,
et al. Potential therapeutic effects of dipyridamole in the severely ill patients
with COVID-19. Acta pharmaceutica Sinica B; 2020.

101. Dong Y, Zhou H, Li M, Zhang Z, Guo W, Yu T, Gui Y, Wang Q, Zhao L, Luo S,
et al. A novel simple scoring model for predicting severity of patients with
SARS-CoV-2 infection. Transboundary Emerg Dis; 2020.

102. Petrilli CM, Jones SA, Yang J, Rajagopalan H, O'Donnell L, Chernyak Y, Tobin
KA, Cerfolio RJ, Francois F, Horwitz LI. Factors associated with hospital
admission and critical illness among 5279 people with coronavirus disease
2019 in New York City: prospective cohort study. BMJ (Clinical research ed).
2020;369:m1966.

103. Sun Y, Dong Y, Wang L, Xie H, Li B, Chang C, Wang F. Characteristics and
prognostic factors of disease severity in patients with COVID-19: The Beijing
experience. J Autoimmun. 2020:102473.

104. Cummings MJ, Baldwin MR, Abrams D, Jacobson SD, Meyer BJ, Balough EM,
Aaron JG, Claassen J, Rabbani LE, Hastie J. Epidemiology, clinical course, and
outcomes of critically ill adults with COVID-19 in New York City: a
prospective cohort study. Lancet (London, England); 2020.

105. Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, Xiang J, Wang Y, Song B, Gu X, et al.
Clinical course and risk factors for mortality of adult inpatients with COVID-
19 in Wuhan, China: a retrospective cohort study. Lancet (London, England).
2020;395:1054–1062.

106. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F,
Vanstapel A, Werlein C, Stark H, Tzankov A, et al. Pulmonary Vascular
Endothelialitis, Thrombosis, and Angiogenesis in Covid-19. New Engl J
Med; 2020.

107. Thachil J, Agarwal S. Understanding the COVID-19 coagulopathy spectrum.
Anaesthesia; 2020.

108. Luo L, Jiang J, Wang C, Fitzgerald M, Hu W, Zhou Y, Zhang H, Chen S.
Analysis on herbal medicines utilized for treatment of COVID-19. Acta
Pharm Sin B. 2020.

109. Hu K, Guan W, Bi Y, Zhang W, Li L, Zhang B, Liu Q, Song Y, Li X, Duan Z,
et al. Efficacy and Safety of Lianhuaqingwen Capsules, a repurposed
Chinese Herb, in Patients with Coronavirus disease 2019: A multicenter,
prospective, randomized controlled trial. Phytomedicine. 2020:153242.

110. Yao X, Ye F, Zhang M, Cui C, Huang B, Niu P, Liu X, Zhao L, Dong E, Song C,
et al. In Vitro Antiviral Activity and Projection of Optimized Dosing Design
of Hydroxychloroquine for the Treatment of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2). Clin Infect Dis; 2020.

111. Mehra MR, Ruschitzka F, Patel AN. Retraction-Hydroxychloroquine or
chloroquine with or without a macrolide for treatment of COVID-19: a
multinational registry analysis. The Lancet. 2020;395:1820.

112. Martinez MA. Compounds with therapeutic potential against novel respiratory
2019 coronavirus. Antimicrob Agents Chemother. 2020;64:e00399–20.

113. Wang Y, Zhang D, Du G, Du R, Zhao J, Jin Y, Fu S, Gao L, Cheng Z, Lu Q,
et al. Remdesivir in adults with severe COVID-19: a randomised, double-
blind, placebo-controlled, multicentre trial. Lancet (London, England). 2020;
395:1569–1578.

114. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC,
Hohmann E, Chu HY, Luetkemeyer A, Kline S. Remdesivir for the treatment
of Covid-19 - preliminary report. N Engl J Med; 2020.

115. Chu C, Cheng V, Hung I, Wong M, Chan K, Chan K, Kao R, Poon L, Wong C,
Guan Y, et al. role of lopinavir/ritonavir in the treatment of SARS: initial
virological and clinical findings. Thorax. 2004;59:252–256.

116. Cao B, Wang Y, Wen D, Liu W, Wang J, Fan G, Ruan L, Song B, Cai Y, Wei M,
et al. A Trial of Lopinavir-Ritonavir in Adults Hospitalized with Severe Covid-
19. N Engl J Med. 2020;382:1787–1799.

117. Baden LR, Rubin EJ. Covid-19 - the search for effective therapy. N Engl J
Med. 2020;382:1851–2.

118. Ledford H. Coronavirus breakthrough: dexamethasone is first drug shown to
save lives. NEWS. [https://www.nature.com/articles/d41586-020-01824-5].

119. Xu X, Han M, Li T, Sun W, Wang D, Fu B, Zhou Y, Zheng X, Yang Y, Li X,
et al. Effective treatment of severe COVID-19 patients with tocilizumab. Proc
Natl Acad Sci U S A. 2020;117:10970–10975.

120. Cavalli G, De Luca G, Campochiaro C, Della-Torre E, Ripa M, Canetti D,
Oltolini C, Castiglioni B, Tassan Din C, Boffini N, et al. Interleukin-1 blockade
with high-dose anakinra in patients with COVID-19, acute respiratory
distress syndrome, and hyperinflammation: a retrospective cohort study.
Lancet Rheumatology. 2020;2:e325-e331.

121. Dimopoulos G, de Mast Q, Markou N, Theodorakopoulou M, Komnos A,
Mouktaroudi M, Netea MG, Spyridopoulos T, Verheggen RJ, Hoogerwerf J,
et al. Favorable Anakinra Responses In Severe Covid-19 Patients With
Secondary Hemophagocytic Lymphohistiocytosis. Cell Host Microbe; 2020.

122. Lu S. Timely development of vaccines against SARS-CoV-2. Emerg Microbes
Infect. 2020;9:542–4.

123. Callaway E. The race for coronavirus vaccines: a graphical guide. Nature.
2020;580:576–7.

124. Baruah V, Bose S. Immunoinformatics-aided identification of T cell and B cell
epitopes in the surface glycoprotein of 2019-nCoV. J Med Virol. 2020;92:495.

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

126. Ahmed SF, Quadeer AA, McKay MR. Preliminary identification of potential
vaccine targets for the COVID-19 coronavirus (SARS-CoV-2) based on SARS-
CoV immunological studies. Viruses. 2020;12.

127. Zhu FC, Li YH, Guan XH, Hou LH, Wang WJ, Li JX, Wu SP, Wang BS, Wang Z,
Wang L, et al. 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 (London, England); 2020.

128. Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines - a new era in
vaccinology. Nat Rev Drug Discov. 2018;17:261–279.

129. Maruggi G, Zhang C, Li J, Ulmer JB, Yu D. mRNA as a transformative
Technology for Vaccine Development to control infectious diseases. Mol
Ther. 2019;27:757–72.

130. Tian X, Li C, Huang A, Xia S, Lu S, Shi Z, Lu L, Jiang S, Yang Z, Wu Y, Ying T.
Potent binding of 2019 novel coronavirus spike protein by a SARS
coronavirus-specific human monoclonal antibody. Emerg Microbes Infect.
2020;9:382–385.

131. Zhang L, Liu Y. Potential Interventions for Novel Coronavirus in China: A
Systematic Review. Journal of medical virology; 2020.

132. Li L, Zhang W, Hu Y, Tong X, Zheng S, Yang J, Kong Y, Ren L, Wei Q, Mei H,
et al. Effect of Convalescent Plasma Therapy on Time to Clinical
Improvement in Patients With Severe and Life-threatening COVID-19: A
Randomized Clinical Trial. JAMA; 2020.

133. Yang Y, Lyu T, Zhou R, He X, Ye K, Xie Q, Zhu L, Chen T, Shen C, Wu Q,
et al. The Antiviral and Antitumor Effects of Defective Interfering Particles/
Genomes and Their Mechanisms. Front Microbiol. 2019;10:1852.

134. Wan Y, Shang J, Sun S, Tai W, Chen J, Geng Q, He L, Chen Y, Wu J, Shi Z,
et al. Molecular Mechanism for Antibody-Dependent Enhancement of
Coronavirus Entry. J Virol. 2020;94 e02015.

135. Kong T, Park JM, Jang JH, Kim CY, Bae SH, Choi Y, Jeong YH, Kim C, Chang SW,
Kim J, et al. Immunomodulatory effect of CD200-positive human placenta-
derived stem cells in the early phase of stroke. Exp Mol Med. 2018;50:e425.

136. Wu JT, Leung K, Leung GM. Nowcasting and forecasting the potential
domestic and international spread of the 2019-nCoV outbreak originating in
Wuhan, China: a modelling study. Lancet (London, England). 2020;395:689–697.

137. Giandhari J, Pillay S, Wilkinson E, Tegally H, Sinayskiy I, Schuld M,
Lourenço J, Chimukangara B, Lessells RJ, Moosa Y, et al. Early
transmission of SARS-CoV-2 in South Africa: An epidemiological and
phylogenetic report. medRxiv. 2020.

138. Chow CC, Chang JC, Gerkin RC, Vattikuti S. Global prediction of unreported
SARS-CoV2 infection from observed COVID-19 cases. medRxiv; 2020.

Yang et al. Virology Journal          (2020) 17:117 Page 16 of 17

https://www.nature.com/articles/d41586-020-01824-5


139. Davies NG, Kucharski AJ, Eggo RM, Gimma A, Edmunds WJ. Effects of non-
pharmaceutical interventions on COVID-19 cases, deaths, and demand for
hospital services in the UK: a modelling study. Lancet Public Health; 2020.

140. World Health Organization: Coronavirus disease (COVID-19) outbreak situation
[https://www.who.int/emergencies/diseases/novel-coronavirus-2019].

141. Sharma A, Tiwari S, Deb MK, Marty JL. Severe Acute Respiratory Syndrome
Coronavirus −2 (SARS-CoV-2): A global pandemic and treatments strategies.
Int J Antimicrob Agents. 2020;106054.

142. COVID-19, Australia: epidemiology report 16 (reporting week to 23:59 AEST
17 May 2020). Communicable diseases intelligence. 2018;2020:44.

143. Undela K, Gudi SK. Assumptions for disparities in case-fatality rates of
coronavirus disease (COVID-19) across the globe. Eur Rev Med Pharmacol
Sci. 2020;24:5180–2.

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

Yang et al. Virology Journal          (2020) 17:117 Page 17 of 17

https://www.who.int/emergencies/diseases/novel-coronavirus-2019

	Abstract
	Background
	Introduction
	Differences between SARS-CoV-2 and SARS-CoV
	Classification
	Amino acid composition and protein structure
	Epidemiological characteristics
	Sources of infection
	Routes of transmission
	Susceptible population
	Origin and evolution

	Pathological characteristics

	Pathogenic mechanisms of SARS-CoV-2
	SARS-CoV-2-induced direct damage
	Down-regulation of ACE2
	Immune dysfunction
	Cytokine storm
	Activation of complement system
	Lymphocyte dysfunction


	Clinical manifestations
	Basic clinical characteristics of COVID-19
	COVID-19 and CVD
	COVID-19 and myocardial injury
	COVID-19 and VTE

	COVID-19 therapy
	Medicine therapy
	Traditional Chinese medicine (TCM)
	Chloroquine and Hydroxychloroquine
	Remdesivir
	Lopinavir/ritonavir
	Immunomodulatory therapy

	Specific immunotherapy
	Vaccination
	Passive immunity

	Cell therapy

	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

