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Abstract Since the outbreak of the COVID-19 pandemic in early December 2019, 81 174 confirmed cases and
3242 deaths have been reported in China as of March 19, 2020. The Chinese people and government have
contributed huge efforts to combat this disease, resulting in significant improvement of the situation, with 58 new
cases (34 were imported cases) and 11 new deaths reported on March 19, 2020. However, as of March 19, 2020, the
COVID-19 pandemic continues to develop in 167 countries/territories outside of China, and 128 665 confirmed
cases and 5536 deaths have been reported, with 16 498 new cases and 817 new deaths occurring in last 24 hours.
Therefore, the world should work together to fight against this pandemic. Here, we review the recent advances in
COVID-19, including the insights in the virus, the responses of the host cells, the cytokine release syndrome, and
the therapeutic approaches to inhibit the virus and alleviate the cytokine storm. By sharing knowledge and
deepening our understanding of the virus and the disease pathogenesis, we believe that the community can
efficiently develop effective vaccines and drugs, and the mankind will eventually win this battle against this
pandemic.
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Introduction

The past three months have witnessed the tremendous
efforts that China has been contributing to tackle the
outbreak of the epidemic coronavirus disease 2019
(COVID-19) [1]. These efforts have resulted in the fact
that the epidemic peaked on February 19, 2020, and has
been declining steadily since then [2]. As of March 19,
2020, 81 174 confirmed cases and 3242 deaths were
reported in China, including 58 new cases (34 were
imported cases) and 11 new deaths reported in the past 24 h
[3]. In contrast, there have been more new cases reported
from countries outside of China than from China since
February 26, 2020 [4]. The situation of Wuhan is getting
better, and all of its Fangcang (makeshift) hospitals have
been closed after the last group of patients moved to other

hospitals on March 11, 2020 [5]. By March 19, 2020,
however, 128 665 confirmed cases and 5536 deaths have
been reported in 167 countries/territories outside of China,
with 16 498 new cases and 817 new deaths occurring in the
past 24 h [3]. World Health Organization (WHO) describes
SARS-CoV-2 as a pandemic to spur countries to action on
March 11, 2020 [6].

An update of the virus

Genome type

The SARS-CoV-2 viruses are positive single-stranded
RNA viruses [7]. The whole viral architecture was
examined by transmission electron microscopy, and the
results showed that the virion particles are roughly
spherical or moderately pleiomorphic, with spikes as
nail-like shape toward outside with a long body embedded
in the envelope [8]. Population genetic analyses of 103
SARS-CoV-2 genomes indicate that these viruses evolved

Received March 19, 2020; accepted March 20, 2020

Correspondence: Guangbiao Zhou, gbzhou@ioz.ac.cn;

Zhu Chen, zchen@stn.sh.cn

REVIEW
Front. Med. 2020, 14(2): 117–125
https://doi.org/10.1007/s11684-020-0773-x



into leucine (L) and serine (S) types, whereas the L type
might be more aggressive and spread more quickly and the
S type might be the ancestral version [9]. While criticisms
on this work have been posted [10], other reports indicate
that genomic variations of SARS-CoV-2 may lead to
multiple outbreak sources of transmission [11,12]. The
typing of SARS-CoV-2 can be repeated by other group,
though the two clades exhibited similar virulence and
clinical outcomes. Analysis of whole genome sequence of
104 strains of the COVID-19 virus isolated from patients in
different localities between the end of December 2019 and
mid-February 2020 showed 99.9% homology, without
significant mutations [2]. In another study, however,
analysis of 120 genomic sequences of SARS-CoV-2
reported that this virus may increase its infectivity through
the receptor binding domain recombination and a cleavage
site insertion [13]. However, phylogenetic analysis of the
SARS-CoV-2 and its closely related reference genomes
indicate that the origin of this virus remains to be
determined [9,14].
SARS-CoV-like viruses usually have six critical amino

acids in the receptor binding domain (RBD) of the spike
(S) protein for binding to receptor ACE2 and for
determining the host range, and 5 of the 6 amino acids in
SARS-CoV-2 differed from SARS-CoV [15]. Moreover, a
sequence encoding amino acids PRRA is inserted into the
genome of SARS-CoV-2; together with the following R
within the original sequence of the S protein, a polybasic
cleavage site (RRAR) at the junction of S1 and S2 for
Furin protease is generated, making the virus more
infectious than SARS-CoV [15,16]. Because SARS-CoV-
2 does not bear any genetic manipulation clue in its
genome but exhibits notable features in relationship to
coronaviruses in nature, including the optimized RBD and
the polybasic cleavage site, any type of laboratory-based
scenario of the virus would not be plausible [15].

Cell entry and life cycle

SARS-CoV-2 uses the SARS-CoV receptor ACE2 for
entry and the serine protease TMPRSS2 for S protein
priming [17]. The target cells of SARS-CoV-2 have been
reportedly to include type II alveolar cells, myocardial
cells, proximal tubule cells of kidney, ileum and esophagus
epithelial cells, and bladder urothelial cells [18]. According
to the SARS-CoV model [19] and recent advances [15,16],
SARS-CoV-2 may enter target cells through an endosomal
pathway (Fig. 1): S protein binds to ACE2 and is
translocated to endosomes, where S protein is cleaved by
the endosomal acid proteases (cathepsin L) to activate its
fusion activity. The SARS-CoV-2 S glycoprotein harbors a
Furin cleavage site (R-X-X-R; X, any amino acid),
facilitating the virus to enter into target cells and making
it more infectious than the SARS virus [16]. The SARS-
CoV-2 genome is released and translated and the protein

products are processed by viral proteinases. Meanwhile,
the subgenomic negative-strand templates are synthesized
and made as a template for genomic RNA. The synthesized
genomic RNA assembles with nucleocapsid (N) protein in
the cytoplasm to form viral nucleocapsids, which bud into
the lumen of the endoplasmic reticulum—Golgi inter-
mediate compartment [19]. The replicated virions are
released from the cell through exocytosis to infect other
cells (Fig. 1).

The cytokine release syndrome

Clinical findings

Clinical studies showed that the most threatened popula-
tion are the eldly people with non-communicable chronic
diseases (NCD, such as cardiocerebrovascular diseases,
diabetes, cancer, etc.). In laboratory examinations, sus-
tained decreases in lymphocyte counts are common in
COVID-19 patients [20]. In two studies, lymphocytopenia
(lymphocyte count < 1.5 � 109/L) was seen in 35 of 99
(35%) [21] to 97 of 138 (70.3%) [22] patients, respectively.
In a recent report of 1099 patients, lymphocytopenia was
present in 914 (83.2%) of the patients on admission [23].
On the other hand, significant elevation of some cytokines
is reported in sera or plasma examination. For example,
initial plasma concentrations of interleukin-1B (IL-1B),
IL-1RA, IL-7, IL-8, IL-9, IL-10, granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), interferon γ (IFN-γ),
interferon γ-inducible protein (IP10), macrophage inflam-
matory protein (MIP1), MIP1A, MIP1B, platelet derived
growth factor (PDGF), tumor necrosis factor α (TNF-α),
and vascular endothelial growth factor (VEGF) were
higher in COVID-19 patients than in healthy adults, and
concentrations of IL-2, IL-7, IL-10, G-CSF, IP10, MCP1,
MIP1A, and TNF-α were higher in intensive care unit
(ICU) patients than non-ICU patients [20]. Another study
showed that compared to the mild cases, the severe
COVID-19 showed significant decrease in T cells
(especially CD8+ T cells) and increases in IL-6, IL-10,
IL-2, and IFN-γ levels in the peripheral blood, which
gradually recovered in patients who survived the disease
[24,25]. Moreover, the neutrophil-to-CD8+ T cell ratio
were identified as the most powerful prognostic factor for
severe COVID-19 [24]. As compared to healthy controls,
COVID-19 patients exhibit significantly higher levels of
the exhausted marker PD-1 in their T cells [25]. CD3+,
CD4+, CD8+ T cells, CD19+ B cells, and CD16+/CD56+

NK cells were reduced in COVID-19 patients [26]. CD3–/
CD16+/CD56+ NK cells and CD3+/CD16+/CD56+ NK T
cells were decreased in 11 COVID-19 with cytokine
release syndrome (CRS)-like disease [27]. These results
suggest that SARS-CoV-2 may induce CRS in the patients
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(Fig. 2), which is associated with disease severity.
Moreover, lymphocytopenia may serve as the risk factor
related to cytokine storm and disease severity [20].

Pathogenesis of persistent cytokine release syndrome

In response to pathogens, the innate immune system
releases cytokines to antagonize the pathogens and recruit
additional immune responses. CRS, or cytokine storm, is
the uncontrolled release of cytokines that can be triggered
by a variety of factors including virus, bacterial compo-
nents, sepsis, superantigens, toxins, antibodies, and
chimeric antigen receptor T cells [28]. CRS was first
reported in 1989 when the anti-T cell antibody muromo-
nab-CD3 was used in the treatment of solid organ
transplantation [29]. CRS is a life-threatening toxicity

that may lead to detrimental effects such as leakage from
capillaries, tissue toxicity and edema, organ failure and
shock. The syndromes of CRS include sustained fever,
hepatomegaly with liver dysfunction, coagulopathy, cyto-
penia, skin rash, and variable neurologic symptoms
(Table 1), which are sometimes difficult to distinguish
from those of the underlying diseases [30]. CRS is usually
initiated by macrophages, dendritic cell, NK cell, and T
cell, in response to pathogen-associated molecular patterns
[28]. In SARS-CoV-induced severe disease, the levels of
IL-6 was significantly elevated [31]. In influenza virus
infection, infiltration of innate immune cells to the lung
and the subsequent CRS are the key contributors to
morbidity and mortality, whereas the endothelial cells
exhibit a central role in orchestration of cytokine
amplification [32].

Fig. 1 The putative life cycle of SARS-CoV-2.
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Pathogenesis of cytokine release syndrome induced by
SARS-Cov-2

Human coronaviruses can be divided into low pathogenic
and highly pathogenic coronaviruses [33], and SARS-
CoV-2 is obviously a highly pathogenic virus. Clinical
studies have shown significant elevation of cytokines and
lymphocytopenia in COVID-19. These cytokines include
IFN-γ, TNF-α, IL-6, IL-10, IL-2, IL-1, and others. The
elevated IL-6 was significantly related to the clinical
manifestation of severe type patients [34]. An analysis of
dynamic characteristics of host immune system in 3 critical

cases showed that hypoxemia severity was closely related
with host immune cell levels [35], and the lymphocyto-
penia and cytotoxicity may be the result of SARS-CoV-2
infection [36]. An observation showed that after SARS-
CoV-2 infection, CD4+ T lymphocytes are rapidly
activated to become pathogenic T helper (Th) 1 cells and
generate cytokines including GM-CSF. The cytokines
environment induces inflammatory CD14+CD16+ mono-
cytes with high level of IL-6 and accelerates the
inflammation. These T cells and monocytes may enter
the pulmonary circulation, where the monocytes become
macrophages [9]. These cells, together with other cells

Fig. 2 Cytokine storm and related symptoms of COVID-19.

Table 1 Clinical features of CRS
Organs/systems Syndromes

General symptoms Fever, fatigue

Lung Tachypnea, hypoxia, pulmonary edema, respiratory failure

Blood Cytopenias, coagulopathy, febrile neutropenia, disseminated intravascular coagulation

Heart Tachycardia, hypotension, troponin elevation, arrhythmia, QT prolongation, stress, cardiomyopathy, acute heart failure

Liver Hepatomegaly, elevated liver enzymes, hypofibrinogeniemia, liver failure

Kidney Acute kidney injury, renal failure

Central nervous system Headaches, confusion, hallucinations, delirium, aphasia, paresis, seizures

Ileum Diarrhea

Musculoskeletal system Myalgia, arthralgia, rigor, rash, edema

Stomach Nausea, vomiting

Spleen Splenomegaly
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such as dendritic cells (DCs) [28], trigger CRS [37]. While
IFN-γ may initiate cytokine storm in SARS patients [38],
several cytokines including IL-6 may trigger CRS in
COVID-19. Other cells such as natural killer (NK) cells,
may also play a role in SARS-CoV-2-induced CRS, and
transcription factors such as NF-kB may play a role in
regulating cytokine release.
The consequence of CRS include epithelial and

endothelial cell apoptosis and vascular leakage, suboptimal
T cell response (impaired virus clearance), accumulation of
alternatively activated macrophages and altered tissue
homeostasis, acute lung injury, and acute respiratory
distress syndrome (ARDS) [33]. CRS is associated with
necrosis and tissue destruction and related symptoms such
as extensive pulmonary edema, acute bronchopneumonia,
alveolar hemorrhage, reactive hemophagocytosis, and
ARDS [10] (Fig. 3), which is confirmed by histological
examination of COVID-19 patients’ lungs [36,39]. The
necropsy investigation also shows the infiltration of
macrophages and activation of alveolar macrophages in
fatal patients. However, whether the CRS results from
persistent viral infection of immune cells, for example,
alveolar macrophages, or represents the over-activated
post-viral infection immune reaction, is worth particular
attention.

Control and therapeutics for COVID-19

Containability of SARS-CoV-2

The SARS-CoV-2 is a new virus that shares 79.5%
sequence identified to genome sequence of SARS-CoV
[40]. The virus exhibits a high reproduction number (R0)
[41,42], is more infectious and spreads easier between
people than the SARS virus probably due to gain of S
glycoprotein Furin-cleavage site [16]. Some people
doubted that this virus might be uncontainable and a “let
go” policy might be suitable for this pandemic since the
cost will be too high to afford strict social distancing and
isolation. This notion may be inappropriate for some
reasons. Firstly, the historic experience with both SARS
and MERS demonstrated that coronavirus with high
virulence do have tendency of self-limitation. Secondly,
recent studies reported that the asymptomatic cases with
transmissibility account for only a small proportion (889/
72 314, 1.2%) of COVID-19 patient [43]. Thirdly,
preliminary data on the recovered cases showed the
presence of a very high titer of neutralizing antibodies
(39/40 with titer of at least 1:640 while the remaining one
had a titer of 1:32 [44]), indicating the high probability of
viral clearance in the great majority of infected popula-
tions. Thanks to domestic medical workers’ great efforts,
central and local governments’ tremendous input, the

contributions from the volunteers and warm-hearted
people, and international supports, the spread of SARS-
CoV-2 in China has been significantly constrained,
providing firm evidence that this virus is containable. In
some countries outside of China, the policy-makers
recognize China’s experience in combating COVID-19,
while some others decide to apply sound policy of well-
designed containment strategy and to avoid limitation of
herd immunity. In extreme cases, use of national
machinery including police and armed force is necessary
to meet this unprecedented public health crisis.

Anti-virus and CRS-clearing approaches

In addition to oxygen and other supportive therapeutics,
some therapeutics are being tested in clinical trials. On one
hand, the anti-virus agents including convalescent patient
plasma [44,45] and remdesivir [46] are being tested in
clinical trials. In some COVID-19 patients who had
viremia, the transfusion of convalescent plasma (CP)
from recovered patients significantly reduced the viral
load. Recent studies provided evidence that even after
viremia, the viral infection may persist in the target organs
including lungs, necessitating the CP therapy even in the
relatively late stage of severe disease (Personal commu-
nication, Prof. Chaofu Wang, Ruijin Hospital Affiliated to
Shanghai Jiao Tong University School of Medicine). The
structure of the primary target of remdesivir, the RNA-
dependent RNA polymerase of the virus, has recently been
solved [47]. On the other hand, CRS-clearing drugs
represent another key remedy to save severe cases. A
monoclonal antibody against IL-6 receptor, tocilizumab, is
shown to be effective in treating COVID-19. Other
approaches to eliminate CRS including antibody against
GM-CSF [37], are emerging. Disruption of a self-
amplifying catecholamine loop is shown to be able to
reduce CRS caused by infections and agents including
oncolytic bacteria, T cell-targeting antibodies, and CAR-T
cells [48]. Activating with the soluble ligand Slit, an
endothelium-specific, Robo4-dependent signaling path-
way that strengthens the vascular barrier, diminishes
deleterious aspects of CRS-induced organ toxicity [49].
To achieve maximal efficacy, combined usage of anti-viral
drugs such as CP and drugs against cytokine storm (Fig. 3),
should be considered in clinical trials for severe cases.

Other therapeutic targets and agents

Vaccines are designed for SARS-CoV-2, and two vaccines
are being tested in phase I clinical trials for their safety and
immunogenicity in USA and China, respectively. In 12
COVID-19 patients with prophylactic anti-coagulation
therapy, an anticoagulant agent dipyridamole (DIP)
exerted beneficial effects by reducing viral replication,
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suppressing hypercoagulability and enhancing immune
recovery [50]. ATMPRSS2 inhibitor approved for clinical
use blocked entry and might constitute a treatment option,
whereas the sera from convalescent SARS patients cross-
neutralized SARS-2-S-driven entry [17]. Interferon-indu-
cible lymphocyte antigen 6 complex, locus E (LY6E)
inhibits SARS-CoV-2 entry into cells in vitro and in vivo
by interfering with spike protein-mediated membrane
fusion [51]. Potential therapeutic targets for SARS-CoV-
2 were analyzed, and inhibitors of 3-chymotrypsin-like
protease, spike, RNA-dependent RNA polymerase
(RdRp), and papain like protease (PLpro) were screened
[52]. The viral 3-chymotrypsin-like cysteine protease
enzyme and papain-like protease [53] were used as drug
target to screen for lead compounds [54]. A recent trial in
199 COVID-19 patients showed that no benefit was
observed with lopinavir–ritonavir treatment beyond stan-
dard care [55].

Perspectives

Owing to the dedication of medical community and
evidence-based, responsible policy-making of the Chinese
highest level leadership, which won the support of the
public, with high appreciation of World Health Organiza-
tion (WHO) and firm support of international society, the
SARS-CoV-2 outbreak has been contained and very
effective therapeutic strategies are being developed.
However, continued vigilance is needed, and only time

can tell whether this virus will disappear in summer or
retain in community and whether COVID-19 will become
influenza-like disease. Now the virus is rapidly spreading
in more than 160 countries/territories outside of China, in
some of which the experience of China may be helpful to
combat this pandemic. Clinically, more methods should be
developed to stop transition of mild cases to severe ones,
more effective anti-virus agents should be unveiled, and
the harmful effect of CRS should be alleviated to rescue
severe cases. With our deepened understanding of the virus
and the disease and the development of vaccine and
effective drugs, together with the necessary but temporally
costing public health intervention measures, we believe
that the human life and dignity as the fundamental part of
the human rights can be protected and the mankind will
eventually win this battle against SARS-CoV-2. Chinese
medical community will be working hand-in-hand with
colleagues in other countries to fight against the common
enemy—COVID-19.
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