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Abstract. The spread of the novel severe acute respiratory
syndrome coronavirus 2 (SARS‑CoV‑2) emerged suddenly
at the end of 2019 and the disease came to be known as
coronavirus disease 2019 (COVID‑19). To date, there is no
specific therapy established to treat COVID‑19. Identifying
effective treatments is urgently required to treat patients and
stop the transmission of SARS‑CoV‑2 in humans. For the
present review, >100 publications on therapeutic agents for
COVID‑19, including in vitro and in vivo animal studies,
case reports, retrospective analyses and meta‑analyses
were retrieved from PubMed and analyzed, and promising
therapeutic agents that may be used to combat SARS‑CoV‑2
infection were highlighted. Since the outbreak of COVID‑19,
different drugs have been repurposed for its treatment.
Existing drugs, including chloroquine (CQ), its derivative
hydroxychloroquine (HCQ), remdesivir and nucleoside
analogues, monoclonal antibodies, convalescent plasma,
Chinese herbal medicine and natural compounds for treating
COVID‑19 evaluated in experimental and clinical studies
were discussed. Although early clinical studies suggested
that CQ/HCQ produces antiviral action, later research
indicated certain controversy regarding their use for treating
COVID‑19. The molecular mechanisms of these therapeutic
agents against SARS‑CoV2 have been investigated, including
inhibition of viral interactions with angiotensin‑converting
enzyme 2 receptors in human cells, viral RNA‑dependent
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RNA polymerase, RNA replication and the packaging of viral
particles. Potent therapeutic options were reviewed and future
challenges to accelerate the development of novel therapeutic
agents to treat and prevent COVID‑19 were acknowledged.
Contents
1. Introduction: Identification of the COVID‑19 pandemic
2. Chloroquine and hydroxychloroquine
3. Remdesivir and other nucleoside analogues
4. Antibody‑based therapy for COVID‑19
5. Chinese herbal medicine for treating SARS‑CoV‑2 infection
6. Other options for treating COVID‑19
7.	Antiviral mechanisms of therapeutic agents against
SARS‑CoV2
8. Conclusions and future perspectives
1. Introduction: Identification of the COVID‑19 pandemic
In December 2019, the novel coronavirus (2019‑nCoV)
emerged, eventually causing a global pandemic of severe acute
respiratory syndrome (SARS). Soon after the outbreak, the
virus was identified in January of 2020 and was temporally
named 2019‑nCoV, and then labelled SARS‑CoV‑2 by the
World Health Organization (WHO). Later on, the disease was
re‑named as coronavirus disease 2019 (COVID‑19) to differen‑
tiate it from other coronavirus infections of SARS or Middle
Eastern respiratory syndrome (MERS). The acute clinical
symptoms of patients with COVID‑19 include fever, dry cough
and dyspnea, which are similar to those of SARS and MERS. By
now, more than several million confirmed COVID‑19 cases have
been reported in >200 countries, with an estimated mortality
risk of 2‑6% worldwide (https://www.who.int/emergen‑
cies/diseases/novel‑coronavirus‑2019/events‑as‑they‑happen).
The entire genome of novel SARS‑CoV‑2 (MN908947.3)
was soon sequenced and determined to have 29,903
nucleotides. It was revealed to have 79.5% nucleotide
similarity with SARS‑CoV, which appeared in Guangdong
Province in China in 2002, >50% similarity with MERS‑CoV,
which emerged in Middle Eastern countries in 2012, and 96%
similarity to the bat coronavirus bat‑CoV‑RaTG13 (1). The
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coronavirus genome structures of SARS‑CoV, MERS‑CoV and
SARS‑CoV‑2 are similar in that they contain a single strand of
RNA, which is organized by the 5'‑leader‑UTR‑RNA‑dependent
RNA polymerase (RdRp)‑spike (S)‑envelope (E)‑Membrane
(M)‑nucleocapsid (N)‑3'UTR poly(A) tail, with accessory
non‑structural genes interspersed throughout the structural
genes, as presented in Fig. 1A‑D (2).
In the history of human coronavirus‑caused infections, at
the international level, there have been six types of coronavirus
disease: 229E, NL63, HKU1, OC43, MERS and SARS.
The first human coronavirus was identified in the 1960s
and SARS‑CoV and MERS‑CoV caused epidemics in 2002
and 2012, respectively. SARS‑CoV2 is the seventh coronavirus,
which triggered the most severe global spread of COVID‑19
in humans ever recorded. The virus particle is composed
of a single‑stranded, positive‑sense RNA enveloped by
glycoproteins and has a typical coronavirus appearance under
an electron microscope. As that of SARS‑CoV or MERS‑CoV,
the genomic RNA of SARS‑CoV2 encodes for non‑structural
proteins, such as RdRps, other viral enzymes and at least four
structural proteins: The S protein, the E protein, the M protein
and the N protein, as visualized in Fig. 1D. The N protein of
SARS‑CoV2 has nearly 90% similarity with the amino acid
sequence of SARS‑CoV (1).
Along with SARS‑CoV and MERS‑CoV, SARS‑CoV2
belongs to the subgenus Sarbecovirus of the genus
β‑coronavirus, which is closely related to bat‑SL‑CoVZC45
or bat‑SL‑CoVZXC21. Although several animals are poten‑
tial carriers of SARS‑CoV2, none has been confirmed to be
an intermediate host for SARS‑CoV2. Further studies have
indicated that SARS‑CoV2 uses its S protein to bind to the
angiotensin‑converting enzyme 2 (ACE2) receptors in human
cells, similar to how SARS‑CoV used to infect humans.
Other studies have demonstrated that both SARS‑CoV and
SARS‑CoV‑2 use S proteins to bind to the ACE2 receptors of
host cells for viral infection (2‑6).
The pathogenesis of SARS‑CoV‑2 infection is composed of
four stages including at least two consecutive stages: The viral
replication phase and the immunological response phase (7‑9).
The viral phase is the initial one during which ~80% of
patients with COVID‑19 may be asymptomatic or have mild
symptoms. Whereas, ~20% of patients enter the second
immunological phase in which their condition becomes more
severe and their immune system becomes hyper‑responsive.
Certain studies have reported that the circulating natural killer
(NK) cells of patients with COVID‑19 have been reduced,
whereas the expression of inhibitory receptor NKG2A in NK
cells is increased to lower the cytolytic activity of NK cells.
Furthermore, dendritic cells, activated neutrophils and inflam‑
matory monocytes increase in patients with COVID‑19, with
higher percentages of patients experiencing severe damage to
their respiratory tract and lungs (10,11). At times, a third phase
of hypercoagulability among patients is followed again by
the second immunological phase. Finally, in the fourth stage,
organ injury and failure occur in the most severe COVID‑19
cases.
Although no drugs have been approved to treat coronavirus
infections, certain existing antiviral drugs for SARS,
MERS or other viral infections have been used as emerging
treatments for COVID‑19 and demonstrated beneficial

effects in patients. In order to provide solid evidence to select
therapeutics to immediately treat COVID‑19, the PubMed
database was searched for the present review using the key
words ‘therapeutics’ and ‘COVID‑19’ to identify articles
published since December 2019. Recent advances in the use
of chloroquine (CQ; 4‑aminoquinoline), remdesivir, ribavirin,
favipiravir, galidesivir, monoclonal antibodies (mAbs),
patient‑derived plasma, natural products and Chinese herbal
medicine (CHM) for the treatment of SARS or MERS and
COVID‑19 were reviewed in order to outline treatment options
for health professionals and medical researchers (12‑14).
2. Chloroquine and hydroxychloroquine
In vitro and in vivo studies suggested that CQ and
hydroxychloroquine (HCQ) are effective against SARS and
MERS. CQ was initially approved as an immuno‑modulating
drug to treat malaria (15). Later on, the less toxic HCQ
was synthesized and approved by the US Food and Drug
Administration (FDA) to treat malaria (16). Both CQ and
HCQ appear to generate antiviral actions either by inhibiting
the virus from binding to the ACE2 receptors on human cells
or through their anti‑inflammatory effect. In cultured primate
cells treated with CQ either prior to or after SARS‑CoV
infection, CQ had strong antiviral effects, indicating that
CQ may be used to treat SARS‑CoV infections, including
SARS‑CoV‑2 (17). By detecting viral RNA copy numbers and
the N protein expression of SARS‑CoV‑2 in the supernatant
of treated Vero E6 cells, it was revealed that CQ strongly
inhibited the RNA replication of SARS‑CoV‑2 (18).
In several clinical trials in China, CQ and HCQ were tested
as emerging treatments for COVID‑19 and improved patients'
recovery. CQ was effective against SARS‑CoV2 infections in
>100 patients by shortening their hospital stay and alleviating
their clinical symptoms (19). In a clinical study involving
22 patients with COVID‑19, the percentage of patients who
became SARS‑CoV2‑negative in the CQ group was slightly
higher than that in the lopinavir/ritonavir group at days 7, 10
and 14 of treatment with CQ (20). Another study reported that
HCQ had stronger antiviral activity against COVID‑19 than
CQ. A similar therapeutic effect was indicated in the use of
HCQ sulfate for patients with COVID‑19 compared to the use
of CQ phosphate (21). In addition, a group of French patients
with COVID‑19 were treated with a combination of HCQ
and azithromycin, which significantly reduced the viral load
in the patients after 6 days of treatment. This aforementioned
study suggests that azithromycin has a synergistic, antiviral
effect with HCQ. To validate this outcome, the SARS‑CoV‑2
IHUMI‑3 strain from the same group of patients was used
to infect the cultured Vero E6 cells in order to observe the
combined antiviral effects of HCQ and azithromycin. The viral
replication copy numbers from treated cell lysates decreased
significantly through a combined treatment involving HCQ
and azithromycin (22,23). A multi‑center retrospective study
was performed to include patients with a COVID‑19‑related
admission in six hospitals in Detroit (USA) from March 10 to
May 2, 2020. In total, 2,541 patients were enrolled and followed
up for 28.5 days; the patients had a median hospitalization
time of 6 days. HCQ reduced the mortality of infected patients
by 66% and HCQ combined with azithromycin decreased
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Figure 1. Genomic structure and potential drug targets for SARS‑Cov‑2, SARS‑CoV and MERS‑CoV. (A‑C) Genomic organization of (A) SARS‑Cov‑2
(GenBank ID, MN908947.3), (B) SARS‑CoV and (C) MERS‑CoV, indicating the coding regions for proteins that are potential drug targets. (D) The main
structural proteins of SARS‑Cov‑2 were indicated on viral particles. SARS‑CoV, severe acute respiratory syndrome coronavirus; MERS‑CoV, Middle Eastern
respiratory syndrome coronavirus; RdRp, RNA‑dependent RNA polymerase; S, spike; M, membrane; N, nucleocapsid; E, envelope.

the mortality of infected patients by 71% compared to that of
patients who did not receive any HCQ or azithromycin. This
clinical study implied that treatment with HCQ alone or in
combination with azithromycin is associated with significantly
reduced mortality among patients with COVID‑19 (24).
However, certain studies have indicated that CQ or HCQ
does not improve the clinical outcomes of patients with
COVID‑19. A systematic review using PubMed, EMBASE,
the Cochrane Library, MedRxiv and International Clinical
Trials Registry Platform suggested that five of seven completed
clinical trials indicated positive results using CQ or HCQ
to treat COVID‑19, whereas two of seven trials revealed no
improvement in patients with COVID‑19 treated with CQ
or HCQ. To further learn about the potential benefits and
harms of CQ or HCQ for treating COVID‑19, four random‑
ized controlled trials (RCTs), 10 cohort studies and 9 case
series published between December 2019 and May 2020
were collected and analyzed in order to determine possible
treatment effects of CQ or HCQ. The efficacy of CQ or HCQ
treatment for COVID‑19 is relatively low and some results are
positive, whereas some results are negative (25). To system‑
atically review the available data on the efficacy and safety of
CQ and HCQ for treating COVID‑19, 12 observational and 3
RCTs to include 10,659 patients were reviewed. The efficacy
of CQ/HCQ for COVID‑19 was analyzed for 5,713 patients
who received CQ/HCQ in comparison with 4,966 patients
who only received standard care. Meta‑analysis indicated no
significant reduction in the mortality of COVID‑19 patients
by treatment with HCQ. Hence, CQ or HCQ may not improve
clinical outcomes for COVID‑19 (26,27). A recent study also
searched PubMed, Embase and Web of Science for RCTs and
assessed the efficacy and safety of HCQ/CQ therapy alone for
SARS‑CoV‑2 infection. HCQ did not reduce the requirement
for hospitalization among outpatients, but led to a significantly
higher rate of any adverse event compared to the control
group (28).
Overall, the antiviral activity of CQ and HCQ is evident
in both experimental and clinical studies, even though certain
research has reported negative outcomes of CQ and HCQ for
treating COVID‑19 in clinical trials. This discrepancy may
be due to several reasons. First, CQ and HCQ may have been
used in patients with different time phases of the disease in
different clinical trials. Since CQ and HCQ inhibit the entry

and replication of the virus into lung cells, the therapeutic
effect may be decreased if patients are in the late stage of the
disease progression. Furthermore, the severity of a patient
may impact the therapeutic effects. The therapeutic effects of
CQ and HCQ may be weaker or have no significant impact on
patients with a severe status. Finally, the therapeutic effects
of CQ and HCQ are influenced by treatment time and dosage.
It usually takes 5‑7 continuous days to apply CQ or HCQ to
patients with COVID‑19 to achieve clinical improvements.
3. Remdesivir and other nucleoside analogues
As non‑structural proteins, such as RdRp and helicase, have
a critical role in the replication, transcription and translation
processes of the coronavirus, nucleoside analogues (NAs),
which have similar structures to adenosine or guanine, are
able to target RdRp and be integrated into RNA synthesis
to inhibit viral infection (12). However, it is far more difficult
to develop NAs against coronaviruses such as SARS‑CoV,
MERS‑CoV and SARS‑CoV‑2 due to the unique proofreading
of 3'‑5' exoribonuclease in coronaviruses (29). The NAs and
remdesivir (GS‑5734), which was originally approved as a reverse
transcriptase inhibitor to treat HIV, produced potential antiviral
actions against coronaviruses. In 2016, Warren et al (30) reported
on the antiviral activity of remdesivir against Ebola virus
(EBOV) by inhibiting viral replication, decreasing pathological
changes and reducing clinical symptoms in non‑human primate
models with EBOV infections. Later, in 2017, remdesivir
strongly inhibited viral replication in primary human airway
cultures infected with coronavirus and effectively decreased the
viral load in a mouse model infected with SARS‑CoV. In 2018,
remdesivir was reported to significantly inhibit SARS‑CoV and
MERS‑CoV infections in in vitro and in vivo models. Other
studies also suggested that remdesivir has significant antiviral
activity against several CoVs, including SARS‑CoV, MERS‑CoV,
the highly pathogenic SARS‑CoV‑2 and emergent Bat CoVs in
cultured cells through in vitro experiments and mouse models
in vivo (31,32). Recently, a combination of remdesivir and GC376,
an inhibitor of the 3C‑like protease (3CLpro) for treating feline
infectious peritonitis (coronavirus infection), had a synergistic
antiviral effect against SARS‑CoV‑2 in Vero cells, implying that
these compounds inhibit the replication of SARS‑CoV‑2 through
different drug targets (33).
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Several clinical trials have been performed to evaluate
the efficacy and safety of intravenous remdesivir for patients
with SARS‑CoV‑2 infection (NCT04292899, NCT04292730,
NCT04257656, NCT04252664 and NCT04280705) (34).
In 2020, a clinical trial to use remdesivir to treat patients with
severe COVID‑19 suggested that 36 out of 53 patients (68%)
exhibited significant improvement in clinical symptoms. The
53 patients were given remdesivir for a period of 10 days at
a dose of 200 mg on day 1, followed by 100 mg daily for
the remaining 9 days of treatment (35). An RCT involving
596 patients with SARS‑CoV‑2 infection at 105 hospitals in the
US, Europe and Asia was performed from March 15 through
to April 18, 2020. Patients were randomized into three groups
with a 10‑day treatment with remdesivir (n=197), a 5‑day
treatment with remdesivir (n=199) or standard care (n=200).
Patients in the 5‑day remdesivir group were significantly
improved regarding their clinical symptoms compared to
those who received standard care (36). Another large‑scale,
double‑blinded, randomized, placebo‑controlled trial enrolled
1,062 patients; 541 were treated with remdesivir and 521 were
treated with placebo. The patients with COVID‑19 treated
with remdesivir recovered more rapidly than the patients
treated with placebo. Compared to the placebo, remdesivir
shortened the recovery time by 5 days (37). Recently, a
retrospective comparative study was performed in 5 hospitals
in the US. Out of 2,483 patients with confirmed COVID‑19,
342 were treated with remdesivir. 184 patients received
remdesivir and corticosteroids, while 158 patients were given
remdesivir alone. Remdesivir‑treated patients recovered more
rapidly than the matched control patients who did not receive
remdesivir (38). In 2020, the FDA approved remdesivir for the
emerging treatment of hospitalized patients with COVID‑19
and it was recommended for use in adult and pediatric patients
requiring hospitalization aged >12 years with a bodyweight of
at least 40 kg (39).
In addition to remdesivir, other NAs are able to target RdRp
and inhibit the RNA replication of SARS‑CoV‑2. A synthetic
RdRp model with 801 amino acid residues was generated to
have >97% sequence identity to the RdRp of SARS‑CoV‑2
and the FDA‑approved drugs of ribavirin, galidesivir and
remdesivir were tested in this model. These compounds use
different hydrogen bonds to interact with the residues of RdRp
of SARS‑CoV‑2 (40). Ribavirin was originally approved to
treat the hepatitis C virus (HCV), respiratory syncytial virus
and EBOV infection. As a guanine derivative, ribavirin targets
RdRp and interferes with RNA synthesis and the mRNA
capping of viruses. Recent studies have also indicated that
ribavirin has antiviral activity against SARS‑COV‑2 (3,40).
Importantly, ribavirin, combined with interferon, signifi‑
cantly increased antiviral activity against SARS‑CoV and
MERS‑CoV via in vitro and in vivo studies, including in
primate models (41,42).
Favipiravir also effectively inhibited the RdRp of RNA
viruses, such as EBOV and HCV (42,43). In a recent study,
favipiravir inhibited the replication of SARS‑COV‑2 in
cultured Vero E6 cells (44). In clinical studies, the symptoms
of patients with COVID‑19 improved significantly after they
were treated with favipiravir for 2.5 days, compared to 4.2 days
in control patients at hospitals in Wuhan and Shenzhen
(China) (45). Galidesivir (BCX4430) is an adenosine analogue

that was developed to treat RNA viral infections, including
HCV. Galidesivir significantly decreased the viral load and
improved the survival of animal models with MERS‑CoV
and SARS‑CoV infections (46). In the recently validated
RdRp model, created to examine the antiviral activity of
drugs against COVID‑19, ribavirin, remdesivir and galidesivir
effectively inhibited the replication of SARS‑COV‑2, further
suggesting their potential use in clinical practice (40).
4. Antibody‑based therapy for COVID‑19
Antibodies (Abs) have long been used to neutralize viral
antigens to treat viral diseases. One adaptive immune response
in patients with SARS‑CoV‑2 infection is the production of
specific Abs. The Abs from patients with COVID‑19 are
able to bind to the S protein or RBD of SARS‑CoV‑2 to
block it from interacting with ACE2 receptors in order to
prevent viral replication. A subset of the Abs may be able to
inhibit authentic SARS‑CoV‑2 infection. Although the titers
of neutralizing Abs against SARS‑CoV‑2 in human plasma
eventually decrease over time, these Abs may remain in the
human body for at least three months (47,48). mAbs are able
to specifically bind to epitope proteins on virions to inhibit
virus packaging. The neutralizing mAbs are generated
to target the S protein of SARS‑CoV and MERS‑CoV to
inhibit them from entering the human body (49,50). CR3022
is a neutralizing mAb used to combat SARS‑CoV; it binds
to the receptor‑binding domain (RBD) of the S protein to
inhibit the virus from entering. Thus, it may be used to treat
COVID‑19 (51).
Since the viruses tend to develop mutations in the targeted
epitopes to escape Ab‑mediated neutralization, a cocktail of
mAbs that targets different epitopes in the viruses to neutralize
mutant viruses is required in experimental and clinical
therapy. Previously, a more effective mAb against SARS‑CoV
was obtained by combing several mAbs to target conserved
epitopes of the coronavirus (52). In January 2020, Distributed
Bio developed a panel of ultra‑high affinity mAbs to recog‑
nize and neutralize a panel of isotopes on SARS‑CoV‑2 to
block COVID‑19 infection. Certain mAbs against COVID‑19
have been developed and proceeded to clinical trials (53).
An RCT against EBOV indicated that single or triple mAbs
significantly reduced the mortality of patients with Ebola virus
disease, providing clinical evidence that mAbs have potential
utility for the treatment of COVID‑19 (54).
To date, >30 Abs have demonstrated a potentially
neutralizing effect against SARS‑CoV‑2 infection. Most Abs
have been generated from B cells or fresh peripheral blood
mononuclear cells, depending on the neutralizing targets on
SARS‑CoV‑2. The antiviral efficacy of most of these Abs has
been demonstrated in preclinical studies and certain Abs,
including CT‑P59, ADG20, CB6LALA, AZD8895, AZD1061
and DXP‑593, are in phase 2 or 3 clinical trials against
COVID‑19 (55,56). Most recently, a clinical trial included
452 COVID‑19 patients to test the efficacy of a neutralizing Ab,
LY‑CoV555, based on three doses (700, 2,800 or 7,000 mg) or a
placebo; the clinical outcomes were evaluated at the time of the
interim analysis of the phase 2 trial. From days 2 to 6, patients
who had received LY‑CoV555 had slightly lower severity
of symptoms than those who had received the placebo. The
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LY‑CoV555 appeared to accelerate the natural decline of viral
load over time (ClinicalTrials.gov; no. NCT04427501) (57).
Since the immune response factors are usually upregulated in
the pathogenesis of SARS‑CoV‑2 infection, a human mAb of
canakinumab, targeting interleukin (IL)‑1β, was used to treat
17 patients with mild or severe non‑intensive care COVID‑19.
Another 17 patients with similar symptoms were treated with
standard HCQ plus lopinavir/ritonavir. Canakinumab therapy
caused rapid, long‑lasting improvement in oxygenation levels
in 60.3% of the patients with COVID‑19, which is better than
that of standard therapy (58).
To improve patient survival, another Ab‑based treatment
that has been developed involves using convalescent plasma
(CP) or immunoglobulins isolated from patients who have
recovered from SARS, MERS or COVID‑19. Over the past
two decades, CP immunotherapy has been indicated to be
effective and safe to treat patients with SARS, MERS and
H1N1. Clinical studies have reported that patients with SARS
treated with CP had lower mortality and shorter hospital stays
than those not treated with CP (59‑61). Since the patients'
viral peak usually appears in the first week of infection in
most viral diseases and a primary immune response of the
host normally develops 10‑14 days after infection (62), the CP
should be collected earlier during the second or third week
of the SARS‑CoV‑2 infection. During the recent outbreak of
COVID‑19, one study used CP transfusion to treat 5 critical
patients with laboratory‑confirmed COVID‑19 in Shenzhen
(China). The donor patients had been previously diagnosed
with confirmed COVID‑19 and were subsequently screened
to exclude patients who were positive for SARS‑CoV‑2,
hepatitis B virus, HCV, HIV and other respiratory viruses at
the time of blood donation. Prior to and after CP transfusion,
the patients were evaluated and had an increased pressure
of arterial oxygen/fraction of inspired oxygen ratio, from
172‑276 to 206‑290 for 4 out of 5 patients within 7 days
after transfusion, indicating therapeutic efficacy of CP for
COVID‑19 (63). A Korean group reported that two patients
with severe and acute pneumonia caused by SARS‑CoV‑2
improved after the infusion of CP from donors (64). Hence,
the clinical symptoms of transfused patients were improved
and the patients had a significant increase in oxyhemoglobin
saturation and lymphocyte counts. The average time from
disease onset to transfusion was 16.5 days among these
patients and the neutralizing Ab was maintained at a high
level (above 1:640) after transfusion. In addition, the viral
particles were undetectable and no severe adverse effects
were observed in patients after transfusion, thus supporting
the efficacy and safety of CP for treating SARS‑CoV‑2
infection (65).
5. Chinese herbal medicine for treating SARS‑COV‑2
infection
CHM is a potential treatment option for SARS‑CoV‑2 infection.
Natural compounds from plants or CHM may have antiviral
effects against SARS‑CoV in certain aspects. Due to its safety
and lower toxicity, combined with other conventional drugs,
CHM has beneficial effects in terms of decreasing mortality
and relieving the symptoms of patients with SARS‑CoV in
clinical trials (66,67).
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In further studies, the clinical antiviral impact of CHM on
SARS‑CoV infection was supported through the identification
of the active components in Chinese herbs. As a major component
of the Chinese herb liquorice root (Glycyrrhiza uralensis),
glycyrrhizin inhibited the replication of clinically isolated
SARS‑CoV (68). Wang et al (69) indicated that a compound
derived from CHM, MOL376, had potential antiviral efficacy
against SARS. Certain Chinese herbal components, such as
emodin from the genus Rheumand polygonum, baicalin from
Scutellaria baicalensis, scutellarin from Erigeron breviscapus,
tetra‑O‑galloyl‑β‑D‑glucose from Galla chinensis and luteolin
from Veronicalina riifolia markedly inhibited the interaction
of the S‑protein of SARS‑CoV with ACE2 receptors in human
cells, implying that CHM exerts its antiviral activity by
inhibiting viral entry into human cells. However, the antiviral
activity of these compounds in relation to SARS‑CoV‑2
requires to be validated in future studies (70).
During the outbreak of COVID‑19, common Chinese
herb formulae have been used to treat SARS‑CoV‑2 infection.
Based on the pathological mechanism of viral infection,
CHM, with a matched structure to target ACE2 receptors
in human cells, holds the antiviral potential to prevent
SARS‑CoV‑2 infection. A Chinese group reported that more
than 40 active ingredients of seven Chinese herbs, including
Lonicerae Japonicae Flos and Mori Folium, displayed an
antiviral effect against SARS‑CoV by screening the CHM
drug library acting on the S‑protein‑binding site of human
ACE2 receptors for SARS‑CoV (71). Lianhuaqingwen
capsule is a Traditional Chinese Medicine (TCM) formula
that is commonly used to treat influenza and other viral
diseases. In a recent study, it was demonstrated to inhibit
the replication of SARS‑CoV‑2 and its related inflammatory
activity in vitro (72). As a widely used antiviral herb,
Scutellariae radix the root of Scutellaria baicalensis, was
studied for its antiviral action against SARS‑CoV2. The
ethanolic extract of Scutellaria baicalensis inhibited the
replication of SARS‑CoV2 by interfering with a key protease,
3CLpro enzyme of SARS‑CoV2, in Vero cells. Further
investigation identified that the major antiviral component
of Scutellaria baicalensis is baicalein, which may effectively
inhibit the 3CLpro activity of SARS‑CoV2 with an IC 50
of 0.39 µM (73). Liquiritin is one of the main flavonoids
in Glycyrrhiza uralensis and has an antiviral function by
mimicking type I interferon. In a transcriptional analysis
to screen for potentially antiviral compounds, liquiritin
significantly inhibited the replication of SARS‑CoV2 in
Vero E6 cells; hence, liquiritin has therapeutic effects
on SARS‑ CoV2 infection (74). Other studies have
extensively examined >100 herbal formulae in Chinese
government‑issued guidelines and Korean guidelines for
treating COVID‑19 with traditional medicine and support the
idea that the formula of Qinfei Paidu Tang is recommended
in both Chinese and Korean guidelines. Qinfei Paidu Tang is
mainly composed of >20 formula, including Ephedrae herba,
Glycyrrhizae radix and Rhizoma (75‑77).
As CHM contains millions of natural compounds and it
is tedious to screen for herbs effective against SARS‑CoV‑2,
a recently developed computational prediction was employed
as a rapid and efficient method to identify potentially active
compounds of CHM against SARS‑CoV‑2, based on the
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interactions between the herb in question and the protein struc‑
tures of the S‑/N‑proteins or the RdRp of SARS‑CoV‑2. The
publicly available TCMSP database, a common antiviral and
gene database, has provided invaluable as a source to predict
the molecular mechanisms of CHM in relation to the target
proteins of SARS‑CoV2 (http://sm.nwsuaf.edu.cn/lsp/tcmsp.
php). Certain novel components of CHM have been discov‑
ered to have antiviral activity against SARS‑CoV‑2 (78,79).
Most recently, a study confirmed natural compounds
against SARS‑CoV and MERS‑CoV in published papers,
cross‑checked these compounds in Chinese herbal databases
to determine the commonly shared compounds and then used
computer‑based prediction to identify 13 compounds in CHM
with potential antiviral activity in relation to SARS‑CoV‑2.
In addition, >125 Chinese herbs contain 2 or more of these
13 compounds (80). These predicted herbs still require to be
validated for their antiviral effects against COVID‑19 through
experimental and clinical studies.
6. Other options for treating COVID‑19
In addition to the above‑mentioned therapeutics, certain other
drugs have demonstrated antiviral effects on SARS‑CoV‑2
and in patients with COVID‑19. Tocilizumab is a recombinant,
anti‑human mAb of IgG1, which improved a patient's condition
by inhibiting the IL‑6 receptors. A clinical trial in China used
tocilizumab to treat 20 patients with acute COVID‑19 and
indicated that 95% of patients (19) were cured and discharged
from the hospital after two weeks (81). Tocilizumab has been
approved to treat severe complications related to SARS‑CoV‑2
in China. Recent clinical trials have demonstrated the therapeutic
efficacy of tocilizumab in severe COVID‑19 cases. In a clinical
trial, tocilizumab was used to treat 100 patients with COVID‑19.
After 10 days, 77 (77%) patients had improved in terms of
respiratory conditions. Of the 77 patients, 61 achieved significant
improvement as indicated by chest X‑ray. As such, the therapeutic
efficacy of tocilizumab for COVID‑19 is rapid, sustained and
associated with significant clinical improvement (82,83).
Ivermectin is an FDA‑approved anti‑parasitic drug that
was effective against the SARS‑CoV‑2 virus in an in vitro
study (84). Cultured Vero/hSLAM cells were infected with
SARS‑CoV‑2 isolate and 5 µM ivermectin was then added
to treat the cells for 24‑72 h. After 24 h, there was a 93%
reduction of viral RNA in the supernatant of samples treated
with ivermectin compared to the control, DMSO. By 48 h, a
99.8% reduction in cell‑associated viral RNA was observed
with ivermectin treatment. Another study indicated that the
antiviral activity of ivermectin targets and inhibits the host's
importin α/β1 nuclear transport proteins of viral proteins, as
also indicated for other types of RNA (85).
Based on the pathological immune regulation of
COVID‑19, blocking the IL signaling pathway may control
the cytokine release from SARS‑CoV‑2 infection. Thus,
a potential therapeutic option is to use the IL‑1 receptor
antagonist anakinra. Since anakinra blocks the activity of the
pro‑inflammatory cytokines IL‑1α and IL‑1β, and is commonly
used to treat rheumatologic ailments (such as systemic‑onset
juvenile idiopathic arthritis), anakinra reduced mortality in
pediatric and adult patients with secondary hemophagocytic
lymphohistiocytosis triggered by a virus (86). A clinical

study involving 112 patients with COVID‑19 (56 treated with
anakinra and 56 controls) was performed to evaluate the
therapeutic effect of anakinra. The survival rate at day 28 was
obtained for 69 patients (61.6%) and was significantly higher in
anakinra‑treated patients than in the controls (75.0 vs. 48.2%,
P=0.007). Thus, anakinra significantly improved overall
survival of COVID‑19 patients (87).
Anti‑inflammatory treatment is another option for
preventing COVID‑19. Several clinical trials have used
anti‑inflammatory drugs, including corticosteroids, cytokines
and drugs that interfere with cytokine activities (such
as tocilizumab and sarilumab) to block IL‑6 activity, or
infliximab and adalimumab to block TNF‑α, and/or baricitinib
and ruxolitinib as JAK1/2 signaling pathway inhibitors. The
efficacy of corticosteroids was supported for the treatment
of patients with severe COVID‑19, although certain studies
suggested that treatment with corticosteroid may not have
an effect in hospitalized patients. A systematic analysis of
several clinical trials that included 1,703 critically ill patients
determined that corticosteroid treatment resulted in lower
mortality among COVID‑19 cases compared to standard care or
a placebo (the WHO Rapid Evidence Appraisal for COVID‑19
Therapies 2020) (88‑90). In a recent clinical trial, 2,014 patients
with COVID‑19 were treated with dexamethasone; 22.9% of
patients in the dexamethasone group and 25.7% of patients
in the usual care group died within 28 days after treatment,
suggesting antiviral efficacy of dexamethasone. Thus,
dexamethasone is strongly recommended for hospitalized
COVID‑19 cases who require oxygen delivery (ClinicalTrials.
gov no. NCT04381936; ISRCTN no. 50189673) (91).
The therapeutic efficacy of other drugs, such as pidotimod
and flavonoids, has also been investigated for COVID‑19. One
clinical study enrolled 20 patients with COVID‑19 and divided
them into two groups: The pidotimod group and the control
group. These patients were treated for 14 days and pidotimod
significantly reduced their symptoms (92). Flavonoids are
abundant in plants, fruits and vegetables and have antiviral
activities that may offer protection against COVID‑19.
The flavonoids exhibit potential inhibitory activity against
SARS‑CoV‑2 by binding to essential viral targets required
for viral entry and/or replication. Flavonoids also exert
marked immune‑modulatory and anti‑inflammatory effects,
including the inhibition of various inflammatory cytokines.
Further studies suggested that flavonoids are able to reduce the
severity of COVID‑19 by promoting lipids metabolism. Two
flavonoids, namely quercetin and luteolin, have demonstrated
promising multi‑target activity against SARS‑CoV‑2 infection.
Therefore, flavonoid‑rich plants may be recommended as
a supplementary treatment for SARS‑CoV‑2 infection (14).
The mechanism of the antiviral activity of quercetin against
SARS‑CoV‑2 including effects on 3CLpro, peptidase, the S
glycoprotein, RNA replicase, RNA binding protein and the
papain‑like protease of SARS‑CoV‑2, to regulate microRNA
genes involved in viral pathogenesis (92). To accelerate
the identification of therapeutic drugs to treat COVID‑19
effectively, a recent study used an in silico analysis of the
immune protein network, single‑cell RNA sequencing and
neural networks to search for potential therapeutic drug targets
against COVID‑19. After screening for 1,584 immune proteins
in cells to co‑express the receptors of ACE2 and TMPRSS2,
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25 potential therapeutic targets were determined to be
significantly overexpressed in nasal goblet secretory cells,
lung type II pneumocytes and ileal absorptive enterocytes
in patients with several immunopathologies. Overall, 10,672
drugs with potential antiviral activity were predicted, which
may be used to treat COVID‑19. These drugs require to be
further validated in experiments and approved for clinical
trials to treat patients with COVID‑19. (https://github.
com/muntisa/immuno‑drug‑repurposing‑COVID‑19) (93,94).
7. Antiviral mechanisms of therapeutic agents against
SARS‑CoV2
As discussed above, certain therapeutic drugs or Abs are able
to inhibit SARS‑CoV2 infection by targeting the different
pathological stages of the disease involved in the virus' entry,
RNA replication, synthesis of the polymerases, proteases, the
non‑structural proteins and structural proteins of SARS‑CoV2,
as well as the adaptive immune response to SARS‑CoV2
infection. Fig. 2 displays the molecular pathogenesis of the
viral infection and antiviral mechanisms by which therapeutic
agents block SARS‑CoV2 infection. Based on the therapeutic
targets of SARS‑CoV2, the antiviral agents may be classified
into four major categories.
Prevention of binding of coronavirus proteins to human cell
receptors and inhibition of viral self‑assembly. SARS‑CoV‑2
uses human ACE2 receptors for the virus' S protein to bind to
host cells so that the virus is able to invade the host cells. Thus,
the application of drugs that block the S proteins of SARS‑CoV‑2
from binding to ACE2 receptors in human cells is an effective
antiviral approach (95‑98). ACE2 receptors have a high
similarity of amino acid sequences to the RBD of SARS‑CoVs.
CQ and HCQ exert antiviral effects against SARS‑CoV‑2 by
inhibiting the coronavirus binding to the ACE2 receptors on a
cell's surface. Due to their alkaline nature, CQ and HCQ may
also increase the pH within a cell's cytoplasm to block the virus
from entering and facilitate transport to inhibit SARS‑CoV‑2
infection both in vitro and in vivo. In addition, CQ and HCQ may
interfere with the packaging process of viral genomic positive
RNAs and structural proteins to block or delay the formation of
viral particles and their release from infected cells.
Certain Chinese herbs and natural flavonoids (e.g.,
licoflavonol from Glycyrrhiza uralensis) blocked the binding
of the viral S protein to ACE2 receptors to exert an antiviral
effect (80). Pudilan (PDL) is a four‑herb formula that includes
Ban Lan Gen (Isatis indigotica Fort., indigowoad root) and
Huang Qin (Scutellaria baicalensis Georgi., Baikal skullcap).
PDL has been recommended to treat H1N1 infection. An
experimental study revealed that PDL has a therapeutic effect
against SARS‑CoV‑2 by blocking the virus from binding
to the ACE2 receptors in cultured Vero E6 cells and in
hACE2‑transgenic mice (99).
Inhibition of the replication of coronavirus RNA by action
on polymerases. Coronaviral non‑structural proteins (nsps),
such as RdRp, are involved in the virus' RNA replication,
transcription and protein translation, as well as the modification
and processing of proteins. RdRp (nsp12) is the critical enzyme
of the viral replication and transcriptional complex, which is
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conserved in coronaviruses. Therefore, RdRp has been used as
an important antiviral target to develop drugs against SARS,
MERS and COVID‑19 (44,100). As a small molecule NA,
remdesivir was developed to mimic the structure of adenosine
and to target RdRp for integration into the replication
synthesis of RNA to inhibit coronavirus replication. After
remdesivir enters a cell's cytoplasm, it is metabolized into
the active triphosphate metabolite NTP, which interferes
with the RdRp of SARS‑CoV‑2. Incorporation of remdesivir
at position i causes the termination of RNA synthesis at
position i+3. Of note, the same antiviral effects are obtained
by interfering with the RdRps of SARS‑CoV, MERS‑CoV
and SARS‑CoV‑2 after the cells are treated with remdesivir
and other NAs (101). Besides remdesivir, other NAs, such as
ribavirin, favipiravir and galidesivir have potential antiviral
actions against SARS‑CoV‑2 by inhibiting the activity
of RdRps. One study indicated that favipiravir exerted an
antiviral effect through the lethal mutagenesis of RdRp of
SARS‑CoV‑2. The SARS‑CoV RdRp complex is far more
active than any other viral RdRps. During the replication of
viral RNA, favipiravir was inserted into viral RNA, inducing
C‑to‑U and G‑to‑A transitions in the SARS‑CoV‑2 genome,
leading to the mutated RNA to block viral replication (102).
The latter study further supported the concept of NAs as
promising treatments for COVID‑19.
Certain Chinese herbs or natural products have also
demonstrated antiviral activity by binding to RdRp;
betulonal (from Cassine xylocarpa), gnidicin and gniditrin
(from Gnidia lamprantha) bind to and inhibit the RdRp
of coronaviruses. The active theaflavin of CHM markedly
inhibited RdRp to block SARS‑CoV‑2 replication. Through
structural prediction and screening for a total of 6,842 natural
drugs from natural resources in South Africa, four natural
products (diosmetin‑7‑O‑β ‑d‑apiofuranoside, 3‑O‑ α‑l‑arabi
nopyranosyl‑echinocystic acid, 3'‑epi‑afroside and genkwan
in‑8‑C‑β‑glucopyranoside) were identified to have a similar
binding domain to that of remdesivir, allowing them to block
the RdRp‑mediated RNA replication of SARS‑CoV‑2. Each
of these products had similar antiviral activity to remdesivir
based on computational screening and molecular docking
predictions, with docking scores between ‑7.1 and ‑10.
4 kcal/mol (103).
Inhibition of synthesis of viral protein and the enzymes of
the coronavirus. The coronavirus main proteinase 3CLpro,
papain‑like proteinase (PLpro) and helicase are potential
molecular targets for antiviral small molecules to inhibit
the viral RNA replication of SARS‑CoV‑2. 3CLpro is
responsible for the processing and maturation of the viral
polyproteins; thus, it is a promising target for developing
drugs against SARS‑CoV‑2 infection. Recently, treatment
combining GC376 and remdesivir significantly inhibited
viral replication by binding to the catalytically active site of
3CLpro of SARS‑CoV‑2 as a major antiviral mechanism (33).
The Chinese herb, the root extract of Isatis indigotica
(Ban Lan Gen), dose‑dependently inhibited the cleavage
activity of 3CLpro of SARS‑coronavirus to exert its
antiviral action (104). The active component of the natural
compound, resveratrol, which is widely present in different
plants, including Vitis vinifera, Polygonum cuspidatum and
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Figure 2. Pathogenesis of SARS‑CoV‑2 infection and molecular targets of antiviral therapeutics. The SARS‑CoV‑2 virus uses its spike proteins to bind to ACE2
receptors to enter human cells. Its RNA is released into the cytoplasm and translated to non‑structural proteins such as RNA‑dependent RNA polymerase. The
positive strand of viral RNA is replicated to produce the negative strand of viral RNA, which is then transcribed to multiple positive‑strand subgenomic RNA.
The viral structural proteins, including the spike, envelope, membrane and nucleocapsid proteins, are translated and inserted into the endoplasmic reticulum.
The subgenomic RNAs then combine with structural proteins and are packaged into the virus, which enters the Golgi vesicle to form the mature virion. Finally,
the virion‑containing vesicle fuses with the membrane of the host's cell to release the virus particles. The molecular targets of the antiviral therapeutics are
denoted in green (chloroquine), purple (remdesivir), orange (mAbs) and black (CHM). SARS‑CoV‑2, severe acute respiratory syndrome coronavirus 2; mAb,
monoclonal antibodies; CHM, Chinese herbal medicine; ACE, angiotensin‑converting enzyme; gRNA, guide RNA.

Vaccinium macrocarpon, has antiviral effects on MERS‑CoV
by targeting the N protein to block the packaging of viral
particles.
Ab‑mediated antiviral mechanisms for blocking SARS‑CoV‑2
infection. Neutralizing Abs are useful for treating coronavirus
infections such as COVID‑19. These Abs may be obtained
either by isolation from the CP of a patient with SARS‑CoV‑2
or produced by a biotech company (43). In most viral infec‑
tions, the titer of the antiviral serum usually reaches a higher
concentration after the first week of viral infection. Thus, the
early transfusion of CP is probably more effective to improve
the survival rate of critical COVD‑19 patients in the early stage
of the disease (52,54). It should be noted that CP transfusion
may not be useful for patients with end‑stage disease, given the
severity of the disease. On the other hand, certain patients with
mild disease may self‑recover; hence, CP transfusion may not
be required (59).

mAbs may be designed to target the specific viral antigens
in different steps of the pathogenesis of SARS‑CoV‑2
infection. Usually, mAbs that combat SARS‑CoV‑2 are
able to neutralize the virus by targeting the virus' structural
proteins or host receptors to inhibit the virus from attaching
and entering. Certain mAbs are able to inhibit the virus'
replication and transcription or increase the immune
response of patients with SARS‑CoV‑2 infection. Since
SARS‑CoV‑2 enters human cells through their RBD in the
S1 subunit of the S protein to bind to ACE2 receptors, mAbs
(targeting S proteins), are the most effective Abs against
SARS‑CoV‑2 infection (105). In addition to the Abs that
inhibit the virus from entering, other Abs may neutralize the
specific enzymes or proteins of SARS‑CoV‑2 by preventing
its replication. These Abs are required to cross the cell
membrane of infected cells to neutralize the RdRp or
other enzymes to inhibit viral replication. The critical viral
enzymes, such as PLpro, 3CLpro and certain nsps, may be
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targets to develop Abs to block the RNA replication cycle of
SARS‑CoV‑2 (106,107).
Anti‑inflammatory mechanism of drugs for inhibiting the
pathogenesis of SARS‑CoV‑2. In addition to inhibiting the
entry and replication of the SARS‑CoV‑2, certain drugs exert
antiviral effects by decreasing the pathological inflammatory
response induced by SARS‑CoV‑2. CQ and HCQ may also
have an immunomodulatory effect to inhibit pathogenesis
by decreasing cytokine production and inhibiting cellular
autophagy in infected cells. HCQ was reported to inhibit
the release of IL‑6, IL‑1β and TNF‑α (108‑110). It was also
reported that the combination of azithromycin with HCQ
increased viral clearance in certain patients with COVID‑19.
Various anti‑inflammatory drugs, such as corticosteroids,
cytokines and drugs that interfere with cytokine activities
(such as tocilizumab and sarilumab) to block IL‑6 activity
for decreasing the pathological inflammatory reaction of
SARS‑CoV‑2, were described in the above sections.
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and the UK. Therefore, with fast advances in drug discovery
and vaccine development, the risk of SARS‑CoV2 infection in
different populations around the world will largely decline in the
near future.
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