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The recent coronavirus disease 2019 outbreak around the world has had an enormous impact on the
global health burden, threatening the lives of many individuals, and has had severe socio-economic con-
sequences. Many pharmaceutical and biotechnology companies have commenced intensive research on
different therapeutic strategies, from repurposed antiviral drugs to vaccines and monoclonal antibodies
to prevent the spread of the disease and treat infected patients. Among the various strategies, advanced
therapeutic approaches including cell- and gene-editing-based therapeutics are also being investigated,
and initial results in in-vitro and early phase I studies have been promising. However, further assess-
ments are required. This article reviews the underlying mechanisms for the pathogenesis of severe acute
respiratory syndrome coronavirus-2, and discusses available therapeutic candidates and advanced modal-

ities that are being evaluated in in-vitro/in-vivo models and are of note in clinical trials.

© 2020 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved.

1. SARS-CoV-2 background

The recent outbreak of coronavirus disease 2019 (COVID-19),
caused by a novel betacoronavirus (CoV), is now a major world-
wide medical (and economic) challenge. As such, specifying the
therapeutic approaches and the mechanisms which lead to these
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strategies are of utmost importance. By reviewing the literature
regarding the mechanisms of action and state-of-the-art medica-
tions, this article aims to draw an overall picture of the mecha-
nisms involved and the related therapeutic approaches. This review
included original articles, review articles and HTML documents
from official websites (e.g. World Health Organization). The search
terms used were: coronavirus, severe acute respiratory syndrome
coronavirus-2, 2019-nCoV, and novel therapeutic approaches. Reg-
istered and active clinical trials were found on ClinicalTrials.gov
and the index of studies of novel CoV pneumonia in the Chinese
Clinical Trial Registry. The cut-off date for the data search was
September 2020.

CoVs are enveloped viruses in which the 27-32-kb genomic
RNA is capped and polyadenylated [1]. They are subdivided into
four distinct groups; alpha, beta, delta and gamma [2]. The
CoV species HKU1, NL63, OC43 and 229E cause common cold

0924-8579/© 2020 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved.
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Fig. 1. Overview of the structure of severe acute respiratory syndrome coronavirus-2. ssRNA, single-strand RNA.

symptoms. Others, such as severe acute respiratory syndrome
coronavirus (SARS-CoV) and Middle East respiratory coronavirus
(MERS-CoV), result in fatal diseases. SARS-CoV-2 is the third virus
in the CoV family with the potential to cause life-threatening dis-
ease in a wide range of individuals [3].

Approximately 30kb of single-strand positive-sense RNA
(+ssRNA) forms the genomic content of SARS-CoV-2, which makes
it the largest known RNA virus [4]. The genome interacts with the
nucleoprotein (N), which is bound to the membrane (M) protein.
The M protein plays a crucial role in viral assembly and budding.
The envelope (E) protein functions in viral morphogenesis, release
and pathogenesis [5]. Finally, the spike (S) protein is a trimeric
glycoprotein that includes two subunits: S1 and S2 (Fig. 1). Using
the S1 and S2 subunits of the S protein, coronaviruses have ac-
quired the ability to attach and fuse to the target cell membrane,
respectively (Fig. 2b) [6]. The M, E and S proteins comprise the
virus envelope [5]. The genome and subgenome of a typical CoV
contain at least six open reading frames (ORFs) [4]. Two-thirds of
these are ORFla and 1b, which are translated into polyproteins
la (PP1a) and PP1ab, respectively (Fig. 3a). The remaining ORFs
encode for the main structural (S, E, M and N) and accessory
proteins. After translation, the viral genome initiates replication.
Most of the 16 non-structural proteins, produced from PP1a and
PP1ab, form a very large protein complex that is responsible for
viral genome replication and subgenomic mRNA synthesis [7].
The viral life cycle is completed by fusion of virus particles with
the plasma membrane and release into the extracellular space.
In MERS-CoV, the S protein binds to the dipeptidyl peptidase 4
receptor to gain entry into cells; however, both SARS-CoV and
SARS-CoV-2 bind to the human angiotensin-converting enzyme-2
(hACE2) receptor [8].

2. Pathogenesis

Aside from the oral mucosa, especially the tongue, high ex-
pression levels of the SARS-CoV-2 receptor, hACE2, have been re-
ported in lung type II alveolar cells, upper and stratified oe-
sophageal epithelial cells, absorptive enterocytes from ileum and
colon, cholangiocytes, myocardial cells, kidney proximal tubule
cells, podocytes, bladder urothelial cells, male reproductive cells,
placental trophoblasts, eye and vascular endothelial cells [9-11].
Two pathophysiological patterns may be responsible for severe
pulmonary injury in COVID-19: a direct cytopathic effect (CPE)
and immunopathological pathogenesis. The CPE may be related to
a high viral load, while immune-mediated pulmonary effects are
more prevalent in late respiratory failure when the viral load has
already reduced [12]. Both of these events are discussed below.

2.1. Direct cytopathic effect

The exact mechanism(s) underlying the CPE of SARS-CoV-2
is (are) not yet completely understood. However, as there are
close similarities between SARS-CoV-2 and SARS-CoV (structure
and entry-receptor specificity) and MERS-CoV (structure but not
entry-receptor specificity), knowledge related to SARS-CoV and
MERS-CoV will undoubtedly speed up understanding of the mech-
anism of SARS-CoV-2-mediated pulmonary cell death [13]. SARS-
CoV causes cell death via both apoptosis and necrosis, and MERS-
CoV has been shown to induce apoptosis in both immune and
non-immune cells (e.g. lung and kidney cells) [14,15,135]. These
findings can form the basis for possible underlying mechanisms
through which SARS-CoV-2 may prompt its CPE, which has been
demonstrated in human airway epithelial cells following virus
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Fig. 2. Pathogenesis of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). (A) Fever, cough and headache are common symptoms of coronavirus disease 2019.
Acute respiratory distress syndrome and multi-organ failure account for the critical stage of the disease (left). Type II alveolar cells highly express angiotensin-converting
enzyme-2 (ACE2), the receptor for SARS-CoV-2 (right). (B) Virus entry mechanism and enzymes involved in this process. APC, antigen-presenting cell (created using Bioren-
der,com).
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inoculation along with the cessation of cilia movements [3]. Re-
garding kidney cells, there is evidence for a direct CPE of SARS-
CoV-2 on various renal cells [16]. For other cell types with ACE2
receptors, further studies are needed to determine the probable di-
rect CPE of SARS-CoV-2; for instance, one postmortem study found
no apparent histological alterations in heart tissue from a patient
with COVID-19, whereas other studies have suggested cardiac in-
jury due to the direct effect of virus entry into myocardial tissue
[17-19]. Also, very little is known regarding the CPE of SARS-CoV-
2 in gastrointestinal cells [20]. Nevertheless, an increased rate of
CPE has been reported following inoculation of human intestinal
organoids and liver organoids with SARS-CoV-2 [21,22]. ACE2 is not
expressed on haematopoietic cells; hence, direct infection of im-
mune cells by SARS-CoV-2 may not be likely. However, it remains
to be determined whether SARS-CoV-2 can infect immune cells di-
rectly [23].

2.2. Immunological effects

The precise mechanisms through which SARS-CoV-2 affects the
immune system are not yet fully known. Similarities in the patho-
genesis of CoVs, especially SARS-CoV and SARS-CoV-2, have, how-
ever, provided valuable insights into how SARS-CoV-2 might affect
the immune system [24].

Both innate and adaptive immune responses are involved in the
pathogenesis of COVID-19. Several components of the innate im-
mune system have been reported to be overactivated or increased
in number. In fact, macrophage activation syndrome has been sug-
gested as a possible reason for COVID-19-related hyperinflamma-
tion [25], as SARS-CoV-2 has been shown to activate the NLRP3
inflammasome in macrophages which leads to increased produc-
tion of pro-inflammatory cytokines [26]. Moreover, neutrophils
have been found predominantly in lung infiltrates from patients
with COVID-19. An elevated level of neutrophils and neutrophil-
to-lymphocyte ratio usually predict poor clinical outcome [27]. In
addition, it has been shown that necro-inflammation is one of
the results of neutrophil infiltration and the formation of neu-
trophil extracellular traps in patients with COVID-19 [28]. On the
other hand, recognition of the pathogen-associated molecular pat-
tern of SARS-CoV (genomic RNA) by TLR3 and TLR7 and the cy-
tosolic RNA sensor, RIG-I/MDAS5, lead to pro-inflammatory cytokine
induction, particularly type I interferon (IFN) [136]. However, both
structural and non-structural proteins from CoVs interfere with the
type-I-IFN-related signalling pathways [9,29]. The delayed type-I-
IFN response along with the confirmed increase in neutrophils and
monocyte/macrophage influx [30], followed by excessive produc-
tion of type I IFN in the later phases, may, in part, explain the viral
symptoms.

In addition to innate immunity, both humoral and cellular im-
mune responses play significant roles in the clinical complica-
tions of CoVs. Many attempts to identify T- and B-cell epitopes
for the viral structural proteins have been undertaken [31]. Cyto-
toxic CD8 T cells (cytotoxic T cells) and helper CD4 T cells (helper
T cells), as key elements of antiviral immunity, require the presen-
tation of viral antigens through human leukocyte antigen (HLA) I
and II molecules on the surface of antigen-presenting cells (APCs).
Genetic polymorphisms in components of the antigen presenta-
tion system appear to account, at least in part, for the risk of
SARS-CoV infection. This can also provide valuable insights for pre-
dicting the susceptiblity to COVID-19 regarding the genetic back-
ground [29]. An in-silico study showed that HLA-B*46:01 expres-
sion may make individuals more susceptible to COVID-19 since it
has the fewest predicted binding peptides for SARS-CoV-2, while
HLA-B*15:03 expression may enable cross-protective T-cell-based
immunity [32]. However, the correlation between different allele
frequencies and susceptibility to SARS-CoV-2 infection needs more
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investigation. CD8+ T cells can destroy virally infected cells. CD4+
cells have a key role in promoting the activation of T-dependent
B cells and the production of pro-inflammatory cytokines, lead-
ing to recruitment of monocytes and macrophages, and overpro-
duction of cytokines and chemokines [33]. Therefore, reduction of
T helper cells may lead to strong immune-mediated interstitial
pneumonitis and delayed clearance of SARS-CoV from lungs [34].
It is also noteworthy that all of the SARS-CoV-related memory T
cells found in SARS-CoV convalescent patients, mediated an anti-
SARS-CoV structural protein response, where the S protein was
mainly involved in these T-cell responses [35,36]. This implies a
role for the structural proteins in the design of efficient SARS vac-
cines. Furthermore, clinical observations in patients with COVID-19
confirm the reduction of excessively activated CD4+ and CD8+ T
cells [18]. Production of early-stage-related immunoglobulin (Ig) M,
long-lasting specific IgG, and IgA forms the main B-cell immune
response to SARS-CoV [29]. In this regards, the isolation of spe-
cific B-cell clones that produce neutralizing monoclonal antibod-
ies (mAbs) was shown in a SARS-CoV convalescent patient [37].
Although neutralizing antibodies may have the potential to block
the entry of viruses into human cells [38], anti-S protein neutral-
izing IgGs may also be associated with risk of fatal acute lung
injury [39].

It is interesting to note that ACE2, through which SARS-CoV-
2 enters the cells, was also reported to be downregulated in one
mouse model of SARS-CoV infection and pulmonary disease, and
that this downregulation may lead to more severe lung injury
[40]. In the renin-angiotensin-aldosterone system, ACE converts
angiotensin I to angiotensin II, while ACE2 has a role in the in-
activation of angiotensin II [40]. Therefore, it is possible that SARS-
CoV-2 may cause an increase in blood flow, not only by the acute
inflammation response, but also via an increase in angiotensin II
due to ACE2 downregulation. In addition, the circulatory fraction
of immunosenescent T cells (i.e. CD8+CD28—-CD57+ cells that ac-
cumulate with aging and in chronic inflammatory conditions [41])
has been found to be higher in patients with high blood pressure,
which may increase the risk for severe COVID-19. This, together
with elevated levels of C-X-C chemokine receptor type 3 (CXCR3)
chemokines and serum granzyme B - hypothesized to be involved
in T-cell-driven inflammation in human hypertension [42] - may
explain why aging and/or hypertension worsen the incidence and
prognosis of COVID-19.

2.2.1. Cytokine-storm-based effects

Acute respiratory distress syndrome (ARDS), a common im-
munopathological process, may be the leading cause of death
in patients with COVID-19 (Fig. 3b) [43]. In addition, the failure
of several other organs has been reported in patients with se-
vere COVID-19 [18]. Uncontrolled production of anti-COVID-19 pro-
inflammatory cytokines and chemokines, also termed the ‘cytokine
storm’, causes ARDS [44].

However, it is important to note that there are doubts regard-
ing the relevance of this event to COVID-19. Sinha et al. ques-
tioned the precise function of imbalanced cytokine responses in
patients with COVID-19. They suggested that lung injury in these
patients is not solely attributed to the cytokine storm. Of note,
they mentioned that although the level of interleukin-6 (IL-6), a
key cytokine in acute inflammation, in patients with COVID-19 is
higher than the median value, it is 10- to 200-fold lower than
the IL-6 level in patients with ARDS. Based on some available evi-
dence, they noted that alveolar microthrombi may be the culprits
for lung injury in COVID-19 [45]. Moreover, there is evidence in-
dicating that the defect in both innate and adaptive immune re-
sponses is of greater importance than hypercytokinaemia-induced
organ injury in terms of pathophysiological abnormalities in pa-
tients with COVID-19 [46].
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2.3. Coagulation dysfunctions

High blood pressure, pulmonary embolism and thrombosis are
among the symptoms seen in patients with COVID-19, leading to
the hypothesis that COVID-19 is an endothelial dysfunction disease
[47,48]. Significantly higher levels of D-dimer and fibrin degra-
dation products, and a longer prothrombin time, have been con-
firmed in survivors compared with non-survivors upon admission
to hospital [49]. Coagulation dysfunction is related to the imbal-
anced immune response and massive inflammatory reactions, lead-
ing to microvascular system damage and activation of coagulation
processes [50]. This, in turn, leads to extensive microthrombosis
[51]. Due to the widespread inflammation, negative control mecha-
nisms by which thrombin production is monitored can be inhibited
[51]. The inflammatory reactions caused by overproduction of pro-
inflammatory cytokines also promote vascular permeability [51].
On the other hand, reduced activity of ACE2 in the lungs of ani-
mal models with CoV-induced severe ARDS may increase the risk
of vascular hyperpermeability and pulmonary oedema, as ACE2
is a negative regulatory factor for the severity of lung oedema
[52]. Pulmonary embolus is known to be frequent in patients with
COVID-19 [53].

2.4. Circulating ACE2

ADAM17 and TMPRSS2 proteases are responsible for the cleav-
age of ACE2, which is mainly anchored at the apical surface of the
cell (Fig. 2b). However, while ADAM17 may have a protective role
against SARS-CoV-2, TMPRSS2 facilitates virus entry [54,55]. In fact,
ADAM17 cleaves the N-terminal catalytic domain of ACE2, which
is also the CoV-binding site, and releases it into the circulation.
The exact role of cleaved ACE2 in the circulation of patients with
COVID-19 remains unclear; however, it has been shown that serum
ACE2 activity is elevated during hypertension and progression of
cardiovascular disease [56,57].

3. Therapeutics

Currently, the main strategy for managing COVID-19 focuses on
supportive treatments such as oxygen therapy, fluid management
and ventilator support. It should be noted that despite contro-
versy regarding the use of non-invasive ventilation (NIV) to man-
age ARDS in patients with COVID-19, there may be a selected sub-
population of patients who would benefit from NIV [58].

Disease-specific therapies may include available antiviral med-
ications as well as advanced strategies, such as cell- and gene-
based protocols. The following sections discuss some of the cur-
rently suggested and available therapeutics for the management of
patients with COVID-19 (Fig. 4). These include repurposed antivi-
ral agents, cell-/gene-based strategies, anticytokine modalities and
anticoagulation therapies.

3.1. Prevention of direct cell death due to virus

3.1.1. Repurposed antiviral agents

Several existing antiviral drugs have been repurposed and used
to treat patients with COVID-19. Remdesivir (RDV), an adenosine
analogue, was originally developed for the treatment of Ebola
virus disease. RDV may have antiviral activity against a number of
other RNA viruses, including SARS-CoV and MERS-CoV [59,60]. The
triphosphate form of RDV competes with adenosine triphosphate
for incorporation into the genome, and inhibits the RNA-dependent
RNA polymerase [59]. Following promising results of the drug in
in-vitro and in-vivo studies against MERS-CoV and SARS-CoV [61],
RDV is approved by the US Food and Drug Administration (FDA)
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for emergency use against COVID-19, and has been tested in multi-
site clinical trials. Initial studies suggest that treating patients with
COVID-19 with intravenous RDV improves their clinical condition,
although side-effects such as temporary gastrointestinal upset have
been noted [62]. Recently, Beigel et al. evaluated the beneficial ef-
fects of RDV in hospitalized patients with COVID-19. Based on their
findings, it appears that RDV treatment can shorten the recovery
time in patients [G3].

Other nucleotide analogues, such as favipiravir (nucleoside
analogue), ribavirin (guanosine analogue), galidesivir (adenosine
analogue), sofosbuvir (pyrimidine nucleotide analogue), alovudine
(thymidine dideoxynucleoside analogue) and zidovudine (thymi-
dine analogue), are also under investigation for the treatment of
COVID-19 [29,64]. Favipiravir is an RNA polymerase inhibitor for a
number of RNA viruses, and is approved for the treatment of in-
fluenza in China and Japan. Several clinical trials are investigat-
ing the therapeutic effect of favipiravir for COVID-19 [65]. Favipi-
ravir may have more potent antiviral action than some protease
inhibitors such as kaletra (lopinavir/ritonavir) [65]. However, com-
pared with arbidol (an inhibitor of membrane fusion between
the virus and the plasma membrane, and also endocytic vesi-
cle membranes), no significant improvement in the clinical recov-
ery rate of patients was reported after 7 days of favipiravir ther-
apy [66]. It is of note that a recent small phase 3 trial in India
with 150 patients showed faster viral clearance in patients with
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mild-to-moderate COVID-19 who had received favipiravir [67].
Accordingly, favipiravir is approved for restricted emergency use
in moderate cases of COVID-19 by the Drugs Controller General of
India [68].

Other antiviral drugs, such as oral oseltamivir (a neuraminidase
inhibitor), intravenous ganciclovir and chloroquine phosphate
tablets, may reduce the symptoms of COVID-19 [69]. At the be-
ginning of the pandemic, there were some reports indicating that
chloroquine phosphate (an antimalarial agent), which has both an-
tiviral and anti-inflammatory activity, might prevent worsening of
pneumonia. However, due to the serious cardiac adverse events
and other potential serious side-effects of chloroquine phosphate
and hydroxychloroquine sulfate, and low efficacy against COVID-19,
FDA has recently cancelled its emergency use authorization [69,70].
Also, the combination of hydroxychloroquine and azithromycin has
been shown to have no significant effect on the rate of virologic
clearance in patients with COVID-19 [71]. Cavalcanti et al. observed
that the use of hydroxychloroquine, alone or in combination with
azithromycin, has no effect on the clinical status of patients with
COVID-19 [72].

Chymotrypsin-like proteases, such as cinanserin and flavonoids,
along with papain-like proteases, such as diarylheptanoids, may
prevent the replication of CoVs and are considered as candidates to
battle the virus [29]. Finally, low-dose systemic administration of
corticosteroids and IFN inhalation are other anti-COVID-19 strate-
gies [69]. Recently, it has been shown that dexamethasone may re-
duce the mortality rate in critically ill cases of COVID-19 [73], and
that dexamethasone 6 mg once daily leads to a lower mortality
rate in patients hospitalized with COVID-19 [74].

As mentioned above, ACE2 is the receptor responsible for en-
try of SARS-CoV-2, and S protein and TMPRSS2 are among the
molecules that are essential for viral entry. The use of neutraliz-
ing antibodies against S protein and TMPRSS2 inhibitors (camostate
mesylate) has been shown to block viral entry [75]. Moreover, re-
combinant ACE2 (APNO1) could reduce the levels of angiotensin
II and IL-6 in patients with ARDS. This agent is currently under
investigation for patients with COVID-19 in China [76]. However,
there is a challenge regarding the use of ACE inhibitors in the con-
text of cardiovascular diseases. For example, high levels of urinary
ACE2 have been detected in patients who received the angiotensin-
receptor blocker olmesartan, but this was not seen in patients
who received the ACE inhibitor, enalapril or another angiotensin-
receptor blocker, losarthan [77]. Thus, the use of angiotensin-
receptor blockers or ACE inhibitors in the treatment of COVID-19
needs further investigation [78].

3.1.2. Monoclonal antibodies

Researchers investigated whether SARS-CoV-2 could be neutral-
ized with SARS-CoV receptor binding domain-specific mAbs. How-
ever, no significant binding to SARS-CoV-2 was seen [79]. On the
other hand, SARS-specific human mAb CR3022 may have some
cross-reactive binding between SARS-CoV-2 and SARS-CoV [80].
Therefore, investigating the cross-reactivity of other mAbs against
SARS-CoV, including m396 and CR3014, may have potential for the
treatment of patients with COVID-19 [29].

Moreover, neutralizing antibodies in the plasma of patients re-
covering from SARS, MERS or the 2009 HIN1 pandemic could
modify the disease progression of other patients with these in-
fections. Therefore, using convalescent plasma from patients with
COVID-19 may hold promise to attenuate clinical symptoms, miti-
gate pulmonary damage, and eliminate the clearance of SARS-CoV-
2 RNA [81,82]. In this regard, FDA has issued an emergency use
authorization for COVID-19 convalescent plasma, although the sig-
nificant efficacy of this approach for the treatment of patients with
COVID-19 is yet to be demonstrated in placebo-controlled random-
ized controlled trials [83].
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3.1.3. Gene-therapy-based strategies

In the context of development of novel treatments for viral in-
fections, including SARS-CoV-2, nucleic-acid-based strategies and
clustered regularly interspaced short palindromic repeat (CRISPR)-
associated protein nuclease (Cas)-based approaches could be used.

3.1.3.1. siRNAs. The potential of siRNA technology for the treatment
of viral infections has been shown previously [84]. Therefore, siR-
NAs may be considered as potential candidates for use against
SARS-CoV-2. A number of studies in this regard will be discussed.

Several studies have targeted different structural and functional
proteins of CoVs using siRNAs. Zhang et al. provided evidence that
the RNAI tool can be a therapeutic approach for SARS-CoV infec-
tion. Using spike-specific siRNAs, they showed that the siRNAs in-
hibited the expression of S protein effectively in cultured cells [85].
In addition, He et al. also evaluated the efficacy of six distinct siR-
NAs designed for different regions of the SARS-CoV replicase gene.
Although they did not report any synergistic effects of these siR-
NAs, inhibitory effects of each of the siRNAs were demonstrated in
vitro [86]. However, they subsequently reported synergistic antivi-
ral activities of siRNAs targeting structural and replicase genes of
SARS-associated CoV [87]. It was also reported that targeting dif-
ferent regions of the SARS-CoV viral genome using siRNAs may in-
hibit viral infection and replication [88]. Li et al. demonstrated the
potential prophylactic as well as therapeutic ability of SARS-CoV-
specific siRNA therapy in Rhesus macaque, and reported decreased
body temperature, lower levels of viral RNA and some decrease in
lung damage [89]. Overall, there are already several siRNA-related
patents regarding SARS-CoV [90,91]. However, to the best of the
authors’ knowledge, no active clinical trials are underway using the
potential siRNAs for COVID-19.

3.1.3.2. CRISPR/Cas system. The CRISPR/Cas system is an adaptive
immune system in archaea and bacteria to protect against foreign
DNA or, in some cases, RNA coming from viruses or mobile ge-
netic elements. This immune response consists of three steps: (1)
acquisition of the foreign DNA, during which foreign DNA seg-
ments (spacers) are inserted into the genome of the host in be-
tween the repeats in the CRISPR locus, therefore storing the mem-
ory of the previous invader; (2) transcription of the CRISPR locus
long transcript and subsequent processing into short CRISPR RNAs
(crRNAs) which guide Cas effector proteins to the complementary
DNA or RNA sequence in the invading organism; and (3) interfer-
ence, when the target region is cleaved by a single-protein, Cas ef-
fector protein (Class 2) or a large multi-subunit protein complex
(Class 1) [92]. The CRISPR system comprises two classes and dif-
ferent types and subtypes. Class 1 consists of Types I, Il and IV,
and Class 2 consists of Types II (Cas9 effector), V and VI, each hav-
ing different subtypes. The CRISPR system has mainly been used to
perform genome editing and transcription modification. However,
this system has evolved naturally in bacteria to defend against in-
vading phages. This suggests that the system can be repurposed in
mammalian cells to defend against RNA and DNA viruses. Types III
and VI CRISPR systems have RNA-targeting activities, while the rest
target DNA; therefore, they can target RNA and DNA viruses, re-
spectively [93]. Successful examples of targeting DNA viruses with
the type II CRISPR system (Cas9) have been provided in cell cul-
ture and animal models for human immunodeficiency virus, hep-
atitis B virus, herpesvirus, human papillomavirus and many other
viruses [94]. Recent studies of type IV CRISPR/Cas (effector Cas13)
have suggested that they may be able to target and degrade RNA
[95-98]. Therefore, this system provides a potential therapeutic
approach for elimination of RNA viruses. Additionally, Cas13 can
process the long transcript crRNA and therefore can be used for
multiplex targeting. Another advantage of Cas13 is the minimal
off-target activity on the host transcriptome, as shown in recent
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studies [96,99]. Freije et al. showed that 94.6% of the 396 ssRNA
human-associated viruses have >10 putative Cas13a target sites
[93]. Potent Cas13 activity against three different ssRNA viruses
(lymphocytic choriomeningitis virus, influenza A virus and vesicu-
lar stomatitis virus) was described by Freije et al. The first evidence
that Cas13 targets SARS-CoV-2 was reported by Abbott et al. [100].
They tested CRISPR/Cas13 as a prophylactic antiviral CRISPR in hu-
man cells (PAC-MAN), and showed efficient degradation of SARS-
CoV-2 sequences as well as the influenza A genome in vitro in hu-
man lung epithelial cells [100]. This approach could constitute a
pan-CoV inhibitory strategy, as a group of six crRNAs may target
>90% of CoVs. Although this study provided the first evidence for
the potential usefulness of CRISPR/Cas to target SARS-CoV-2, fur-
ther studies using replication-incompetent viruses and validation
in animal models are required.

3.2. Immune-based approaches

3.2.1. Modulating immune responses

3.2.1.1. Cell-based-therapy approaches. Mesenchymal stem/stromal
cells (MSCs), which can be harvested relatively easily from fat
tissue, bone marrow or placenta, among others, have poten-
tial for preventing the immune-mediated consequences of SARS-
CoV-2 and restoring damaged tissues by production of trophic
factors and anti-inflammatory molecules [101,102]. These in-
clude prostaglandin 2, indoleamine 2,3-dioxygenase, transforming
growth factor-8, HLA-G5, IL-10, nitric oxide and tumour necro-
sis factor (TNF)-a-induced gene/protein 6 (TSG-6) [103]. The anti-
inflammatory feature of MSCs is exploited for the treatment of
steroid-resistant, severe, acute graft-versus-host disease [104,105],
and is being tested in the setting of a number of lung inflamma-
tory disorders [106,107]. Moreover, positive effects of stem cells
in the setting of other viral diseases of the lung have been re-
ported [108]. In addition, it has been suggested that MSCs may
ameliorate ARDS, as seen in severe cases of COVID-19 [109]. The
immunomodulatory role of MSCs in the context of COVID-19 is
dual, including antiviral protection mediated by increased IFN-
stimulated gene (ISG) expression and a secondary response to IFN,
resulting in ISG stimulation and widespread viral resistance [110].
Leng et al. showed that infusion of MSCs may improve some lab-
oratory and clinical parameters of patients with COVID-19, and
may affect dysregulated inflammatory responses specifically. For
instance, MSC therapy increased peripheral lymphocytes and regu-
latory dendritic cells, while reducing levels of TNF-« and the over-
activated cytokine-secreting immune cells, CXCR3+CD4+ T cells,
CXCR3+CD8+ T cells and CXCR3+ natural killer (NK) cells [111].
Liang et al. reported that the clinical manifestations of a 65-year-
old woman with COVID-19 improved following treatment with hu-
man umbilical cord MSCs [112].

An alternative approach that might be considered as therapy
for COVID-19-related lung disease is the use of stem cell educator
(SCE) therapies. SCE cells are created by culturing patient lympho-
cytes with cord-blood-derived stem cells, after which the autolo-
gous lymphocytes can be re-infused into patients. SCE therapy has
been demonstrated to potentially restore the balance of immune
responses in a variety of autoimmune disease [113]. Considering
the immunomodulatory properties of SCE cells, researchers are
now addressing their efficacy in SARS-related pneumonia (Table 2).

NK cells are a subset of lymphocytes that exert cytotoxic effects
against tumour cells and virus-infected cells. In fact, cytokine pro-
duction (mainly IFNs) by dendritic cells stimulates activation of NK
cells, and these cells perform their cytotoxic activity by secretion of
perforin and limitation of viral replication [114]. Of particular in-
terest is CYNK-001, a NK therapy developed from placenta-derived
haematopoietic stem cells, that is introduced as a potential ther-
apeutic option for a variety of malignancies from haematological
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to solid tumours (NCT04310592). Celularity Inc. are developing al-
logeneic cellular therapies from human placenta, and recently an-
nounced that FDA has cleared the company’s investigational new
drug application for the use of its proprietary CYNK-001 in indi-
viduals infected with COVID-19. They will undertake a Phase I/II
clinical study including up to 86 patients with COVID-19 (not men-
tioned in Table 2) [115].

3.2.1.2. Anti-cytokine-storm therapies. Cytokine release syndrome,
first described in patients who received chimeric antigen recep-
tor T-cell therapy, is characterized by the release of a large body
of cytokines including IL-6 and IL-1B8, as well as IL-2, IL-8, IL-
17, G-CSF, GM-CSF, IP10, MCP1, MIP1a (also known as CCL3) and
TNF [27]. TH17 responses, which lead to vascular permeability and
leakage, are enhanced by both IL-18 and TNF-«. Moreover, Th-
17 shows a wide inflammatory response through producing G-
CSF, IL-18 and TNF-a. TH-17 cells are among the cells involved
in the COVID-19 cytokine storm. There is evidence that circulat-
ing levels of TH-17 cells are increased in patients with COVID-
19, suggesting the use of TH-17 blockers as a potential treatment.
STAT-3 is a transcription factor that mediates the inflammatory
response of TH-17 cells, while IL-6 activates STAT3 through the
JAK2 pathway. In the context of COVID-19, Wu et al. proposed
that the FDA-approved drug, fedratinib (a JAK2 pathway inhibitor)
might be a promising candidate treatment [116]. Baricitinb, an-
other JAK inhibitor, can improve the clinical status of patients
with COVID-19 by exerting an inhibitory effect on numb-associated
kinase [117].

Type I IFN is involved in intracellular pathogen defence in
the context of both innate and adaptive immunity. The DNA sen-
sor cyclic GMP-AMP synthase (cGAS) and its downstream effec-
tor STING (stimulator of IFN genes) regulate transcription of many
inflammatory molecules, including type I and type III IFNs. How-
ever, dysregulation of IFNs production may lead to inflammatory
diseases. Delayed IFN-I production in animals with SARS causes
the accumulation of pathogenic monocyte macrophages, result-
ing in lung immunopathology, vascular leakage and suboptimal T-
cell responses. Therefore, targeting the cGAS-STING pathway may
be a suitable strategy for the treatment of severe lung diseases
caused by SARS-CoV and SARS-CoV-2. In line with this, Deng et al.
evaluated the efficacy of various FDA-approved drugs for target-
ing the STING pathway, and found that approved drugs, such as
suramin and ALK inhibitors, might be efficient and therefore worth
testing in clinical trials. Adalimumab (TNF-«) and CMAB806 (IL-
6) are among the cytokine-directed antagonists that are in clin-
ical trials for COVID-19 [118]. Indeed, anti-IL-6 receptor antibody
(tocilizumab), a humanized mAb, was developed and showed pro-
phylactic efficacy against a broad spectrum of autoimmune dis-
eases. However, as mentioned, previously, it is possible that, as a
result of inaccurate attribution of ‘cytokine storm’ to COVID-19, the
related therapies would also need reconsideration [45].

Moreover, considering the profound lymphopenia in patients
with COVID-19 which can lead to severe pathological symptoms,
treatments regarding the restoration of lymphocyte numbers have
gained attention. IL-7 has a key role in the survival and expansion
of lymphocytes. In this regard, Laterre et al. have shown the safety
of IL-7 administration in patients with COVID-19 [119].

Interestingly, restoration of Th17/Treg imbalance seems to be
the mechanism through which tocilizumab confers protection
over a range of diseases [120,121]. The therapeutic potential of
tocilizumab for the treatment of patients with COVID-19 is there-
fore being evaluated. These initial studies suggest that tocilizumab
might revert lymphopenia, reduce oxygen need and improve lung
lesions, and therefore suggest that tocilizumab might be a promis-
ing therapeutic strategy for individuals with COVID-19 [122]. The
results of a retrospective cohort study suggest that tocilizumab
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Table 1
An overview of Phase 1 and 2 clinical trials regarding gene-based therapy for coronavirus disease 2019
Status Interventions Population Phase Location NCT number
1 Recruiting mRNA-1273 45 1 eEmory Vaccine Center, The Hope Clinic, NCT04283461
Decatur, Georgia, USA
eNational Institutes of Health Clinical Center
- Vaccine Research Center Clinical Trials
Program, Bethesda, Maryland, USA
eKaiser Permanente Washington Health
Research Institute Vaccines and Infectious
Diseases, Seattle, Washington, USA
2 Recruiting Injection and infusion of 100 1,2 eShenzhen Geno-immune Medical Institute, NCT04276896
LV-SMENP-DC vaccine and Shenzhen, Guangdong, China
antigen-specific cytotoxic eShenzhen Second People’s Hospital,
T cells Shenzhen, Guangdong, China
eShenzhen Third People’s Hospital, Shenzhen,
Guangdong, China
3 Recruiting Pathogen-specific artificial 100 1 eShenzhen Geno-immune Medical Institute, NCT04299724
antigen-presenting cells Shenzhen, Guangdong, China
4 Active, not Recombinant 108 1 eHubei Provincial Centre for Disease Control NCT04313127
recruiting novel coronavirus and Prevention, Wuhan, Hubei,
vaccine China
(adenovirus type 5 vector)
5 Recruiting INO-4800 40 1 eCenter for Pharmaceutical Research, Kansas NCT04336410

City, Missouri, USA
eUniversity of Pennsylvania, Philadelphia,
Pennsylvania, USA

NCT, National Clinical Trial.

may mitigate the risk of mechanical ventilation or death in COVID-
19 patients with severe pneumonia [123].

3.2.2. Preventive strategies

3.2.2.1. Vaccines. Researchers in biotechnology companies and aca-
demic laboratories are working hard to develop efficient vaccines
against COVID-19 with unprecedented speed. The number of vac-
cines that are currently undergoing preclinical investigation con-
firms this endeavour. A number of approaches have shown suffi-
ciently promising in-vitro and in-vivo animal results that they are
already moving to early clinical phase studies [124]. Examples of
such vaccines are discussed below. mRNA-1273 is a lipid nanopar-
ticle encapsulated platform that encodes the S protein of SARS-
CoV-2, and has the potential to elicit a robust immune response
(NCT04283461) [125].

Recently, Zhang et al. developed a novel thermostable mRNA-
based vaccine, ARCoV, which encodes the receptor binding domain
of SARS-CoV-2 and elicited a protective response in animals chal-
lenged with SARS-CoV-2 (ChiCTR2000034112) [126].

Ad5-nCoV (NCT04313127) and INO-4800 (NCT04336410) vac-
cine candidates employ the same strategy but using different de-
livery platforms: adenovirus type 5 and DNA plasmid, respectively.
LV-SMENP-DC (NCT04276896) and pathogen-specific artificial APCs
(NCT04299724) are dendritic cells and artificial APCs which are
manipulated with lentiviral vector to express mini-genes based
on conserved and critical structural and protease protein domains
of the virus, respectively. However, developing new vaccination
strategies may take months to years in terms of getting approval
for both safety and efficacy.

3.2.2.1.1. Recombinant nucleic acids. DNA vaccines

Vaccination is among the most efficient measures against a
wide variety of communicable diseases. In DNA vaccine technology,
the gene encoding an immunogen is inserted into a suitable vec-
tor which may lead to humoral and/or cellular immunity against
this immunogen. Compared with traditional vaccination with an
inactivated virus, DNA vaccination holds less risk for infection, is
inexpensive, safe and more stable [127]. Yang et al. reported that
a DNA vaccine encoding the S protein of SARS-CoV exerts a T-cell-
mediated immune response that is accompanied by increased neu-

tralizing antibodies, and protects mice from infection with SARS-
CoV [128]. Wang et al. also demonstrated that a DNA vaccine en-
coding a combination of two immunogens, the S1 subunit and
full-length S protein, confers protection against several strains of
MERS in non-human primates and mice. Thus, in the context of
MERS-CoV, this study is of interest as the S protein and S1 subunit
DNA vaccine provides potent protection in animal models. Of note,
yeilding a more diverse neutralizing antibodies along with the pro-
duction of Th1 immune response are among the advantages of us-
ing S DNA prime-S1 protein over the protein alone [129]. mRNA-
based strategies

An alternative to DNA vaccines is the RNA-based approach. The
problems with instability of RNA have been overcome, in part,
over the last decade [130]. Compared with DNA, RNA-based ther-
apeutics do not suffer from the risk of insertional mutations, and
are only present in the short term due to faster RNA degradation.
In-vitro-transcribed (IVT) mRNA has received increasing attention.
mRNA-based drugs are being developed as protein-replacement
therapies, immunotherapeutics and in regenerative medicine. Pre-
clinical and clinical applications of IVT-mRNA have been evalu-
ated in a wide range of diseases, including viral infections. How-
ever, these molecules have some disadvantages, such as their stim-
ulatory effect on immune responses through inducing IFN pro-
duction. mRNA-1273, as an example of an IVT-mRNA, isa novel
lipid-nanoparticle-encapsulated mRNA-based vaccine that encodes
a full-length S protein of SARS-CoV-2 (Table 1) [131].

3.3. Anticoagulation therapies

Coagulopathy, characterized by high D-dimer levels, increased
fibrinogen and low antithrombin, is one of the hallmarks associ-
ated with death due to COVID-19. Fibrinolytic therapy using tis-
sue plasminogen activator (t-PA) could improve survival in ani-
mal models and patients suffering from ARDS. A study by Wand
et al. demonstrated that administration of alteplase (t-PA) was
able to improve the PJF ratio (arterial pO, divided by the frac-
tion of inspired oxygen, expressed as a decimal, that the patient
is receiving) in patients with COVID-19. However, as the improve-
ment was transient, they suggested that redosing the antifibrotic
drug might result in a more durable response [132]. Disseminated
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Table 2
An overview of cell-based clinical trials for coronavirus disease 2019
Status Cell- Based Interventions Population Phase Location NCT number
1. Recruiting Umbilical cord 40 1,2 Hopital Pitié-Salpétriére, APHP, Paris, France NCT04333368
Wharton’s jelly-derived Hopital Européen Georges Pompidou, APHP, Paris,
human France
2. Recruiting MSCs 30 1,2 Istinye University, Istanbul, Turkey NCT04392778
3. Recruiting MSC 60 2,3 Royan Institute, Tehran, Iran NCT04366063
4, Enrolling Adipose-derived MSCs 56 2 Hope Biosciences Stem Cell Research Foundation, NCT04349631
by Sugar Land, Texas, USA
invitation
5. Active, not Umbilical cord MSCs 100 2 General Hospital of Central Theatre Command, NCT04288102
recruiting Wubhan, Hubei, China
Maternal and Child Hospital of
Hubei Province, Wuhan, Hubei, China
Wuhan Huoshenshan Hospital, Wuhan, Hubei, China
6. Recruiting MSCs 20 2 Armed Forces Bone Marrow Transplant Centre, NCT04444271
Rawalpindi, Punjab, Pakistan
7. Recruiting Human cord tissue MSCs 1,2 Duke Hospital, Durham, North Carolina, USA NCT04399889
8. Not yet Wharton’s jelly MSCs 40 1,2 Clinical Somer, Rionegro, Antioquia, Colombia NCT04390152
recruiting
9. Enrolling Allogenic pooled olfactory 40 1,2 Institute of Biophysics and Cell Engineering of NCT04382547
by mucosa MSCs National Academy of Sciences of Belarus, Minsk,
invitation Belarus
10. Not yet MSCs 40 2 University Hospital Tuebingen, Tuebingen, Germany NCT04377334
recruiting
11. Not yet Adipose-derived MSCs 100 2 River Oaks Hospital and Clinics, Houston, Texas, USA NCT04362189
recruiting
12. Recruiting Umbilical cord 24 1,2 Diabetes Research Institute, University of Miami NCT04355728
MSCs Miller School of Medicine, Miami, Florida, USA
13. Enrolling Adipose-derived MSCs 100 2 Hope Biosciences Stem Cell Research Foundation, NCT04348435
by Sugar
invitation Land, Texas, USA
14. Not yet Bone marrow MSCs 20 1,2 Guangzhou Institute of Respiratory Health, First NCT04346368
recruiting Affiliated Hospital of Guangzhou Medical University,
Guangzhou, Guangdong, China
15. Not yet Dental pulp MSCs 24 Early phase Not defined NCT04302519
recruiting 1
16. Not yet Umbilical cord MSCs 48 Not Union Hospital, Tongji Medical College, Huazhong NCT04273646
recruiting applicable University of Science and Technology, Wuhan, Hubei,
China
17. Recruiting Umbilical cord MSCs 10 2 Zhongnan Hospital of Wuhan University, Wuhan, NCT04269525
Hubei, China
18. Recruiting Wharton's jelly MSCs 5 1 Stem Cells Arabia Amman, Jordan NCT04313322
19. Recruiting MSCs 20 1 Beijing 302 Military Hospital of China, Beijing, China NCT04252118
20. Recruiting Umbilical cord MSCs 30 1,2 Puren Hospital Affiliated to Wuhan University of NCT04339660
Science and Technology, Wuhan, Hubei, China
21. Recruiting Wharton’s jelly MSCs 30 1,2 Hospital del Mar, Barcelona, Spain NCT04390139
22. Recruiting MSCs 300 3 USA NCT04371393
23. Recruiting MSCs 20 1,2 CHU de Liege, Liege, Belgium NCT04445454
24, Recruiting Human-umbilical-cord- 75 1,2 Belfast Health and Social Care Trust, Royal Hospitals NCT03042143
derived CD362-enriched Belfast, UK
MSCs
25. Recruiting MSCs 10 2 Instituto Nacional de Ciencias Médicas y Nutricién, NCT04416139
Salvador Zubiran, Mexico City, Mexico
26. Recruiting MSCs 24 2 Hospital Universitario Rio Hortega, Valladolid, Spain NCT04361942
27. Not yet Autologous 200 2 Armed Forces Bone Marrow Transplant Centre, NCT04428801
recruiting adipose-derived Rawalpindi, Punjab, Pakistan
stem cells
28. Recruiting Intravenous 20 2 Jinnah Hospital, Lahore, Punjab, Pakistan NCT04437823
infusions of stem cells
29. Active, not COVID-19-specific 60 1 GENKOK, Kayseri, Melikgazi, Turkey NCT04389385
recruiting T-cell-derived exosomes
(CSTC Exo)
30. Recruiting CYNK-001 86 1,2 Hackensack University Medical Center, Hackensack, NCT04365101
New Jersey, USA
Atlantic Health, Morristown, New Jersey, USA
Atlantic Health, Summit, New Jersey, USA
Multicare Health System, Tacoma, Washington, USA
31. Recruiting NK cells 30 1 First Affiliated Hospital of Xinxiang Medical NCT04280224
University, Xinxiang, Henan, China
32. Not yet SCE-treated 20 2 Not defined NCT04299152
recruiting mononuclear cell
apheresis
33. Not yet MSC-derived 30 1 Not defined NCT04276987
recruiting exosomes

MSC, mesenchymal stem cell, SCE, stem cell educator; NK, natural killer.
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intravascular coagulation, caused by endothelial dysfunction due to
excessive production of thrombin as well as decreased fibrinolysis,
is also responsible for the lethality of COVID-19. This suggests that
anticoagulant agents (e.g. heparin) may be considered as potential
anti-COVID-19 candidates. Supporting this idea, Tang et al. showed
that anticoagulation therapy using heparin is presumably associ-
ated with a better prognosis in patients infected with COVID-19
[133]. In addition, due to some critical features of unfractionated
heparin (UFH), also called ‘nebulized heparin’, including anticoag-
ulant, anti-inflammatory and mucolytic effects, UFH may be a po-
tentially effective treatment for COVID-19 [134].

4. Conclusion

The global challenge of the COVID-19 pandemic, associated with
high morbidity and mortality, highlights the urgent need for the
development of efficient therapeutic strategies. Tremendous ad-
vances in understanding the molecular basis of disease pathogen-
esis in various CoV-based diseases, and rapid insights into the
pathogenesis of COVID-19 offer opportunities to take a leap in in-
troducing novel and efficient therapeutics as well as preventive
measures against COVID-19. Assessing the efficiency of previously
approved antiviral agents for inhibiting SARS-CoV-2 is one of the
main areas that is being pursued clinically in the short term. De-
spite encouraging results with some of these agents, more research
is needed regarding safety and efficiency, as exemplified by the ini-
tial adoption and later withdrawal of the use of chloroquine as a
therapy for COVID-19. Different novel therapeutic strategies includ-
ing cell- and gene-based therapies against SARS-CoV-2 are now be-
ing developed, some of which are already being tested in early-
phase clinical trials worldwide. Dysregulation of inflammatory re-
sponses, a manifestation of individuals infected with SARS-CoV-2,
can be modulated using MSCs. Likewise, SCE cells represent an-
other cell-based strategy which will be assessed for its efficiency
in relieving SARS-related inflammation. An alternative cell-based
strategy is NK cell therapy to inhibit viral replication. Another
approach is based on nucleic-acid-based therapies and includes
CRISPR methods along with DNA vaccines and mRNA molecules;
these are also being studied intensively, and some have shown en-
couraging effects in preclinical trials. Overall, all of the aforemen-
tioned studies inspire further investigation of advanced therapeutic
strategies as novel treatment options for COVID-19.
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